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Περίληψη 

Η ειεθηξηθά ειεγρόκελε πηεδνειεθηξηθή κεραληθή ηάζε κπνξεί λα ρξεζηκνπνηεζεί σο κηα παξάκεηξνο πνπ 

δύλαηαη λα ηξνπνπνηήζεη ηηο ππεξαγώγηκεο ηδηόηεηεο ζε κηα λέα θαηεγνξία ηερλεηώλ δνκώλ πνπ απνηεινύληαη από 

έλα πηεδνειεθηξηθό ππόζηξσκα θαη έλα ππεξαγώγηκν πκέλην. Οη ηερλεηέο δνκέο πνπ κειεηώληαη ζε απηή ηε 

δηδαθηνξηθή δηαηξηβή απνηεινύληαη από δύν ππεξαγώγηκα πκέληα Νηνβίνπ (Nb) ελαπνηεζεκέλα ζηηο ειεύζεξεο 

επηθάλεηεο πηεδνειεθηξηθώλ θξπζηάιισλ (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) θαη απηέο ζεκεηώλνληαη σο 

Nb/PMN-xPT/Nb. Πξηλ από ηε δηεμαγσγή ησλ πεηξακάησλ όπνπ έλα εμσηεξηθό ειεθηξηθό πεδίν (Eex) εθαξκόδεηαη 

ζηηο ηερλεηέο δνκέο Nb/PMN-xPT/Nb, δόζεθε ηδηαίηεξε έκθαζε ζηελ πξνεηνηκαζία πκελίσλ Nb πςειήο 

ππεξαγώγηκεο πνηόηεηαο θαζώο θαη ζην ραξαθηεξηζκό ησλ ζπζηαηηθώλ πνπ ηηο απαξηίδνπλ. Αλαθνξηθά κε ηελ 

πξνεηνηκαζία ησλ ιεπηώλ πκελίσλ Nb, νη ελαπνζέζεηο εθηειέζηεθαλ εθαξκόδνληαο έλα θαηάιιειν πξσηόθνιιν 

πνπ βειηηζηνπνηεί ηηο ζπλζήθεο θελνύ ηνπ ζαιάκνπ ρξεζηκνπνηώληαο κηα απηνζρέδηα θξπνπαγίδα. Γηα λα 

κειεηεζεί ε απνδνηηθόηεηα ηεο πηεδνειεθηξηθήο κεραληθήο ηάζεο ζε ρακειέο ζεξκνθξαζίεο πξαγκαηνπνηήζεθαλ 

δηεξεπλεηηθά πεηξάκαηα ζε παξόκνηεο ηερλεηέο δνκέο, νη νπνίεο απνηεινύληαη από ζηδεξνκαγλεηηθά πκέληα 

Κνβαιηίνπ (Co), ππό ηελ εθαξκνγή Eex. Απηέο νη ηερλεηέο δνκέο επηηξέπνπλ ηε ζπγθξηηηθή κειέηε ησλ 

πηεδνειεθηξηθά ηξνπνπνηεκέλσλ καγλεηηθώλ ηδηνηήησλ ησλ πκελίσλ Co ζε δηάθνξεο ζεξκνθξαζίεο (από ηνπο 300 

Κ έσο ηνπο 10 Κ), δίλνληαο ζαθείο απνδείμεηο γηα ηελ έληνλε επίδξαζε ηεο κεραληθήο ηάζεο ζε ρακειέο 

ζεξκνθξαζίεο. Σπγθεθξηκέλα, ε κέγηζηε πηεδνειεθηξηθή ηξνπνπνίεζε ηνπ ζπλεθηηθνύ πεδίνπ (ηεο καγλήηηζεο 

θόξνπ) ζηνπο 10 Κ είλαη ίζε κε -9,4 % (-4,0 %) θαη ζηαδηαθά εμαζζελεί θαζώο ε ζεξκνθξαζία απμάλεηαη, 

απνδεηθλύνληαο όηη ε ζεξκηθή ελέξγεηα δηαδξακαηίδεη ζεκαληηθό ξόιν ζε απηέο ηηο ηερλεηέο δνκέο. Επηπιένλ, ε 

κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο παξακέλνπζαο καγλήηηζεο έδεημε όηη ζε απηέο ηηο ηερλεηέο δνκέο 

είλαη πηζαλή ε ζύδεπμε κεηαμύ ησλ ζηδεξνκαγλεηηθώλ ηνκέσλ ησλ πκελίσλ Co κε ηνπο ζηδεξνειεθηξηθνύο ηνκείο 

ησλ ππνζηξσκάησλ PMN-xPT. Οινθιεξώλνληαο ην ραξαθηεξηζκό ησλ επηκέξνπο ζπζηαηηθώλ πνπ απαξηίδνπλ ηηο 

ηερλεηέο δνκέο Nb/PMN-xPT/Nb, κειεηήζεθε ιεπηνκεξώο ε ηξνπνπνίεζε ησλ ππεξαγώγηκσλ ηδηνηήησλ ησλ 

πκελίσλ Νb ππό ηελ εθαξκνγή Eex. Γεληθόηεξα, ζηηο ηερλεηέο δνκέο Nb/PMN-xPT/Nb ε εθαξκνγή Eex πξνθαιεί ηε 

κεραληθή παξακόξθσζε ηνπ PMN-xPT, ε νπνία δηεηζδύεη ζηα ελαπνηεζεκέλα πκέληα Nb πξνθαιώληαο ηελ 

έκκεζε παξακόξθσζή ηνπο. Απηή ε έκκεζα ειεγρόκελε κεραληθή παξακόξθσζε ησλ πκελίσλ Nb έρεη δύν θύξηεο 

ζπλέπεηεο ζηηο ππεξαγώγηκεο ηδηόηεηεο ηνπο. Αξρηθά ηξνπνπνηεί ηνπο θσλνληθνύο θιάδνπο θαζώο θαη ην δπλακηθό 

αιιειεπίδξαζεο ησλ ειεθηξνλίσλ ζηελ ππεξαγώγηκε θαηάζηαζε επηδξώληαο έηζη ζηελ θξίζηκε ζεξκνθξαζία (TC) 

ησλ πκελίσλ Nb θαη δεύηεξνλ ηξνπνπνηεί ηα ζεκεία δέζκεπζεο θιαμνλίσλ επηδξώληαο έηζη ζηελ θξίζηκε 

ππθλόηεηα ξεύκαηνο (JC) ησλ πκελίσλ Nb. Γηα ηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC εμεηάδεηαη ε επίδξαζε δύν 

πεηξακαηηθώλ παξακέηξσλ. Η πξώηε παξάκεηξνο είλαη ε πηεδνειεθηξηθή ηθαλόηεηα ησλ ππνζηξσκάησλ PMN-xPT 

ζηελ ηξνπνπνίεζε ηεο TC, ε νπνία εμεηάδεηαη ρξεζηκνπνηώληαο θξπζηάιινπο δηαθνξεηηθήο ζηνηρεηνκεηξίαο (x) 

άξα θαη πηεδνειεθηξηθήο ηθαλόηεηαο (x=0,31 θαη x=0,27). Σπγθεθξηκέλα, ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη 

από PMN-0,31PT θαη πκέληα Nb πάρνπο 15 nm (20 nm) ε κέγηζηε κείσζε ηεο TC είλαη ίζε κε -400 mK (-200 mK), 

ελώ ζηελ πεξίπησζε ησλ ηερλεηώλ δνκώλ πνπ απνηεινύληαη από PMN-0,27PT ε αληίζηνηρε κείσζε ηεο TC είλαη 

ίζε κε -200 mK (-80 mK). Η δεύηεξε παξάκεηξνο πνπ κειεηάηαη είλαη ε επίδξαζε ηνπ πάρνπο ησλ πκελίσλ Nb, 

όπνπ πξνεηνηκάζηεθε κηα ζεηξά ηερλεηώλ δνκώλ πνπ απνηεινύληαη από θξπζηάιινπο PMN-0,31PT θαη από 

πκέληα Nb κε πάρε κεηαμύ 15 θαη 100 nm. Απηή ε κειέηε έδεημε όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC 

εμαζζελεί ζηαδηαθά κε ηελ αύμεζε ηνπ πάρνο ησλ πκελίσλ Nb. Γηα ηε κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζε 

ηεο JC δηεξεπλήζεθαλ δύν ηερλεηέο δνκέο πνπ απνηεινύληαη από PMN-0,31PT θαη πκέληα Nb πάρνπο 50 θαη 100 

nm θαη ηα απνηειέζκαηα απηήο ηεο κειέηεο έδεημαλ όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηνπ JC εμαζζελεί κε ηελ 

αύμεζε ηνπ πάρνπο ησλ πκελίσλ Nb. Γηα ηε ζεσξεηηθή κειέηε ησλ πεηξακαηηθώλ απνηειεζκάησλ ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηόζν ηεο TC όζν θαη ηεο JC ζε απηέο ηηο ηερλεηέο δνκέο πξνηείλνληαη δύν 

θαηλνκελνινγηθέο πξνζεγγίζεηο, νη νπνίεο εζσθιείνπλ ηα ηδηαίηεξα ραξαθηεξηζηηθά ησλ δηαθνξεηηθώλ ζπζηαηηθώλ. 

Ξεθηλώληαο από ηηο ζεσξεηηθέο εθθξάζεηο ησλ TC θαη JC εηζάγεηαη ε κεραληθή ηάζε (S) ζε θαηάιιεινπο όξνπο 

απηώλ, κε απνηέιεζκα λα πξνθύπηνπλ νη ζρέζεηο TC(S) θαη JC(S). Εηζάγνληαο ζε απηέο ηηο εθθξάζεηο ηε ζρέζε 

S(Eex) πνπ πεξηγξάθεη ηηο ειεθηξν-κεραληθέο ηδηόηεηεο ησλ PMN-xPT πξνθύπηνπλ νη ηειηθέο εθθξάζεηο TC(Eex) 

θαη JC(Eex). Τέινο, εμεηάδεηαη πεηξακαηηθά ε επίδξαζε ηεο επηθαλεηαθήο κνξθνινγίαο ησλ ππνζηξσκάησλ PMN-

0,31PT ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηόζν ηεο TC όζν θαη ηεο JC. Απνδεηθλύεηαη όηη ε επηθαλεηαθή ηξαρύηεηα 

δελ επηδξά ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC, ελώ αληίζεηα ζηελ πεξίπησζε ηεο πηεδνειεθηξηθήο 

ηξνπνπνίεζεο ηεο JC ε πςειή επηθαλεηαθή ηξαρύηεηα θαη ε κεηαβνιή ηεο θαηά ηελ εθαξκνγή Eex πξνάγεη ην 

κεραληζκό δεκηνπξγίαο ησλ ζεξκν-καγλεηηθώλ αζηαζεηώλ, νη νπνίεο ππνβαζκίδνπλ ηελ JC. Τα απνηειέζκαηα 

απηήο ηεο δηαηξηβήο απνδεηθλύνπλ ηελ ειεγρόκελε κεηαβνιή ηεο ππεξαγσγηκόηεηαο ζε ηερλεηέο δνκέο Nb/PMN-

xPT/Nb θαηά ηελ εθαξκνγή Eex θαη ππνδεηθλύνπλ ηε θαηαζθεπή θαηάιιεισλ ηερλεηώλ δνκώλ πνπ κπνξνύλ λα 

ρξεζηκνπνηεζνύλ ζε δηαηάμεηο πνπ ιεηηνπξγνύλ ζε θξπνγεληθέο ζπλζήθεο. 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Abstract 

Electrically controlled piezoelectric strain can be used as a parameter that modifies the superconducting properties 

in a new class of artificial structures that consist of a piezoelectric material and a superconducting thin film. The 

artificial structures that are studied in this PhD Thesis, are composed of two superconducting thin films of Nb 

sputtered on both surfaces of a piezoelectric macroscopic crystals of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) 

and the final configuration is described as Nb/PMN-xPT/Nb. Prior to the specific experiments, where an electric 

field (Eex) is applied to the artificial structures Nb/PMN-xPT/Nb, special emphasis was paid on the preparation of 

Nb thin films with high superconducting quality and also on the thorough characterization of Nb films and of PMN-

xPT crystals. Regarding the preparation of Nb films, the depositions have been performed by employing a rigorous 

protocol that optimizes the vacuum conditions in the chamber through the utilization of a home-made cryotrap 

method. As part of characterization, exploratory experiments have been performed in similar artificial structures 

that consist of Co ferromagnetic films sputtered on both surfaces of PMN-xPT crystals. In particular, these artificial 

structures (Co/PMN-xPT/Co) allow the comparative study of the piezoelectrically-modified magnetic properties of 

Co films at various temperatures from 300 K down to 10 K and hence their study provide sufficient experimental 

evidences regarding the effectiveness of piezoelectric strain at low temperatures. The experimental results reveal 

that the thermal energy (kβT) plays an important role in these artificial structures, since the maximum piezoelectric 

modulation of the coercive field (saturation magnetization) is -9.4 % (-4.0 %) at T=10 K and progressively faints as 

temperature increases at T=300 K. Moreover, the study of the piezoelectric modification of remanent magnetization 

evidences a possible coupling behavior between the ferromagnetic domains and the ferroelectric domains. After the 

thorough characterization of the different ingredients that compose the artificial structures Nb/PMN-xPT/Nb, the 

superconducting properties of Nb films are explored upon the systematic variation of the Eex. In general, the 

application of Eex in these artificial structures causes primarily the deformation of the PMN-xPT crystal, which is 

penetrated to the adjacent Nb films and thus indirectly deforms them. This indirect and controllable deformation of 

Nb films by means of Eex has two main consequences that cause the modification of superconductivity. At first the 

induced piezoelectric strain modifies the phonon branches and the interaction potential of the electrons in Nb films, 

thus affecting critical temperature (TC) and secondly it changes considerably the pinning landscape of flux lines, 

thus affecting critical current density (JC). Regarding the piezoelectric modification of TC, two experimental 

parameters have been examined. The first parameter is the piezoelectric ability of PMN-xPT crystals and this 

parameter has been involved by using PMN-xPT crystals with different composition x (one with x=0.31 and 

another one with x=0.27). Specifically, in artificial structures consisting of PMN-0.31PT and Nb films with 

thickness 15 nm (20 nm) the maximum reduction of TC is equal to -400 mK (-200 mK), while by using the less 

piezoelectrically effective PMN-0.27PT the respective reduction of TC is equal to -200 mK (-80 mK). The second 

parameter is the thickness of the Nb films, since the induced piezoelectric strain has a finite penetration depth in Nb 

films and thus it affects less part of Nb film’s interior as their thickness increases. For this investigation a series of 

artificial structures consisting of PMN-0.31PT crystals have been prepared by varying the thickness of Nb films 

between 15 and 100 nm and the results show that the maximum reduction of TC is degraded progressively upon 

increasing the thickness of Nb films. Regarding the piezoelectric modification of JC, two artificial structures 

consisting of PMN-0.31PT and of Nb films with thicknesses 50 and 100 nm have been examined, where the 

increase of thickness degrades the magnitude of the piezoelectric modulation of JC. In order to explore the 

underlying mechanisms that are involved in these artificial structures (regarding the piezoelectric modification of 

both TC and JC), two phenomenological approaches have been proposed. Starting from the standard expressions of 

TC and JC, the strain (S) is introduced appropriately into the strain sensitive terms of them leading to the expressions 

TC(S) and JC(S) and by incorporating these expressions with the constitutive relations of piezoelectricity S(Eex), we 

obtain the final expressions of TC(Eex) and JC(Eex). The final expressions are given in a suitable form, which can be 

employed not only to model the experimental data but also to investigate the piezoelectric modification of the 

microscopic parameters of superconductivity. Another experimental parameter that has been included in the study 

of the piezoelectric modification of both TC and JC is the surface roughness of the PMN-0.31PT substrates. The 

experimental results show that the piezoelectric modification of TC is not affected by the surface roughness of the 

substrate; however in the case of the piezoelectric modification of JC the combined action of both strain and surface 

roughness tuned through the applied Eex, promotes the creating mechanism of thermo-magnetic instabilities that 

ultimately degrades JC upon the application of Eex. Finally, the results of this PhD Thesis establish clearly the 

controllable modification of superconductivity in Nb/PMN-xPT/Nb artificial structures by simply changing Eex and 

provide sufficient experimental evidences for the future utilization of these artificial structures in sensor devices 

implemented at cryogenic conditions. 
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Σκοπός και Περίγραμμα 

Tα ιεπηά ππεξαγώγηκα (ΥΑ) πκέληα έρνπλ κειεηεζεί ελδειερώο ηηο ηειεπηαίεο δεθαεηίεο όρη κόλν σο 

κεκνλσκέλα ζηνηρεία αιιά θαη σο ελεξγά ζπζηαηηθά ζε δηάθνξεο ηερλεηέο δνκέο. Δπηδηώθνληαο ηελ 

ειεγρόκελε ηξνπνπνίεζε ηεο ππεξαγσγηκόηεηαο, ηα ιεπηά ΥΑ πκέληα ζπλδπάδνληαη ζε ηερλεηέο δνκέο κε 

δηάθνξα άιια δνκηθά ζηνηρεία ηα νπνία κπνξνύλ λα επεξεαζηνύλ από έλα εμσηεξηθό αίηην όπσο είλαη έλα 

καγλεηηθό πεδίν ή έλα ειεθηξηθό πεδίν. Σπγθεθξηκέλα, ηερλεηέο δνκέο πνπ ζπλδπάδνπλ έλα ΥΑ πκέλην κε 

έλα ζηδεξνκαγλεηηθό (ΣΜ) πκέλην επηηξέπνπλ ηελ ειεγρόκελε ηξνπνπνίεζε ηεο ππεξαγσγηκόηεηαο κέζσ 

ελόο εθαξκνδόκελνπ καγλεηηθνύ πεδίνπ, ιόγσ ηεο αληαγσληζηηθήο επίδξαζεο ηνπ καγλεηηθνύ πεδίνπ ζε έλαλ 

ΥΑ θαη ζε έλαλ ΣΜ 
[1-7]

. Δπηπιένλ, ηερλεηέο δνκέο πνπ ζπλδπάδνπλ έλα ΥΑ πκέλην κε έλα ζηδεξνειεθηξηθό 

(ΣΗ) πιηθό πξνζθέξνπλ ηε δπλαηόηεηα ειέγρνπ ηεο ππεξαγσγηκόηεηαο κέζσ ελόο εθαξκνδόκελνπ 

ειεθηξηθνύ πεδίνπ, θαζώο ε ειεθηξηθή πόισζε ηνπ ΣΗ πιηθνύ πξνθαιεί ηελ αλαθαηαλνκή ηεο 

ζπγθέληξσζεο ησλ θνξέσλ ζην ΥΑ πκέλην κε απνηέιεζκα λα επηδξά θαη ζηηο ππεξαγώγηκεο ηδηόηεηεο απηνύ 
[8-15]

. Μηα εηδηθή θαηεγνξία ΣΗ πιηθώλ είλαη ηα πηεδνειεθηξηθά (ΠΗ) πιηθά, ηα νπνία εκθαλίδνπλ κηα 

καθξνζθνπηθή κεραληθή ηάζε (εθειθπζηηθή ή ζπκπηεζηηθή) όηαλ εθαξκόδεηαη ζε απηά έλα εμσηεξηθό 

ειεθηξηθό πεδίν. Ωο εθ ηνύηνπ, ηερλεηέο δνκέο πνπ ζπλδπάδνπλ έλα ΥΑ πκέλην κε έλα ΠΗ πιηθό (νη νπνίεο 

ζα αλαθέξνληαη σο ΠΗ/ΥΑ) παξέρνπλ ηε δπλαηόηεηα κειέηεο ησλ ηδηνηήησλ ηνπ ΥΑ πκελίνπ πνπ είλαη 

επαίζζεηεο ζε κία κεραληθή ηάζε αιιάδνληαο απιά ην εθαξκνδόκελν ειεθηξηθό πεδίν ζην ΠΗ πιηθό. Μέρξη 

ζήκεξα νη ηερλεηέο δνκέο ΠΗ/ΥΑ δελ έρνπλ κειεηεζεί δηεμνδηθά θαη ν πεξηνξηζκέλνο αξηζκόο ησλ εξγαζηώλ 

εζηηάδεηαη ζηελ επίδξαζε ηεο επαγόκελεο κεραληθήο ηάζεο ζηελ TC ζε ΥΑ πκέληα πςειήο-TC 
[16-19]

. 

 Βαζηθόο ζηόρνο απηήο ηεο δηδαθηνξηθήο δηαηξηβήο είλαη ε δηεξεύλεζε, ηόζν πεηξακαηηθά όζν θαη 

ζεσξεηηθά, ηεο ειεγρόκελεο ηξνπνπνίεζεο ηεο ππεξαγσγηκόηεηαο κέζσ ελόο εθαξκνδόκελνπ ειεθηξηθνύ 

πεδίνπ ζε ηερλεηέο δνκέο ΠΗ/ΥΑ. Δπηπιένλ, νη δνκέο απηέο εμεηάδνληαη πεηξακαηηθά σο πξνο ηε κειινληηθή 

ρξήζε ηνπο σο αηζζεηήξεο πνπ ιεηηνπξγνύλ ζε θξπνγεληθέο ζπλζήθεο. Οη ηερλεηέο δνκέο πνπ κειεηώληαη ζε 

απηή ηε δηδαθηνξηθή δηαηξηβή απνηεινύληαη από ιεπηά ΥΑ πκέληα Νηνβίνπ (Nb) πνπ έρνπλ ελαπνηεζεί ζε 

ΠΗ ππνζηξώκαηα (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT). Οη ηερλεηέο δνκέο έρνπλ επίπεδε ηνπνινγία, 

όπνπ δύν πκέληα Nb ίδηνπ πάρνπο (dNb) ελαπνηείζεληαη ζηηο ειεύζεξεο επηθάλεηεο ελόο PMN-xPT 

ππνζηξώκαηνο θαη γηα απηό ην ιόγν απηέο νη ηερλεηέο δνκέο αλαθέξνληαη σο Nb/PMN-xPT/Nb. Θα πξέπεη 

λα ζεκεησζεί όηη ζε απηέο ηηο ηερλεηέο δνκέο ηα πκέληα Nb δηαδξακαηίδνπλ δηπιό ξόιν, πξώηνλ ιεηηνπξγνύλ 

σο ην ππεξαγώγηκν ζπζηαηηθό ηεο ηερλεηήο δνκήο θαη δεύηεξνλ ελεξγνύλ θαη σο ειεθηξόδηα γηα ηελ 

εθαξκνγή ηεο εμσηεξηθήο ηάζεο (Vapp) ζην PMN-xPT ππόζηξσκα. Τα δνκηθά ζηνηρεία πνπ ζπλζέηνπλ απηέο 

ηηο ηερλεηέο δνκέο έρνπλ επηιεγεί θαηάιιεια ώζηε λα πιεξνύληαη δύν βαζηθέο απαηηήζεηο, νη νπνίεο είλαη ε 

απνηειεζκαηηθόηεηα ηεο ιεηηνπξγίαο ησλ ΠΗ ππνζηξσκάησλ ζε θξπνγεληθέο ζπλζήθεο θαη ε δπλαηόηεηα 

κνληεινπνίεζεο ησλ απνηειεζκάησλ. Πην ζπγθεθξηκέλα, ην PMN-xPT έρεη επηιεγεί σο έλα θαιά κειεηεκέλν 

ΠΗ πιηθό 
[20,21]

, ην νπνίν εκθαλίδεη πςειέο ηηκέο ζηελ επαγόκελε κεραληθή παξακόξθσζε. Οη βέιηηζηεο 

πηεδνειεηξηθέο ηδηόηεηεο ησλ PMN-xPT ηα θαζηζηνύλ σο ηα κνλαδηθά ππνςήθηα ππνζηξώκαηα κεηαμύ όισλ 

ησλ ΠΗ πιηθώλ, δεδνκέλνπ όηη ζε θξπνγεληθέο ζπλζήθεο ιεηηνπξγίαο νη πηεδνειεθηξηθέο ηδηόηεηεο όισλ ησλ 

ΠΗ πιηθώλ εμαζζελνύλ ζεκαληηθά. Τα ιεπηά πκέληα Nb έρνπλ επηιεγεί δηόηη έρνπλ ηελ πςειόηεξε TC κεηαμύ 

όισλ ησλ ππνινίπσλ κεηαιιηθώλ ΥΑ ρακειήο-TC, ελώ επίζεο ην Nb σο έλαο ζπκβαηηθόο ΥΑο επηηξέπεη ηε 

ζεσξεηηθή δηεξεύλεζε ησλ πεηξακαηηθώλ δεδνκέλσλ ρξεζηκνπνηώληαο γλσζηά ζεσξεηηθά κνληέια πνπ 

πεξηγξάθνπλ κε αθξίβεηα ηελ ππεξαγώγηκε ζπκπεξηθνξά ηνπ. Θα πξέπεη λα αλαθεξζεί όηη ε εξεπλεηηθή καο 

νκάδα έρεη κεγάιε εκπεηξία ζηελ πξνεηνηκαζία ιεπηώλ πκελίσλ Nb πςειήο ππεξαγώγηκεο πνηόηεηαο κε ηε 

κέζνδν ηεο καγλεηηθά ππνβνεζνύκελεο θαζνδηθήο ηνληνβνιήο 
[22,23]

. 

 Πξηλ ηε κειέηε ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb δηεμήρζεζαλ δηεξεπλεηηθά πεηξάκαηα ζε 

παξόκνηεο ηερληθέο δνκέο. Απηέο νη ηερλεηέο δνκέο απνηεινύληαη από δύν ΣΜ πκέληα Κνβαιηίνπ (Co) πνπ 
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ελαπνηείζνληαη ζηηο ειεύζεξεο επηθάλεηεο ελόο PMN-xPT ππνζηξώκαηνο, αθνινπζώληαο ηελ επίπεδε 

ηνπνινγία Co/PMN-xPT/Co. Τν θίλεηξν γηα ηε δηεμαγσγή ησλ δηεξεπλεηηθώλ πεηξακάησλ ζε ηερλεηέο δνκέο 

Co/PMN-xPT/Co είλαη λα απνθηεζεί γλώζε ζρεηηθά κε ηελ πηεδνειεθηξηθή απόδνζε ησλ ππνζηξσκάησλ 

PMN-xPT ζε ρακειέο ζεξκνθξαζίεο. Οη ηερλεηέο δνκέο Co/PMN-xPT/Co απνηεινύλ έλα θαηάιιειν 

ζύζηεκα πνπ επηηξέπεη ηε ζπγθξηηηθή κειέηε ησλ πηεδνειεθηξηθά ηξνπνπνηεκέλσλ καγλεηηθώλ ηδηνηήησλ ζε 

δηάθνξεο ζεξκνθξαζίεο. Σπγθεθξηκέλα, μεθηλώληαο από ηε ζεξκνθξαζία ησλ 300 Κ (όπνπ νη πηεδνειεθηξηθέο 

ηδηόηεηεο ησλ PMN-xPT είλαη γλσζηέο) κπνξεί θαλείο λα κειεηήζεη ηε πηεδνειεθηξηθή ηξνπνπνίεζε ησλ 

καγλεηηθώλ ηδηνηήησλ κηαο Co/PMN-xPT/Co δνκήο θαη ζηε ζπλέρεηα λα ζπγθξίλεη ηα απνηειέζκαηα απηά κε 

ηα αληίζηνηρα απνηειέζκαηα πνπ ιακβάλνληαη ζε ρακειέο ζεξκνθξαζίεο (π.ρ. Τ=10 Κ). Οη καγλεηηθέο 

ηδηόηεηεο πνπ κπνξνύλ λα ρξεζηκνπνηεζνύλ ζε κηα ηέηνηα ζπγθξηηηθή κειέηε είλαη ην ζπλεθηηθό καγλεηηθό 

πεδίν (HC), ε καγλήηηζε θόξνπ (msat) θαη ε παξακέλνπζα καγλήηηζε (mrem). Γηα ηελ παξνύζα κειέηε 

θαηαζθεπάζηεθαλ δύν ηερλεηέο δνκέο Co/PMN-xPT/Co (κηα κε x=0,29 θαη κηα κε x=0,30) πνπ απνηεινύληαη 

από πκέληα Co κε πάρνο dCo=30 nm. Η επηινγή ηνπ πάρνπο ησλ πκελίσλ Co ηθαλνπνηεί ηηο παξαθάησ 

ζπλζήθεο. Τν πάρνο ησλ 30 nm είλαη αξθεηά κηθξό κε απνηέιεζκα ε επαγόκελε κεραληθή ηάζε από ην PMN-

xPT λα κπνξεί λα ηξνπνπνηήζεη κεραληθά ζρεδόλ όιν ηνλ όγθν ηνπ πκελίνπ Co. Δπηπιένλ, ην πάρνο ησλ 

πκέλησλ Co είλαη κηα εμσγελήο παξάκεηξνο πνπ θαζνξίδεη ηε καγλεηηθή αληζνηξνπία ιόγσ ηεο αληζνηξνπίαο 

ζρήκαηνο. Σπγθεθξηκέλα, γηα πάρνη dCo<30-50 nm ε καγλεηηθή αληζνηξνπία είλαη παξάιιειε ζην επίπεδν, 

ελώ γηα πάρνη dCo>30-50 nm ε καγλεηηθή αληζνηξνπία είλαη θάζεηε ζην επίπεδν 
[24-26]

. Σπλεπώο, επηιέγνληαο 

ην πάρνο dCo=30 nm νπνηαδήπνηε κεηαβνιή ηεο καγλεηηθήο αληζνηξνπίαο ζρήκαηνο πνπ πξνθαιείηαη από ηελ 

επαγόκελε κεραληθή ηάζε ιόγσ ηεο εθαξκνγήο ελόο εμσηεξηθνύ ειεθηξηθνύ πεδίνπ (Δex), είλαη ζε ζέζε λα 

πξθαιέζεη ηελ άκεζε ηξνπνπνίεζε ησλ καγλεηηθώλ ηδηνηήησλ ησλ πκελίσλ Co. 

 Πξηλ ηε δηεμαγσγή ησλ αλαιπηηθώλ κεηξήζεσλ ππό ηελ εθαξκνγή Δex ζηηο ηερλεηέο δνκέο Nb/PMN-

xPT/Nb, δόζεθε ηδηαίηεξε έκθαζε ζηνλ ιεπηνκεξή ραξαθηεξηζκό ησλ επηκέξνπο δνκηθώλ ζηνηρείσλ πνπ ηηο 

απαξηίδνπλ. Αλαθνξηθά κε ην ΠΗ δνκηθό ζηνηρείν ησλ ηερλεηώλ δνκώλ, ηα ππνζηξώκαηα PMN-xPT 

αλαπηύρζεθαλ κε ηε κέζνδν Bridgman 
[20]

, ζηε ζπλέρεηα θόπεθαλ θξπζηαιινγξαθηθά ππό ηε κνξθή 

νξζνγώλησλ ππνζηξσκάησλ κε δηαζηάζεηο 6x5x(0.4-0.8) mm
3
 θαη παξέκεηλαλ κε-πνισκέλα. Σε απηή ηε 

δηδαθηνξηθή δηαηξηβή ρξεζηκνπνηνύληαη δύν δηαθνξεηηθέο νκάδεο ππνζηξσκάησλ PMN-xPT, ε πξώηε νκάδα 

απνηειείηαη από PMN-xPT κε x=0,31 θαη ε δεύηεξε από PMN-xPT κε x=0,27. Η ζηνηρεηνκεηξηθή x δηαθνξά 

κεηαμύ ησλ PMN-xPT ππνζηξσκάησλ ζρεηίδεηαη κε ηηο ειεθηξν-κεραληθέο ηνπο ηδηόηεηεο. Σπγθεθξηκέλα, ηα 

ππνζηξώκαηα PMN-xPT κε x=0,31 (x=0,27) βξίζθνληαη εληόο (εθηόο) ηνπ κνξθνηξνπηθνύ ζπλόξνπ θάζεο 

θαη σο εθ ηνύηνπ εκθαλίδνπλ πςειέο (ρακειέο) ειεθηξν-κεραληθέο ηδηόηεηεο. Απηέο νη δύν νκάδεο 

ππνζηξσκάησλ PMN-xPT έρνπλ επηιεγεί θαηάιιεια ώζηε λα ηθαλνπνηνύληαη νη απαηηήζεηο κηα ζπγθξηηηθήο 

κειέηεο ησλ ηερλεηώλ δνκώλ όπνπ ε κόλε πεηξακαηηθή παξάκεηξνο ζα είλαη ην κέγεζνο ηεο επαγόκελεο 

κεραληθήο ηάζεο. Σηα πιαίζηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο αλαπηύρζεθε κηα λέα κέζνδνο γηα ηνλ 

πηεδνειεθηξηθό ραξαθηεξηζκό ησλ ππνζηξσκάησλ PMN-xPT. Απηή ε κέζνδνο ρξεζηκνπνηεί έλα ζπκβαηηθό 

νπηηθό κηθξνζθόπην γηα ηελ ηνπηθή παξαηήξεζε ηεο κεραληθήο ηάζεο ελόο ΠΗ πιηθνύ θαηά ηελ εθαξκνγή 

Vapp, επηηξέπνληαο έηζη ηε θαηαζθεπή ηεο θακπύιεο ηεο κεραληθήο ηαζεο S κε ην ειεθηξηθό πεδίν Δex. 

 Σπλερίδνληαο κε ην ραξαθηεξηζκό ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb ζεηξά έρεη ν ππεξαγώγηκνο 

ραξαθηεξηζκόο ησλ πκελίσλ Nb. Τα πκέληα Nb παξαζθεπάζηεθαλ ρξεζηκνπνηώληαο ηε κέζνδν ηεο 

καγλεηηθά ππνβνεζνύκελεο θαζνδηθήο ηνληνβνιήο θαη δόζεθε ηδηαίηεξε πξνζνρή ζηηο ζπλζήθεο ελαπόζεζεο 

ώζηε λα θαηαζθεπαζηνύλ πκέληα κε πςειή ππεξαγώγηκε πνηόηεηα. Γηα λα βειηηζηνπνηεζνύλ νη ζπλζήθεο 

ελαπόζεζεηο εθαξκόζηεθε έλα πνιύ απζηεξό πξσηόθνιιν ελαπνζέζεσλ ην νπνίν βαζίδεηαη ζηελ ηαπηόρξνλε 

δξάζε κηαο εθηεηακκέλεο πξν-ελαπόζεζεο Nb θαη ηεο εμσηεξηθήο ςύμεο ηνπ ζαιάκνπ κέζσ κηαο 

απηνζρέδηαο θξπνπαγίδαο αδώηνπ. Πξηλ εθηειεζηνύλ νη ελαπνζέζεηο Nb ζηα ππνζηξώκαηα PMN-xPT έγηλαλ 

δηεξεπλεηηθέο ελαπνζέζεηο ζε επίπεδα ππνζηξώκαηα Ππξηηίνπ (Si). Σηόρνο απηώλ ησλ ελαπνζέζεσλ ήηαλ λα 

εμεηαζηεί ε επίδξαζε ησλ ζπλζεθώλ πίεζεο ηνπ ζαιάκνπ ζηηο ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ Nb 
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θαζώο θαη λα δηεξεπλεζνύλ δηεμνδηθά νη ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ Nb όηαλ εμαηξείηαη ε επίδξαζε 

ηεο επηθαλεηαθήο κνξθνινγίαο. Σεκεηώλεηαη όηη ηα πεξηζζόηεξα ππνζηξώκαηα PMN-xPT έρνπλ ππνβιεζεί 

ζε επηθαλεηαθή ιείαλζε ώζηε λα κεησζεί ε επηθαλεηαθή ηξαρύηεηά ηνπο (Sa), ελώ κεξηθά παξέκεηλαλ ζηελ 

παξζέλα ηνπο θαηάζηαζε (θαηάζηαζε κε-ιεηαζκέλωλ επηθαλεηώλ) εκθαλίδνληαο πνιύ πςειέο ηηκέο Sa. Λόγσ 

ηεο επηθαλεηαθήο κνξθνινγίαο ησλ ππνζηξσκάησλ PMN-xPT νη ελαπνζέζεηο ησλ πκελίσλ Nb ζε απηά 

πξαγκαηνπνηήζεθαλ ππό ηηο βέιηηζηεο ζπλζήθεο θελνύ ηνπ ζαιάκνπ. Γηα λα εμεηαζηεί ε επίδξαζε ηεο 

επηθαλεηαθήο ηξαρύηεηαο ζηηο ππεξαγώγηκεο ηδηόηεηεο ησλ πκέλησλ Nb πξαγκαηνπνηήζεθε κηα ζεηξά 

ελαπνζέζεσλ ιεπησλ πκελίσλ Nb ζε ιεηαζκέλα θαη ζε κε-ιεηαζκέλα ππνζηξώκαηα PMN-xPT κεηαβάιινληαο 

ζπζηεκαηηθά ην πάρνο ησλ πκελίσλ (dNb) κεηαμύ 5 θαη 100 nm. 

 Γηα ηελ εθηέιεζε ησλ καγλεηηθώλ κεηξήζεσλ θαηά ηελ εθαξκνγή εμσηεξηθήο ηάζεο Vapp (ή 

ηζνδύλακα Δex) θαηαζθεπάζηεθε κηα ξάβδνο ζηελ νπνία πξνζαξκόδεηαη ε ηερλεηή δνκή θαη ηαπηόρξνλα 

επηηξέπεη ηελ εθαξκνγή ηεο Vapp ζε θξπνγεληθέο ζπλζήθεο. Σπγθεθξηκέλα, κηα ηππηθή ξάβδνο ηεο 

θαηαζθεπαζηηθήο εηαηξείαο ηνπ καγλεηνκέηξνπ ηξνπνπνηήζεθε θαηάιιεια ώζηε λα θέξεη ζην εζσηεξηθό ηεο 

δύν ζύξκαηα Φαιθνύ. Τα ζύξκαηα απηά είλαη αξθνύλησο ιεπηά πξνθεηκέλνπ λα ειαρηζηνπνηείηαη ε ζεξκηθή 

επηθνηλσλία ηνπ εμσηεξηθνύ ηκήκαηνο ηεο ξάβδνπ πνπ εθηείζεηαη ζηελ αηκόζθαηξα κε ην εζσηεξηθό ηκήκα 

απηήο πνπ βξίζθεηαη ζε θξπνγεληθέο ζπλζήθεο. Θα πξέπεη λα ζεκεησζεί όηη ζηηο ηερλεηέο δνκέο Nb/PMN-

xPT/Nb πνπ κειεηώληαη εδώ ην εθαξκνδόκελν ειεθηξηθό πεδίν θαη ην εθαξκνδόκελν καγλεηηθό πεδίν είλαη 

θάζεηα κεηαμύ ηνπο, ζπγθεθξηκέλα ην ειεθηξηθό πεδίν εθαξκόδεηαη θάζεηα ζηηο επηθάλεηεο ησλ ηερλεηώλ 

δνκώλ (εθηόο επηπέδνπ) ελώ ην καγλεηηθό πεδίν εθαξκόδεηαη παξάιιεια ζε απηέο (εληόο επηπέδνπ). 

 Η κειέηε ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb θαηά ηελ εθαξκνγή Δex εζηηάδεηαη ζηελ 

πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC θαη ηεο JC ησλ πκεληώλ Nb. Πξνθεηκέλνπ λα δηεπθνιπλζεί ε άκεζε 

ζύγθξηζε ησλ πεηξακαηηθώλ απνηειεζκάησλ κεηαμύ δηαθνξεηηθώλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb 

(δηαθνξεηηθή ζηνηρεηνκεηξία x, δηαθνξεηηθή επηθαλεηαθή ηξαρύηεηα Sa θαη δηαθνξεηηθά πάρνη πκελίσλ Nb 

dNb) ε πηεδνειεθηξηθή ηξνπνπνίεζε ησλ TC θαη JC εθθξάδεηαη σο ζπλάξηεζε ηνπ Δex. Ο κεραληζκόο πνπ 

ππνθηλεί ηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC ζηηο ηερλεηέο δνκέο Nb/PMN-xPT/Nb θαίλεηαη ζρεκαηηθά 

ζηηο εηθόλεο (Ι.α-β). Σπγθεθξηκέλα, ε εηθόλα (Ι.α) αλαπαξηζηά ηελ αξρηθή θαηάζηαζε κηαο ηερλεηήο δνκήο 

όπνπ δελ εθαξκόδεηαη Δex θαη ηα πκέληα Nb βξίζθνληαη ζηελ κε-παξακνξθσκέλε κεραληθά θαηάζηαζε κε ηηο 

πιεγκαηηθέο ζηαζεξέο λα είλαη ίζεο κεηαμύ ηνπο a=b=c (ιόγσ ηεο θπβηθήο δνκήο ησλ πκελίσλ Nb). Η 

εθαξκνγή Δex ζηελ ηερλεηή δνκή πξνθαιεί ηελ κεραληθή παξακόξθσζε ησλ ππνζηξσκάησλ PMN-xPT, ε 

νπνία δηεηζδύεη ζηα πκέληα Nb πξνθαιώληαο έηζη ηε κεραληθή ηνπο παξακόξθσζε. Η εηθόλα (Ι.β) δείρλεη κηα 

ηπραία θαηάζηαζε κεραληθήο ηάζεο (εθειθπζηηθή παξακόξθσζε θαηά κήθνο ηνπ επηπέδνπ xy) ηεο ηερλεηήο 

δνκήο, ε νπνία ηξνπνπνηεί ηηο πιεγκαηηθέο ζηαζεξέο ησλ πκελίσλ Nb ζε a
/
≠b

/
≠c

/
 (όπνπ a

/
>a, b

/
>b θαη c

/
<c). Η 

επαγόκελε παξακόξθσζε ηνπ θξπζηαιιηθνύ πιέγκαηνο ησλ πκελίσλ Nb αιιάδεη ηνπο θσλνληθνύο θιάδνπο 

ησλ πιεγκαηηθώλ ηαιαληώζεσλ κε απνηέιεζκα λα επηδξά ζην κεραληζκό δεκηνπξγίαο ηεο ππεξαγσγηκόηεηαο 

ζηα πκελία Nb κεηαβάιινληαο έηζη ηε TC ηνπο. Πξνθαλώο, ην πνζνζηό ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο 

ηεο TC εμαξηάηαη από ηε απνηειεζκαηηθόηεηα ηεο επαγόκελεο κεραληθήο ηάζεο ηνπ PMN-xPT λα 

παξακνξθώζεη κεραληθά ηα πκέληα Nb, ε νπνία θαζνξίδεηαη από δύν παξακέηξνπο. Η πξώηε παξάκεηξνο 

είλαη ε ειεθηξν-κεραληθή ηθαλόηεηα ησλ ππνζηξσκάησλ PMN-xPT (όπσο απηή εθθξάδεηαη κέζσ ησλ 

εγθάξζησλ πηεδνειεθηξηθσλ ζπληειεζηώλ) θαη ε δεύηεξε παξάκεηξνο είλαη ην πάρνο ησλ πκελίσλ Nb, dNb. 

Γηα λα αλαδεηρζεί ε επίδξαζε ηεο πξώηεο παξακέηξνπ, δειαδή ηεο ειεθηξν-κεραληθήο ηθαλόηεηαο ησλ 

ππνζηξσκάησλ PMN-xPT ζηελ ηξνπνπνίεζε ηεο TC, πξνεηνηκάζηεθαλ δύν δηαθνξεηηθέο ηερλεηέο δνκέο. 

Απηέο νη ηερλεηέο δνκέο απνηεινύληαη από πκέληα Nb ίδηνπ πάρνπο (dNb=15 θαη 20 nm) θαη από 

ππνζηξώκαηα PMN-xPT δηαθνξεηηθήο ζηνηρεηνκεηξίαο x, έλα κε x=0,31 πνπ παξνπζηάδεη πςεινύο 

πηεδνειεθηξηθνύο ζπληειεζηέο θαη έλα κε x=0,27 πνπ παξνπζηάδεη κηθξόηεξνπο πηεδνειεθηξηθνύο 

ζπληειεζηέο. Αλαθνξηθά κε ηε δεύηεξε παξάκεηξν πνπ είλαη ην πάρνο ησλ πκελίσλ Νb, είλαη ινγηθό λα 

ζεσξεζεί όηη ε επαγόκελε κεραληθή ηάζε από ηα ππνζηξσκάηα PMN-xPT δύλαηαη λα επηδξά 
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απνηειεζκαηηθόηεξα ζηελ ηξνπνπνίζε ηεο TC όηαλ ην πάρνο ησλ πκελίσλ Νb είλαη ζρεηηθά κηθξό (π.ρ. γηα 

πάρνη dNb πνπ είλαη ζπγθξίζηκα κε ην βάζνο δηείζδπζεο ηεο επαγόκελεο κεραληθήο παξακόξθσζεο). Οη 

εηθόλεο (Ι.γ-δ) παξνπζηάδνπλ ζρεκαηηθά ηελ εγθάξζηα ηνκή δύν ηερλεηώλ δνκώλ πνπ απνηεινύληαη από 

ιεπηά πκέληα πκέληα Nb (αξηζηεξή ζηήιε) θαη από παρύηεξα πκέληα Nb (δεμηά ζηήιε) θαηά ηελ εθαξκνγή 

Δex=0 θαη Eex≠0, αληίζηνηρα. Οη θαηαθόξπθεο γθξη δηαθεθνκκέλεο γξακκέο ηνπνζεηνύληαη γηα λα δείμνπλ ην 

βαζκό επίδξαζεο ηεο επαγόκελεο κεραληθήο ηάζεο ζηελ ηξνπνπνίεζε ηνπο πάρνπο ησλ πκελίσλ Νb (πνπ 

είλαη ην dNb
/
) θαηά ηελ εθαξκνγή Δex. Γηα ηελ πεξίπησζε ησλ ιεπηόηεξσλ πκελίσλ Nb ε επαγόκελε κεραληθή 

ηάζε επηδξά ζεκαληηθά ζηα πκέληα κε απνηέιεζκα d
/
Nb<dNb, ελώ ζηελ πεξίπησζε ησλ παρύηεξσλ πκελίσλ 

κόλν ηα πξώηα ζηξώκαηα Nb επεξεάδνληαη θαη απηή ε επίδξαζε εμαζζελεί πξννδεπηηθά ζηα εμσηεξηθά 

ζηξώκαηα Nb κε απνηέιεζκα d
/
Nb≤dNb (ή d

/
Nb≈dNb). Σπλεπώο, ην κέγεζνο ηεο ηξνπνπνίεζε ηεο TC κεηώλεηαη 

κε ηελ αύμεζε ηνπ πάρνπο dNb. Γηα λα κειεηεζεί απηό πξνεηνηκάζηεθε κηα ζπζηεκαηηθή ζεηξά ηερλεηώλ 

δνκώλ Nb/PMN-0,31PT/Nb (όπνπ όια ηα ππνζηξώκαηα PMN-0,31PT έρνπλ ππνβιεζεί ζε ιείαλζε ησλ 

επηθαλεηώλ ηνπο) όπνπ ην πάρνο ησλ πκελίσλ Nb ιακβάλεη ηηο ηηκέο dNb=15, 20, 50 and 100 nm. Δπηπιένλ, ηα 

πεηξακαηηθά απνηειέζκαηα ηεο ηειεπηαίαο ζεηξάο ηερλεηώλ δνκώλ δηεξεπλώληαη ζεσξεηηθά κέζσ ελόο 

θαηλνκελνινγηθνύ κνληέινπ πνπ ζπλδπάδεη ηε ζρέζε S(Eex) πνπ αθνξά ην ππόζηξσκα PMN-0,31PT 
[27]

 κε ηε 

καζεκαηηθή έθθξαζε ηεο TC πνπ αθνξά ηα πκέληα Nb 
[28-30]

. Η θαηλνκελνινγηθή έθθξαζε TC(Eex) 

ρξεζηκνπνηείηαη ηόζν γηα ηελ πξνζέγγηζε ησλ πεηξακαηηθώλ δεδνκέλσλ ηεο TC σο πξνο ην Eex όζν θαη γηα ηε 

δηεξεύλεζε ησλ ηξνπνπνηεκέλσλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο σο ζπλαξηήζε ηνπ Eex. 

 Όπσο αλαθέξζεθε λσξίηεξα ε επαγόκελε κεραληθή ηάζε ζηηο ηερλεηέο δνκέο Nb/PMN-xPT/Nb θαηά 

ηελ εθαξκνγή Eex δελ επηδξά κόλν ηηο πιεγκαηηθέο ζηαζεξέο ησλ πκελίσλ Nb, αιιά θαη ζηηο αηέιεηεο ηνπ 

θξπζηαιιηθνύ πιέγκαηνο πνπ δξνύλ σο ζεκεία δέζκεπζεο ησλ θιαμνλίσλ. Απηό έρεη σο απνηέιεζκα ηελ 

πηεδνειεθηξηθή ηξνπνπνίεζε ηεο θξίζηκεο ππθλόηεηαο ξεύκαηνο JC ησλ πκελίσλ Nb. Γηα απηή ηε κειέηε 

Εικόνα I: (a)-(β) Σρεκαηηθή αλαπαξάζηαζε δηαθνξεηηθώλ θαηαζηάζεωλ ηεο κεραληθήο παξακόξθωζεο ζε κηα ηερλεηή 

δνκή Nb/PMN-xPT/Nb γηα Eex=0 kV/cm θαη γηα Eex≠0 kV/cm, αληίζηνηρα. Η εθαξκνγή Eex≠0 kV/cm πξνθαιεί ηελ 

καθξνζθνπηθή κεραληθή παξακόξθωζε ηεο ηερλεηήο δνκήο πνπ απεηθνλίδεηαη κέζω ηωλ νξηδόληηωλ κπιέ δηαθεθνκκέλωλ 

γξακκώλ, ε νπνία έρεη ωο απνηέιεζκα ηελ παξακόξθωζε ηωλ πιεγκαηηθώλ ζηαζεξώλ ηωλ πκεληώλ Nb. (γ)-(δ) Η εγθάξζηα 

ηνκή θαηά κήθνο ηνπ άμνλα z παξνπζηάδεη ην βάζνο δηείζδπζεο ηεο κεραληθήο ηάζεο ζε ηερλεηέο δνκέο πνπ απνηεινύληαη 

από ιεπηά θαη παρεηά πκέληα Nb, αληίζηνηρα, κεηαμύ ηεο αξρηθήο θαηάζηαζεο ζε Eex=0 kV/cm θαη κηαο ηπραίαο θαηάζηαζεο 

ζε Eex≠0 kV/cm ηωλ ηερλεηώλ δνκώλ. 

z(3)

x(1)

y(2)
Λεπηό

πκέλην Nb

Παρύ

πκέλην Nb

dNb dNb

d/
Nb<dNb

c/

a/

b/

Δl

Δl

Eex=0

κεραληθά κε-παξακνξθσκέλε 

θαηάζηαζε γηα Vapp=0

H

c

a

b

Nb/PMN-xPT/Nb

Eex≠0

κεραληθά παξακνξθσκέλε 

θαηάζηαζε γηα Vapp≠0

H

Nb/PMN-xPT/Nb

Δl

Δl

Δl

Δl

d/
Nb≤dNb

(α) (β) 

(γ) 

(δ) 
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ρξεζηκνπνηήζεθαλ δύν ηερλεηέο δνκέο πνπ απνηεινύληαη από ππνζηξώκαηα PMN-0,31PT θαη από ζρεηηθά 

παρεηά πκέληα Nb (κε πάρνο dNb=50 θαη 100 nm). Η επηινγή απηώλ ησλ πκελίσλ Nb έγηλε ζθόπηκα θαζώο ζε 

απηά ηα πάρνη νη κεηαβνιέο ηεο TC είλαη πνιύ κηθξέο (ζρεδόλ ακειεηέεο) κε απνηέιεζκα λα απνκνλώλεηαη ε 

επίδξαζε ηνπ Eex ζηελ JC θαη λα κελ ζπκπεξηιακβάλεηαη ε ηαπηόρξνλε κεηαβνιή ηεο TC. Γηα ηε ζεσξεηηθή 

δηεξεύλεζε απηώλ ησλ πεηξακαηηθώλ απνηειεζκάησλ πξνηείλεηαη έλα θαηλνκελνινγηθό κνληέιν πνπ 

ελζσκαηώλεη ηε ζρέζε S(Eex) ηνπ ππνζηξώκαηνο PMN-0,31PT 
[27]

 ζηε καζεκαηηθή έθθξαζε ηεο JC(S) 
[31-35]

. 

 Τέινο, ζηε κειέηε ησλ πηεδνειεθηξηθά ηξνπνπνηεκέλσλ ππεξαγώγηκσλ ηδηνηήησλ ησλ ηερλεηώλ 

δνκώλ Nb/PMN-0,31PT/Nb ζπκπεξηιακβάλεηαη θαη κηα επηπιένλ πεηξακαηηθή παξάκεηξνο πνπ είλαη είλαη ε 

επηθαλεηαθή ηξαρύηεηα Sa ησλ ππνηξσκάησλ PMN-0,31PT. Γηα απηό ην ιόγν θάπνηα από απηά ηα 

ππνζηξώκαηα ππνβιήζεθαλ ζε ιείαλζε ησλ επηθαλεηώλ ηνπο, ελώ ηα ππόινηπα παξέκεηλαλ κε κε-ιεηαζκέλεο 

επηθάλεηεο. Σε θάζε πεξίπησζε, ιεηαζκέλνπ ή κε-ιεηαζκέλνπ PMN-0,31PT, ε επηθαλεηαθή κνξθνινγία ησλ 

ππνζηξσκάησλ κεηαθέξεηαη πιήξσο ζηα πκέληα Nb. Οη πνιύ πςειέο ηηκέο ηεο Sa γηα ηελ πεξίπησζε ηνπ κε-

ιεηαζκέλνπ PMN-0,31PT ππνζηξώκαηνο (ηεο ηάμεσο ησλ 200-300 nm) ππνβαζκίδεη ζεκαληηθά ηηο 

ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ Nb κε απνηέιεζκα λα επηδξά θαη ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο 

TC θαη ηεο JC. Η ηερλεηή δνκή πνπ ρξεζηκνπνηείηαη γηα απηή ηε κειέηε είλαη ε Nb(20 nm)/PMN-0,31PT(Με-

ιεηαζκέλν)/Nb(20 nm) θαη έρεη επηιεγεί γηα ηνπο παξαθάησ ιόγνπο. Τν ΠΗ ππόζηξσκα PMN-0,31PT 

ρξεζηκνπνηείηαη ιόγσ ηεο απνηειεζκαηηθόηεηαο ηνπ λα ηξνπνπνηεί έληνλα ηηο ππεξαγώγηκεο ηδηόηεηεο ησλ 

ελαπνηεζεκέλσλ πκελίσλ Nb ζε ζύγθξηζε κε ην ΠΗ ππόζηξσκα PMN-0,27PT. Δπηπιένλ, ην πάρνο ησλ 

πκέλησλ Nb επηιέρζεθε λα είλαη ίζν κε dNb=20 nm πξνθεηκέλνπ λα είλαη αξθεηά ιεπηό ζε ζρέζε κε ηε 

δηαηήξεζε ηεο ππεξαγσγηκόηεηαο ζε ηξαρεηά ππνζηξώκαηα αιιά ηαπηόρξνλα θαη επηδεθηηθό σο πξνο ηελ 

επηβνιή κηαο κεραληθήο παξακόξθσζεο θαηά ηελ εθαξκνγή Δex ζηελ ηερλεηή δνκή. 

 Τα απνηειέζκαηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο απνδεηθλύνπλ μεθάζαξα ηελ ειεγρόκελε 

πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC θαη ηεο JC ησλ πκεληώλ Nb θαηά ηελ εθαξκνγή Δex ζε ηερλεηέο δνκέο 

Nb/PMN-xPT/Nb. Τα πεηξακαηηθά απνηειέζκαηα κπνξνύλ λα πεξηγξαθνύλ κε αθξίβεηα κέζσ ησλ 

θαηλνκελνινγηθώλ κνληέισλ TC(Eex) θαη JC(Eex) πνπ ζπλδπάδνπλ ηα δηαθνξεηηθά ραξαθηεξηζηηθά ησλ 

δνκηθώλ ζηνηρείσλ πνπ απαξηίδνπλ ηε ζπλνιηθή ηερλεηή δνκε. Τέινο, δίλνληαη ζαθήο ελδείμεηο γηα ηε ρξήζε 

ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb ζε ηερλνινγηθέο δηαηάμεηο πνπ ιεηηνπξγνύλ ζε θξπνγεληθέο ζπλζήθεο. 

 Σην Κεθάιαην 1 παξνπζηάδνληαη νη βαζηθέο αξρέο ηεο ζεσξίαο ηεο ππεξαγσγηκόηεηαο εζηηάδνληαο 

ζηνπο ΥΑο ρακειήο-TC θαη ηεο ζεσξίαο ηνπ πηεδνειεθηξηζκνύ εζηηάδνληαο ζηα δείγκαηα PMN-xPT. Σην 

Κεθάιαην 2 γίλεηαη κηα ζύληνκε βηβιηνγξαθηθή αλαζθόπεζε ησλ ζεσξεηηθώλ κειεηώλ ζρεηηθά κε ηελ 

επίδξαζε ηεο κεραληθήο ηάζεο ζηηο ππεξαγώγηκεο ηδηόηεηεο θαη ησλ πεηξακαηηθώλ κειεηώλ ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC ζε ΥΑο πςειήο-TC. Τν Κεθάιαην 3 παξνπζηάδεη ηηο βαζηθέο αξρέο 

ιεηηνπξγίαο ησλ πεηξακαηηθώλ ηερληθώλ πνπ ρξεζηκνπνηήζεθαλ γηα ηελ παξαζθεπή (π.ρ. καγλεηηθά 

ππνβνεζνύκελε θαζνδηθή ηνληνβνιή) θαη ην ραξαθηεξηζκό (π.ρ. ΠΑΦ, ΜΑΓ, ΜΥΚΣ) ησλ ηερλεηώλ δνκώλ. 

Δπηπιένλ, ην Κεθάιαην 3 ζπλνςίδεη ηηο αξρέο ιεηηνπξγίαο κηα λέαο κεζόδνπ πνπ ρξεζηκνπνηείηαη γηα ηνλ 

πηεδνειεθηξηθό ραξαθηεξηζκό ησλ δεηγκάησλ PMN-xPT, ελώ επίζεο δίλεη θάπνηεο ηερληθέο ιεπηνκέξεηεο 

ζρεηηθά ηε θαηαζθεπή ηεο ξάβδνπ πνπ επηηξέπεη ηε δηεμαγσγή ησλ καγλεηηθώλ κεηξήζεσλ θαηά ηελ 

εθαξκνγή εμσηεξηθήο ηάζεο ζε θξπνγεληθέο ζπλζήθεο. Τν Κεθάιαην 4 παξνπζηάδεη ηα πεηξακαηηθά 

απνηειέζκαηα ησλ εηζαγσγηθώλ κειεηώλ πνπ έγηλαλ ζε ζπγγεληθέο ηερλεηέο δνκέο, νη νπνίεο απνηεινύληαη 

από ιεπηά ΣΜ πκέληα Co (Co/PMN-xPT/Co), θαηά ηελ εθαξκνγή ειεθηξηθνύ πεδίνπ. Τν Κεθάιαην 5 

παξνπζηάδεη ηα απνηειέζκαηα ηνπ ραξαθηεξηζκνύ ησλ επηκέξνπο δνκηθώλ ζηνηρείσλ πνπ ζπλζέηνπλ ηηο 

ηερλεηέο δνκέο Nb/PMN-xPT/Nb θαζώο θαη ηνλ ππεξαγώγηκν ραξαθηεξίζκν ηνπο ρσξίο ηελ εθαξκνγή 

ειεθηξηθνύ πεδίνπ. Τν Κεθάιαην 6 εζηηάδεηαη ζηε ζεσξεηηθή αλάιπζε ησλ κνληέισλ πνπ ζα 

ρξεζηκνπνηεζνύλ γηα ηε κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC θαη ηνπ JC κέζσ ησλ θαηάιιεισλ 

εθθξάζεσλ TC(Eex) θαη JC(Eex) νη νπνίεο ελζσκαηώλνπλ ηα ραξαθηεξηζηηθά ησλ δηαθνξεηηθώλ δνκηθώλ 
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ζηνηρείσλ ησλ ηερλεηώλ δνκώλ. Τν Κεθάιαην 7 παξνπζηάδεη αλαιπηηθά ηα απνηειέζκαηα ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC θαη ηεο JC θαηά ηελ εθαξκνγή Eex ζηηο ηερλεηέο δνκέο Nb/PMN-

xPT/Nb. Σε απηή ηελ αλαιπηηθή παξνπζίαζε ζπκπεξηιακβάλνληαη όιεο νη παξάκεηξνη πνπ κπνξνύλ λα 

επεξεάζνπλ ην κέγεζνο ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ησλ ππεξαγώγηκσλ ηδηνηήησλ όπσο είλαη νη 

πηεδνειεθηξηθνί ζπληειεζηέο, ην πάρνο ησλ πκεληώλ Nb θαη ε επηθαλεηαθή ηξαρύηεηα ησλ ππνζηξσκάησλ 

PMN-xPT. Τν Κεθάιαην 8 παξνπζηάδεη ηελ πηζαλή εθαξκνγή ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb σο 

αηζζεηήξεο ζε ηερλνινγηθέο δηαηάμεηο πνπ ιεηηνπξγνύλ ζε θξπνγεληθέο ζπλζήθεο. Τέινο, ην Κεθάιαην 9 

ζπλνςίδεη όια ηα απνηειέζκαηα πνπ πξνέθπςαλ ζηα πιαίζηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο. 
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Σσντομογραφίες 

Η παξαθάησ ιίζηα παξνπζηάδεη ζηελ αξηζηεξή ζηήιε ηηο ζπληνκνγξαθίεο πνπ ρξεζηκνπνηνύληαη ζε απηή ηε 

δηδαθηνξηθή δηαηξηβή ζε αιθαβεηηθή ζεηξά θαη ζηε δεμηά ζηήιε κηα ζύληνκε πεξηγξαθή ηνπο. 

Eex   Εμσηεξηθά εθαξκνδόκελν ειεθηξηθό πεδίν 

H   Εμσηεξηθά εθαξκνδόκελν καγλεηηθό πεδίν 

ΘΜΑ   Θεξκν-καγλεηηθέο αζηάζεηεο 

ΗΜΑ   Ηιεθηξηθά επαγόκελεο καγλεηηθέο αζηάζεηεο 

ΜΑ   Μαγλεηηθέο Αζηάζεηεο 

ΜΑΔ   Μηθξνζθόπην Αηνκηθήο Δύλακεο 

MΣΦ   Μνξθνηξνπηθό Σύλνξν Φάζεσλ 

ΜΥΚΣ   Μαγλεηόκεηξν Υπεξαγώγηκεο Κβαληηθήο Σπκβνιήο  

OM   Οπηηθό Μηθξνζθόπην 

ΠΗ   Πηεδνειεθηξηθό πιηθό 

ΣAi   Σπκκεηξηθόο άμνλαο ηεο κεραληθήο ηάζεο θαηά κήθνο ηεο δηεύζπλζε i=x ή y. 

ΣΗ   Σηδεξνειεθηξηθό πιηθό 

ΣΜ   Σηδεξνκαγλεηηθό πιηθό 

ΠΑΧ   Πεξίζιαζε αθηίλσλ-X (αλαθέξεηαη ζηελ αληίζηνηρε κέζνδν κεηξήζεσλ) 

T Θεξκνθξαζία, ή Tesla όηαλ ζπλνδεύεη ηελ ηηκή ελόο καγλεηηθνύ πεδίνπ 

ΥΑ   Υπεξαγσγόο 

FC   Αλαθέξεηαη ζηνλ θιάδν ςύμεο ησλ ηζνπεδηαθώλ θακππιώλ m(T) κε ηε παξνπζία  

καγλεηηθνύ πεδίνπ (Field Cooling branch) 

JC   Κξίζηκε ππθλόηεηα ξεύκαηνο 

PMN-xPT  Pb(Mg1/3Nb2/3)O3-xPbTiO3 

PZT   Pb(ZrxTi1-x)O3 

Sa   Επηθαλεηαθή ηξαρύηεηα (<Sa>, κέζε επηθαλεηαθή ηξαρύηεηα) 

TC Κξίζηκε ζεξκνθξαζία 

ZFC   Αλαθέξεηαη ζηνλ θιάδν ςύμεο ησλ ηζνπεδηαθώλ θακππιώλ m(T) απνπζία  

καγλεηηθνύ πεδίνπ (Zero Field Cooling branch) 

 



 



- 1 - 

 

Κευάλαιο 1 

Εισαγωγή στεν σπεραγωγιμότετα και τον πιεδοελεκτρισμό 

Σε απηό ην θεθάιαην γίλεηαη κηα πεξηιηπηηθή εηζαγσγή ησλ θαηλνκέλσλ ηεο ππεξαγσγηκόηεηαο θαη ηνπ 

πηεδνειεθηξηζκνύ. Γεδνκέλνπ όηη νη ηερλεηέο δνκέο πνπ ζα κειεηεζνύλ ζε απηή ηε δηδαθηνξηθή δηαηξηβή 

απνηεινύληαη από ιεπηά ππεξαγώγηκα (ΥΑ) πκέληα Νηνβίνπ (Nb) ελαπνηεζεκέλα ζε πηεδνειεθηξηθά (ΠΗ) 

ππνζηξώκαηα (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3, ε εηζαγσγή εζηηάδεηαη ζηα ζεσξεηηθά κνληέια πνπ 

πεξηγξάθνπλ ηηο βαζηθέο ηνπο ηδηόηεηεο. Τα θαηλόκελα απηά πεξηγξάθνληαη αλαιπηηθόηεξα ζηελ αγγιηθή 

εηζαγσγή ηεο παξνύζαο δηδαθηνξηθήο δηαηξηβήο. 

1.1 Θεωρία τες σπεραγωγιμότετας 

Ωο ππεξαγσγηκόηεηα νξίδεηαη ε ηδηόηεηα νξηζκέλσλ πιηθώλ λα εκθαλίδνπλ κεδεληθή αληίζηαζε (ηδαληθόο 

αγωγόο, R=0) θάησ από κηα θξίζηκε ζεξκνθξαζία πνπ ζπκβνιίδεηαη κε TC. Δπηπιένλ, όηαλ έλαο ΥΑ ςπρζεί 

παξνπζία εμσηεξηθνύ καγλεηηθνύ πεδίνπ (Ηεμ) κηθξήο έληαζεο ηόηε θάησ από ηελ ίδηα ηηκή ηεο TC ε 

καγλεηηθή επαγσγή ζην εζσηεξηθό ηνπ κεδελίδεηαη (ηδαληθόο δηακαγλήηεο, B=0). Τν θαηλόκελν απηό 

νλνκάδεηαη θαηλόκελν Meissner θαη απνηειεί έλα αλεμάξηεην ραξαθηεξηζηηθό ησλ ΥΑ, ην νπνίν δελ 

πξνθύπηεη από ην κεδεληζκό ηεο αληίζηαζεο ηνπ ΥΑ θάησ από ηελ TC. Αληίζηνηρα κε ηελ TC νξίδεηαη θαη κηα 

άιιε θξίζηκε παξάκεηξνο ηεο ππεξαγσγηκόηεηαο πνπ είλαη ην θξίζηκν καγλεηηθό πεδίν (ΗC). Σπγθεθξηκέλα, 

γηα Η<ΗC (θαη T<TC) ν ΥΑ βξίζθεηαη ζηελ ππεξαγώγηκε θαηάζηαζή, ελώ γηα Η>ΗC (θαη T<TC) ν ΥΑ 

κεηαβαίλεη ζηελ θαλνληθή ηνπ θαηάζηαζε όπνπ ζπκπεξηθέξεηαη σο έλα ηππηθό παξακαγλεηηθό πιηθό (Β=Η). 

Μηα αθόκε θξίζηκε παξάκεηξνο ηεο ππεξαγσγηκόηεηαο είλαη ε θξίζηκε ππθλόηεηα ξεύκαηνο (JC), ε νπνία 

ραξαθηεξίδεη ηε κέγηζηε ππθλόηεηα ξεύκαηνο πνπ κπνξεί λα δηαξξέεη έλαλ ΥΑ ρσξίο λα εκθαλίδεηαη 

αληίζηαζε ζε απηόλ θαη εμαξηάηαη από ηελ T (Τ<TC) θαη ην Η (Η<ΗC), JC=JC(Τ,Η). 

 Τν θαηλνκέλν ηεο ππεξαγσγηκόηεηαο (ζε ΥΑ ρακειήο-ΤC) έρεη εξκελεπηεί ζεσξεηηθά ηόζν ζε 

κηθξνζθνπηθό όζν θαη ζε καθξνζθνπηθό επίπεδν. Καηά ηε κηθξνζθνπηθή ζεσξία ηεο ππεξαγσγηκόηεηαο 

γλσζηή θαη σο ζεσξία BCS 
[1]

, ν ζρεκαηηζκόο ηεο ππεξαγώγηκεο θαηάζηαζεο επλλνείηαη όηαλ ε ειθηηθή 

αιιειεπίδξαζε δύν ειεθηξνλίσλ (ι) πνπ βξίζθνληαη θνληά ζηε ζηάζκε Fermi, είλαη ηζρπξόηεξε από ηελ 

απσζηηθή αιιειεπίδξαζε Coulomb (κ) κεηαμύ ηνπο. Η ειθηηθή αιιειεπίδξαζε ησλ ειεθηξνλίσλ 

επηηπγράλεηαη κέζσ ηεο αληαιιαγήο θσλνλίσλ θαη ζρεκαηίδεη ηα ιεγόκελα δεύγνη Cooper. Απηό έρεη σο 

απνηέιεζκα λα ηξνπνπνηείηαη ε βαζηθή θαηάζηαζε ηνπ ΥΑ πιηθνύ δεκηνπξγώληαο έλα ελεξγεηαθό ράζκα ζην 

θάζκα ησλ δηεγεξκέλσλ θαηαζηάζεσλ ησλ ειεθηξνλίσλ. Αλάινγα κε ην κέγεζνο ηεο ειθηηθήο 

αιιειεπίδξαζεο ησλ ειεθηξνλίσλ ζηελ ππεξαγώγηκε θαηάζηαζε νη ΥΑ ρακειήο-TC δηαθξίλνληαη ζε ΥΑο 

ηζρπξήο 
[2]

, ελδηάκεζεο 
[1,3]

 θαη αζζεληθήο ζύδεπμεο 
[4]

. Γηα θάζε πεξίπησζε ζύδεπμεο ηα αληίζηνηρα 

ζεσξεηηθά κηθξνζθνπηθά κνληέια δίλνπλ θαη δηαθνξεηηθέο εθθξάζεηο ηεο TC. Δθηόο ηεο κηθξνζθνπηθή 

εξκελείαο, νη επηζηήκνλεο V. L. Ginzburg θαη L. D. Landau αλέπηπμαλ κηα θαηλνκελνινγηθή ζεσξία 
[5]

 γηα 

ηελ εξκελεία ησλ καθξνζθνπηθώλ ηδνηήησλ ελόο ΥΑ βαζηδόκελνη ζε γεληθέο ζεξκνδπλακηθέο παξαδνρέο. 

Σπγθεθξηκέλα, ε ειεύζεξε ελέξγεηα ελόο ΥΑ ζηελ ππεξαγσγηκή θαηάζηαζε (Τ≈ΤC) κπνξεί λα γξαθηεί σο έλα 

αλάπηπγκα Taylor ηεο παξακέηξνπ ηάμεο ηνπ ΥΑ, πνπ δίλεηαη από ηε θπκαηνζπλάξηεζε ησλ ειεθηξνλίσλ. 

Τν πιενλέθηεκα απηήο ηεο ζεσξίαο είλαη όηη έρεη ζπκπεξηιάβεη ηελ επίδξαζε ηνπ καγλεηηθνύ πεδίνπ ζηνλ 

ΥΑ, επηηξέπνληαο έηζη ηνλ ππνινγηζκό ηνπ HC θαη ηνπ ππεξξεύκαηνο ησλ δεπγώλ Cooper (Js). 

 Δθηόο από ηηο βαζηθέο ηδηόηεηεο ησλ ΥΑ πνπ πεξηγξάθεθαλ παξαπάλσ, ππάξρνπλ δύν ζεκαληηθέο 

παξάκεηξνη πνπ θαζνξίδνπλ ην εύξνο ηηκώλ ησλ ηδηνηήησλ ηνπο. Απηέο νη παξάκεηξνη είλαη ην κήθνο 

ζπζρέηηζεο (μ) ησλ ειεθηξνλίσλ ελόο δεύγνπο Cooper θαη ην κήθνο δηείζδπζεο (ι) ηνπ Η ζην εζσηεξηθό ηνπ 
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ΥΑ θαη απνηεινύλ ηα ραξαθηεξηζηηθά κήθνη ελόο ΥΑ. Με βάζε ηε ζρέζε κεηαμύ ηνπ ι θαη ηνπ μ, νη ΥΑ 

θαηεγνξηνπνηνύληαη ζε ΥΑο πξώηνπ είδνπο όηαλ ι<μ θαη ζε ΥΑο δεύηεξνπ είδνπο όηαλ ι>μ. Σηηο εηθόλεο 

(1.1.α-β) παξνπζηάδνληαη ηα δηάγξακκαηα θάζεο γηα έλα ΥΑ πξώηνπ είδνπο θαη γηα έλα ΥΑ δεπηέξνπ είδνπο, 

αληίζηνηρα, όπνπ θαη αλαδεηθλύεηαη ε δηαθνξεηηθή ηνπο ζπκπεξηθνξά ππό ηελ παξνπζία Η. Σπγθεθξηκέλα, 

όπσο θαίλεηαη ζηε εηθόλα (1.1.α) ζε Τ<ΤC θαη Η<HC έλαο ΥΑ πξώηνπ είδνπο βξίζθεηαη ζηελ θαηάζηαζε 

Meissner (B=0) απσζώληαο πιήξσο ην Η από ην εζσηεξηθό ηνπ, ελώ ζε Τ>ΤC ή Η>HC ν ΥΑο κεηαβαίλεη 

ζηελ θαλνληθή ηνπ θαηάζηαζε. Σηελ πεξίπησζε ελόο ΥΑ δεπηέξνπ είδνπο, εηθόλα (1.1.β), αλάκεζα ζηελ 

θαηάζηαζε Meissner θαη ζηελ θαλνληθή θαηάζηαζε εκθαλίδεηαη κηα ελδηάκεζε θαηάζηαζε πνπ νλνκάδεηαη 

κηθηή θαηάζηαζε. Η κηθηή θαηάζηαζε πεξηθιείεηαη από δύν θξίζηκα καγλεηηθά πεδία πνπ είλαη 

ραξαθηεξηζηηθό γλώξηζκα ησλ ΥΑ δεπηέξνπ είδνπο, ην θάησ θξίζηκν πεδίν HC1 θαη ην άλσ θξίζηκν πεδίν 

ΗC2. Όηαλ έλαο ΥΑ δεπηέξνπ είδνπο βξίζθεηαη ζηε κηθηή θαηάζηαζε ηόηε ην Η εηζέξρεηαη ζην εζσηεξηθό ηνπ 

ΥΑ ππό ηε κνξθή ζσιήλσλ θβαληηζκέλεο καγλεηηθήο ξνήο Φ0 (δίλεο ππεξξεύκαηνο) κε ηνλ άμνλα ηνπο 

παξάιιειν ζην H θαη κε δηάκεηξν 2μ, νη νπνίνη νλνκάδνληαη θιαμόληα (vortex) (έλζεην ηεο εηθόλαο (1.1.β) 

θαη εηθόλα (1.1.γ)). Ο Α. Α. Abrikosov απέδεημε όηη ζε έλαλ ηδαληθό ΥΑ (ρσξίο αηέιεηεο) θαη ζηελ θαηάζηαζε 

ηζνξξνπίαο ηνπ ηα θιαμόληα ηνπνζεηνύληαη κε ηέηνην ηξόπν ώζηε λα ζρεκαηίδνπλ έλα εμαγσληθό πιέγκα 

κεηαμύ ησλ θέληξσλ ησλ θιαμνλίσλ 
[6]

. Με ηελ πξννδεπηηθή αύμεζε ηνπ Η απμάλεηαη ε ππθλόηεηα ησλ 

θιαμνληώλ ώζπνπ ηα θιαμόληα αξρίδνπλ λα αιιεινεπηθαιύπηνληαη θαη ηειηθά ν ΥΑ ζπκπεξηθέξεηαη σο 

παξακαγλεηηθό πιηθό κεηαβαίλνληαο ζηελ θαλνληθή ηνπ θαηάζηαζε. 

 Οη ππεξαγώγηκεο ηδηόηεηεο ΥΑ πκελίσλ δηαθνξνπνηνύληαη ζεκαληηθά θαζώο ε ραξαθηεξηζηηθή 

δηάζηαζή ηνπο, πνπ είλαη ην πάρνο ηνπο (dΥΑ), γίλεηαη ζπγθξίζηκε κε ηα ραξαθηεξηζηηθά κήθνη ηεο 

ππεξαγσγηκόηεηαο. Βέβαηα ζηα ιεπηά ΥΑ πκέληα δελ πξέπεη λα αγλνεζεί έλα επηπιένλ ραξαθηεξηζηηθό 

κήθνο, πνπ είλαη ε κέζε ειεύζεξε δηαδξνκή ησλ ειεθηξνλίσλ ( ). Η ηηκή ηνπ θαζνξίδεηαη από ηελ 

παξνπζία αηειεηώλ ζην θξπζηαιιηθό πιέγκα θαζώο θαη από άιιεο ηνπηθέο ή κε-ηνπηθέο πξνζκίμεηο. Η 

εμάξηεζε ησλ ραξαθηεξηζηηθώλ κεθώλ (μ, ι θαη ) κε ην dΥΑ θαζώο θαη ε αιιεινεμάξηεζε ηνπο επηθέξεη 

ζεκαληηθέο αιιαγέο ζηηο ππεξαγώγηκεο ηδηόηεηεο ησλ ιεπηώλ πκελίσλ. Δλδεηθηηθό παξάδεηγκα απνηειεί ην 

γεγνλόο όηη θιαζηθνί ΥΑ πξώηνπ είδνπο ζπκπεξηθέξνληαη σο ΥΑ δεπηέξνπ είδνπο όηαλ κειεηώληαη ππό ηε 

κνξθή ιεπηώλ πκελίσλ. Η αιιεινεμάξηεζε ησλ ραξαθηεξηζηηθώλ κεθώλ ελόο ιεπηνύ ΥΑ πκελίνπ ηαμηλνκεί 

ηνπο ΥΑο ζε θαηεγνξίεο κε ζεκαληηθέο δηαθνξέο ζηηο ηδηόηεηεο ηνπο. Σπγθεθξηκέλα, γηα dΥΑ ζηαζεξό θαη γηα 

≪μ0 (όπνπ μ0 εθθξάδεη ην ελδνγελέο μ) ηα ΥΑ ιεπηά πκέληα βξίζθνληαη ζην ιεγόκελν «βξώκηθν» όξην 

(“dirty” limit), ελώ γηα ≫μ0 ηα ΥΑ ιεπηά πκέληα βξίζθνληαη ζην ιεγόκελν «θαζαξό» όξην (“clean” limit). 

Γηα κεηαβιεηό dΥΑ, ε ζπκπεξηθνξά ησλ ΥΑ κπνξεί λα ραξαθηεξηζηεί είηε σο δηδηάζηαηε (2Γ) όηαλ dYA<μ(Τ), 

είηε σο ηξηζδηάζηαηε (3Γ) όηαλ dYA>μ(Τ). Η δηαζηαηηθή δηάθξηζε ηεο ζπκπεξηθνξάο ησλ ΥΑ θαηά ηε 
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Εικόνα 1.1: Δηάγξακκα θάζεο (α) ελόο ΥΑ πξώηνπ είδνπο θαη (β) ελόο ΥΑ δεπηέξνπ είδνπο. Τν έλζεην ηνπ (β) απεηθνλίδεη 

ην ζρεκαηηζκό εμαγωληθνύ πιέγκαηνο από θιαμόληα ζηε κηθηή θαηάζηαζε. (γ) Η δνκή ελόο κεκνλωκέλνπ θιαμνλίνπ ζε 

ζρέζε κε ηα ραξαθηεξηζηηθά κήθνη ελόο ΥΑ. Οη θακπύιεο δείρλνπλ ηε ρωξηθή κεηαβνιή ηνπ ηνπηθνύ ππεξξεύκαηνο jS θαη ην 

ηνπηθνύ πεδίν bz.  

(α) (β) (γ) 
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κεηαβνιή ηνπ dYA νδεγεί ζε δηαθνξεηηθέο εθθξάζεηο γηα ηε ζεξκνθξαζηαθή εμάξηεζε ηνπ ΗC2 
[7]

. Δπηπιεόλ 

θαη όπσο είλαη αλακελόκελν, ε κείσζε ηνπ dΥΑ επηδξά ζεκαληηθά ζηηο ηηκέο ηεο ΤC, ε νπνία γηα ηελ 

πεξίπησζε ιεπηώλ πκελίσλ Nb έρεη επηβεβαησζεί πεηξακαηηθά όηη κεηώλεηαη κε ηε κείσζε ηνπ dΥΑ 
[8-13]

. Γηα 

ηελ εξκελεία απηήο ηεο ζπκπεξηθξνξάο ηεο TC κε ην dYA έρνπλ πξνηαζεί δηάθνξεο ζεσξίεο πνπ βαζίδνληαη 

ηνπο εκπιεθόκελνπο θπζηθνύο κεραληζκνύο πνπ αλαδεηθλύλνηαη θαζώο ην dYA κεηώλεηαη. Οη πξώηεο 

ζεσξεηηθέο πξνηάζεηο βαζίζηεθαλ ζηελ έληνλε επίδξαζε ηνπηθώλ θαηλνκέλσλ πνπ πξνθαινύληαη θαηά ηε 

κείσζε ηνπ dΥΑ, ηα νπνία εληζρύνπλ ηελ αιιειεπίδξαζε Coulomb κε έκκεζν απνηέιεζκα ηε δξαζηηθή 

κείσζε ηεο TC ησλ πκελίσλ 
[14,15]

. Έλα άιιν ζεσξεηηθό κνληέιν πνπ πεξηγξάθεη ηθαλνπνηεηηθά ηα 

πεηξακαηηθά απνηειέζκαηα ηεο TC(dYA) βαζίδεηαη ζηελ επίδξαζε ηνπ θαηλνκέλνπ γεηηλίαζεο, ε νπνία γίλεηαη 

νινέλα θαη εληνλόηεξε όηαλ ην dYA
 
κεηώλεηαη 

[16,17]
. Τέινο, έλα πην γεληθό ζεσξεηηθό κνληέιν, απνδίδεη ηε 

κείσζε ηεο TC ζηελ εμαζζέληζε ηεο παξακέηξνπ ηάμεο ηνπ ΥΑ θνληά ηελ ππεξαγώγηκε επηθάλεηα 
[18]

. 

 Τν θξίζηκν κέγεζνο ησλ ΥΑ πνπ δελ έρεη ζπδεηεζεί αθόκε είλαη ην JC, ην νπνίν ζπλαληάηαη κόλν 

ζηνπο ΥΑ δεπηέξνπ είδνπο θαη κάιηζηα όηαλ απηνί βξίζθνληαη ζηε κηθηή θαηάζηαζε. Σηελ ηδαληθή 

πεξίπησζε ελόο ηέιεηνπ ΥΑ δεπηέξνπ είδνπο (ρσξίο δνκηθέο αηέιεηεο ζην εζσηεξηθό ηνπ) πνπ βξίζθεηαη ζηε 

κηθηή θαηάζηαζε, ηα θιαμόληα αιιειεπηδξνύλ κεηαμύ ηνπο κε απσζηηθέο δπλάκεηο, ελώ ε εθαξκνγή ελόο 

εμσηεξηθνύ ξεύκαηνο αζθεί δύλακε Lorentz (FL) ζε απηά πξνθαιώληαο ηελ θηλεζή ηνπο. Ωζηόζν, ε 

παξνπζία αηειεηώλ ζε έλαλ ΥΑ δεπηέξνπ είδνπο αιιάδεη ηελ εηθόλα ηεο κηθηήο θαηάζηαζεο, θαζώο νη 

αηέιεηεο απηέο δξνύλ σο ζεκεία δέζκεπζεο ησλ θιαμνλίσλ εκπνδίδνληαο ηελ θηλεζή ηνπο. Σπλεπώο, ζε απηή 

ηελ πεξίπησζε ε εθαξκνγή εμσηεξηθνύ ξεύκαηνο ζηνλ ΥΑ ζα πξνθαιέζεη ηελ θηλεζή ησλ θιαμνλίσλ κόλν 

όηαλ ε επαγόκελε FL ππεξληθήζεη ηε δύλακε δέζκεπζεο (FP) πνπ δηαηεξεί ηα θιαμόληα αθίλεηα γύξσ από ηηο 

αηέιεηεο ηνπ ΥΑ. Η νξηαθή θαηάζηαζε ηνπ ΥΑ όπνπ FL=FP, νλνκάδεηαη θξίζηκε θαηάζηαζε ηνπ ΥΑ θαη 

αληίζηνηρα ε κέγηζηε ηηκή ξεύκαηνο πνπ εμαζθαιίδεη απηή ηε ηζνξξνπία ιέγεηαη θξίζηκε ππθλόηεηα 

ξεύκαηνο (JC). Η ειεθηξνκαγλεηηθή ζπκπεξηθνξά ελόο ΥΑ δεπηέξνπ είδνπο πνπ βξίζθεηαη ζηελ θξίζηκε 

θαηάζηαζε πεξηγξάθεηαη ηθαλνπνηεηηθά από ην πξόηππν Bean 
[19]

, ην νπνίν εμεηάδεη ην βξόρν πζηέξεζεο 

(m(H)) ελόο ΥΑ δεπηέξνπ είδνπο ζεσξώληαο όηη νη αηέιεηεο είλαη νκνηόκνξθα θαηαλεκεκέλα ζην εζσηεξηθό 

ηνπ ΥΑ θαζώο θαη όηη όια ηα ζεκεία δέζκεπζεο ησλ θιαμνλίσλ έρνπλ ηζνδύλακε FP. Έηζη, θαζώο ην Ηεμ 

απμάλεηαη (δηαγξάθνληαο έλαλ βξόρν πζηέξεζεο m(H)) ηα θιαμόληα απνδεζκεύνληαη από ηα ζεκεία 

δεζκεπζήο ηνπο θαη θηλνύληαη πξνο ην θέληξν ηνπ ΥΑ, ελώ ηαπηόρξνλα λέα θιαμόληα εηζάγνληαη ζηνλ ΥΑ 

από ηηο άθξεο ηνπ. Καηά απηό ηνλ ηξόπν ηα θιαμόληα ζην εζσηεξηθό ηνπ ΥΑ αλαθαηαλέκνληαη 

θαηαιακβάλνληαο λέεο ζέζεηο δέζκεπζεο θαη ε θξίζηκε θαηάζηαζε ηνπ ΥΑ επαλεγθαζίζηαηαη. Έηζη, ε 

ππθλόηεηα ησλ θιαμόλησλ ζηελ θξίζηκε θαηάζηαζε ελόο ΥΑ δελ είλαη ζηαζεξή ζε όιν ηνλ όγθν ηνπ ΥΑ, 

αιιά εκθαλίδεη κηα βαζκηαία θαηαλνκή ηεο ππθλνηεηάο ηνπο κε κέγηζηε ηηκή ζηηο άθξεο ηνπ ΥΑ θαη ειάρηζηε 

ηηκή ζε θάπνηα απόζηαζε πξνο ην θέληξν ηνπ. Από ηε ιύζε ησλ ηξνπνηεκέλσλ εμηζώζεσλ Maxwell γηα έλαλ 

ΥΑ δεπηέξνπ είδνπο ζηε θξίζηκε θαηάζηαζε απνδεηθλύεηαη όηη ην JC είλαη αλάινγν σο πξνο ην εύξνπο Γm 

ηνπ βξόρνπ πζηέξεζεο κεηαμύ ηνπ θιάδνπ αύμεζεο θαη κείσζεο ηνπ Η. 

 Παξόιν πνπ ε θξίζηκε θαηάζηαζε ελόο ΥΑ κπνξεί λα ραξαθηεξηζηεί σο κηα απην-νξγαλσκέλε 

θαηάζηαζε ηνπ ΥΑ όπνπ ηα θιαμόληα αλαδηαηάζζνληαη θαηάιιεια ώζηε λα δηαηεξήζνπλ ζηαζεξή ηελ ηηκή 

ηνπ JC, δελ είλαη πάληα κηα ζηαζεξή θαηάζηαζε γηα ηνλ ΥΑ. Σπγθεθξηκέλα, κηα κηθξή δηαθύκαλζε κπνξεί λα 

δηαδνζεί ζηνλ ΥΑ κέζσ κηαο αιιεινπρίαο δηαδηθαζηώλ ζεηηθήο αλάδξαζεο πξνθαιώληαο ηε θαηάξξεπζε ηεο 

θξίζηκεο θαηάζηαζεο ηνπ ΥΑ 
[20]

. Μηα ηέηνηα δηαηαξαρή είλαη ε δηαθύκαλζε ηνπ Ηεμ ην νπνίν πξνθαιεί 

ζεξκν-καγλεηηθέο αζηάζεηεο (ΘΜΑ) ζηνλ ΥΑ. Η δηαδηθαζία δεκηνπξγίαο ησλ ΘΜΑ ζε έλαλ ΥΑ 

πεξηγξάθεηαη ζηε ζπλέρεηα. Μηα κηθξή δηαθύκαλζε ηνπ Ηεμ πξνθαιεί ηελ θίλεζε θιαμνλίσλ ζηνλ ΥΑ, ε 

νπνία έρεη σο απνηέιεζκα ηελ ηνπηθή αύμεζε ηεο ζεξκνθξαζίαο (ΓΤαξρ>0). Η αύμεζε ηεο ζεξκνθξαζίαο 

κεηώλεη ηε ηηκή ηεο JC (ΓJC<0) θαη ηαπηόρξνλα κεηώλεη ην κέγεζνο ηεο δύλακεο πνπ δηαηεξεί δεζκεπκέλα ηα 

θιαμνλία, επηηξέπνληαο ηε θίλεζε ηνπο θαζώο θαη ηελ είζνδν λέσλ θιαμνλίσλ ζηνλ ΥΑ. Η είζνδνο λέσλ 

θιαμνλίσλ απμάλεηαη ηε καγλεηηθή ξνή ζηνλ ΥΑ (ΓΦ>0) θαη ιόγσ ηεο θίλεζεο ησλ θιαμνληώλ ζην 
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εζσηεξηθό ηνπ ΥΑ απειεπζεξώλεηαη κηα πνζόηεηα ζεξκόηεηαο (ΓQ>0) κε απνηέιεζκα ηελ πεξαηηέξσ 

αύμεζε ηεο ζεξκνθξαζίαο (ΓΤηει>0). Η ζρέζε κεηαμύ ηεο ΓΤαξρ κε ηελ ΓΤηει ππνδεηθλύεη ηε ζηαζεξόηεηα ηεο 

θξίζηκεο θαηάζηαζεο ζε έλαλ ΥΑ. Σπγθεθξηκέλα, όηαλ ΓΤηει<ΓΤαξρ ε θξίζηκε θαηάζηαζε παξακέλεη 

ζηαζεξή κεηά από κηα αξρηθή δηαθύκαλζε ηνπ Ηεμ, ελώ όηαλ ΓΤηει>ΓΤαξρ ε θξίζηκε θαηάζηαζε θαηαξξέεη θαη 

αλαπηύζνληαη ΘΜΑ ζηνλ ΥΑ. Σπλήζσο νη ΘΜΑ παξαηεξνύληαη ζε Ηεμ κηθξήο έληαζεο θαη γηα Τ≪TC, ελώ 

πξννδεπηηθά εμαζζελνύλ κε ηελ αύμεζε ηνπ Η θαη θνληά ζην TC. Οη ΘΜΑ αλαγλσξίδνληαη πεηξακαηηθά είηε 

έκκεζα κέζσ αικάησλ ηεο καγλήηηζεο πξνο κηθξόηεξεο ηηκέο απηήο ζε βξόρνπο m(H) 
[21,22]

 ή άκεζα από 

καγλεην-νπηηθέο ηερληθέο 
[23,24]

. Αμίδεη λα ζεκεησζεί όηη ε ζηαζεξόηεηα ηεο θξίζηκεο θαηάζηαζεο ελόο ΥΑ 

έρεη ηδηαίηεξν ηερλνινγηθό ελδηαθέξνλ θαζώο ε εκθαληζή ΘΜΑ πεξηνξίδεη ζεκαληηθά ηελ ηθαλόηεηα ηνπ ΥΑ 

λα δηαξξέεηαη από ξεύκαηα πςειήο ππθλόηεηαο θαη ζα πξέπεη λα ιακβάλεηαη ππόςε θαηά ην ζρεδηαζκό θαη 

ηε ιεηηνπξγία ηερλνινγηθώλ δηαηάμεσλ πνπ απνηεινύληαη από ΥΑ ζηνηρεία. 

1.2 Θεωρία τοσ πιεδοελεκτρισμού 

Τν πηεδνειεθηξηθό θαηλόκελν είλαη έλα θαηλόκελν ειεθηξνκεραληθήο ζύδεπμεο πνπ εκθαλίδεηαη ζε νξηζκέλα 

δηειεθηξηθά πιηθά. Τα πιηθά απηά νλνκάδνληαη πηεδνειεθηξηθά (ΠΗ) πιηθά θαη έρνπλ ηελ ηδηόηεηα λα 

εκθαλίδνπλ δηαθνξά δπλακηθνύ όηαλ αζθείηαη κεραληθή ηάζε ζε απηά (επζύ πηεδνειεθηξηθό θαηλόκελν) ή 

αληίζηξνθα λα παξακνξθώλνληαη κεραληθά (ζπκπίεζε ή εθηόλσζε) όηαλ εθαξκόδεηαη ειεθηξηθή ηάζε ζε 

απηά (αλάζηξνθν πηεδνειεθηξηθό θαηλόκελν), όπσο θαίλεηαη ζηηο εηθόλεο (1.2.α-β) αληίζηνηρα. 

Μηθξνζθνπηθά, ε πξνέιεπζε ηνπ ΠΗ θαηλνκέλνπ ζρεηίδεηαη κε ηελ έιιεηςε θέληξνπ ζπκκεηξίαο ζηε 

θξπζηαιιηθή δνκή ησλ ΠΗ πιηθώλ. Η κεησκέλε ζπκκεηξία ηεο κνλαδηαίαο θπςειίδαο αλαδεηθλύεη κηα 

πξνηηκεηέα θαηεύζπλζε θαηά κήθνο ηνπ κε-ζπκκεηξηθνύ θξπζηαιινγξαθηθνύ άμνλα, κε απνηέιεζκα λα 

επλλνείηαη ε αλάπηπμε ηάζεο (κεραληθήο ή ειεθηξηθήο) ζηα ΠΗ πιηθά
 [25]

. Γηα ηε καθξνζθνπηθή κειέηε ησλ 

ΠΗ πιηθώλ νξίδνληαη δηάθνξνη ζπληειεζηέο πνπ εθθξάδνπλ ηελ ειεθηξνκεραληθή ηνπο ζύδεπμε θαη κπνξνύλ 

λα ρξεζηκνπνηεζνύλ γηα ηε δηάθξηζε απηώλ κε βάζε ηελ πηεδνειεθηξηθή ηνπο ηθαλόηεηά. Απηνί νη 

ζπληειεζηέο είλαη νη εμήο, ν πηεδνειεθηξηθόο ζπληειεζηήο ηεο κεραληθήο ηάζεο (dij), ν πηεδνειεθηξηθόο 

ζπληειεζηήο ηεο ειεθηξηθήο ηάζεο (gij), ν ζπληειεζηήο ηεο ειαζηηθήο ζπκκόξθσζεο (sij), ν ζπληειεζηήο ηεο 

ειαζηηθήο αθακςίαο (hij) θαη ηέινο ν ζπληειεζηήο ηεο ειεθηξνκεραληθήο ζύδεπμεο (kij) 
[25]

. Σεκεηώλεηαη όηη 

νη δείθηεο i θαη j ππνδειώλνπλ ηε δηεύζπλζε ηνπ αίηηνπ (π.ρ. Δex θαηά ην αλάζηξνθν πηεδνειεθηξηθό 

θαηλόκελν) θαη ηνπ αηηηαηνύ (π.ρ. κεραληθή ηάζε S θαηά ην αλάζηξνθν πηεδνειεθηξηθό θαηλόκελν). H εηθόλα 

(1.2.γ) παξνπζηάδεη έλα θαξηεζηαλό ζύζηεκα ζπληεηαγκέλσλ, ζην νπνίν θαίλνληαη νη πηζαλέο δηεπζύλζεηο ηεο 

επαγόκελεο κεραληθήο ηάζεο πνπ εθθξάδνληαη από ηνπο δείθηεο i θαη j. 

 Η πην θαιά κειεηεκέλε θαηεγνξία ΠΗ πιηθώλ είλαη απηή ησλ ζηδεξνειεθηξηθώλ (ΣΗ) πιηθώλ ιόγσ 

ηεο εθαξκνγήο ηνπο ζε πνιιέο ζύγρξνλεο δηαηάμεηο 
[25,26]

. Τα ΣΗ πιηθά είλαη ηερλεηά πιηθά κε ρεκηθό ηύπν 

ΑΒΟ3 (ή γεληθόηεξα Α(Β
Ι
Β

ΙΙ
)Ο3) θαη πεξνβζθηηηθή δνκή. Σε αληηζηνηρία κε ηα ζηδεξνκαγλεηηθά πιηθά, ηα ΣΗ 

πιηθά εκθαλίδνπλ κηα κεηάβαζε θάζεο ζε κηα ραξαθηεξηζηηθή ζεξκνθξαζία πνπ νλνκάδεηαη ζεξκνθξαζία 

Curie (TCurie). Σπγθεθξηκέλα, γηα Τ>TCurie ηα ΣΗ πιηθά έρνπλ θπβηθή δνκή θαη εκθαλίδνπλ παξαειεθηξηθή 

ζπκπεξηθνξά, ελώ γηα Τ<TCurie ηα ΣΗ πιηθά απνθηνύλ ηεηξαγσληθή δνκή θαη εκθαλίδνπλ ζηδεξνειεθηξηθή 

ζπκπεξηθνξά. Φαξαθηεξηζηηθό ηεο ζηδεξνειεθηξηθήο ηνπο ζπκπεξηθνξάο είλαη ε εκθάληζε πζηέξεζεο ζηελ 

ειεθηξηθή πόισζε (P) θαηά ηε ζηαδηαθή κεηαβνιή ηεο εθαξκνδόκελεο ηάζεο, δειαδή ηνπ ειεθηξηθνύ 

πεδίνπ Δex. Σην βξόρν πζηέξεζεο P-Δex ησλ ΣΗ πιηθώλ δηαθξίλνληαη ηα εμήο ραξαθηεξηζηηθά κεγέζε: ε 

πόισζε θόξνπ (Psat), ην ειεθηξηθό πεδίν θόξνπ (Esat), ε παξακέλνπζα πόισζε (Prem) θαη ηέινο ην ζπλεθηηθό 

ειεθηξηθό πεδίν (ΔC). Δθηόο ηνπ βξόρνπ πζηέξεζεο P-Δex, ηα ΣΗ πιηθά εκθαλίδνπλ πζηέξεζε θαη ζηηο ηηκέο 

ηεο κεραληθήο ηάζεο (S) πνπ επάγεηαη θαηά ηελ εθαξκνγή Δex (αλάζηξνθν πηεδνειεθηξηθό θαηλόκελν). Γύν 

ελδεηθηηθνί βξόρνη πζηέξεζεο P-Δex θαη S-Δex παξνπζηάδνληαη ζηελ παξάγξαθν 1.2 ηνπ αγγιηθνύ θεηκέλνπ. 

Έλα ηππηθό παξάδεηγκα ΣΗ θεξακηθώλ πιηθώλ είλαη ην Pb(ZrxTi1-x)O3 (PZT). Σην δηάγξακκα θάζεο Τ-x ηνπ 
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PZT θαη γηα Τ<TCurie (ζηδεξνειεθηξηθή θάζε) εθηόο ηεο ηεηξαγσληθήο θάζεο εκθαλίδεηαη θαη ε ξνκβνεδξηθή 

θάζε. Οη δύν απηέο θάζεηο δηαρσξίδνληαη από κηα πεξηνρή πνπ νλνκάδεηαη κνξθνηξνπηθό ζύλνξν θάζεσλ 

(ΜΣΦ). Πεηξακαηηθέο κειέηεο έδεημαλ όηη νη πηεδνειεθηξηθέο ηδηόηεηεο ηνπ PZT βειηηζηνπνηνύληαη γηα 

ζηνηρεηκεηξία x θνληά ζην ΜΣΦ (x~0.53), ιόγσ ηεο ζπλύπαξμε ηεο ηεηξαγσληθήο θαη ηεο ξνκβνεδξηθήο 

θάζεο επηηξέπνληαο κε απηό ηνλ ηξόπν ηελ απζόξκσηε πόισζε λα πεξηζηξαθεί κεηαμύ πνιιώλ ηζνδύλακσλ 

θξπζηαιινγξαθηθώλ δηεπζύλζεσλ 
[27,28]

. 

 Μηα εηδηθή θαηεγνξία ΣΗ πιηθώλ πνπ εκθαλίδνπλ ηδηαίηεξα πςεινύο πηεδνειεθηξηθνύο ζπληειεζηέο 

είλαη απηή ησλ “relaxor”-ΣΗ πιηθώλ. Τππηθό παξάδεηγκα ελόο ηέηνηνπ “relaxor”-ΣΗ πιηθνύ είλαη ην (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) ην νπνίν είλαη ε ρεκηθή έλσζε έλνο “relaxor”-ΣΗ ηκήκαηνο (πνπ 

είλαη ην PMN κε ζηαζεξή αλαινγηά 1:2 ζηα ζηνηρεία Μg θαη Nb) θαη ελόο θαλνληθνύ ΣΗ ηκήκαηνο (πνπ είλαη 

ην PT). Η βαζηθή ηδηόηεηα ησλ “relaxor”-ΣΗ πιηθώλ πνπ ηα δηαθξίλεη από ηα θαλνληθά ΣΗ πιηθά θαη 

ηαπηόρξνλα αηηηνινγεί θαη ην νλνκά ηνπο, είλαη ε δηεπξπκέλε κεηάβαζε θάζεο γύξσ από ηελ TCurie, έλαληη 

ηεο απόηνκεο κεηάβαζεο θάζεο πνπ εκθαλίδνπλ ηα θαλνληθά ΣΗ πιηθά 
[29,30]

. Αληίζηνηρα κε ηα θαλνληθά ΣΗ 

πιηθά, νη πηεδνειεθηξηθέο ηδηόηεηεο ησλ “relaxor”-ΣΗ πιηθώλ εμαξηώληαη ζε κεγάιν βαζκό από ηε 

ζηνηρεηνκεηξία x. Μειέηεο έδεημαλ όηη νη πηεδνειεθηξηθέο ηδηόηεηεο ησλ PMN-xPT βειηηζηνπνηνύληαη γηα x 

θνληά ζην ΜΣΦ (πνπ ζε απηή ηελ πεξίπησζε είλαη x~0,30). Λόγσ ηνπ “relaxor” ραξαθηήξα ησλ PMN-xPT, 

ην ΜΣΦ εκθαλίδεηαη λα είλαη πην δηεπξπκέλν ζε ζρέζε κε ην αληίζηνηρν ΜΣΦ ησλ PZT. Μάιηζηα, ζηελ 

πεξίπησζε ηνπ PMN-xPT ην ΜΣΦ ζεσξείηαη σο κηα μερσξηζηή πεξηνρή ζην δηάγξακκα θάζεο Τ-x θαη όρη 

κηα ζπλνξηαθή γξακκή πνπ δηαρσξίδεη ηε ηεηξαγσληθή από ηελ ξνκβνεδξηθή θάζε. Αλαιπηηθέο δνκηθέο 

κειέηεο ζε θξπζηαιιηθά PMN-xPT δείγκαηα έδεημαλ όηη ζηελ πεξηνρή ηνπ δηαγξάκκαηνο θάζεο πνπ 

θαιύπηεηαη από ηελ ΜΣΦ δελ ζπλππάξρεη κόλν ε ηεηξαγσληθή κε ηε ξνκβνεδξηθή θάζε αιιά ππάξρνπλ θαη 

άιιεο θάζεηο όπσο νη κνλνθιηληθέο θάζεηο MA, MB, ΜC θαη ε νξζνξνκβηθή θάζε 
[31-33]

. Απηέο νη 

δεπηεξνγελείο θάζεηο δελ ππάξρνπλ σο κεκνλσκέλεο θάζεηο κε επδηάθξηηα ζύλνξα κεηαμύ ηνπο αιιά 

ιεηηνπξγνύλ σο ελδηάκεζεο θάζεηο πνπ γεθπξώλνπλ ηελ ηεηξαγσληθή κε ηε ξνκβνεδξηθή θάζε 
[31]

. Η 

ζπλύπαξμε όισλ απηώλ ησλ θάζεσλ γηα ζηνηρεηνκεηξία x κέζα ζην ΜΣΦ δεκηνπξγεί πνιιαπιέο δηεπζύλζεηο 

γηα ηε ζηξνθή ηεο πόισζεο δηεπθνιύλνληαο κε απηό ηνλ ηξόπν ηελ ειεθηξνκεραληθή ζύδεπμε απηώλ ησλ 

πιηθώλ 
[34]

. Δλδεηθηηθά αλαθέξεηαη όηη έλα PZT κε x~0,53 έρεη d33=600 pm/V θαη k33=0,75 
[26]

, ελώ νη 

αληίζηνηρεο ηηκέο γηα έλα PMN-xPT κε x~0,30 είλαη 2500 pm/V θαη 0,94 
[35,36]

. 

 Tα “relaxor”-ΣΗ πιηθά PMN-xPT απνηεινύλ ηηο ΠΗ δνκηθέο κνλάδεο ησλ ηερλεηώλ δνκώλ 

ΥΑ/ΠΗ/ΥΑ πνπ ζα κειεηεζνύλ ζηελ παξνύζα δηδαθηνξηθή δηαηξηβή. Γηα απηό ην ιόγν ζα ζπδεηεζνύλ 

Εικόνα 1.2: Σρεκαηηθή αλαπαξάζηαζε ηνπ πηεδνεειεθηξηθνύ θαηλνκέλνπ. (α) Επζύ πηεδνειεθηξηθό θαηλόκελν, θαηά ην 

νπνίν εμωηεξηθά εθαξκνδόκελε κεραληθή πίεζε (ζ) επάγεη ηελ εκθάληζε ηάζεο ζην ζπλδεδεκέλν βνιηόκεηξν (V). (β) 

Αλάζηξνθν πηεδνειεθηξηθό θαηλόκελν θαηά ην νπνίν εμωηεξηθά εθαξκνδόκελε ειεθηξηθή ηάζε (Vεμ) πξνθαιεί ηε κεραληθή 

παξακόξθωζε (ηάζε) ηνπ δείγκαηνο. 

V
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θάπνηα εηδηθόηεξα ζέκαηα ηνπ πηεδνειεθηξηζκνύ όπσο είλαη νη εμηζώζεηο πνπ πεξηγξάθνπλ ηηο 

ειεθηξνκεραληθέο ηδηόηεηεο ησλ PMN-xPT θαζώο θαη ε πηεδνειεθηξηθή ηνπο ηθαλόηεηα ζε θξπνγεληθέο 

ζπλζήθεο. Παξόιν πνπ νη εμηζώζεηο δελ κπνξνύλ λα πεξηγξάςνπλ ηελ πζηεξεηηθή ζπκπεξηθνξά ηεο 

θακπύιεο S-Δex (αλάζηξνθν πηεδνειεθηξηθό θαηλόκελν), κπνξνύλ λα αλαπαξαγάγνπλ κε αθξίβεηα ηε 

θακπύιε S-Δex κόλν θαηά ηνλ θιάδν αύμεζεο (ή κείσζεο) ηνπ Δex 
[37]

. Η πην απιή εμίζσζε δίλεηαη από ηε 

γξακκηθή ζρέζε S=A0+A1Eex, όπνπ ην A0 είλαη έλαο ζηαζεξόο όξνο θαη ην A1 ηαπηίδεηαη κε ην πηεδνειεθηξηθό 

ζπληειεζηή ηεο κεραληθήο ηάζεο dij (pm/V). Γεδνκέλνπ όηη ζηα “relaxor”-ΣΗ πιηθά PMN-xPT έρεη 

παξαηεξεζεί ε έληνλε ζπλεηζθνξά ηεο ειεθηξνδηαζηνιήο θαηά ηε κεραληθή παξακόξθσζε ησλ δεηγκάησλ, 

κηα πην θαιή πξνζέγγηζε ηεο θακπύιεο S-Δex κπνξεί λα δνζεί από ηελ ηεηξαγωληθή ζρέζε 

S=A0+A1Eex+A1Eex
2
, όπνπ ην Α2 απνηειεί ην ζπληειεζηή ηεο ειεθηξνδηαζηνιήο (m

4
/C

2
) ηνπ δείγκαηνο. 

 Γεδνκέλνπ όηη ηα PMN-xPT απνηεινύλ ηηο ΠΗ δνκηθέο κνλάδεο ησλ ηερλεηώλ δνκώλ ΥΑ/ΠΗ/ΥΑ 

είλαη ζθόπηκν λα δηεπθξηληζηεί ε πηεδνειεθηξηθή ηθαλόηεηά ηνπο ζε θξπνγεληθέο ζπλζεθέο θαη ζπγθεθξηκέλα 

ζε ζεξκνθξαζίεο κηθξόηεξεο ή ίζεο κε ηελ ΤC ηνπ ΥΑ. Παξόιν πνπ είλαη γλσζηό όηη ε κείσζε ηεο 

ζεξκνθξαζίαο ππνβαζκίδεη ηηο πηεδνειεθηξηθέο ηδηνηήηεο ησλ PMN-xPT δελ έρεη μεθαζαξηζηεί αθόκε πην 

κεραληζκόο επζύλεηαη γηα απηή ηελ εμαζζέληζε. Γηα απηό ην ιόγν αληί κηαο νινθιεξσκέλεο ζεσξίαο πνπ ζα 

πεξηέγξαθε επαθξηβώο ηελ πηεδνειεθηξηθή ζπκπεξηθνξά ησλ PMN-xPT ζε θξπνγεληθέο ζπλζήθεο, 

παξαηείζεηαη κηα ζπλνπηηθή αλαζθόπεζε δεκνζηεπκέλσλ εξεπλεηηθώλ εξγαζηώλ πνπ έρνπλ επηθεληξσζεί ζε 

απηό ην ζέκα κειέηεο. Πηεδνειεθηξηθέο κεηξήζεηο ζε PMN-xPT κε x=0,28 πνπ είλαη πνισκέλν θαηά ηελ 

θξπζηαιινγξαθηθή δηεύζπλζε [110], έδεημαλ όηη ε ηηκή ηνπ εγθάξζηνπ πηεδνειεθηξηθνύ ζπληειεζηή d31 

ζηνπο 70 Κ κεηώλεηαη ζην 40% ηεο ηηκήο ζε ζεξκνθξαζία δσκαηίνπ 
[38]

. Καηά ηε ζηαδηαθή κείσζε ηεο 

ζεξκνθξαζίαο ε ππνβάζκηζε ησλ ηηκώλ ηνπ d31 δελ είλαη ζπλερήο, αιιά δηαθόπηεηαη από κηα εθηεηακέλε 

πεξηνρή ζεξκνθξαζηώλ κεηαμύ 220 Κ θαη 120 Κ όπνπ ην d31 δελ κεηώλεηαη, ελώ ε πεξαηηέξσ κείσζε ηεο 

ζεξκνθξαζίαο (Τ<120 Κ) ζπλνδεύεηαη κε ηελ επηπιένλ κείσζε ησλ ηηκώλ ηνπ d31 έσο ηνπο 70 Κ. Παξόκνηα 

κνλόηνλε ζπκπεξηθνξά παξαηεξήζεθε θαηά ηε ζπγθξηηηθή κειέηε δύν πνισκέλσλ PMN-xPT δεηγκάησλ κε 

x=0,28 θαη 0,33 ζην ζεξκνθξαζηαθό παξάζπξν 300 Κ έσο 5 Κ, επηβεβαηώλνληαο όηη ε ζεξκνθξαζηαθή 

εμάξηεζε ησλ πηεδνειεθηξηθώλ ηδηνηήησλ είλαη αλέμαξηεηε ηεο ζηνηρεηνκεηξίαο x ησλ δεηγκάησλ 
[39]

. 

Σπγθεθξηκέλα γηα ην δείγκα PMN-xPT κε x=0,33 ε ηηκή ηνπ ζπληειεζηή d33 (d31) ζηνπο 5 Κ κεηώζεθε ζην 10 

% (9 %) ηεο ηηκήο ηνπ ζηνπο 300 Κ. Τέινο, ζηηο εξγαζίεο 
[40,41]

 πνπ αθνξνύλ πβξηδηθέο δνκέο πνπ 

απνηεινύληαη από ΠΗ ππόζηξσκαηα PMN-xPT κειεηήζεθε ζπκπιεξσκαηηθά ε ζεξκνθξαζηαθή εμάξηεζε 

ηνπ d31 ζε ηξείο κεκνλσκέλεο ζεξκνθξαζίεο, ζηνπο 300, 90 θαη ζηνπο 10 Κ, επαιεζεύνληαο ηε κείσζε ηνπ d31 

ζε ρακειέο ζεξκνθξαζίεο θαη ζπγθεθξηκέλα ζην 25 % ηεο ηηκήο ηνπ ζηνπο 300 Κ. Η εμαζζέληζε ηεο 

πηεδνειεθηξηθήο ηθαλόηεηαο ζε ρακειέο ζεξκνθξαζίεο ππνδεηθλύεη όηη ην PMN-xPT απνηειεί ην κνλαδηθό 

ππνςήθην ΠΗ πιηθό γηα ηηο ηερλεηέο δνκέο ΥΑ/ΠΗ/ΥΑ, θαζώο νπνηνδήπνηε άιιν ΠΗ πιηθό κε κηθξόηεξνπο 

ζπληειεζηέο ζηνπο 300 Κ ζα έρεη ακειεηέα πηεδνειεθηξηθή δξάζε ζε ρακειέο ζεξκνθξαζίεο. 
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Κεθάλαιο 2 

Βιβλιογραθική αναζκόπεζε 

Τα ηειεπηαία ρξόληα αξθεηέο επηζηεκνληθέο έξεπλεο έρνπλ επηθεληξσζεί ζηε κειέηε ηεο επίδξαζε ηεο 

κεραληθήο ηάζεο ζε ιεπηά πκέληα ησλ νπνίσλ νη ηδηόηεηεο είλαη εμαηξεηηθά επαίζζεηεο ζε δνκηθέο αιιαγέο. 

Έλα ηππηθό παξάδεηγκα ηέηνησλ πκελίσλ είλαη ηα πκέληα καγγαλεηώλ (πεξνβζθίηεο ηνπ καγγαλίνπ), ησλ 

νπνίσλ νη ειεθηξηθέο, καγλεηηθέο θαη δνκηθέο ηδηόηεηεο επεξεάδνληαη έληνλα όηαλ ππνβάιινληαη ζε κηα 

κεραληθή ηάζε. Οη πξώηεο πεηξακαηηθέο έξεπλεο ζε ιεπηά πκέληα καγγαλεηώλ κειέηεζαλ ηελ επίδξαζε ηεο 

κεραληθήο ηάζεο πνπ επηβάιιεηαη ζε απηά κέζσ ηεο αλαληηζηνίρηαο ηνπ θξπζηαιιηθνύ πιέγκαηνο ηνπ 

πκελίνπ κε ην ππνζηξώκαηνο (ε νπνία νλνκάδεηαη επηηαμηαθή κεραληθή ηάζε) 
[1-3]

. Βέβαηα, ην κέγεζνο απηήο 

ηεο επηηαμηαθήο κεραληθήο ηάζεο είλαη πνιύ κηθξό κε απνηέιεζκα λα επεξεάδεη κόλν ηα πξώηα ζηξώκαηα 

ηνπ ελαπνηεζεκέλνπ πκελίνπ. Πξνθεηκέλνπ λα απμεζεί ην κέγεζνο ηεο κεραληθήο παξακνξθώζεο ζηελ νπνία 

ππνβάιινληαη ηα ιεπηά πκέληα πξόζθαηεο κειέηεο ρξεζηκνπνηνύλ ΠΗ ππνζηξώκαηα, ηα νπνία επηηξέπνπλ ηε 

δπλακηθή κεηαβνιή ηεο κεραληθήο ηάζεο κέζσ ηνπ αλάζηξνθνπ ΠΗ θαηλνκέλνπ 
[4-13]

. Τα ΠΗ πιηθά έρνπλ 

ρξεζηκνπνηεζεί σο ππνζηξώκαηα θαη ζε άιια ιεπηά πκέληα, όπσο γηα παξάδεηγκα ηα ζηδεξνκαγλεηηθά (ΣΜ) 

πκέληα, δίλνληαο ηε δπλαηόηεηα ζηνπο εξεπλεηέο λα κειεηήζνπλ ηελ ηξνπνπνίεζε ηνπ καγλεηνειαζηηθνύ 

θαηλνκέλνπ 
[14-23]

 θαη ηνπ κεραληζκνύ πόισζεο αληαιιαγήο 
[24-29]

 κε ειεγρόκελν ηξόπν. 

 Παξά ην πιήζνο ησλ επηζηεκνληθώλ εξεπλώλ ζρεηηθά κε ηελ επίδξαζε ηεο επαγόκελεο κεραληθήο 

ηάζεο ζηηο ηδηόηεηεο καγλεηηθώλ πκελίσλ, ηα ΥΑ πκέληα δελ έρνπλ δηεξεπλεζεί ηόζν δηεμνδηθά. 

Σπγθεθξηκέλα, ε επίδξαζε ηεο επηηαμηαθήο ή ηεο πηεδνειεθηξηθήο κεραληθήο ηάζεο έρεη κειεηεζεί κόλν ζε 

ΥΑ πκέληα πςειήο-TC. Απηέο νη εξγαζίεο ζπλνςίδνληαη ζηελ παξάγξαθν 2.1 απηνύ ηνπ θεθαιαίνπ. Η 

έιιεηςε αληίζηνηρσλ εξεπλεηηθώλ εξγαζηώλ ζε ΥΑ πκέληα ρακειήο-TC αληηζηαζκίδεηαη από πνιπάξηζκεο 

κειέηεο πνπ δηεξεπλνύλ ηελ επίδξαζε ηεο κεραληθήο ηάζεο (πνπ δελ είλαη νύηε επηηαμηαθή αιιά νύηε θαη 

πηεδνειεθηξηθή ηάζε) ζηηο ππεξαγώγηκεο ηδηόηεηεο ηεο δηα-κεηαιιηθήο έλσζεο Nb3Sn ε νπνία αλήθεη ζηνπο 

ΥΑ ρακειήο-TC θαη ρξεζηκνπνηείηαη επξέσο ζηελ ηερλνινγία ΥΑ καγλεηώλ. Σε γεληθέο γξακκέο όηαλ ε 

κεραληθή ηάζε ρξεζηκνπνηείηαη σο κηα πεηξακαηηθή παξάκεηξνο, ηόηε απηή κπνξεί λα αλαδείμεη ηνπο 

θπζηθνύο κεραληζκνύο πνπ εκπιέθνληαη ζηελ πνιύπινθε κηθξνζθνπηθή θύζε ηεο ππεξαγσγηκόηεηαο. Απηό 

πξνθάιεζε ην ελδηαθέξνλ ησλ ζεσξεηηθώλ επηζηεκόλσλ θαη δηάθνξα ζεσξεηηθά κνληέια έρνπλ πξνηαζεί γηα 

λα εξκελεύζνπλ ηελ επίδξαζε ηεο κεραληθήο ηάζεο ζηηο ηδηόηεηεο ελόο ΥΑ. Απηά ηα ζεσξεηηθά κνληέια 

παξνπζηάδνληαη ζηελ επόκελε παξάγξαθν. 

2.1 Θεφρεηικές μελέηες ζηεν επίδραζε ηες μετανικής ηάζες ζηις σπεραγώγιμες ιδιόηεηες 

Οη ζεσξεηηθέο κειέηεο πνπ δηεξεπλνύλ ηελ επίδξαζε ηεο κεραληθήο ηάζεο ζηηο ππεξαγώγηκεο ηδηόηεηεο 

κπνξνύλ λα δηαθξηζνύλ ζε δύν θαηεγνξίεο. Η πξώηε θαηεγνξία απνηειείηαη από ηηο ακηγώο ζεσξεηηθέο 

κειέηεο πνπ βαζίδνληαη ζε ηξνπνπνηεκέλεο εθθξάζεηο ηεο ζεσξίαο GL ελζσκαηώλνληαο ηελ παξάκεηξν ηεο 

κεραληθήο ηάζεο ζηνπο όξνπο ειεύζεξεο ελέξγεηαο ηνπ ΥΑ, ελώ ε δεύηεξε θαηεγνξία απνηειείηαη από 

κειέηεο πνπ πξνηείλνπλ ζεσξεηηθά κνληέια γηα ηελ εξκελεία πεηξακαηηθώλ δεδνκέλσλ πνπ πξνέξρνληαη από 

αληίζηνηρα πεηξάκαηα ζε ΥΑο. 

 Οη γεληθέο παξαδνρέο ηεο θαηλνκελνινγηθήο ζεσξίαο GL επηηξέπνπλ ηελ εηζαγσγή λέσλ όξσλ πνπ 

κπνξνύλ λα πεξηγξάςνπλ έλαλ ΥΑ ζηνλ νπνίν αζθείηαη κηα κεραληθή ηάζε. Θεσξώληαο έλαλ νκνγελή ΥΑ 

πνπ βξίζθεηαη ππό ηελ εθαξκνγή κηαο νκνηόκνξθεο ειαζηηθήο κεραληθήο ηάζεο ν Γξ. Shu-Ang Zhou 
[30,31]

 

εηζήγαγε ζηνπο όξνπο ειεύζεξεο ελέξγεηαο ελόο ΥΑ κηα ζρέζε πνπ πεξηγξάθεη έλαλ ειαζηηθό ΥΑ. 

Σπγθεθξηκέλα, πξόηεηλε όηη γηα ηελ πεξίπησζε ελόο κεραληθά παξακνξθσκέλνπ ΥΑ νη ζπληειεζηέο a(T), 
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b(T) εμαξηώληαη όρη κόλν από ηε ζεξκνθξαζία αιιά θαη από ην κέγεζνο ηεο κεραληθήο ηάζεο (ε) 

a(T,ε)=a0(ε)·a´(Τ), b(T,ε)=b0(ε)·b´(Τ). Αλαθνξηθά κε ηνπο όξνπο a0(ε) θαη b0(ε), ζεώξεζε όηη απηνί κπνξνύλ 

λα εθθξαζηνύλ είηε σο πξώηεο ηάμεσο είηε σο δεύηεξεο ηάμεσο πξόζεγγηζε ηεο ειαζηηθήο κεραληθήο ηάζεο 

ε≡εij. Έηζη γηα κηθξέο ηηκέο ηεο κεραληθήο ηάζεο ζε έλαλ ειαζηηθό ΥΑ, ε πξνζέγγηζε πξώηεο ηάμεσο (πνπ 

εθθξάδεηαη σο, a0(ε)=a0+aij·εij) εθαξκόδεηαη ζηελ απιή πεξίπησζε κηαο γξακκηθήο νκναμνληθήο ηάζεο, ελώ ε 

πξόζεγγηζε δεύηεξε ηάμεσο (πνπ εθθξάδεηαη σο, a0(ε)=a0+aij·εij+½·aijkl´·εij·εkl) εθαξκόδεηαη ζε πην 

πεξίπινθεο αιιαγέο ηνπ ζρήκαηνο ηνπ ΥΑ όπσο είλαη ε δηαηκεηηθή ηάζε. Από ηε ιύζε ησλ εμηζώζεσλ GL 

πξνθύπηνπλ νη εθθξάζεηο ησλ TC, HC (ζεξκνδπλακηθό θξίζηκν καγλεηηθό πεδίν), HC2 (άλσ θξίζηκν πεδίν), ι, 

μ θαη ηεο παξακέηξνπ-GL (θ) σο ζπλάξηεζε ηεο κεραληθήο ηάζεο ε. Φξεζηκνπνηώληαο ηεο πξνζέγγηζεο 

δεύηεξεο ηάμεσο, ε ηειηθή έθθξαζε ηεο TC είλαη ε εμήο, 

 C C0 ij ij ijkl ij kl

1
T ε T 1 ε ε ε

2

 
      

 
        (2.1) 

όπνπ TC0 αλαθέξεηαη ζηελ ηηκήο ηεο TC θαηά ηελ αξρηθή κε-παξακνξθσκέλε θαηάζηαζε ηνπ ΥΑ, ελώ νη 

παξάκεηξνη Γij, Ξijkl είλαη αδηάζηαηνη ζηαζεξνί όξνη πνπ εμαξηώληαη από ην πιηθό. Σπγθεθξηκέλα, ν ζηαζεξόο 

όξνο Γij κπνξεί λα ιακβάλεη είηε ζεηηθέο ηηκέο (ζηελ πεξίπησζε ζπκβαηηθώλ ΥΑ ρακειήο-ΤC) είηε αξλεηηθέο 

ηηκέο (ζηελ πεξίπησζε ΥΑ πςειήο-TC). Οη ζεηηθέο ηηκέο ηνπ Γij ζπλεπάγνληαη όηη ε TC κεηώλεηαη κε ηελ 

αύμεζε ηεο εθαξκνδόκελεο κεραληθήο ηάζεο πνπ δέρεηαη έλαο ΥΑ, ελώ ην αληίζεην ζπκβαίλεη όηαλ ην Γij 

ιακβάλεη αξλεηηθέο ηηκέο. 

 Σηα πιαίζηα ηεο ζεσξίαο GL ν Γξ. Youhe Zhou πξνζδηόξηζε έλα απιό καζεκαηηθό κνληέιν γηα ηε 

κειέηε ηεο επίδξαζεο ηεο κεραληθήο ηάζεο ζηηο ηδηόηεηεο ηνπ ΥΑ όπσο είλαη ε θπκαηνζπλάξηεζε Χ, ην μ, ην 

HC1, ην HC2 θαη ε ππθλόηεηα ξεύκαηνο δηάδεπμεο (depairing current density Jdep) 
[33-38]

. Οη έξεπλέο ηνπ 

δηαθέξνπλ από ηηο πξνεγνύκελεο κειέηεο θαζώο ζεώξεζε όηη ζε έλα κεραληθά παξακνξθσκέλν ΥΑ ε 

ελέξγεηα ηεο ειαζηηθήο κεραληθήο ηάζεο, Fela, θαη ε ελέξγεηα αιιειεπίδξαζεο (κεηαμύ ηεο ππεξαγώγηκεο 

ζπκπύθλσζεο θαη ηεο κεραληθήο ηάζεο ηνπ θξπζηαιιηθνύ πιέγκαηνο), Fint, ζπκβάιινπλ ζηελ ζπλνιηθή 

ειεύζεξε ελέξγεηα ελόο ΥΑ σο αλεμάξηεηνη όξνη. Ψο εθ ηνύηνπ πξόηεηλε όηη ε ζπλνιηθή ειεύζεξε ελέξγεηα 

ελόο κεραληθά παξκνξθσκέλνπ ΥΑ κπνξεί λα δνζεί σο ην άζξνηζκα απηώλ ησλ όξσλ, 

2 4

S ela int

ela ijkl ij kl

int

,

1
ε ε

2

1

2

F F F F

F C

F   

  



 

          (2.2) 

όπνπ FS είλαη ε ειεύζεξε ελέξγεηα ηνπ ΥΑ, Cijkl εθθξάδεη ηελ ειαζηηθόηεηα ηνπ ΥΑ, εij (or εkl) εθθξάδεη ηε 

κεραληθή ηάζε σο έλαο ηαλπζηήο δεύηεξεο ηάμεο, θ=εxx+εyy+εzz ραξαθηεξίδεη ηε ζπλνιηθή κεηαβνιή ηνπ 

όγθνπ ηνπ ΥΑ, ελώ ηέινο νη όξνη α, β είλαη νη παξάκεηξνη ζύδεπμεο. Σύκθσλα κε ηελ αλάιπζε ηνπ Γξ. 

Youhe Zhou  νη παξάκεηξνη α, β κπνξνύλ λα είλαη είηε ζηαζεξέο θαη αλεμάξηεηεο ηεο κεραληθήο ηάζεο (απιή 

πεξίπησζε), είηε εμαξηώκελεο από απηή (γεληθή πεξίπησζε). 

 Γεδνκέλνπ όηη ε κεραληθή ηάζε ελόο ΥΑ επηδξά ελδνγελώο ζηελ ππεξαγώγηκε θαηάζηαζε, 

αλακέλεηαη όηη απηή ζα ηξνπνπνηεί ηελ θπκαηνζπλάξηεζε Χ. Σηελ απιή πεξίπησζε, νη αλαιπηηθέο ιύζεηο 

ησλ εμηζώζεσλ (2.2) έδεημαλ όηη ην Χ κεηώλεηαη (απμάλεηαη) όηαλ ν ΥΑ επηκεθύλεηαη (ζπκπηέδεηαη). Σηελ 

γεληθή πεξίπησζε, ηα απνηειέζκαηα έδεημαλ όηη ε κεραληθή ηάζε επηδξά κε δηαθνξεηηθό ηξόπν ζε έλαλ ΥΑ 

πξώηνπ είδνπο θαη ζε έλαλ ΥΑ δεπηέξνπ είδνπο. Δπηπιένλ, γηα ηελ πεξίπησζε ιεπηώλ πκελίσλ κε dΥΑ<6 κm 

ε κεραληθή ηάζε ηξνπνπνηεί ηελ παξάκεηξν ηάμεο n (n=Χ/Χ∞) θαη ε επίδξαζε ηεο γίλεηαη πην ηζρπξή γηα 

dΥΑ<2 κm, ελώ γηα dΥΑ>6 κm ε επίδξαζε ηεο κεραληθήο ηάζεο εμαζζελεί πξννδεπηηθά. Έηζη, ν Γξ. Youhe 

Zhou θαηέιεμε ζην ζπκπέξαζκα όηη ζε έλαλ κεραληθά παξακνξθσκέλν ΥΑ ζα πξέπεη ε κεραληθή ηάζε λα 

ιακβάλεηαη ππόςε θαηά ηνλ νξηζκό ηεο θπκαηνζύλαξηεζεο Χ 
[34]

. Παξά ηε ζπνπδαηόηεηα απηνύ, ε επίδξαζε 
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ηεο κεραληθήο ηάζεο ζηελ θπκαηνζπλάξηεζε Χ κπνξεί λα αμηνπνηεζεί κόλν ζεσξεηηθά θαη όρη πεηξακαηηθά. 

Λόγσ απηήο ηεο κε-ζπκβαηόηεηαο κεηαμύ πεηξάκαηνο θαη ζεσξίαο ν Γξ. Youhe Zhou 
[34]

 κειέηεζε ηελ 

επίδξαζε ηεο κεραληθήο ηάζεο ζην μ, δηόηη νη ζεσξεηηθά ππνινγηδόκελεο ηηκέο ηνπ μ κπνξνύλ λα ζπγθξηζνύλ 

άκεζα κε ηηο πεηξακαηηθά εθηηκώκελεο ηηκέο απηνύ. Τα ζεσξεηηθά απνηειέζκαηα έδεημαλ όηη ην μ κεηώλεηαη 

κε ηελ αύμεζε ηνπ ζ (εθειθπζηηθή κεραληθή ηάζε), ελώ ην αληίζεην παξαηεξήζεθε όηαλ ην ζ κεηώλεηαη 

(ζπκπηεζηηθή κεραληθή ηάζε). 

 Σπλερίδνληαο κε ηα κεγέζε ηεο ππεξαγσγηκόηεηαο πνπ επηηξέπνπλ ηελ πνηνηηθή ζύγθξηζε κεηαμύ 

ζεσξεηηθώλ πξνβιέςεσλ θαη πεηξακαηηθώλ απνηειεζκάησλ, ν Γξ. Youhe Zhou κειέηεζε ηελ επίδξαζε ηεο 

κεραληθήο ηάζεο ζην HC1, ζην ΗC2 θαη ηέινο ζην Jdep 
[35-37]

. Παξαηήξεζε ινηπόλ όηη ην HC1 απμάλεηαη κε ηελ 

αύμεζε ηεο απόιπηεο ηηκήο ηνπ θ θαη ε ζπλάξηεζε HC1(θ) είλαη παξαβνιηθή. Αληίζηνηρα κε ην HC1, ην HC2 

έδεημε παξόκνηα παξαβνιηθή ζπκπεξηθνξά κε ην θ. Αμίδεη λα ζεκεησζεί όηη απηή ε ζπκπεξηθνξά ηνπ HC2 έρεη 

παξαηεξεζεί ζε αλεμάξηεηεο πεηξακαηηθέο εξγαζίεο 
[38-40]

. Σρεηηθά κε ην Jdep, ν Γξ. Youhe Zhou 
[35,36]

 

κειέηεζε ηελ επίδξαζε ηεο κεραληθήο ηάζεο γηα ηελ ηδαληθή πεξίπησζε ΥΑ ιεπηώλ πκελίσλ κε dΥΑ≪ι όπνπ 

ε ππθλόηεηα ειεθηξνλίσλ ζεσξήζεθε νκνηόκνξθε θαζώο επίζεο ζεώξεζε όηη ε ππθλόηεηα ξεύκαηνο ξέεη ζε 

όινλ ηνλ όγθν ηνπ ΥΑ. Κάησ από ηηο πξνϋπνζέζεηο, παξαηήξεζε όηη ηόζν ε κεραληθή ζπκπίεζε όζν θαη ε 

κεραληθή επηκήθπλζε νδεγνύλ ζηε κείσζε ηνπ Jdep κε απνηέιεζκα ε Jdep(θ) λα πεξηγξάθεηαη από κηα 

παξαβνιηθή ζπλάξηεζε, ε νπνία ηαξηάδεη απόιπηα κε ηε ζπλάξηεζε πνπ αλαπαξαγάγεη ηα αληίζηνηρα 

πεηξακαηηθά απνηειέζκαηα ζηελ εξγαζία 
[41]

. Σηε ζπλέρεηα κειέηεζε ηελ ηξνπνπνίεζε ηνπ Jdep θαηά ηελ 

επηβνιή δηαηκεηηθήο ηάζεο ζηνλ ΥΑ, όπνπ παξαηήξεζε όηη ε δηαηκεηηθή ηάζε θπξηαξρεί ηεο απιήο 

γξακκηθήο θαη νκναμνληθήο κεραληθήο ηάζεο νδεγώληαο ζε κηα πεξαηηέξσ κείσζε ηνπ Jdep 
[36]

. Τα 

απνηειέζκαηα απηά βξίζθνληαη ζε απόιπηε ζπκθσλία κε ηα αληίζηνηρα πεηξακαηηθά απνηειέζκαηα πνπ 

αθνξνύλ ην JC. Ψζηόζν, νη ππνθείκελνη θπζηθνί κεραληζκνί πνπ εξκελεύνπλ ην Jdep θαη ην JC (επνκέλσο ηηο 

αιιαγέο ηνπο ιόγσ ηεο κεραληθήο ηάζεο) είλαη εληειώο δηαθνξεηηθνί. Δίλαη γλσζηό όηη ε κείσζε ηνπ JC ιόγσ 

κεραληθήο ηάζεο ζρεηίδεηαη κε ηελ ηξνπνπνίεζε ηνπ κεραληζκνύ θαξθώκαηνο ησλ θιαμνλίσλ, θάηη πνπ δελ 

πεξηιακβάλεηαη ζην ζεξκνδπλακηθό κέγεζνο Jdep. 

 Παξά ην γεγνλόο όηη ηα παξαπάλσ ζεσξεηηθά κνληέια απέδεημαλ όηη ε κεραληθή ηάζε ηξνπνπνηεί ηηο 

ππεξαγώγηκεο ηδηόηεηεο, ηα απνηέιεζκαηά ηνπο δε κπνξνύλ λα ζπγθξηζνύλ πνζνηηθά κε πεηξακαηηθά 

απνηειέζκαηα. Ψζηόζν, έρνπλ πξνηαζεί θαη άιια ζεσξεηηθά κνληέια ηα νπνία εξκελεύνπλ θαη 

αλαπαξαγάγνπλ ηα απνηειέζκαηα πνπ πξνέξρνληαη από πεηξάκαηα κεραληθήο ηάζεο ζε ΥΑο. Τέηνηα 

αλαιπηηθά πεηξάκαηα έρνπλ δηεμαρζεί ζε ππεξαγώγηκα θαιώδηα ηεο ρεκηθήο έλσζεο Nb3Sn 
[42-46]

, ιόγσ ηεο 

εθηεηακέλεο ρξήζεο ηνπο ζηελ ηερλνινγία ππεξαγώγηκσλ καγλεηώλ. Τα πεηξάκαηα απηά έδεημαλ όηη ην TC, 

ην HC2 θαη ην JC ηξνπνηνύληαη αθνινπζώληαο κηα αληηζηξεπηή θαη παξαβνιηθή ζπκπεξηθνξά. 

 Η αληηζηξεπηή ζπκπεξηθνξά ησλ TC, HC2 θαη JC θαηά ηε βαζκηαία κεηαβνιή ηεο κεραληθήο ηάζεο 

ππνδειώλεη όηη ε ηξνπνπνίεζε ησλ ππεξαγώγηκσλ ηδηνηήησλ έρεη κηθξνζθνπηθή πξνέιεπζε. Υπό ην πξίζκα 

απηήο ηεο ζεώξεζεο, επαλεμεηάζηεθε ε ζεσξία BCS θαη ην κνληέιν Allen-Dynes από ηνπο Γξ. L. R. Testardi 
[47,48]

 θαη Γξ. D. O Welch 
[49]

, αληίζηνηρα, πξνθεηκέλνπ λα ζπκπεξηιεθζεί ε κεραληθή ηάζε ζηελ έθθξαζε ηεο 

TC. Σύκθσλα κε απηέο ηηο εξγαζίεο, ε εμάξηεζε ηεο TC από ηε κεραληθή ηάζε κπνξεί λα πεξηγξαθεί σο εμήο, 

   
1

C C,mT ε T εs


            (2.3) 

όπνπ TC,m είλαη ε κέγηζηε ηηκή ηεο TC θαη   είλαη κηα αδηάζηαηε ζηαζεξή παξάκεηξνο πνπ αληηθαηνπηξίδεη 

ηελ επίδξαζε ηεο κεραληθήο ηάζεο ζην λ θαη ζην Ν(ΔF) 
[50]

. Σπλερίδνληαο κε ην HC2, ν Γξ. L. W. Ekin 
[44]

 

πξόηεηλε κηα έθθξαζε γηα ην HC2(Τ, ε) ιακβάλνληαο ππόςε ηνπ ηελ εμάξηεζε ησλ λ θαη Ν(ΔF) από ηε 

κεραληθή ηάζε. Η έθθξαζε απηή δίλεηαη σο εμήο, 

     
1

C2 C2,m
C

TH T,ε H 0 1 ε
T

n

s
          

       (2.4) 
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όπνπ ην HC2,m(0) αληηζηνηρεί ζηελ κέγηζηε ηηκή ηνπ HC2 ζε Τ=0 Κ θαη ην n είλαη κηα ζηαζεξά πνπ γηα ηελ 

πεξίπησζε ηνπ Nb3Sn ηζνύηαη κε 1,52. Δίλαη ινγηθό λα ζθεθηεί θαλείο όηη νπνηαδήπνηε κεηαβνιή ηνπ 

θξπζηαιιηθνύ πιέγκαηνο ηνπ ΥΑ πξνθαιεί αιιαγή ζηε κηθξνδνκή ηνπ ΥΑ, ε νπνία επηδξά ζεκαληηθά ζηελ 

αιιειεπίδξαζε ησλ θιαμνλίσλ κε ηηο αηέιεηεο ζην εζσηεξηθό ηνπ ΥΑ. Αλ θαη νη αιιαγέο ηνπ JC κπνξνύλ λα 

εξκελεπηνύλ από ηηο αληίζηνηρεο κεηαβνιέο ησλ TC θαη HC2 πνπ πξνθαιεί ε κεραληθή ηάζε, ν Γξ. L. W. Ekin 
[44]

 ζπκπεξηέιαβε ζηελ έθθξαζε ηνπ JC(H,Τ,ε) θαη ηελ επίδξαζε ηεο κεραληθήο ηάζεο ζηηο δπλάκεηο 

θαξθώκαηνο ησλ θιαμνλίσλ. Η ηειηθή έθθξαζε απηνύ είλαη ε εμήο, 

         

12

C 0 C
C C2C2

HT HJ H,T,ε 2 C H 0 1 1
T ε H T,εH T,ε

p q




        
                       

 (2.5) 

όπνπ C, p θαη q είλαη παξάκεηξνη πξνζνκνίσζεο. 

 Όπσο θαίλεηαη από ηηο καζεκαηηθέο ζρέζεηο (2.2)-(2.5), νη ηειηθέο εθθξάζεηο ησλ TC, HC2 θαη JC ζε 

ζρέζε κε ην ε πξνθύπηνπλ αθνύ πηνζεηεζεί κηα έθθξαζε γηα ηνλ όξν, s(ε). Σηε βηβιηνγξαθία ππάξρνπλ 

ηέζζεξα κνληέια πνπ πεξηγξάθνπλ ηε ζρέζε s(ε) ζρεηηθά κε ην ραξαθηήξα ηεο κεραληθήο ηάζεο. Τν πξώην 

κνληέιν
[44]

 είλαη έλα εθζεηηθό κνληέιν ην νπνίν ρξεζηκνπνηείηαη όηαλ ε κεραληθή ηάζε είλαη κνλνδηάζηαηε 

θαη ιακβάλεη κηθξέο ηηκέο, ελώ ην δεύηεξν κνληέιν 
[51,52]

 πξνζεγγίδεη κε αθξίβεηα κηα ηζρπξή ηξηζδηάζηαηε 

ζπκπηεζηηθή κεραληθή ηάζε. Τν ηξίην κνληέιν 
[53]

 πεξηγξάθεη κε αθξίβεηα αμνληθέο κεραληθέο ηάζεηο θαη 

ηέινο ην ηέηαξην κνληέιν 
[55-57]

 πεξηγξάθεη ηνλ ηξηζδηάζηαην ραξαθηήξα ηεο κεραληθήο ηάζεο θαη 

ελζσκαηώλεη ηαπηόρξνλα ηηο επαγόκελεο αιιαγέο ζην θσλνληθό θιάδν ηνπ ΥΑ. 

2.2 Πειραμαηικές μελέηες ζηεν επίδραζε ηες πιεδοελεκηρικής μετανικής ηάζες ζηις ιδιόηεηες 

σπεραγώγιμφν ζηοιτείφν συελής-TC 

Οη πξώηεο πεηξακαηηθέο κειέηεο πνπ δηεξεύλεζαλ ηελ επίδξαζε ηεο κεραληθήο ηάζεο ζηηο ππεξαγώγηκεο 

ηδηόηεηεο ιεπηώλ ΥΑ πκελίσλ πςειήο-TC πξαγκαηνπνηήζεθαλ ρξεζηκνπνηώληαο ηε ιεγόκελε επηηαμηαθή 

κεραληθή ηάζε. Η xξήζε ππνζηξσκάησλ κε κεγαιύηεξεο (κηθξόηεξεο) πιεγκαηηθέο ζηαζεξέο από όηη απηέο 

ησλ ελαπνηεζεκέλσλ ΥΑ πκελίσλ έρεη σο απνηέιεζκα ηα ΥΑ πκέληα λα ππνβάιινληαη ζε κηα ζπκπηεζηηθή 

(εθειθπζηηθή) κεραληθή ηάζε. Γεδνκέλνπ όηη νη παξάιιειεο ζην επίπεδν ζπληζηώζεο (εab) θαη ε θάζεηε 

ζπληζηώζα (εc) ηεο επαγόκελεο επηηαμηαθήο ηάζεο έρνπλ αληίζεην πξόζεκν, ε ζπλέξγηά ηνπο αλακέλεηαη λα 

ηξνπνπνηεί ζεκαληηθά ηε κηθξνδνκή ησλ ΥΑ πκελίσλ κε απνηέιεζκα ηελ αιιαγή ηεο TC. Αξθεηέο 

δεκνζηεπκέλεο εξγαζίεο 
[58-64]

 έρνπλ αλαθέξεη ζεκαληηθέο αιιαγέο ζηελ TC ιεπηώλ πκελίσλ La2-xSrxCuO4 

(LSCO) πνπ έρνπλ ελαπνηεζεί ζε δηάθνξα ππνζηξώκαηα. Τέηνηα ππνζηξώκαηα γηα ηελ πεξίπησζε πκελίσλ 

LSCO κε a=3.777 Å είλαη, ην SrTiO3 (STO) κε a=3.905 Å θαη ην LaSrAlO4 (LSAO) κε a=3.755 Å, όπνπ ε 

επηβιεζείζα επηηαμηαθή ηάζε κεηώλεη ή απμάλεη αληίζηνηρα ηε TC ησλ πκελίσλ LSCO. Δθηόο ησλ κειεηώλ 

πνπ έγηλαλ ζε κηθηά νμείδηα ραιθνύ (cuprates, όπσο είλαη ην LSCO), πξόζθαηεο κειέηεο ζε ΥΑ πκέληα όπσο 

είλαη ην BaFe1.8Co0.2As2 (BFCA ή Ba-122) θαη ην FeSe0.5Te0.5 (FST ή Fe-155) έδεημαλ όηη κηα ζπκπηεζηηθή 

επηηαμηαθή ηάζε απμάλεη ηελ ηηκή ηεο TC 
[65,66]

. Ψζηόζν, ζε όιεο απηέο ηηο κειέηεο ππάξρνπλ θάπνηνη 

επηπιένλ παξάγνληεο πνπ δηαδξακαηίδνπλ ζεκαληηθό ξόιν ζηε κεηξνύκελε κεηαβνιή ηεο TC. Γηα παξάδεηγκα 

ε πεξηεθηηθόηεηα ηνπ πκελίνπ ζε νμπγόλν θαζώο επίζεο θαη ε δηάηαμε ησλ κνξίσλ ηνπ νμπγόλνπ ζηε δηεπαθή 

έρεη σο απνηέιεζκα ηε δηαθνξνπνίεζε ηεο TC από δείγκα ζε δείγκα αθόκα θαη όηαλ ην πάρνο θαη ην 

ππόζηξσκα είλαη ζηαζεξά. 

 Έλαο ηξόπνο γηα λα απνκνλσζεί ε επίδξαζε ηεο κεραληθήο ηάζεο ζηε TC θαη ηαπηόρξνλα λα 

εμαηξεζνύλ όιεο νη κηθξνζθνπηθέο παξάκεηξνη πνπ επεξεάδνπλ ηε ηηκή ηεο TC, είλαη λα ιακβάλνληαη νη 

ηξνπνηεκέλεο ηηκέο ηεο TC γηα έλα δείγκα θάζε θνξά θαη όρη γηα κηα ζεηξά δεηγκάησλ. Γηα λα επηηεπρζεί απηό 

έλα ΥΑ πκέλην κε πάρνο dΥΑ ελαπνηείζεηαη ππό ζπγθεθξηκέλεο ζπλζήθεο θάζε θνξά, ζε έλα ΠΗ ππόζηξσκα. 

Έηζη κε δεδνκέλε ηελ πεξηεθηηθόηεηα νμπγόλνπ ζην ΥΑ πκέλην θαη κε ζηαζεξή πιεγκαηηθή αλαζηηζηνίρηα 
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κεηαμύ πκελίνπ θαη ππνζηξώκαηνο, κπνξεί θάπνηνο λα κειεηήζεη δπλακηθά ηελ επίδξαζε ηεο επαγόκελεο 

πηεδνειεθηξηθήο ηάζεο αιιάδνληαο απιά ηελ εθαξκνδόκελε ηάζε ζην ΠΗ ππόζηξσκα (αλάζηξνθν 

πηεδνειεθηξηθό θαηλόκελν). Τα ΠΗ πιηθά πνπ ρξεζηκνπνηνύληαη ζπλήζσο σο ππνζηξώκαηα είλαη ηα PMN-

xPT. Ο δνκηθόο θαη ππεξαγώγηκνο ραξαθηεξηζκόο ΥΑ πςειήο-TC, όπσο είλαη ην YBa2Cu3O7-δ (YBCO) θαη 

ην LSCO, ελαπνηεζεκέλα επηηαμηαθά ζε ππνζηξώκαηα PMN-xPT, έδεημε όηη ιόγσ ηεο πςειήο πιεγκαηηθήο 

αλαληηζηνηρίαο κεηαμύ ηνπο απαηηείηαη ε ελαπόζεζε ελόο ελδηάκεζνπ ζηξώκαηνο πξνθεηκέλνπ λα 

αλαπηπρζνύλ ΥΑ πκέληα πξνζαλαηνιηζκέλα θαηά ηνλ c-άμνλα ηνπο 
[67,68]

. 

 Οη πεηξακαηηθέο κειέηεο πνπ ρξεζηκνπνηνύλ ΠΗ ππνζηξώκαηα PMN-0,28PT γηα ηε δπλακηθή 

κεηαβνιή ηεο κεραληθήο ηάζεο πνπ επηβάιιεηαη ζε ΥΑ πκέληα πςειήο-TC είλαη πεξηνξηζκέλεο ζε αξηζκό 
[69–

72,78]
. Αλαιπηηθά ζηηο κειέηεο 

[69–72]
 δηεξεπλνύληαη ηα εμήο ΥΑ πκέληα πςειήο-TC, YBCO (κε δ≈0) κε πάρνη 

200 θαη 300 nm θαη YBCO (κε δ≈0,5), LSCO (x=0,15), BFCA πκέληα κε πάρνο 300 nm. Οη θπζηθέο ηδηόηεηεο 

απηώλ ησλ πβξηδηθώλ (ΠΗ/ΥΑ) πξνζδηνξίζηεθαλ ειεθηξηθά από θακπύιεο R(T). Σηελ πεξίπησζε ηεο 

πβξηδηθήο δνκήο πνπ απνηειείηαη από πκέλην YBCO κε δ≈0 θαη κε πάρνο 200 nm έλα ελδηάκεζν ζηξώκα 

SrRuO3 πάρνπο 100 nm έρεη ελαπνηεζεί κεηαμύ ηνπ ππνζηξώκαηνο PMN-0,28PT θαη ηνπ ΥΑ πκελίνπ γηα λα 

κεησζεί ε πιεγκαηηθή ηνπο αλαληηζηνηρία. Σε απηή ηελ πβξηδηθή δνκή θαηά ηελ εθαξκνγή Δεμ≤10 kV/cm κηα 

αληηζηξεπηή κεηαβνιή ηεο TC παξαηεξήζεθε κε κέγηζηε κεηαηόπηζε ηεο ηάμεο ησλ 100 mK 
[69]

. Σε όιεο ηηο 

ππόινηπεο πβξηδηθέο δνκέο, πκέληα YBCO κε πάρνο 300 nm ελαπνηέζεθαλ απεπζείαο ζηελ επηθάλεηα ησλ 

PMN-0,28PT ππνζηξσκάησλ θαη ηα απνηειέζκαηα απηώλ έδεημαλ όηη ε επαηζζεζία ηεο TC κε ηελ επαγόκελε 

πηεδνειεθηξηθή ηάζε δηαθνξνπνηείηαη ζε YBCO πκέληα κε δ≈0 θαη κε δ≈0,5 
[71]

. Σπγθεθξηκέλα θαηά ηελ 

εθαξκνγή Δεμ=10 kV/cm, ε TC κεηαηνπίδεηαη θαηά 45 mK γηα ηελ πεξίπησζε πκελίσλ YBCO κε δ≈0, ελώ 

ζηελ πεξίπησζε πκελίσλ YBCO κε δ≈0,5 ε TC κεηαηνπίδεηαη θαηά 230 mK. Απηή ε δηαθνξνπνίεζε ζηε 

κεηαβνιή ηεο TC κεηαμύ δηαθνξεηηθώλ πκελίσλ YBCO (κε ίδην πάρνο) απνδόζεθε ζηε δηάηαμε ησλ κνξίσλ 

νμπγόλνπ ζην εζσηεξηθό ηνπ ΥΑ. Αλεμάξηεηα πεηξάκαηα ζηα νπνία αζθείηαη πίεζε ζε θξπζηάιινπο YBCO 

θαηά κήθνο ησλ αμόλσλ x, y πνπ είλαη παξάιιεινη ζην επίπεδν ηνπ ΥΑ, έδεημαλ όηη ε TC κεηαβάιιεηαη κε 

δηαθνξεηηθό ηξόπν όηαλ ν θξύζηαιινο ζπκπηέδεηαη θαηά κήθνο ηνπ x θαη ηνπ y άμνλα 
[73]

. Γεδνκέλνπ όηη ε 

επηβιεζείζα ηάζε ζηα πκέληα YBCO από ην ππόζηξσκα PMN-0,28PT δελ έρεη πξνηηκεηέα δηεύζπλζε 

(αλάκεζα ζηνπο άμνλεο x θαη y), είλαη αλακελόκελν όηη ζηελ πεξίπησζε ηνπ YBCO κε δ≈0 ε ηζνδύλακε 

αιιά αληίζεηε επίδξαζε ηεο ηάζεο ζηνπο άμνλεο x θαη y έρεη σο απνηέιεζκα ηελ ειάρηζηε κεηαβνιή ηεο TC, 

ελώ ζηελ πεξίπησζε ηνπ YBCO κε δ≈0,5 ε κεηαβνιή ηεο TC ζα είλαη πην ηζρπξή. Γηα ην πκέλην LSCO 

πάρνπο 300 nm πνπ έρεη ελαπνηεζεί ζε PMN-0,28PT ππόζηξσκα κε ελδηάκεζν ζηξώκα CaTiO3, κηα κείσζε 

ηεο TC θαηά 400 mK παξαηεξήζεθε γηα Δεμ=+10 kV/cm ελώ απηή ε κεηαηόπηζε ηεο TC ήηαλ αληηζηξεπηή 

θαηά ηε δηαθύκαλζε ηνπ Δεμ κεηαμύ +10 kV/cm (επαγόκελε εθειθπζηηθή πξακόξθσζε) θαη -10 kV/cm 

(επαγόκελε ζπκπηεζηηθή ηάζε) 
[70]

. Τέινο, γηα ην πκέλην BFCA πάρνπο 300 nm πνπ έρεη ελαπνηεζεί ζε PMN-

0,28PT ππόζηξσκα κε ελδηάκεζν ζηξώκα SrTiO3 κηα αληηζηξεπηή κεηαβνιή ηεο TC θαηά 200 mK 

παξαηεξήζεθε γηα Δεμ=+10 kV/cm 
[71,72]

. 

 Πξόζθαηα κηα λέα θαηεγνξίσλ ΥΑ, απηή πνπ απνηειείηαη από ρεκηθέο ελώζεηο ζηδήξνπ, έρεη 

θεληξίζεη ην ελδηαθέξνλ ηνλ επηζηεκόλσλ θαζώο ππάξρνπλ αλνηρηά εξσηήκαηα ζρεηηθά κε ηηο ππεξαγώγηκεο 

ηδηόηεηέο ηνπο όπσο είλαη, ε ζπκπεξηθνξά ηεο ππεξαγώγηκεο κεηάβαζεο 
[73]

 θαη ε δηζδηάζηαηε/ηξηζδηάζηαηε 

ζπκπεξηθνξά ηεο ππεξαγσγηκόηεηαο 
[74]

. Οξκόκελνο από απηά ηα ζεκειηώδε δεηήκαηα θαζώο θαη από 

πξνεγνύκελεο κειέηεο πνπ έδεημαλ αύμεζε ηεο TC ζην FeSe ππό ηελ εθαξκνγή πίεζεο 8,9 GPa 
[75]

 ή από ηελ 

επαγόκελε επηηαμηαθή ηάζε ζε πκέληα απηνύ 
[76,77]

, ν Γξ. Z. Lin 
[78]

 κέιεηεζε ηηο ππεξαγώγηκεο ηδηόηεηεο 

πκελίσλ FST (πην ζπγθεθξηκέλα Fe-137) δηαθνξεηηθνύ πάρνπο ελαπνηεζεκέλα ζε PMN-xPT ππνζηξώκαηα. 

Καηά ηελ εθαξκνγή Δεμ ζε απηέο ηηο εηεξνδνκέο παξαηεξήζε κηα αύμεζε ηεο TC κε ηελ αύμεζε ηνπ Δεμ. Απηή 

ε αύμεζε ηεο ΤC απνδόζεθε ζηε πξννδεπηηθή κείσζε ηεο ζπκπηεζηηθήο επηηαμηαθήο κεραληθήο ηάζεο ιόγσ 

ηεο απμαλόκελεο εθειθπζηηθήο παξακόξθσζεο πνπ επάγεηαη από ην PMN-xPT θαζώο απμάλεηαη ην Δεμ. 

Ψζηόζν, ε κεηαβνιή ηεο TC έδεημε κηα πεξίεξγε ζπκπεξηθνξά ζε ζρέζε κε ην πάρνο ηνλ FST πκελίσλ. 
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Σπγθεθξηκέλα, ην πκέλην κε πάρνο 100 nm παξνπζηάδεη κηα αύμεζε ηεο ΤC θαηά 5 % ελώ ην παρύηεξν πκέλην 

κε πάρνο 400 nm παξνπζηάδεη κηα αύμεζε ηεο ηάμεο ηνπ 15 %. Απηή ε ζπκπεξηθνξά απνδόζεθε ζην 

δηαθνξεηηθό βαζκό επίδξαζε πνπ έρεη ε ζπκπηεζηηθή πηεδνειεθηξηθή κεραληθήο ηάζεο έλαληη ηεο 

εθειθπζηηθή επηηαμηαθήο κεραληθήο ηάζεο ησλ FST πκελίσλ. Βξέζεθε όηη ε επηηαμηαθή κεραληθή ηάζε 

επηδξά ζεκαληηθά ζηηο ηδηόηεηεο ησλ ιεπηώλ πκελίσλ κε πάρνο κηθξόηεξν ησλ 200 nm, ελώ γηα κεγαιύηεξα 

πάρνη ε επαγόκελε πηεδνειεθηξηθή ηάζε γίλεηαη ηζρπξόηεξε θαη είλαη απηή πιένλ πνπ αιιάδεη ηηο 

ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ. 
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Κεφάλαιο 3 

Πειπαματικέρ τεχνικέρ 

Γηα ηελ θαηαζθεπή ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb πνπ κειεηώληαη ζηελ παξνύζα δηδαθηνξηθή 

δηαηξηβή ρξεζηκνπνηήζεθαλ δύν δηαθνξεηηθέο ηερληθέο. Σπγθεθξηκέλα, ηα ΠΗ ππνζηξώκαηα PMN-xPT κε 

δηαζηάζεηο 6x5x(0.5-0.8) mm
3
 παξαζθεπάζηεθαλ κε ηε ηερληθή Bridgman από ηνλ θαζεγεηή S. J. Zhang 

[1,2]
, 

ελώ νη ελαπνζέζεηο ησλ πκελίσλ Nb έγηλαλ κε ηε ηερληθή ηεο καγλεηηθά ππνβνεζνύκελεο θαζνδηθήο 

ηνληνβνιήο. Οη ελαπνζέζεηο ησλ πκελίσλ Nb έγηλαλ ζηε δηάηαμε Edwards 306A (Edwards, Sanborn, NY, 

USA) κε ζηόρνπο Nb θαζαξόηεηαο 99,90-99,98 % (Materion, OH, USA θαη Yixing Kexing Alloy Material 

Co., LTD, Jiangsu, China). Οη ζπλζήθεο ελαπνζέζεο ησλ πκελίσλ Nb ήηαλ νη εμήο: ηνληνβνιή ζπλερνύο 

ηάζεο (DC) ηζρύνο 46 W ζε πεξηβάιινλ αεξίνπ Ar (θαζαξόηεηαο 99,999 %) ππό πίεζε 3·10
-3

 Torr. Σε απηό 

ην ζεκείν ζα πξέπεη λα ζεκεησζεί όηη δόζεθε ηδηαίηεξε ζεκαζία ζηε παξαζθεπή ιεπηώλ πκελίσλ Nb πςειήο 

ππεξαγώγηκεο πνηόηεηαο. Γηα απηό ην ζθνπό εθαξκόζηεθε έλα απζηεξό πξσηόθνιιν ελαπόζεζεο κε ζηόρν 

ηε βειηηζηνπνίεζε ηνπ θελνύ ζην ζάιακν ελαπνζέζεσλ. Τν πξσηόθνιιν απηό πεξηιακβάλεη εθηεηακέλεο 

πξν-ελαπνζέζεηο Nb δηάξθεηαο 3 σξώλ κε ηαπηόρξνλε εμσηεξηθή ςύμε ηνπ ζαιάκνπ ρξεζηκνπνηώληαο κηα 

απηνζρέδηα θξπν-παγίδα πγξνύ αδώηνπ. Πεξηζζόηεξεο ιεπηνκέξεηεο γηα ηηο κεζόδνπο παξαζθεπήο θαη ην 

πξσηόθνιιν ελαπνζέζεσλ αλαθέξνληαη ζηελ παξάγξαθν 3.1 ηνπ αγγιηθνύ θεηκέλνπ. 

 Ο δνκηθόο (θξπζηαιινγξαθηθόο) ραξαθηεξηζκόο ησλ δεηγκάησλ πξαγκαηνπνηήζεθε κε ηε ηερληθή 

Πεξηζιαζηκεηξίαο αθηίλσλ-Φ (ΠΑΦ). Τν πεξηζιαζίκεηξν πνπ ρξεζηκνπνηήζεθε (D500, Siemens) απνηειείηαη 

από πεγή CuKα (κε κήθνο θύκαηνο ι=1,5418 Å) θαη έρεη ξπζκηζηεί λα ιεηηνπξγεί ζε γεσκεηξία Bragg-

Brentano. Ο κνξθνινγηθόο ραξαθηεξηζκόο ησλ δεηγκάησλ έγηλε κε Μηθξνζθνπία Αηνκηθήο Δύλακεο (ΜΑΔ) 

ρξεζηκνπνηώληαο ην κηθξνζθόπην ζάξσζεο αθίδαο Solver PRO ζε ιεηηνπξγία απιήο-δηέιεπζε θαη εκη-

επαθήο κεηαμύ ηεο επηθάλεηαο ηνπ δείγκαηνο θαη ηεο αθίδαο. Ο καγλεηηθόο ραξαθηεξηζκόο ησλ δεηγκάησλ 

έγηλε ρξεζηκνπνηώληαο έλα καγλεηόκεηξν ππεξαγώγηκεο θβαληηθήο ζπκβνιήο (ΜΥΚΣ) 5,5 Τ (Quantum 

Design, San Diego, CA, USA). Τν ζπγθεθξηκέλν καγλεηόκεηξν επηηξέπεη ηε κέηξεζε ηζνπεδηαθώλ θαη 

ηζνζεξκηθώλ θακππιώλ καγλήηηζεο γηα ζεξκνθξαζίεο κεηαμύ 2 Κ θαη 400 Κ. Θα πξέπεη λα ζεκεησζεί όηη ζε 

όιεο ηηο καγλεηηθέο κεηξήζεηο ην καγλεηηθό πεδίν (Η) είλαη παξάιιειν ζηελ επηθάλεηα ησλ δεηγκάησλ. 

Πεξηζζόηεξεο ιεπηνκέξεηεο γηα ηελ αξρή ιεηηνπξγίαο ησλ δηαηάμεσλ δνκηθνύ, κνξθνινγηθνύ θαη καγλεηηθνύ 

ραξαθηεξηζκνύ δίλνληαη ζηηο αληίζηνηρεο παξαγξάθνπο 3.2.i-iii, ηνπ αγγιηθνύ θεηκέλνπ. 

 Σηα πιαίζηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο αλαπηύρζεθε κηα λέα κέζνδνο γηα ην πηεδνειεθηξηθό 

ραξαθηεξηζκό ησλ ππνζηξσκάησλ PMN-xPT. Απηή ε κέζνδνο ρξεζηκνπνηεί έλα ζπκβαηηθό νπηηθό 

κηθξνζθόπην (Leica, Wetzlar, Germany) ην νπνίν επηηξέπεη ηελ ηνπηθή παξαηήξεζε ηεο κεραληθήο ηάζεο πνπ 

επάγεηαη θαηά ηελ εθαξκνγή εμσηεξηθήο ειεθηξηθήο ηάζεο (Vex) ζε έλα ΠΗ δείγκα. Γηα λα επηηεπρζεί απηό 

ζρεδηάζηεθε κηα πιαηθόξκα ε νπνία επηηξέπεη ηελ νπηηθή παξαηήξεζε ηεο επηθάλεηαο ελόο ΠΗ δείγκαηνο 

θαηά ηελ εθαξκνγή Vex ελώ εμαζθαιίδεη όηη ηα ΠΗ δείγκαηα βξίζθνληαη ζε ζηαζεξή ζέζε. Η πιαηθόξκα 

απηή απνηειείηαη από δύν μερσξηζηά ηκήκαηα, κηα βάζε αινπκηλίνπ θαη έλα θαπάθη από πιέμηγθιαο. 

Αλαιπηηθόηεξα, ε βάζε αινπκηλίνπ θέξεη ζην θέληξν ηεο κηα ιεπηή πξνεμνρή, ε νπνία ιεηηνπξγεί σο ζεκείν 

ζηήξημεο γηα ην ΠΗ δείγκα αιιά θαη σο ην έλα ειεθηξόδην γηα ηελ εθαξκνγή ηεο Vex. Τν δεύηεξν ειεθηξόδην 

βξίζθεηαη ζην θέληξν ηνπ πιέμηγθιαο θαη είλαη επζπγξακηζκέλν κε ην θάησ ειεθηξόδην. Η ρξεζηκόηεηα ηνπ 

πιέμηγθιαο ζηε πιαηθόξκα είλαη δηπιή, θαζώο επηηξέπεη ηελ νπηηθή επαθή ηνπ θαθνύ κε ηελ επηθάλεηα ηνπ 

ΠΗ δείγκαηνο ελώ ηαπηόρξνλα απνκνλώλεη ειεθηξηθά ην έλα ειεθηξόδην από ην άιιν. Επίζεο, ε βάζε 

αινπκηλίνπ θέξεη ζην εζσηεξηθό ηεο έλαλ θεξακηθό αληηζηάηε ζέξκαλζεο. Σηηο εηθόλεο (3.1.α-β) 

παξνπζηάδνληαη δύν θσηνγξαθίεο ηεο πιαηθόξκαο ππό δηαθνξεηηθή πξννπηηθή ώζηε λα αλαδεηρζνύλ ηα 

δηάθνξα ηκήκαηα ηεο πιαηθόξκαο. 
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 Η ιεηηνπξγία ηεο δηάηαμεο πνπ ρξεζηκνπνηείηαη γηα ηνλ πηεδνειεθηξηθό ραξαθηεξηζκό ησλ δεηγκάησλ 

βαζίδεηαη ζηε ζύγθξηζε ησλ εηθόλσλ πνπ ιακβάλνληαη δηαδνρηθά από ην νπηηθό κηθξνζθόπην (ΟΜ) θαηά ηε 

ζηαδηαθή κεηαβνιή ηεο Vex. Πξνθεηκέλνπ ε ζύγθξηζε ησλ δηαδνρηθώλ εηθόλσλ λα απνηππώζεη ηελ 

επαγόκελε κεραληθή ηάζε ηνπ ΠΗ δείγκαηνο, επηιέγεηαη έλα ραξαθηεξηζηηθό ζεκείν (ΦΣ) ζηελ αξρηθή 

εηθόλα θαη ζηε ζπλέρεηα κειεηάηαη ε κεηαηόπηζε ηνπ θαηά ηε ζηαδηαθή κεηαβνιή ηεο Vex. Με απηό ην ηξόπν 

θαηαζθεπάδεηαη ε θακπύιε ηεο κεραληθήο ηάζεο σο ζπλάξηεζε ηνπ ειεθηξηθνύ πεδίνπ Εex (Si-Εex, όπνπ 

i=x(1) ή y(2)), ελώ από ηελ θιίζε ηεο θακπύιεο απηήο ππνινγίδνληαη νη εγθάξζηνη πηεδνειεθηξηθνί 

ζπληειεζηέο (d31 ή d32). Λόγσ ηνπ ηνπηθνύ ραξαθηήξα απηώλ ησλ κεηξήζεσλ, ε ζπλνιηθή πηεδνειεθηξηθή 

ζπκπεξηθνξά ησλ δεηγκάησλ κπνξεί λα εθηηκεζεί ζπλδπάδνληαο ηα απνηειέζκαηα πνπ πξνέξρνληαη από 

δηάθνξεο πεξηνρέο ηεο επηθάλεηαο ηνπ δείγκαηνο, νη νπνίεο έρνπλ επηιεγεί θαηάιιεια. Γηα λα πξνζδηνξηζηεί ε 

ζέζε απηώλ ησλ πεξηνρώλ πάλσ ζηελ επηθάλεηα ησλ δεηγκάησλ ρξεζηκνπνηείηαη έλα θαξηεζηαλό ζύζηεκα 

ζπληεηαγκέλσλ ην θέληξν Ο ηνπ νπνίνπ ηαπηίδεηαη κε ην γεσκεηξηθό θέληξν ηνπ νξζνγώληνπ δείγκαηνο. 

Δεδνκέλνπ όηη ε επαγόκελε κεραληθή ηάζε ησλ ΠΗ δεηγκάησλ θαηά ηελ εθαξκνγή Vex αλαπηύζζεηαη 

ζπκκεηξηθά θαη νκνηόκνξθα ζε όιν ηνλ όγθν ησλ δεηγκάησλ, κπνξεί θαλείο λα παξαηεξήζεη όηη θαηά ηελ 

αλάπηπμε κηαο εθειθπζηηθήο κεραληθήο ηάζεο ζηηο πεξηνρέο πνπ βξίζθνληαη θαηά κήθνο ηνπ άμνλα x (κπιε 

δηαθεθθνκέλε γξακκή ηεο εηθόλαο (3.1.γ)) επηβηώλεη κόλν ε x ζπληζηώζα ηεο κεραληθήο ηάζεο (κπιέ βέινο 

ζηελ εηθόλα (3.1.γ)) θαζώο νη y ζπληζηώζεο ηεο αιιειναλαηξνύληαη (θόθθηλα βέιε ζηελ εηθόλα (3.1.γ)). Τν 

αληίζηνηρν παξαηεξείηαη θαη ζηηο πεξηνρέο πνπ βξίζθνληαη θαηά κήθνο ηνπ άμνλα y. Σπλεπώο, νη άμνλεο x, y 

ηνπ θαξηεζηαλνύ ζπζηήκαηνο ππνδεηθλύνπλ ηε δηεύζπλζε ηεο επαγόκελεο κεραληθήο παξκόξθσζεο θαη γηα 

απηό ην ιόγν νη άμνλεο απηνί κπνξνύλ λα νλνκαζηνύλ θαη σο ζπκκεηξηθνί άμνλεο ηεο κεραληθήο ηάζεο 

(παξακόξθσζεο) (ΣΑο). Σπλδπάδνληαο ηα απνηειέζκαηα πνπ πξνέξρνληαη από ηηο ηέζζεξηο πεξηνρέο πνπ 

βξίζθνληαη πάλσ ζηνπο ΣΑο θαη πξνο ηηο πιεπξέο ηνπ δείγκαηνο (όπσο θαίλεηαη ζηελ εηθόλα (3.1.γ)), 

πξνθύπηεη ν ζπλνιηθόο πηεδνειεθηξηθόο ραξαθηεξηζκόο ησλ δεηγκάησλ. Πεξηζζόηεξεο ιεπηνκέξεηεο ζρεηηθά 

κε ηε ιεηηνπξγία ηεο απηνζρέδηαο πιαηθόξκαο θαζώο θαη πην αλαιπηηθή πεξηγξαθή ηεο κεζόδνπ δίλνληαη 

ζηελ παξάγξαθν 3.2.iv ηνπ αγγιηθνύ θεηκέλνπ. 

 Γηα ην καγλεηηθό ραξαθηεξηζκό ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb ππό ηε εθαξκνγή Vex (ή Εex) 

απαηηείηαη κηα εηδηθή ξάβδνο ε νπνία όρη κόλν θέξεη ηε ηερλεηή δνκή, αιιά επηηξέπεη θαη ηελ εθαξκνγή Vex 

ζε θξπνγεληθέο ζπλζήθεο. Γηα ην ζθνπό απηό ηξνπνπνηήζεθε θαηάιιεια κηα ηππηθή ξάβδνο ηεο εηαηξείαο 

Quantum Design. Σπγθεθξηκέλα, αθνύ αθαηξέζεθαλ ηα θιεηζηά άθξα ηεο (πάλσ θαη θάησ άθξν ηεο ξάβδνπ) 

δύν ιεπηά κνλσκέλα ζύξκαηα ραιθνύ (δηακέηξνπ 0.08 mm) πέξαζαλ ζε όιν ην κήθνο ηεο ξάβδνπ. Γηα λα 

απνθεπρζεί ε ζεξκηθή «επηθνηλσλία» ηνπ άθξνπ ηεο ξάβδνπ πνπ βξίζθεηαη έμσ από ην ζάιακν ηνπ ΜΥΚΣ 

Εικόνα 3.1: (α), (β) Φωηνγξαθίεο ηεο απηνζρέδηαο πιαηθόξκαο γηα ηελ ηνπηθή παξαηήξεζε ηεο κεραληθήο ηάζεο κέζω 

ΟΜ θαηά ηελ εθαξκνγή εμωηεξηθήο ειεθηξηθήο ηάζεο. (γ) Σρεκαηηθή αλαπαξάζηαζε ηεο κεζόδνπ πνπ ρξεζηκνπνηείηαη γηα 

ηελ εθηίκεζε ηωλ εγθάξζηωλ πηεδνειεθηξηθώλ ζπληειεζηώλ. Θεωξώληαο έλα ΠΗ δείγκα θαηά ηελ αλάπηπμε κηαο 

εθειθπζηηθήο κεραληθήο παξακόξθωζεο ε κπιέ (θόθθηλε) δηαθεθθνκέλε γξακκή αλαπαξηζηά ηνλ άμνλα x (ή y) θαη ηα κπιέ 

(θόθθηλα) βέιε δείρλνπλ ηε δηεύζπλζε ηεο επαγόκελεο κεραληθήο ηάζεο. Τα καύξα δηαθεθθνκέλα πιαίζηα αλαπαξηζηνύλ ηηο 

πεξηνρέο εζηίαζεο κε ην ΟΜ, νη νπνίεο βξίζθνληαη θαηα κήθνο ηωλ ζπκκεηξηθώλ αμόλωλ παξακόξθωζεο (ΣΑο).  

Θεξκνζηνηρείν 

Πιέμηγθιαο

s 

Αληηζηάηεο 

ζέξκαλζεο 

(β) Άλσ 

ειεθηξόδην 

Κάησ 

ειεηξόδην 

 

Δείγκα 

(α) (γ) z y

x

VεξΣΑx(+)
ΣΑx(-)

ΣΑy(+)

ΣΑy(-)

Άλσ 

ειεθηξόδην

Κάησ 

ειεθηξόδην
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(Τ≈300 Κ) κε ην άθξν ηεο ξάβδνπ πνπ βξίζθεηαη ζην εζσηεξηθό ηνπ ΜΥΚΣ (Τ<10 Κ), ηα άθξα απηά 

έθιεηζαλ κε ρξήζε επνμεηδηθήο θόιιαο.Η ηξνπνπνίεζε ηεο ξάβδνπ γηα ηηο καγλεηηθέο κεηξήζεηο ππν ηελ 

εθαξκνγή Vex παξνπζηάδεηαη ζηηο εηθόλεο (3.2.α-γ). Σεκεηώλεηαη όηη ηα ζύξκαηα ραιθνύ πξνζαξκόδνληαη 

ζηηο επηθάλεηεο ηνπ δείγκαηνο κε ρξήζε κηθξήο πνζόηεηαο κηαο αγώγηκεο πάζηαο αξγύξνπ, λώ ηα ζύξκαηα 

ραιθνύ πνπ βξίζθνληαη εθηόο ηνπ ΜΥΚΣ ζπλδένληαη ζην ηξνθνδνηηθό ηάζεο (Healthkit, model IP-32, 

Healthkit Co, USA). Πεξηζζόηεξεο ιεπηνκέξεηεο δίλνληαη ζηελ παξάγξαθν 3.3.i ηνπ αγγιηθνύ θεηκέλνπ. 

 Γηα ηε δηεξεύλεζε ησλ ηδηνηήησλ ηεο ππεξαγσγηκόηεηαο θαη όπσο απηέο κεηαβάιινληαη κε ηελ 

εθαξκνγή V ρξεζηκνπνηνύληαη δηαθνξεηηθά πξσηόθνιια κεηξήζεσλ. Οη ππεξαγώγηκεο ηδηόηεηεο πνπ ζα 

κειεηεζνύλ ζε απηή ηε δηδαθηνξηθή δηαηξηβή εθθξάδνληαη από ηα εμήο κεγέζε TC θαη JC. Αλεμάξηεηα κε ην 

κέγεζνο πνπ κειεηάηαη ζηα πεηξάκαηα, θάζε πξσηόθνιιν κεηξήζεσλ πεξηιακβάλεη ηνλ ίδην ηξόπν εθαξκνγήο 

ειεθηξηθνύ πεδίνπ Εex. Η δηαδηθαζία εθαξκνγήο ηνπ ειεθηξηθνύ πεδίνπ Εex είλαη ε εμήο: μεθηλώληαο από κηα 

ζεξκνθξαζία πνπ είλαη κεγαιύηεξε ηεο ΤC ζπλήζσο ζηνπο 10 Κ εθαξκόδεηαη ην Εex θαη ην δείγκα παξνπζία 

ηνπ Εex θαη κε Η=0 Oe ςύρεηαη κέρξη ηελ επηζπκεηή ζεξκνθξαζία. Σηε ζπλέρεηα πξνζαξκόδεηαη ην θάζε 

πξσηόθνιιν κέηξεζεο. Έηζη, γηα ηε κειέηε ηεο TC εθαξκόδεηαη έλα Η κηθξήο έληαζεο (από 1 έσο 50 Oe) θαη 

ζαξώλνληαη νη ζεξκνθξαζίεο κέρξη πάλσ από ηε TC. Τν βήκα ζάξσζεο ησλ ζεξκνθξαζηώλ είλαη 20 mK γηα 

ζεξκνθξαζίεο πνπ είλαη ±0.5 K γύξσ από ηελ TC, 50 mK έμσ από απηό ην ζεξκνθξαζηαθό παξάζπξν θαη 100 

mK αξθεηά καθξπά από ηελ TC. Λακβάλνληαο ηηο ηζνπεδηαθέο θακπύιεο m(T) θαηά ηνπο θιάδνπο ςύμεο κε 

κεδεληθό Η θαη ςύμεο παξνπζία Η πξνζδηνξίδεηαη θαη ε ραξθηεξηζηηθή ζεξκνθξαζία Tirr. Απηέο νη 

ηζνπεδηαθέο θακπύιεο m(T) ιακβάλνληαη θαηά ηε ζπζηεκαηηθή κεηαβνιή ηεο Vex κέρξη ηε κέγηζηε ηηκή ηεο. 

Γηα ηε δηεξεύλεζε ηεο JC ιακβάλνληαη βξόρνη πζηέξεζεο m(H) ζε ζεξκνθξαζίεο πνιύ θάησ από ηελ TC 

θαζώο θαη θνληά ζηελ TC γηα δηάθνξα Vex. Απηέο νη κεηξήζεηο επαλαιακβάλνληαη γηα θάζε εθαξκνδόκελν 

Vex. Πην αλαιπηηθή πεξηγξαθή ησλ πξσηνθόιισλ δίλεηαη ζηελ παξάγξαθν 3.3.ii ηνπ αγγιηθνύ θεηκέλνπ. 
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Εικόνα 3.2: (a) Σρεκαηηθή αλαπαξάζηαζε ηεο ηξνπνπνηεκέλεο ξάβδνπ πνπ ρξεζηκνπνηήζεθε ζε απηή ηε δηδαθηνξηθή 

δηαηξηβή. Φωηνγξαθίεο ηνπ (β) εμωηεξηθνύ θαη (γ) εζωηεξηθνύ ηκήκαηνο ηεο ξάβδνπ. 
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Σςνεζηπαμμένα ζύπμαηα σαλκού διαμέηπος 0.08 mm διέπσονηαι καηά μήκορ ηος εζωηεπικού ηηρ πάβδος
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Κλειζηά άκπα ηηρ πάβδος με εποξειδική κόλλα
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Κεθάλαιο 4 

Διερεσνεηική μελέηε ηες πιεδοελεκηρικής ηροποποίεζες ηων μαγνεηικών 

ιδιοηήηων ζε ηετνεηές δομές πιεδοελεκηρικό/ζιδερομαγνήηες 

Σε απηό ην θεθάιαην ζπλνςίδνληαη εηζαγσγηθέο θαη δηεξεπλεηηθέο κειέηεο ζρεηηθά κε ηελ πηεδνειεθηξηθή 

ηξνπνπνίεζε ησλ καγλεηηθώλ ηδηνηήησλ ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από έλα ΠΗ ππνζηξώκα 

(PMN-xPT) θαη δύν ιεπηά ζηδεξνκαγλεηηθά (ΣΜ) πκέληα Co ελαπνηεζεκέλα ζηηο ειεύζεξεο επηθάλεηεο ηνπ 

ππνζηξώκαηνο. Απηή ε επίπεδε ηνπνινγία, ε νπνία ζα αλαθέξεηαη εδώ σο ΣΜ/ΠΗ/ΣΜ, είλαη ίδηα κε ηε 

ηνπνινγία ησλ ηερλεηώλ δνκώλ ΥΑ/ΠΗ/ΥΑ πνπ ζα κειεηεζνύλ ζε απηή ηε δηδαθηνξηθή δηαηξηβή. Σηελ 

πξώηε παξάγξαθν απηνύ ηνπ θεθαιαίνπ αλαθέξεηαη ν ζθνπόο ηεο δηεμαγσγήο απηώλ ησλ δηεξεπλεηηθώλ 

κειεηώλ, ελώ ζηε δεύηεξε παξάγξαθν παξνπζηάδνληαη ηα απνηειέζκαηα απηώλ. Τα απνηειέζκαηα απηώλ 

ησλ κειεηώλ έρνπλ δεκνζηεπηεί ζε έγθξηηα δηεζλή επηζηεκνληθά πεξηνδηθά 
[1,2]

. 

4.1 Σκοπός 

Τελ ηειεπηαία δεθαεηία πιήζνο επηζηεκνληθώλ εξεπλώλ έρεη εζηηαζηεί ζηε κειέηε ηερλεηώλ δνκώλ όπνπ 

δηαθνξεηηθνί παξάκεηξνη ηάμεο κπνξνύλ λα ζπδεπρζνύλ, επηηξέπνληαο έηζη ηελ ειεγρόκελε κεηαβνιή ησλ 

ηδηνηήησλ ηνπο. Τέηνηεο ηερλεηέο δνκέο είλαη ε δνκή ΠΗ/ΣΜ θαη ε δνκή ΠΗ/ΥΑ. Η πξώηε θαηεγνξία απηώλ 

ησλ δνκώλ (ΠΗ/ΣΜ) έρεη κειεηεζεί ελδειερώο ιόγσ ηεο πηζαλήο ρξήζεο ηνπο ζε ηερλνινγηθέο εθαξκνγέο. 

Αληίζεηα, ε δεύηεξε θαηεγνξία απηώλ ησλ δνκώλ (ΠΗ/ΥΑ) δελ έρεη κειεηεζεί ηόζν δηεμνδηθά θαη ν ιόγνο 

είλαη όηη απηέο νη δνκέο ιεηηνπξγνύλ ζε θξπνγεληθέο ζπλζήθεο πεξηνξίδνληαο έηζη ηε ρξήζε ηνπο ζε πηζαλέο 

ηερλνινγηθέο εθαξκνγέο. Επηπιένλ, νη θξπνγεληθέο ζπλζήθεο επηδξνύλ ζεκαληηθά ζηε ιεηηνπξγία απηώλ ησλ 

δνκώλ. Σπγθεθξηκέλα, νη πηεδνειεθηξηθέο ηδηόηεηεο ησλ θξπζηάιισλ PMN-xPT ζε ρακειέο ζεξκνθξαζίεο 

είλαη ππνβαζκηζκέλεο, όπσο επίζεο κεησκέλε είλαη θαη ε αληνρή ησλ θξπζηάιισλ PMN-xPT θαη ηνπ 

πεξηβάιινληνο He
4
 (πεξηβάιινλ καγλεηηθώλ κεηξήζεσλ ζην ΜΥΚΣ) ζηελ εθαξκνγή πςειώλ ηάζεσλ. 

 Σθνπόο ηεο κειέηεο ησλ δνκώλ ΣΜ/ΠΗ/ΣΜ ζε απηή ηε δηαηξηβή είλαη λα δηεξεπλεζεί ε 

απνδνηηθόηεηα ησλ θξπζηάιισλ PMN-xPT ζε ρακειέο ζεξκνθξαζίεο. Οη ηερλεηέο δνκέο ΣΜ/ΠΗ/ΣΜ 

απνηεινύλ έλα θαηάιιειν ζύζηεκα πνπ επηηξέπεη ηε ζπγθξηηηθή κειέηε ησλ πηεδνειεθηξηθά ηξνπνηεκέλσλ 

καγλεηηθώλ ηδηνηήησλ ηνπο ζε δηάθνξεο ζεξκνθξαζίεο. Σπγθεθξηκέλα, μεθηλώληαο από ηε ζεξκνθξαζία 

δσκαηίνπ (Τ=300 Κ) όπνπ νη πηεδνειεθηξηθέο ηδηόηεηεο ησλ θξπζηάιισλ PMN-xPT είλαη γλσζηέο, κπνξεί 

θάπνηνο λα κειέηεζεη ηελ πηεδνειεθηξηθή ηξνπνπνίεζε ησλ καγλεηηθώλ ηδηνηήησλ ζε κηα δνκή ΣΜ/ΠΗ/ΣΜ 

θαη ζηε ζπλέρεηα λα ζπγθξίλεη ηα απνηειέζκαηα απηά κε ηελ αληίζηνηρε ηξνπνπνίεζε ησλ καγλεηηθώλ 

ηδηνηήησλ ζε ρακειέο ζεξκνθξαζίεο (Τ=10 Κ). Οη καγλεηηθέο ηδηόηεηεο ησλ δνκώλ ΣΜ/ΠΗ/ΣΜ πνπ κπνξνύλ 

λα ρξεζηκνπνηεζνύλ ζε κηα ηέηνηα ζπγθξηηηθή κειέηε είλαη ην ζπλεθηηθό πεδίν (HC), ε καγλήηηζε θόξνπ 

(msat) θαη ε παξακέλνπζα καγλεηίζε (mrem). 

4.2 Πειραμαηικά αποηελέζμαηα 

Σηε παξνύζα κειέηε δύν δηαθνξεηηθνί θξύζηαιινη PMN-xPT έρνπλ ρξεζηκνπνηεζεί σο ΠΗ ππνζηξώκαηα, 

έλαο κε x=0,29 θαη έλαο άιινο κε x=0,31. Δεδνκέλνπ όηη νη θξύζηαιινη PMN-xPT παξνπζηάδνπλ πςειή 

επηθαλεηαθή ηξαρύηεηα πξηλ από ηηο ελαπνζέζεηο πκελίσλ Cν νη επηθάλεηεο ησλ ππνζηξσκάησλ έρνπλ 

ππνζηεί ιείαλζε. Σε θάζε ηερλεηή δνκή πνπ κειεηάηαη εδώ, ηα πκέληα Co ελαπνηέζεθαλ θαη ζηηο δύν 

ειεύζεξεο επηθάλεηεο ηνλ ππνζηξσκάησλ κε ζθνπό λα ιεηηνπξγήζνπλ θαη σο ειεθηξόδηα γηα ηελ εθαξκνγή 
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ηεο εμσηεξηθήο ηάζεο. Γηα απηό ην ιόγν δόζεθε ηδηαίηεξε πξνζνρή θαηά ηηο ελαπνζέζεηο ώζηε λα ελαπνηεζεί 

Co ζηηο παξάπιεπξεο επηθάλεηεο ησλ ππνζηξσκάησλ πξνθεηκέλνπ λα απνθεπρζεί ην βξαρύθπθισκα ησλ 

επηθαλεηώλ θαηά ηελ εθαξκνγή ηεο ηάζεο ζε απηέο ηηο δνκέο. Αλαθνξηθά κε ηηο ζπλζήθεο αλάπηπμεο ησλ 

πκελίσλ Co, ε πίεζε ηνπ ζαιάκνπ πξηλ ηηο ελαπνζέζεηο ήηαλ ηεο ηάμεο ησλ 10
-6

-10
-7

 Torr θαη ε αλάπηπμε ησλ 

πκελίσλ έγηλε κε ηζρύ 30 Watt ζε πεξηβάιινλ Ar αεξίνπ πίεζεο 3·10
-3

 Torr. 

 Τν πάρνο ησλ ιεπηώλ πκεληώλ Co θαη ζηηο δύν ηερλεηέο δνκέο είλαη dCo=30 nm. Απηή ε ηηκή ηνπ 

πάρνπο έρεη επηιεγεί θαηάιιεια ώζηε λα πιεξνύληαη ζπγθεθξηκέλεο ζπλζήθεο γηα ηελ νξζή ιεηηνπξγία θαη 

ηελ απνηειεζκαηηθόηεηα ηεο ηερλεηήο δνκήο. Σπγθεθξηκέλα, ην dCo ζα πξέπεη λα έρεη κηα ηηκή ε νπνία λα 

εμαζθαιίδεη όηη νη επηθάλεηεο ησλ ππνζηξσκάησλ θαιύπηνληαη από έλα νκνηόκνξθν ζηξώκα Co. Απηό έρεη 

ηδηαίηεξε ζεκαζία ζε απηέο ηηο δνκέο θαζώο ηα πκέληα Co εθηόο ηεο ζηδεξνκαγλεηηθήο ηνπο ζπκπεξηθνξάο 

ιεηηνπξγνύλ θαη σο ειεθηξόδηα γηα ηελ εθαξκνγή ηεο ηάζεο. Ταπηόρξνλα, ην dCo ζα πξέπεη λα είλαη 

αξθνύλησο κηθξό ώζηε ε επίδξαζε ηεο κεραληθήο ηάζεο από ην ΠΗ ππόζηξσκα λα επεξεάδεη όζν ην δπλαηόλ 

κεγαιύηεξν όγθν ηνπ ΣΜ πιηθνύ. Τέινο, ζεκεηώλεηαη όηη ην dCo είλαη κηα εμσγελήο παξάκεηξνο πνπ 

θαζνξίδεη ηε καγλεηηθή αληζνηξνπία ησλ ΣΜ πκελίσλ Co ιόγσ ηεο αληζνηξνπίαο ζρήκαηνο. Σπγθεθξηκέλα, 

όηαλ dCo<30-50 nm ηόηε ηα ΣΜ πκέληα Co ραξαθηεξίδνληαη από έληνλε παξάιιειε ζην επίπεδν καγλεηηθή 

αληζνηξνπία, ελώ όηαλ dCo>30-50 nm ηα ΣΜ πκέληα Co ραξαθηεξίδνληαη από έληνλε θάζεηε ζην επίπεδν 

καγλεηηθή αληζνηξνπία 
[3-5]

. Καηά ζπλέπεηα, επηιέγνληαο ην πάρνο ησλ πκελίσλ λα είλαη dCo=30 nm 

νπνηαδήπνηε κεηαβνιή ηεο καγλεηηθήο αληζνηξνπίαο ιόγσ ηεο εθαξκνγήο Eex ζηε δνκή ζα αληαλαθιάηαη 

άκεζα ζηηο καγλεηηθέο ηδηόηεηεο ησλ πκελίσλ Co. 

 Οη δύν πβξηδηθέο δνκέο πνπ κειεηώληαη εδώ πεξηγξάθνληαη σο Co(30 nm)/PMN-xPT/Co(30 nm), 

όπνπ x=0,29 ζηελ πξώηε δνκή (δείγκα #1) θαη x=0,31 ζηε δεύηεξε δνκή (δείγκα #2). Καη ζηηο δύν 

πεξηπηώζεηο ηα ππνζηξώκαηα PMN-xPT βξίζθνληαλ ζε κε-πνισκέλε θαηάζηαζε πξηλ από ηε δηεμαγσγή ησλ 

καγλεηηθώλ κεηξήζεσλ ππό ηελ εθαξκνγή ηάζε. Η κέγηζηε ηηκή ηεο εθαξκνδόκελε ηάζεο ζε θάζε δνκή ήηαλ 

±300 Volts ε νπνία αληηζηνηρεί ζε έλα ειεθηξηθό πεδίν ηεο ηάμεο ησλ ±6 kV/cm. Οη καγλεηηθέο κεηξήζεηο 

πξαγκαηνπνηήζεθαλ ζε έλα εκπνξηθό καγλεηόκεηξν ΜΥΚΣ ρξεζηκνπνηώληαο ηελ απηνζρέδηα ξάβδν γηα ηελ 

εθαξκνγή ηεο ηάζεο πνπ πεξηγξάθεηαη ζην 3
ν
 θεθάιαην. Θα πξέπεη ζεκεησζεί όηη θαη ζηηο δύν ηερλεηέο 

δνκέο ην εμσηεξηθό καγλεηηθό πεδίν (Η) εθαξκόζηεθε παξάιιεια ζηηο ειεύζεξεο επηθάλεηεο ησλ δνκώλ, ελώ 

ην ειεθηξηθό πεδίν εθαξκόζηεθε θάζεηα ζε απηέο θαη θαηά κήθνο ηνπ πάρνπο ησλ θξπζηάιισλ PMN-xPT. 

Τα απνηειέζκαηα ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ησλ καγλεηηθώλ ηδηνηήησλ ζηηο δνκέο Co(30 

nm)/PMN-xPT(0,5 mm)/Co(30 nm) παξνπζηάδνληαη μερσξηζηά γηα θάζε κηα από απηέο. Απηόο ν ηξόπνο 

παξνπζίαζεο ησλ απνηειεζκάησλ νθείιεηαη ζην γεγνλόο όηη θάζε ηερλεηή δνκή (δείγκα #1 θαη δείγκα #2) 

ρξεζηκνπνηήζεθε γηα ηε δηεξεύλεζε δηαθνξεηηθώλ καγλεηηθώλ ηδηνηήησλ ησλ πκελίσλ Co. 

Δείγμα #1: Co(30 nm)/PMN-0,29PT/Co(30 nm) 

Τν δείγκα #1 ρξεζηκνπνηήζεθε γηα λα δηεξεπλεζεί ε ηξνπνπνίεζε ησλ HC θαη msat θαηά ηελ εθαξκνγή Eex ζε 

ηξείο αληηπξνζσπεπηηθέο ζεξκνθξαζίεο. Τν πξσηόθνιιν ησλ καγλεηηθώλ κεηξήζεσλ ήηαλ ην εμήο: 

μεθηλώληαο από ηνπο 300 Κ κε H=0 Oe εθαξκόδεηαη έλα Eex ζηε ηερλεηή δνκή, ε νπνία ζηε ζπλέρεηα ςύρεηαη 

παξνπζία ηνπ Eex κέρξη ηελ επηζπκεηή ζεξκνθξαζία. Τέινο, κεηαβάιινληαο ζηαδηαθά ην καγλεηηθό πεδίν Η 

ιακβάλνληαη νη βξόρνη πζηέξεζεο m(H) γηα θάζε Eex ζε ζηαζεξή ζεξκνθξαζία. Από απηνύο βξόρνπο m(H), ε 

ηηκή ηνπ msat νξίδεηαη σο ε ηηκή ηεο καγλήηηζεο ζην κέγηζην καγλεηηθό πεδίν θαη ε ηηκή ηνπ HC νξίδεηαη σο ε 

κέζε ηηκή ησλ ζπλεθηηθώλ πεδίσλ ηνπ θιάδνπ αύμεζεο θαη κείσζεο ηνπ πεδίνπ Η (HC=(HC(+)+|HC(-)|)/2). 

 Η εηθόλα (4.1) ζπλνςίδεη ηνπ βξόρνπο πζηέξεζεο m(H) πνπ ειήθζεζαλ γηα Eex=0,0 kV/cm (καύξα 

ζύκβνια), +4,0 kV/cm (θόθθηλα ζύκβνια), +6,0 kV/cm (κπιέ ζύκβνια) ζε ζεξκνθξαζία T=300 K (εηθόλεο 

(4.1.α.i-ii)), 150 K ((εηθόλεο (4.1.β.i-ii))), 10 K (εηθόλεο (4.1.γ.i-ii)). Παξαηεξώληαο ηα έλζεηα δηαγξάκκαηα 

ησλ εηθόλσλ (4.1.α-γ.i) γίλεηαη θαλεξό όηη ε msat είλαη ακεηάβιεηε θαηά ηελ εθαξκνγή Eex ζηνπο 300 Κ, ελώ 

θαηά ηε κείσζε ηεο ζεξκνθξαζίαο ζηνπο 10 Κ ε msat ηξνπνπνηείηαη ζεκαληηθά. Γηα λα γίλεη θαλεξή ε 
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ηξνπνπνίεζε ηνπ HC θαηά ηελ εθαξκνγή Eex νη βξόρνη m(H) ηεο αξηζηεξήο ζηήιεο ηεο εηθόλαο (4.1) 

εζηηάδνληαη ζηε πεξηνρή ησλ κηθξώλ καγλεηηθώλ πεδίσλ κεηαμύ +100 Oe θαη -100 Oe. Οη αληίζηνηρνη 

εζηηαζκέλνη βξόρνη m(H) παξνπζηάδνληαη ζηε δεμηά ζηήιε ηεο εηθόλαο (4.1). Όκνηα κε ηελ msat, ην HC 

παξακέλεη ακεηάβιεην θαηά ηελ εθαξκνγή Eex ζηνπο 300 Κ, ελώ θαζώο ε ζεξκνθξαζία κεηώλεηαη ζηνπο 10 

Κ δηαθξίλεηαη κηα ηξνπνπνίεζε ησλ ηηκώλ ηνπ HC κε ην Eex. 

 Γηα ηε κειέηε ησλ πηεδνειεθηξηθά ηξνπνπνηεκέλσλ καγλεηηθώλ ηδηνηήησλ ησλ πκεληώλ Co νξίδνληαη 

δύν όξνη πνπ αληηζηνηρνύλ ζηελ ηξνπνπνίεζε ησλ HC θαη msat ιόγσ ηεο εθαξκνγήο Eεμ ζηελ ηερλεηή δνκή. 

Απηνί νη όξνη εθθξάδνληαη από ηε ζρεηηθή δηαθνξά ησλ ηηκώλ ησλ HC θαη msat γηα Eex=0,0 kV/cm θαη γηα 

Eex≠0,0 kV/cm θαη δίλνληαη σο εμήο, ΔHC=HC(Eex≠0)-HC(Eex=0) (Oe) and Δmsat=msat(Eex≠0)-msat(Eex=0) 
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Εικόνα 4.1: Βξόρνη m(H) γηα Eex=0,0, +4,0 θαη +6,0 kV/cm (a.i)-(a.ii) ζηνπο T=300 K (αλνηθηά ζύκβνια), (β.i)-(β.ii) 

ζηνπο T=150 K (εκη-γεκηζκέλα ζύκβνια) θαη (γ.i)-(γ.ii) ζηνπο T=10 K  (γεκηζκέλα ζύκβνια). H ζηήιε (i) δείρλεη βξόρνπο 

m(H) ζε όιν ην εύξνο ησλ εθαξκνδόκελσλ Η, ελώ ε ζηήιε (ii) εζηηάδεηαη ζηε πεξηνρή κηθξώλ πεδίσλ Η. Τα έλζεηα ησλ (i) 

έρνπλ εζηηάζεη ζηε πεξηνρή πςειώλ Η δείρλνληαο ηελ καγλήηηζε θόξνπ. Tα βέιε ζηελ (γ.ii) ππνδεηθλύνλ ην ζπλεθηηθό πεδίν 

θαηά ηα ζεηηθά Η (HC(+)) ζην βξόρν m(H) ζηνπο 10 Κ. 
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(emu). Οη εηθόλεο (4.2.α.i-iii) δείρλνπλ ηε κεηαβνιή ηνπ ΔHC (καύξα ζύκβνια) θαη Δmsat (θόθθηλα-αλνηθηά 

ζύκβνια) σο ζπλάξηεζε ηνπ Eex, γηα T=300 K, 150 K θαη 10 K, αληίζηνηρα. Γηα ιόγνπο ζύγθξηζεο ησλ 

εηθόλσλ (4.2.α.i-iii) ρξεζηκνπνηήζεθε ην ίδην εύξνο ηηκώλ ζηνλ θαηαθόξπθν άμνλα ηνπο. Με απηό ηνλ ηξόπν 

παξνπζηάζεο ησλ απνηειεζκάησλ επηβεβαηώλεηαη ε έληνλε ηξνπνπνίεζε ησλ HC θαη msat ζηηο ρακειέο 

ζεξκνθξαζίεο, ελώ ηαπηόρξνλα απνθαιύπηεηαη ε κε-κνλόηνλε κεηώζε ηνπ ΔHC ζηνπο 10 Κ ε νπνία κεηαμύ 

ησλ Eex =+4,0 θαη +6,0 kV/cm είλαη ηεο ηάμεο ηνπ -27%. Απηή ε κε-κνλνηνλή κεηώζε ηνπ ΔHC απνδίδεηαη 

ζηελ αιιαγή ηεο επαγόκελεο κεραληθήο ηάζεο πνπ πξνθαιεί ην ΠΗ ππόζηξσκα από εθειθπζηηθή ζε 

ζπκπηεζηηθή παξακόξθσζε (ή αληίζηξνθα) όηαλ ην Eex δηέξρεηαη από ην ιεγόκελν ειεθηξηθό ζπλεθηηθό 

πεδίν (ΕC) ησλ ΠΗ ππνζηξσκάησλ. Απηό είλαη ινγηθό αλ ζθεθηεί θαλείο όηη ην EC ηνπ ζπγθεθξηκέλνπ 

θξπζηάιινπ PMN-0,29PT είλαη θάησ από ηα 4,0 kV/cm θαη θνληά ζηα 2,0 kV/cm. Η εηθόλα (4.2.β) δείρλεη ηε 

πνζνζηηαία κεηαβνιή ηνπ ΔHC ([ΔHC/HC(Eex=0 kV/cm)]·100%) θαη ηνπ Δmsat ([Δmsat/msat(Eex=0 

kV/cm)]·100%) σο ζπλάξηεζε ηεο ζεξκνθξαζίαο κεηαμύ ηεο αξρηθήο θαηάζηαζεο κεδεληθήο επαγόκελεο 

ηάζεο (Eex =0,0 kV/cm) θαη ηεο ηειηθήο θαηάζηαζεο κέγηζηεο επαγόκελεο ηάζεο (Eex=+6,0 kV/cm). Όπσο 

θαίλεηαη ζηελ εηθόλα (4.2.β) ην HC επεξεάδεηαη από ην Eex κόλν ζηνπο 10 Κ πξνζεγγίδνληαο κηα κείσζε ηεο 

ηάμεο ηνπ -9,4%, ελώ ε msat επεξεάδεηαη ζε κηθξόηεξν βαζκό από ην Eex θηάλνληαο ζε κηα κείσζε ηεο ηάμεο 

ηνπ -4% αιιά απηή ε κείσζε παξαηεξείηαη ζε έλα κεγαιύηεξν ζεξκνθξαζηαθό παξάζπξν ην νπνίν είλαη 

T≤150 K. Σπλδπάδνληαο ηε ζεξκνθξαζηαθή εμάξηεζε θαη ησλ δύν κεγεζώλ κπνξεί θάπνηνο λα αλαγλσξίζεη 

όηη ε ζεξκνθξαζία ησλ 150 Κ είλαη κηα ραξαθηεξηζηηθή ζεξκνθξαζία (Tch) θαζώο απνηειεί ην θάησ 

ζεξκνθξαζηαθό όξην όπνπ ην HC είλαη ακεηάβιεην θαη ηαπηόρξνλα ην άλσ ζεξκνθξαζηαθό όξην ηεο κέγηζηεο 

κεηαβνιήο ηεο msat θαηά ηελ εθαξκνγή Eex. 

Εικόνα 4.2: (a.i)-(α.iii) Τξνπνπνίεζε ηνπ ΔHC (καύξα ζύκβνια) θαη ηνπ Δmsat (θόθθηλα ζύκβνια) κε ηελ εθαξκνγή Eεμ 

ζηνπο T=300, 150 θαη 10 K, αληίζηνηρα. (β) Πνζνηηαία κεηαβνιή ηνπ ΔHC (καύξεο ζθαίξεο) θαη ηεο Δmsat (θόθθηλεο 

ζθαίξεο) κεηαμύ ηεο αξρηθήο θαηάζηαζεο ζε Eex=0,0 kV/cm θαη ηεο κέγηζηεο κεραληθήο ηάζεο ζε Eex=+6,0 kV/cm. Σε θάζε 

πεξίπησζε νη γξακκέο είλαη νδεγνί γηα ην κάηη. 
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 Γηα ηελ εξκελεία απηώλ ησλ απνηειεζκάησλ εμεηάδνληαη δηάθνξνη κεραληζκνί, νη νπνίν κειεηώληαη 

μερσξηζηά γηα ην HC θαη ην msat. Αλαθνξηθά κε ηηο παξαηεξνύκελεο κεηαβνιέο ηνπ HC δύν είλαη νη πηζαλνί 

κεραληζκνί πνπ κπνξνύλ λα δηθαηνινγήζνπλ ηε ζπκπεξηθνξά ηνπ. Ο πξώηνο κεραληζκόο ζρεηίδεηαη κε ηε 

ηξνπνπνηήζε ησλ καγλεηηθώλ ηνκέσλ ζηα πκέληα Co. Θεσξώληαο όηη ην εύξνο ησλ καγλεηηθώλ ηνκέσλ w 

αθνινπζεί ηε ζρέζε w~dCo
1/2

 
[3-5]

, ε ελδερόκελε ηξνπνπνίεζε ηνπ πάρνπο dCo ησλ πκεληώλ πνπ πξνθαιείηαη 

από ηελ επαγόκελεο κεραληθήο ηάζεο ησλ ΠΗ ππνζηξσκάησλ ζα κπνξνύζε λα πξνθαιέζεη ηε κεηαβνιή ηνπ 

εύξνπο ησλ καγλεηηθώλ ηνκέσλ θαζώο θαη ηνπ πιεζπζκνύ ησλ ηνηρσκάησλ ησλ καγλεηηθώλ ηνκέσλ. Ο 

δεύηεξνο κεραληζκόο είλαη ε ελίζρπζε ηεο δέζκεπζε ησλ καγλεηηθώλ ηνκέσλ είηε από κνξθνινγηθέο 

αλσκαιίεο ηεο επηθάλεηαο ησλ πκεληώλ (ή ηεο δηεπηθαλεηαο ησλ ΣΜ πκελίσλ κε ην ΠΗ ππόζηξσκα), είηε από 

ζηαηηθέο αηέιεηεο ζην εζσηεξηθό ησλ ΣΜ πκελίσλ νη νπνίεο ππνθηλνύληαη από ηελ επαγόκελε κεραληθή 

παξακόξθσζε ζηα πκέληα Co θαηά ηελ εθαξκνγή Eex 
[6-9]

. Αλαθνξηθά κε ηηο παξαηεξνύκελεο κεηαβνιέο ηεο 

msat, νη θαηαγεγξακκέλεο κεηαβνιέο κπνξνύλ λα απνδσζνύλ ζηε καγλεηηθή αληζνηξνπία ε νπνία ζρεηίδεηαη 

κε ηελ καγλεηνθξπζηαιιηθή αληζνηξνπία θαη ηελ αληζνηξνπία ζρήκαηνο. Καζώο ηα ΣΜ πκέληα Co έρνπλ 

πάρνο 30 nm, ε επαγόκελε κεραληθή παξακόξθσζε από ην ππόζηξσκα PMN-0.29PT ζηα πκέληα Co είλαη 

ηθαλή λα αιιάμεη ηε καγλεηηθή αληζνηξνπία από παξάιιειε ζην επίπεδν ζε θάζεηε ζην επίπεδν. Απηή ε 

πηζαλή αιιαγή ηεο καγλεηηθήο αληζνηξνπίαο κπνξεί λα πξνθαιέζεη αιιάγεο ζηηο θαηαγξαθόκελεο ηηκέο ηεο 

msat. Ταπηόρξνλα, απηόο ν κεραληζκόο κπνξεί λα δηθαηνινγήζεη θαη ηηο αληίζηνηρεο κεηαβνιέο ηνπ HC, όπσο 

αλαθέξζεθε πξηλ ζηνλ πξώην κεραληζκό. Παξόιν πνπ ην πνζνζηό ηξνπνπνίεζεο ησλ HC θαη msat κε ην Eεμ 

είλαη δηαθνξεηηθό θαη ε ηξνπνπνίεζε θαη ησλ δύν απηώλ παξακέηξσλ εμαζζελεί κε ηελ αύμεζε ηεο 

ζεξκνθξαζίαο. Απηή ε θνηλή ζπκπεξηθνξά ζεκαηνδνηεί όηη απηέο νη παξάκεηξνη έρνπλ θνηλή πξόειεπζε ζε 

ζρέζε κε ηε ζεξκνθξαζηαθή ηνπο εμάξηεζε θαη θαη΄επέθηαζε απνθαιύπηεη ην θξίζηκν ξόιν πνπ 

δηαδξακαηίδεη ε ζεξκηθή ελέξγεηα kβT ζε απηέο ηηο δνκέο. Σπγθεθξηκέλα, θαηά ηελ αύμεζε ηεο ζεξκνθξαζίαο 

ε ζεξκηθή ελέξγεηα kβT ζηαδηαθά εμηζνξξνπεί θαη ηειηθά ππεξηζρύεη έλαληη όισλ ησλ ππνινίπσλ 

ελεξγεηαθώλ θιηκάθσλ, κε απνηέιεζκα ν βαζκόο επίδξαζεο ηεο κεραληθήο ηάζεο ζηε ζεξκνθξαζία δσκαηίνπ 

λα εμαζζελεί. 

Δείγμα #2: Co(30 nm)/PMN-0,31PT/Co(30 nm) 

Μηα παξόκνηα ηερλεηή δνκή αιιά κε δηαθνξεηηθή ζηνηρεηνκεηξία x=0,31 ηνπ ΠΗ θξπζηάιινπ PMN-xPT 

εμεηάδεηαη εδώ ζην ζεξκνθξαζηαθό παξάζπξν κεηαμύ ησλ 300 Κ θαη ησλ 10 Κ. Αλαιπηηθέο κεηξήζεηο m(H) 

ζηνπο 300 Κ θαη ζηνπο 10 Κ παξνπζηάδνληαη ζηηο εηθόλεο (4.3.α-β), αληίζηνηρα. Απηά ηα δεδνκέλα δείρλνπλ 

Εικόνα 4.3: Βξόρνη πζηέξεζεο m(H) ζε δηάθνξα Eex (a) ζηνπο T=300 K (αλνηθηά ζύκβνια) θαη (β) ζηνπο T=10 K 

(γεηκηζκέλα ζύκβνια). Σε θάζε πεξίπησζε νη βξόρνη m(H) είλαη εζηαζκέλνη ζηελ πεξηνρή κηθξώλ πεδίσλ Η. Τν έλζεην ηεο 

(β) απεηθνλίδεη ηε δηακόξθσζε ηνπ HC θαηά ηελ εθαξκνγή Eex ζηνπο T=10 K. 
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κηα μεθάζαξε κεηαβνιή ηνπ HC θαηά ηελ εθαξκνγή Eex ζηνπο 10 Κ όπσο θαίλεηαη ζην έλζεην δηάγξακκα ηεο 

εηθόλαο (4.3.β). Όκνηα κε ην δείγκα #1, ην δείγκα #2 παξνπζηάδεη κηα κε-κνλόηνλε κείσζε ηνπ HC θαηά ηελ 

ζεηηθό θιάδν αύμεζεο ηνπ Eex κε ζρεδόλ ίδηα πνζνζηηαία κεηαβνιή απηνύ πνπ είλαη ηεο ηάμεο ηνπ -34% 

κεηαμύ ηνπ +2,5 kV/cm θαη ηνπ +5,0 kV/cm. Ωζηόζν, ν ζθνπόο ηεο κειέηεο απηνύ ηνπ δείγκαηνο δελ είλαη λα 

επαιεζεύζεη ην απνηειέζκαηα ηνπ δείγκαηνο #1, αιιά λα δηεξεπλεζεί ε εμέιημε ηεο mrem ησλ πκελίσλ Co 

θαηά ηελ εθαξκνγή Eex ζην PMN-0,31PT ππόζηξσκα ζην εύξνο ζεξκνθξαζηώλ κεηαμύ 300 Κ θαη 10 Κ. Γηα 

λα γίλεη απηό έλα λεό πξσηόθνιιν έρεη εθαξκνζηεί, πξνθεηκέλνπ ηα πκέληα Co λα βξεζνύλ ζηελ θαηάζηαζε 

παξακέλνπζαο καγλήηηζεο. Σπγθεθξηκέλα, μεθηλώληαο ζηνπο 300 Κ κε Eex=0,0 kV/cm δηαγξάθεηαη ν βξόρνο 

m(H) κέρξη ηε ζεηηθή καγλεηίζε θόξνπ θαη ζηε ζπλέρεηα ην καγλεηηθό πεδίν Η κεηώλεηαη πξννδεπηηθά ζηα 0 

Oe όπνπ θαη ηα πκέληα Co πιένλ βξίζθνληαη ζηελ θαηάζηαζε παξακέλνπζαο καγλεηίζεο. Αληηπξνζσπεπηηθό 

παξάδεηγκα απηνύ ηνπ πξσηνθόιινπ θαίλεηαη ζηελ εηθόλα (4.4.α). Σηε ζπλέρεηα εθαξκόδεηαη ε επηζπκεηή 

ηηκή ηνπ Eex θαη ε ζεξκνθξαζία κεηώλεηαη ζηαδηαθά από ηνπο 300 Κ έσο ηνπο 10 Κ θαηαγξάθνληαο ηηο ηηκέο 

mrem ζηηο δηάθνξεο ζεξκνθξαζίεο, δίλνληαο έηζη ηελ ηζνπεδηαθή θακπύιε mrem(T). 

 Οη εηθόλεο (4.4.β.i-iii) παξνπζηάδνπλ αληηπξνζσπεπηηθέο ηζνπεδηαθέο θακπύιεο mrem(T) γηα Eex=0,0 

kV/cm, ±2,5 kV/cm θαη ±5,0 kV/cm, αληίζηνηρα. Από απηά ηα δεδνκέλα γίλεηαη θαλεξό όηη θαη ζηηο δύν 

πεξηπηώζεηο όπνπ Eex=0,0 kV/cm (εηθόλα (4.4.β.i)), δειαδή ζηελ αξρηθή θαηάζηαζε ηεο δνκήο ζε Eex=0,0 

kV/cm (αλαθέξεηαη σο Eex=0,0 kV/cm (1
ε
)) θαη ζηελ επηζηξνθή ηεο δνκήο ζε Eex=0,0 kV/cm κεηά ηελ 

αύμεζε ηνπ ζηα +5,0 kV/cm (αλαθέξεηαη σο Eex=0,0 kV/cm (2
ε
)), ε θαηαγξαθόκελε θακπύιε mrem(T) 

παξνπζηάδεη κηα νκαιή θαη ζηαδηαθή αύμεζε ζηε ηηκή ηεο καγλεηηθήο ξνπήο θαζώο ε ζεξκνθξαζία 

Εικόνα 4.4: (a) Η θαηάζηαζε παξακέλνπζαο καγλήηηζεο, mrem, ηεο ηερλεηήο δνκήο Co(30 nm)/PMN-0,31PT/Co(30 nm) 

ζηνπο 300 Κ θαη γηα Eex=0,0 kV/cm. Τα βέιε ππνδεηθλύνπλ ην δηαδξνκή ηνπ εθαξκνδόκελνπ καγλεηηθνύ πεδίνπ, αξρηθά 

απμάλεηαη κέρξη κηα κέγηζηε ζεηηθή ηηκή θαη ζηε ζπλέρεηα κεδελίδεηαη ζηαδηαθά, πξνθεηκέλνπ λα επηηεπρζεί ε θαηάζηαζε 

ηεο παξακελόπζαο καγλήηηζεο. (β) Η ζεξκνθξαζηαθή εμέιημε ηεο mrem μεθηλώληαο από ηνπο 300 K θαη θαηαιήγνληαο ζηνπο 

10 K γηα (β.i) Eex=0,0 kV/cm, (β.ii) Eex=±2,5 kV/cm θαη (β.iii) Eex=±5,0 kV/cm. 
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κεηώλεηαη. Αληίζεηα, ε εθαξκνγή Eex≠0,0 kV/cm πξνθαιεί ηελ απόηνκε κείσζε ηεο mrem ζε κία 

ραξαθηεξηζηηθή ζεξκνθξαζία πνπ εμαξηάηαη από ην κέγεζνο ηνπ Eex. Κάησ από απηή ηε ραξαθηεξηζηηθή 

ζεξκνθξαζία απνθαζίζηαηαη ε νκαιή θαη βαζκηαία αύμεζε ηεο mrem. Απηή ε ζπκπεξηθνξά ηεο mrem 

απνδίδνληαη ζηελ εκθάληζε ησλ ιεγόκελσλ καγλεηηθώλ αζηαζεηώλ (ΜΑ). Δεδνκέλνπ όηη απηέο νη ΜΑ 

επαγόληαη θαηά ηελ εθαξκνγή Eex κπνξνύλ λα νλνκαζηνύλ θαη σο ειεθηξηθά επαγόκελεο ΜΑ (ΗΜΑ) ώζηε 

λα πεξηγξάθεηαη θαη ε πξνέιεπζε ηνπο. Οη ΗΜΑ επεξεάδνπλ ηηο ηηκέο ηεο mrem αλαινγηθά κε ηελ έληαζε ηνπ 

Eex πνπ εθαξκόδεηαη δεκηνπξγώληαο αληίζηνηρα αζζεληθή ή ηζρπξή κεραληθή παξακόξθσζε ζηα πκέληα Co. 

Γηα παξάδεηγκα, γηα Eex=+2,5 kV/cm (εηθόλα (4.4.β.ii)) κηα έληνλε ΗΜΑ ζηνπο 200 Κ πξνθαιεί ηε κείσζε 

ηεο mrem θαηά 2,5%, ελώ γηα Eex=+5,0 kV/cm (εηθόλα (4.4.β.iii)) ε ζπζζσξεπκέλε επηξξνή αξθεηώλ ΗΜΑ 

ζηνπο 170 Κ πξνθαινύλ κηα εληνλόηεξε κείσζε ηεο mrem πνπ είλαη ηεο ηάμεο ηνπ 16,4%. Παξόιν πνπ ε 

πνζνζηηαία κείσζε ηεο mrem είλαη κηθξόηεξε όηαλ εθαξκόδνληαη αξλεηηθά Eex (πνπ είλαη -2,5 kV/cm θαη -5,0 

kV/cm), ε ραξαθηεξηζηηθή ζεξκνθξαζία πνπ ζεκαηνδνηεί ηελ παύζε ησλ ΗΜΑ είλαη αλεμάξηεηε απηήο ηεο 

αιιαγήο. Ωο εθ ηνύηνπ, ε ραξαθηεξηζηηθή ζεξκνθξαζία ησλ 170 Κ κπνξεί λα απνδνζεί σο ε ζεξκνθξαζία 

ηεο νινθιεξσηηθήο παύζεο ησλ ΗΜΑ θαζώο απηή αληηζηνηρεί ζην κέγηζην εθκαξκνδόκελν Eex. Έηζη από 

ηνύδε θαη ζην εμήο απηή ε ραξαθηεξηζηηθή ζεξκνθξαζία ζα αλαθέξεηαη σο Tces (Tces=170 K). 

 Γηα ηελ εξκελεία απηώλ ησλ απνηειεζκάησλ εμεηάδεηαη ηόζν ε πξνέιεπζε ησλ ΜΑ όζν θαη ε 

ζεξκνθξαζηαθή εμάξηεζε ησλ πηεδνειεθηξηθώλ ηδηνηήησλ ησλ ππνζηξσκάησλ PMN-xPT. Η παξαηήξεζε 

ησλ ΜΑ σο δηαθξηηά άικαηα ηεο καγλήηηζεο mrem ζρεηίδεηαη κε ην θαηλόκελν Brackhaussen, ην νπνίν 

παξαηεξείηαη θαηά ηελ αληηζηξνθή ηεο καγλήηηζεο ιόγσ ηεο έληνλεο αιιειεπίδξαζεο ησλ καγλεηηθώλ 

ηνκέσλ θαη ησλ ηνηρσκάησλ ηνπο κε ηε δηαηαξαρή (disorder) ηνπ ΣΜ πκελίνπ. Ο γεληθόο όξν δηαηαξαρή 

(disorder) πεξηιακβάλεη δύν θαηεγνξίεο δηαηαξαρώλ ζε ζρέζε κε ηε θπζηθή ηνπο πξνέιεπζε, ηε δνκηθή 

δηαηαξαρή ε νπνία πεξηγξάθεη δνκηθέο αηέιεηεο ζην πιηθό θαη ηε ζεξκηθή δηαηαξαρή ε νπνία ζρεηίδεηαη 

άκεζα κε ηε ζεξκηθή ελέξγεηα ηνπ ζπζηήκαηνο. Η αληαγσληζηηθή αιιειεπίδξαζε απηώλ ησλ δύν όξσλ 

δηαηαξαρήο πνπ εκπιέθνληαη ζηελ ηερλεηή δνκή πνπ κειεηάηαη εδώ κπνξεί λα πξνθαιέζεη ή λα απνηξέςεη 

ηελ αληηζηξνθή ησλ καγλεηηθώλ ηνκέσλ θαη αληίζηνηρα λα επηηξέςεη ή όρη θίλεζε ησλ καγλεηηθώλ 

ηνηρσκάησλ. Δεδνκέλνπ όηη ε εκθάληζε ησλ ΜΑ ζε απηή ηελ ηερλεηή δνκή επάγεηαη θαηά ηελ εθαξκνγή Eex, 

ζα ήηαλ ζθόπηκν ε παξνπζία ησλ ΗΜΑ λα ζπζρεηηζηεί θαη κε ηε ζεξκνθξαζηαθή εμάξηεζε ησλ 

πηεδνειεθηξηθώλ ηδηνηήησλ ηνπ PMN-0,31PT. Πξόζθαηεο ζρεηηθέο κειέηεο έδεημαλ όηη ζην ζεξκνθξαζηαθό 

παξάζπξν από ηνπο 300 Κ ζηνπο 10 Κ νη εγθάξζηνη πηεδνειεθηξηθνί ζπληειεζηέο (d31) εκθαλίδνπλ έλα 

ραξαθηεξηζηηθό ζεκείν θακπήο ζηε ζεξκνθξαζία Tinf~170 K 
[17]

. Σηε ζεξκνθξαζηαθή πεξηνρή γύξσ από ηελ 

Tinf ππάξρεη έλα πιαηώ ζηηο ηηκέο ηνπ d31 δηαρσξίδνληαο κε απηό ηνλ ηξόπν δύν ζεξκνθξαζηαθέο πεξηνρέο 

(πάλσ θαη θάησ από ηελ Tinf) όπνπ δηαθνξεηηθνί κεραληζκνί αηηηνινγνύλ ηε κείσζε ηνπ d31. Σπγθεθξηκέλα, 

γηα Τ>Tinf ε ζεξκηθή δηαηαξαρή δηαδξακαηίδεη θύξηαξρν ξόιν επηηξέπνληαο ηελ εύθνιε απνδέζκεπζε ησλ 

ζηδεξνειεθηξηθώλ (ΣΗ) ηνκέσλ άξα θαη ηελ ειεύζεξε θίλεζε ησλ ηνηρσκάησλ ηνπο, ελώ γηα Τ<Tinf 

ηζρπξνπνηείηαη ε επίδξαζε ησλ δνκηθώλ δηαηαξαρώλ κε απνηέιεζκα λα δηαηεξεί δεζκεπκέλνπο ηνπο ΣΗ 

ηνκείο ζε πεξηνρέο δνκηθώλ αηειεηώλ απνηξέπνληαο κε απην ην ηξόπν ηελ απνδέζκεπζή ηνπο. 

 Η ηαύηηζε ηεο ηηκήο ηεο Tces (πνπ αλαθέξεηαη ζηα ΣΜ πκέληα) κε ηε ηηκή ηεο Tinf (πνπ αλαθέξεηαη 

ζην ΠΗ ππόζηξσκα) ππνδεηθλύεη ηε ζύδεπμε κεηαμύ ησλ δνκηθώλ ζπζηαηηθώλ πνπ απνηεινύλ ηε ηερλεηή 

δνκή. Σπγθεθξηκέλα, νη ΣΗ ηνκείο ηνπ ππνζηξώκαηνο PMN-0,31PT ζπδεύγλνληαη έκκεζα κε ηνπο ΣΜ ηνκείο 

ησλ πκελίσλ Co κέζσ ηεο δηαδηδόκελεο κεραληθήο ηάζεο πνπ πξνθαιείηαη θαηά ηελ εθαξκνγή Eex. Υπό ην 

πξίζκα κηα ηέηνηαο ζύδεπμεο ηα απνηειέζκαηα κπνξνύλ λα εξκελεπηνύλ δηαθξίλνληαο δύν πεξηνρέο 

ζεξκνθξαζηώλ. Γηα Τ>Tinf (~Tces) ε ζεξκηθή δηαηαξαρή ππεξληθά ηελ ηζρύ ησλ δνκηθώλ δηαηαξαρώλ θαη έηζη 

ζηα πκέληα Co είλαη εύθνιε ε απνδέζκεπζε ησλ ΣΜ ηνκέσλ, ελώ επίζεο νη ΣΗ ηνκείο ζην PMN-0,31PT 

κπνξνύλ λα αλαδηαηάζζνληαη εύθνια κε ηελ εθαξκνγή Eex. Απηό ζεκαίλεη όηη ζε απηό ην ζεξκνθξαζηαθό 

παξάζπξν ε εθαξκνγή Eex κπνξεί λα πξνθαιέζεη ηελ εκθάληζε ΗΜΑ ησλ νπνίσλ ε εκθάληζε γίλεηαη πην 

έληνλε ζε ηζρπξόηεξα Eex. Από ηελ άιιε κεξηά γηα Τ<Tinf (~Tces) ζην PMN-0,31PT ε έληνλε επίδξαζε ησλ 
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δνκηθώλ αηειεηώλ δελ επηηξέπνπλ ηελ αλαδηάηαμε ησλ ΣΗ ηνκέσλ ιόγσ ηεο κηθξόηεξεο πξνζθεξόκελεο 

πόζνηεηαο ελέξγεηαο πνπ δίλεηαη ζην ζύζηεκα, κε απνηέιεζκα λα κελ εκθαλίδνληαη ΗΜΑ ζε απηό ην 

ζεξκνθξαζηαθό παξάζπξν. Απηή ε έκκεζε ζύδεπμε κεηαμύ ΣΗ ηνκέσλ θαη ΣΜ ηνκέσλ έρεη αλαθεξζεί θαη ζε 

άιια καγλεην-ειεθηξηθά ζπζηήκαηα ζηε βηβιηνγξαθία 
[18,19]

. 

 Σπλδπάδνληαο ηα απνηειέζκαηα πνπ πξνθύπηνπλ από ηε κειέηε θαη ησλ δύν ηερλεηώλ δνκώλ (δείγκα 

#1 θαη δείγκα #2) κπνξεί λα επηβεβαησζεί όηη ε παύζε ησλ ΗΜΑ ζηε Tinf~170 K ζην δείγκα #2 ηαπηίδεηαη κε 

ηελ Tch=150 K ηνπο δείγκαηνο #1. Λακβάλνληαο ππόςε όηη θαη νη δύν ηερλεηέο δνκέο απνηεινύληαη από 

πκέληα Co πάρνπο 30 nm αιιά από ΠΗ ππνζηξώκαηα δηαθνξεηηθήο ζηνηρεηνκεηξίαο όπνπ εθαξκόδνληαη Eex 

δηαθνξεηηθήο έληαζεο, κπνξεί εύθνια θαλείο λα ηζρπξηζηεί όηη απηέο νη δύν ζεξκνθξαζίεο ηαπηίδνληαη. Απηή 

ε ζεώξεζε εξκελεύεη ηα απνηειέζκαηα θαη ησλ δύν δεηγκάησλ. Εηδηθόηεξα, όηαλ Τ>Tces≈Tch ε ζεξκηθή 

δηαηαξαρή ππεξληθά όιεο ηηο ππόινηπεο θιίκαθεο ελέξγεηαο κε απνηέιεζκα ην HC θαη ην msat λα παξακέλνπλ 

ακεηάβιεηα θαηά ηελ εθαξκνγή Eex. Αληίζεηα, όηαλ Τ<Tces≈Tch ε έληνλε ζπλεηζθνξά ησλ δνκηθώλ 

δηαηαξαρώλ έλαληη ησλ ζεξκηθώλ δελ επηηξέπεη ηελ εύθνιε θίλεζε ησλ ΣΜ ηνκέσλ κε απνηέιεζκα ηελ 

έληνλε ηξνπνπνίεζε ησλ HC θαη msat θαηά ηελ εθαξκνγή Eex. Τέινο, ζεκεηώλεηαη όηη απηή ε εξκελεία ησλ 

απνηειεζκάησλ ηαηξηάδεη απόιπηα κε ηηο κειέηεο πνπ απνδίδνπλ ηε κείσζε ηεο πηεδνειεθηξηθήο ηθαλόηεηαο 

ησλ θξπζηάιισλ PMN-xPT ζε θξπνγεληθέο ζπλζήθεο ζε δηαδηθαζίεο δηειεθηξηθήο ραιάξσζε 
[16,17]

. 
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Κεθάλαιο 5 

Χαρακηηριζμός ηων ηετνηηών δομών Nb/PMN-xPT/Nb 

΢ε απηό ην θεθάιαην παξνπζηάδνληαη ηα πεηξακαηηθά απνηειέζκαηα ηνπ ραξαθηεξηζκνύ ησλ ηερλεηώλ 

δνκώλ Nb/PMN-xPT/Nb. Σν θεθάιαην απηό μεθηλάεη κε ην δνκηθό, κνξθνινγηθό θαη πηεδνειεθηξηθό 

ραξαθηεξηζκό ησλ PMN-xPT δεηγκάησλ, αθνινπζεί ν δνκηθόο θαη ππεξαγώγηκνο ραξαθηεξηζκόο ησλ ιεπηώλ 

πκεληώλ Nb πνπ έρνπλ ελαπνηεζεί ζε ππνζηξώκαηα αλαθνξάο Si θαη νινθιεξώλεηαη κε ηνλ ππεξαγώγηκν 

ραξαθηεξηζκό ησλ Nb/PMN-xPT/Nb. 

5.1 Χαρακηηριζμός ηων δειγμάηων PMN-xPT 

΢ηελ παξνύζα δηδαθηνξηθή δηαηξηβή ηα δείγκαηα PMN-xPT έρνπλ ρξεζηκνπνηεζεί σο ΠΗ ππνζηξώκαηα κε 

δηαζηάζεηο 6x5x(0,5-0,8) mm
3
. Σα ΠΗ ππνζηξώκαηα PMN-xPT ηαμηλνκoύληαη ζε δύν θαηεγνξίεο ζε ζρέζε 

κε ηηο πηεδνειεθηξηθέο ηνπο ηδηόηεηεο πνπ νξίδνληαη από ηε ζηνηρεηκεηξία x. Η πξώηε θαηεγνξία απνηειείηαη 

από δείγκαηα PMN-xPT κε x=0,31 (πνπ ζα αλαθέξνληαη σο PMN-0,31PT) θαη ε δεύηεξε από δείγκαηα 

PMN-xPT κε x=0,27 (πνπ ζα αλαθέξνληαη σο PMN-0,27PT). Γλσξίδνπκε όηη ε ζηνηρεηνκέηξηα x πξνδηνξίδεη 

ηε ζέζε ησλ δεηγκάησλ PMN-xPT ζην δηάγξακκα θάζεο σο πξνο ην Μ΢Φ όπνπ παξαηεξείηαη ε βέιηηζηε 

πηεδνειεθηξηθή ζπκπεξηθνξά. Έηζη, ηα δείγκαηα PMN-0,31PT πνπ βξίζθνληαη εληόο ηνπ Μ΢Φ εκθαλίδνπλ 

βέιηηζηεο ΠΗ ηδηόηεηεο, ελώ ηα δείγκαηα PMN-0,27PT πνπ βξίζθνληαη εθηόο ηνπ Μ΢Φ ραξαθηεξίδνληαη από 

ππνβαζκηζκέλεο ΠΗ ηδηόηεηεο. Δθηόο ηεο θαηεγνξνπνίεζεο ησλ δεηγκάησλ κε βάζε ηηο ΠΗ ηδηόηεηεο ηνπο, 

δύν λέεο ππνθαηεγνξίεο πξνθύπηνπλ αλαθνξηθά κε ηελ επηθαλεηαθή ηνπο ηξαρύηεηα (Sa) θαζώο θάπνηα από 

απηά ππνβιήζεζαλ ζε ιεηάλζε ηεο επηθαλεηάο ηνπο ελώ ηα ππόινηπα δελ ππνβιήζεζαλ ζε ιείαλζε, όπσο ζα 

πεξηγξαθεί ζηε ζπλέρεηα. ΢πκπεξηιακβάλνληαο ηελ Sa σο κηα επηπιένλ πεηξακαηηθή παξάκεηξν ε ηειηθή 

ηαμηλόκεζε ησλ δεηγκάησλ είλαη ε εμήο: (α) PMN-0,31PT πςειώλ ΠΗ ζπληειεζηώλ κε επηθάλεηεο πνπ (α.i) 

έρνπλ ππνβιεζεί ζε ήπηα ιείαλζε (α.ii) δελ έρνπλ ππνβιεζεί ζε ιείαλζε θαη (β) PMN-0,27PT ρακειώλ ΠΗ 

ζπληειεζηώλ κε επηθάλεηεο πνπ έρνπλ ππνζηεί ήπηα ιείαλζε. 

 Γηα ην δνκηθό ραξαθηεξηζκό ησλ δεηγκάησλ PMN-xPT έγηλαλ κεηξήζεηο ΠΑΥ ζε ζεξκνθξαζία 

δσκαηίνπ θαη ζην εύξνο γσληώλ από 15
ν
 έσο 85

ν
 κε βήκα 0,03

ν
. ΢ηελ εηθόλα (5.1.α) παξνπζηάδνληαη 

κεηξήζεηο ΠΑΥ γηα δύν αληηπξνζσπεπηηθά δείγκαηα PMN-xPT, έλα κε x=0,31 (κπιε γξακκή) θαη έλα κε 

x=0,27 (θόθθηλε γξακκή). Όπσο γίλεηαη θαλεξό από ηελ εηθόλα (5.1.α), ηα δύν δείγκαηα έρνπλ θνπεί θαηα 

κήθνο δηαθνξεηηθνύ θξπζηαιινγξαθηθνύ πξνζαλαηνιηζκνύ. ΢πγθεθξηκέλα, ην δείγκα PMN-0,31PT έρεη 

θνπεί θαηά κήθνο ηεο θξπζηαιηθήο δηεύζπλζεο [110], ελώ αληίζηνηρα ην δείγκα PMN-0,27PT θαηά κήθνο ηεο 

[001] δηεύζπλζεο. ΢ε θάζε πεξίπησζε, εθηόο ησλ θύξησλ θξπζηαιιηθώλ δηεπζύλζεσλ πνπ είλαη παξάιιειεο 

πξνο ηε θύξηα θξπζηαιινγξαθηθή δηεύζπλζε, εκθαλίδνληαη θάπνηεο δεπηεξνγελείο θνξπθέο. Απηέο νη 

δεπηεξνγελείο θνξπθέο γηα ην δείγκα PMN-0,31PT έρνπλ ηαπηνπνηεζεί σο νη θνξπθέο (001), (002), (120), 

(121) ελώ γηα ην δείγκα PMN-0,27PT έρνπλ ηαπηνπνηεζεί σο νη θνξπθέο (110), (220).  

 Όπσο αλαθέξζεθε θαη πξνεγνπκέλσο, ηα δείγκαηα PMN-0,31PT έρνπλ ρσξηζηεί ζε δύν 

ππνθαηεγνξίεο ζε ζρέζε κε ηελ επηθαλεηαθή ηνπο ηξαρύηεηα, Sa. ΢πγθεθξηκέλα, όια ηα PMN-xPT δείγκαηα 

εκθαλίδνπλ πςειέο ηηκέο Sa ζηελ παξζέλα ηνπο θαηάζηαζε θαη γηα απηό ην ιόγν θάπνηα από απηά 

ππεβιήζεζαλ ζε επηθαλεηαθή ιείαλζε πξνθεηκέλνπ λα κεησζεί ε Sa. Γηα ηε ιείαλζε ησλ επηθαλεηώλ 

ρξεζηκνπνηήζεθε έλα ραξηί silicon-carbide Ρ2500. Παξαηεξήζεθε όηη κεηά από 10 ιεπηά ιείαλζεο ε 

επηθαλεηαθή ηξαρύηεηα κεηώλεηαη ζεκαληηθά. Ο κνξθνινγηθόο ραξαθηεξηζκόο ησλ δεηγκάησλ έγηλε κε 

κεηξήζεηο ΜΑΓ, όπνπ πιήζνο εηθόλσλ ειήθζεθε από δηάθνξεο πεξηνρέο ηεο επηθάλεηαο ησλ δεηγκάησλ 

πξνθεηκέλνπ λα εθηηκεζεί κηα κέζε ηηκή ηεο Sa γηα θάζε δείγκα. ΢ηηο εηθόλεο (5.1.β.i-ii) παξνπζηάδνληαη 
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αληηπξνζσπεπηηθέο εηθόλεο ΜΑΓ κηαο πεξηνρήο ζάξσζεο 15x15 κm
2
 γηα έλα δείγκα PMN-0,31PT πνπ δελ 

έρεη ππνζηεί ιείαλζε θαη γηα έλα δείγκα PMN-0,31PT πνπ έρεη ππνζηεί ιείαλζε, αληίζηνηρα. Οη κέζεο ηηκέο 

ηεο Sa (<Sa>) είλαη 291±74 nm γηα ην κε-ιεηαζκέλν θαη 44±16 nm γηα ην ιεηαζκέλν PMN-0,31PT δείγκα. 

 Μεηά ην δνκηθό θαη κνξθνιηθό ραξαθηεξηζκό ησλ δεηγκάησλ PMN-xPT, ηδηαίηεξε έκθαζε δόζεθε 

ζηνλ πηεδνειεθηξηθό ραξαθηεξηζκό ηνπο. ΢ηα πιαίζηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο αλαπηύρζεθε κηα 

λέα κέζνδνο γηα ηνλ πηεδνειεθηξηθό ραξαθηεξηζκό (βιέπε 3
ν
 Κεθαιαίν), ε νπνία βαζίδεηαη ζηε ηνπηθή 

παξαηήξεζε ηεο παξάκνξθσζεο ηνπ ΠΗ ππνζηξώκαηνο κέζσ ελόο ζπκβαηηθνύ νπηηθνύ κηθξνζθνπίνπ (ΟΜ) 

κε ηελ εθαξκνγή εμσηεξηθή ηάζε (Vex). Υξεζηκνπνηώληαο απηή ηε κέζνδν, ραξαθηεξίζηεθαλ πηεδνειεθηξηθά 

ηα δείγκαηα PMN-0,31PT θαη PMN-0,27PT. 

 Πξηλ παξνπζηαζηνύλ ηα απνηειέζκαηα ηνπ πηεδνειεθηξηθνύ ραξαθηεξηζκνύ, πεξηγξάθεηαη ε 

δηαδηθαζία ιήςεο ησλ κεηξήζεσλ θαζώο θαη ε επεμεξγαζία απηώλ πξνθεηκέλνπ λα κπνξεί θάπνηνο λα 

θαηαζθεπάζεη ηε θακπύιε κεραληθήο ηάζεο σο ζπλάξηεζε ηνπ εμσηεξηθά εθαξκνδόκελνπ ειεθηξηθνύ 

πεδίνπ (Δex,z), S(Δex,z). Καζώο ε κέζνδνο πνπ ρξεζηκνπνηείηαη είλαη κηα ηνπηθή κέζνδνο, δόζεθε ζεκαζία 

ζηελ θαηάιιειε επηινγή πεξηνρώλ εζηίαζεο κε ην ΟΜ πάλσ ζηελ επηθάλεηα ησλ δεηγκάησλ PMN-xPT, νη 

νπνίεο όηαλ ζπλδπαζηνύλ θαηάιιεια κπνξνύλ λα απνδώζνπλ ηε ζπλνιηθή επαγόκελε παξακόξθσζε. Γηα ηε 

ζπγθεθξηκέλε πεξίπησζε όπνπ ηα δείγκαηα PMN-xPT είλαη νξζνγώληα, νη πεξηνρέο εζηίαζεο κε ην ΟΜ ζα 

πξέπεη λα βξίζθνληαη πάλσ ζηνπο ιεγόκελνπο ζπκκεηξηθνύο άμνλεο (΢Αο) ηεο κεραληθήο ηάζεο, δειαδή 

θαηά κήθνο ησλ κεζνθαζέησλ ησλ πιεπξώλ θαη κε θαηεύζπλζε πξνο ηα έμσ (βιέπε 3
ν
 Κεθάιαην). Δπηπιεόλ, 

γηα λα εμαζθαιηζηεί ε αμηνπηζηία ησλ κεηξήζεσλ ζα πξέπεη εθ ησλ πξνηεξώλ λα ηθαλνπνηείηαη κία βαζηθή 

ζπλζήθε. Απηή ε ζπλζήθε είλαη ε ζσζηή επζπγξάκκηζε ηνπ δείγκαηνο σο πξνο ην νπηηθό πιαίζην ηνπ ΟΜ. 

Γηα απηό ην ιόγν, πξηλ ηελ έλαξμε ησλ κεηξήζεσλ ζαξώλεηαη κηα πιεπξά ηνπ δείγκαηνο κε ηε βνήζεηα ελόο 

κηθξνκεηξηθνύ θνριία. Οπνηαδήπνηε απόθιηζε ηεο πιεπξάο από κηα λνεηή επζεία δηνξζώλεηαη κε ηε 

θαηάιιειε πεξηζηξνθή ηεο ηξάπεδαο ηνπ ΟΜ. Μηα άιιε παξάκεηξνο πνπ δε ζα πξέπεη λα αγλνεζεί ώζηε λα 

εμαζθαιηζηεί ε αμηνπηζηία ησλ κεηξήζεσλ είλαη ην εύξνο ηεο πεξηνρήο εζηίαζεο ηνπ ΟΜ ζε ζρέζε κε ην 

κέγεζνο ηεο επαγόκελεο κεραληθήο ηάζεο. ΢πγθεθξηκέλα, ν θαθόο πνπ ρξεζηκνπνηείηαη έρεη κεγέζπλζε x10, 

Εικόνα 5.1: (a) Μεηξήζεηο ΠΑΦ ζε ζεξκνθξαζία δσκαηίνπ γηα έλα δείγκα PMN-0,31PT (κπιέ γξακκή) θαη γηα έλα δείγκα 

PMN-0,27PT (θόθθηλε γξακκή). (β) Εηθόλεο ΜΑΔ κηαο πεξηνρήο ζάξσζεο 15x15 κm
2
 ελόο δείγκαηνο PMN-0,31PT (i) πνπ 

δελ έρεη ππνζηεί ιείαλζε θαη (ii) πνπ έρεη ππνζηεί ιείαλζε. Σε θάζε εηθόλα ζεκεηώλεηαη θαη ε ππνινγηδόκελε ηηκή ηεο 

επηθαλεηαθήο ηξαρύηεηαο από ην πξόγξακκα επεμεξγαζίαο εηθόλσλ NOVA. 
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δειαδή απνηππώλεη κηα πεξηνρή 300x230 κm
2
 ηεο επηθάλεηαο. Απηή ε πεξηνρή είλαη αξθεηά κεγάιε γηα λα 

απεηθνλίζεη ηελ επαγόκελε κεραληθή παξακόξθσζε ησλ δεηγκάησλ PMN-xPT αλ αλαινγηζηεί θαλείο όηη ε 

κέγηζηε παξακόξθσζε πνπ κπνξεί λα επηηεπρζεί από δείγκαηα PMN-xPT δελ μεπεξλάεη ηα 10 κm. Γηα απηό 

ην ιόγν, εζηηάδεηαη κηα ππν-πεξηνρή ηεο ιεθζήζαο εηθόλαο, ώζηε λα κπνξεί λα απεηθνληζηεη άκεζα ε 

επαγόκελε κεραληθή παξακόξθσζε θαηά ηελ εθαξκνγή Δex,z. Γηα λα πνζνηηθνπνηεζεί ε κεραληθή 

παξακόξθσζε πξέπεη λα ρξεζηκνπνηεζεί θαηάιιειε θιίκαθα κήθνπο ώζηε όιεο νη απνζηάζεηο/κεηαηνπίζεηο 

λα είλαη θαλνληθνπνηεκέλεο. Η θαλνληθνπνίεζε απηή επηηπγράλεηαη κέζσ ελόο πξόηππνπ δείγκαηνο κε 

γλσζηή πεξηνδηθή επηθαλεηαθή δνκή (TGZ3, NT-MDT Co, Moscow, Russia) ην νπνίν ηνπνζεηείηαη ζην ΟΜ 

θαη ιακβάλεηαη κηα εηθόλα ηνπ. Η εηθόλα ηνπ πξόηππνπ δείγκαηνο εζηηάδεηαη θαηάιιεια ώζηε λα κπνξεί λα 

ζπγθξηζεί άκεζα κε ηηο εηθόλεο αληίζηνηρεο εζηίαζεο ησλ PMN-xPT. 

 Η εθαξκνγή ειεθηξηθήο ηάζεο (Vex πνπ ηζνδπλακή κε εθαξκνγή ειεθηξηθνύ πεδίνπ Δex,z) ζε έλα 

δείγκα PMN-xPT πξνθαιεί ηε καθξνζθνπηθή κεραληθή παξακόξθσζή ηνπ, ιόγσ ηνπ αλάζηξνθνπ ΠΗ 

θαηλνκέλνπ. Γηα λα θαηαγξαθεί απηή ε παξακόξθσζε επηιέγεηαη έλα ραξαθηεξηζηηθό ζεκείν (Υ΢) ζηηο 

εζηηαζκέλεο εηθόλεο (ζπλήζσο επηιέγεηαη έλα θσηεηλό ζεκείν ζε απηέο) θαη κειεηάηαη ε κεηαηόπηζή ηνπ Γlx 

(θαη/ή Γly) θαηά κήθνο ηνπ άμνλα-x (άμνλα-y) θαηά γηα ηηο δηάθνξεο ηηκέο Vex. Έλα ηππηθό παξάδεηγκα απηήο 

ηεο δηαδηθαζίαο θαίλεηαη ζηηο εηθόλεο (5.2.α) θαη (5.2.β.i-ii). Πην ζπγθεθξηκέλα, ε εηθόλα (5.2.α) δίλεη κηα 

ζρεκαηηθή αλαπαξάζηαζε ηνπ δείγκαηνο όπνπ κε γθξί ρξώκα ζεκεηώλεηαη ε πεξηνρή εζηίαζεο θαηά κήθνο 

ηνπ ΢Αx, ελώ ηα καύξα βέιε δείρλνπλ ηε δηεύζπλζε κηαο εθειθπζηηθήο (Sx(+)) ή ζπκπηεζηηθήο (Sx(-)) 

κεραληθήο ηάζεο ηνπ δείγκαηνο. Οη εηθόλεο (5.2.β.i-ii) δείρλνπλ δύν εζηηαζκέλεο εηθόλεο ηνπ ΟΜ πνπ 

ειήθζεζαλ ζε Vex=0 θαη +400 Volts, αληίζηνηρα όπνπ παξαηεξείηαη κηα ζπκπηεζηηθή κεραληθή ηάζε ηεο 

ηάμεο ησλ 3 κm. Σνλίδεηαη όηη νη θόθθηλνη θύθινη έρνπλ ηνπνζεηεζεί ώζηε λα δείμνπλ ην Υ΢ πνπ 

ρξεζηκνπνηήζεθε γηα λα απνδώζεη ηε κεραληθή παξακόξθσζε. 

 Αθνινπζώληαο ηελ παξαπάλσ δηαδηθαζία θαη κε θαηάιιειε επηινγή δηαθξηηώλ βεκάησλ Vex, 

θαηαζθεπάδεηαη ζηαδηαθά ε θακπύιε S(Eex,z) γηα ηα δείγκαηα PMN-xPT. Γηα ηελ θακπύιε S(Eex,z) 

απαηηνύληαη δύν κεηαηξνπέο κεγέζνπο, ηεο κεραληθήο ηάζεο Γli (όπνπ i=x ή y) ζε όξνπο ηεο αδηάζηαηαηεο 

Εικόνα 5.2: (α) Σρεκαηηθή αλαπάξαζηαζε ηνπ δείγκαηνο PMN-0,31PT, όπνπ ε πεξηνρή κειέηεο από ην ΟΜ ζεκεηώλεηαη 

κε ηε γθξίδα πεξηνρή θαη βξίζθεηαη θαηά κήθνο ηνπ ΣΑx (καύξε δηαθεθθνκέλε γξακκή). Επεμεξγαζκέλεο εηθόλεο ΟΜ πνπ 

ειήθζεζαλ ζε (β.i) Vex=0 Volts θαη (β.ii) Vex=+400 Volts. Σε απηέο ηηο εηθόλεο απεηθνλίδεηαη κηα ζπκπηεζηηθή κεραληθήο 

ηάζεο ηεο ηάμεο ησλ 3 κm κέζσ ηεο κεηαηόπηζεο ελόο ΦΣ (θόθθηλνη θύθινη). 
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κεραληθήο ηάζεο Si θαη ηεο εθαξκνδόκελεο Vex ζε όξνπο ειεθηξηθνύ πεδίνπ Δex,z. Δπηπιένλ, δε ζα πξέπεη λα 

αγλνεζεί όηη απηή ε κέζνδνο είλαη ηνπηθή θαη γηα λα ραξαθηεξηζηεί ζπλνιηθά ην θάζε δείγκα απαηηείηαη λα 

ιεθζνύλ πεξηζζόηεξεο από κία πεξηνρέο. ΢πγθεθξηκέλα, ιακβάλνληαη εηθόλεο ΟΜ ζε ηέζζεξηο πεξηνρέο ηνπ 

δείγκαηνο, κία ζε θάζε πιεπξά ηνπ δείγκαηνο (ζύκθσλα κε ηνπο ΢Αο ηνπ δείγκαηνο). Πξνζζέηνληαο ηηο ηηκέο 

ηνπ Si ζε θάζε Δex,z πνπ ειήθζεζαλ από ηηο απέλαληη πιεπξέο ηνπ ίδηνπ ΢Α πξνθύπηεη ε ζπλνιηθή 

παξακόξθσζε ηνπ δείγκαηνο, Si,tot. Έρνληαο πεξηγξάςεη ηε κέζνδν πνπ ρξεζηκνπνηείηαη γηα ηελ πνζνηηθή 

εθηίκεζε ηεο κεραληθήο ηάζεο, ε παξάγξαθνο ζπλερίδεη κε ηελ παξνπζίαζε ησλ απνηειεζκάησλ γηα δύν 

αληηπξνζσπεπηηθά δείγκαηα, ην PMN-0,31PT θαη ην PMN-0,27PT. 

 Η εηθόλα (5.3.α) αλαπαξηζηά ζρεκαηηθά ηηο δύν πεξηνρέο εζηίαζεο (γθξί πεξηνρέο) θαηά κήθνο ηνπ 

΢Αx πνπ ρξεζηκνπνηήζεθαλ γηα ηνλ πηεδνειεθηξηθό ραξαθηεξηζκό ησλ δεηγκάησλ. Λόγσ ηεο νκνηόηεηαο ησλ 

απνηειεζκάησλ πνπ ειήθζεζαλ θαηά κήθνο ησλ ΢Αx θαη ΢Αy εδώ παξνπζηάδνληαη κόλν ηα πξώηα γηα ιόγνπο 

απιόηεηαο ηεο παξνπζίαζεο. Οη εηθόλεο (5.3.β-γ) δείρλνπλ ηηο θακπύιεο Sx,tot σο ζπλάξηεζε ηνπ 

εθαξκνδόκελνπ Δex,z ζε έλα δείγκα PMN-0,31PT θαη ζε έλα δείγκα PMN-0,27PT. Οη θακπύιεο απηέο είλαη ε 

κέζε ηηκή ηξηώλ Υ΢ θάζε πεξηνρήο. Όπσο θαίλεηαη ζηηο εηθόλεο (5.3.β-γ) ηα δύν δείγκαηα παξνπζηάδνπλ 

ζεκαληηθέο δηαθνξέο κεηαμύ ηνπο. ΢πγθεθξηκέλα, ην δείγκα PMN-0,31PT παξνπζηάδεη κηθξό ζπλεθηηθό 

πεδίν ΔCx=2,0 kV/cm θαη πςειέο ηηκέο ηεο επαγόκελεο κεραληθήο ηάζεο (κε κέγηζηε κέζε ηηκή πεξίπνπ ίζε 

κε 0,11 %), ελώ ην PMN-0,27PT έρεη κεγαιύηεξν ζπλεθηηθό πεδίν ΔCx=4,6 kV/cm θαη ρακειόηεξεο ηηκέο ηεο 

επαγόκελεο κεραληθήο ηάζεο (κε κέγηζηε κέζε ηηκή πεξίπνπ ίζε κε 0,06 %). Η δηαθνξά ηνπ κεγέζνπο ηεο 

επαγόκελεο κεραληθήο ηάζεο κεηαμύ ησλ δεηγκάησλ PMN-0,31PT θαη PMN-0,27PT είλαη αλακελόκελε θαη 

νθείιεηαη ζηε ζηνηρεηνκεηξεία ηνπο x. Σν PMN-0,31PT βξίζθεηαη εληόο ηνπ Μ΢Φ θαη εκθαλίδεη βέιηηζηε 

ειεθηξνκεραληθή ηθαλόηεηα, ελώ ην PMN-0,27PT βξίζθεηαη εθηόο ηνπ Μ΢Φ κε απνηέιεζκα ηελ 

πεξηνξηζκέλε ειεθηξνκεραληθήο ηνπ ηθαλόηεηαο. Η θιίζε ησλ επζύγξακκσλ ηκεκάησλ (δηαθεθνκκέλεο 

καύξεο γξακκέο ζηηο εηθόλεο (5.3.β-γ)) γηα ΔCx<Δex,z<Δmax αληηζηνηρεί ζηελ ηηκή ηνπ εγθάξζηνπ 

πηεδνειεθηξηθνύ ζπληειεζηή dzx. Οη κέζεο ηηκέο (<dzx,tot>) ησλ ζπληειεζηώλ απηώλ είλαη 1645 θαη 1685 pm/V 
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Εικόνα 5.3: (a) Σρεκαηηθή αλαπαξάζηαζε ηεο επηθάλεηαο ελόο ΠΗ δείγκαηνο όπνπ νη δύν πεξηνρέο πνπ βξίζθνληαη θαηά 

κήθνο ηνπ ΣΑx (ζεκεηώλεηαη σο καύξεο-δηαθεθθνκκέλεο πεξηνρέο) ππνδειώλνπλ ηηο πεξηνρέο εζηίαζεο κε ην ΟΜ. (β) Τα 

πεηξακαηηθά απνηειέζκαηα ηνπ πηεδνειεθηξηθνύ ραξαθηεξηζκνύ δίλνληαη μερσξηζηά γηα (β.i) έλα δείγκα PMN-0,31PT θαη 

γηα (β.ii) έλα δείγκα PMN-0,27PT. Γηα ιόγνπο άκεζεο ζύγθξηζεο ησλ απνηειεζκάησλ νη θακπύιεο Sx,tot(Eex,z) θαη ησλ δύν 

δεηγκάησλ παξνπζηάδνληαη ζηελ ίδηα θιίκαθα. 
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γηα ην PMN-0,31PT θαη ην PMN-0,27PT, αληίζηνηρα. ΢ηε ζπγθεθξηκέλε πεξίπησζε νη ηηκέο ησλ 

ζπληειεζηώλ (<dzx,tot>) δελ κπνξνύλ λα ρξεζηκνπνηεζνύλ γηα ηε δηάθξηζε ησλ δεηγκάησλ σο πξνο ηελ 

πηεδνειεθηξηθήο ηνπο ηθαλόηεηα. Απηό νθείιεηαη ζηνλ ηξόπν ππνινγηζκνύ ησλ ζπληειεζηώλ <dzx,tot> θαζώο 

απηνί δελ εμαξηώληαη κόλν από ην κέγεζνο ηεο επαγόκελεο κεραληθήο ηάζεο αιιά θαη από ηελ ηηκή ηνπ 

ζπλεθηηθνύ ειεθηξηθνύ πεδίν ECx (θάζεηα βέιε ζηηο εηθόλεο (5.3.β-γ)). ΢πγθεθξηκέλα, ην ECx ιακβάλεη 

πςειόηεξεο ηηκέο ζην δείγκα PMN-0,27PT κε απνηέιεζκα ην ηκήκα ηεο θακπύιεο Sx,tot(Eex,z) πνπ 

ρξεζηκνπνηείηαη γηα ηνλ ππνινγηζκό ησλ ζπληειεζηώλ dzx,tot λα είλαη κηθξόηεξν θαη ε θιίζε ηνπ λα 

ππεξεθηηκά ηελ πηεδνειεθηξηθή ηθαλόηεηα ηνπ δείγκαηνο. 

 Ο αζθαιέζηεξνο ηξόπνο γηα λα επαιεζεπηεί ε θαηαγεγξακκέλε πηεδνειεθηξηθή ζπκπεξηθνξά ησλ 

δεηγκάησλ PMN-xPT είλαη λα ζπγθξηζνύλ ηα απνηειέζκαηα απηήο ηεο ηνπηθήο κεζόδνπ κε ηα απνηέιεζκαηα 

κηαο άιιεο ηερληθή πνπ ρξεζηκνπνηείηαη επξέσο γηα ηνλ πηεδνειεθηξηθό ραξαθηεξηζκό. Η ηερληθή απηή είλαη 

ε γξακκηθά κεηαβαιιόκελε δηαθνξηθή ηερληθή θαη είλαη κηα νγθηθή ηερληθή θαζώο εθηηκά ηε ζπλνιηθή 

επαγόκελε παξακόξθσζε θαηά κήθνο ελόο καθξνζθνπηθνύ άμνλα ηνπ δείγκαηνο PMN-xPT ππό ηελ 

εθαξκνγή Δex,z. Οη εηθόλεο (5.4.α-β) απεηθνλίδνπλ ηηο θακπύιεο Sx,tot(Eex,z) πνπ ειήθζεζαλ θαη από ηηο δύν 

ηερληθέο γηα έλα δείγκα PMN-0,31PT θαη έλα PMN-0,27PT, αληίζηνηρα. Όπσο θαίλεηαη ζηηο εηθόλεο (5.4.α-β) 

παξόιν πνπ ε ηάμε κεγέζνπο ηεο επαγόκελεο κεραληθήο ηάζεο είλαη ίδηα κεηαμύ ησλ δύν ηερληθώλ, νη 

θακπύιεο Sx,tot(Eex,z) πνπ ειήθζεζαλ από απηέο ηηο ηερληθέο παξνπζηάδνπλ ζεκαληηθή δηαθνξά. Η δηαθνξά 

απηή νθείιεηαη θαηά θύξην ιόγν ζηνλ ηξόπν κέηξεζεο ηεο κεραληθήο ηάζεο, αιιά θαη ζην γεγνλόο όηη ηα 

δείγκαηα PMN-xPT εκθαλίδνπλ ζπλήζσο ζηνηρεηνκεηξηθέο αλνκνηνγέλεηεο θαηά ηόπνπο 
[1,2]

. ΢πγθεθξηκέλα, ε 

θαζνιηθή ηερληθή θαηαγξάθεη ηε κέζε πηεδνειεθηξηθή δξαζηεξηόηεηα ησλ δεηγκάησλ θαηά κήθνο όιεο ηνπο 

ηεο επηθάλεηαο κε απνηέιεζκα ηηο νκαιέο θακπύιεο Sx,tot(Eex,z). Αληίζεηα, ε ηνπηθή ηερληθή θαηαγξάθεη ηελ 

πηεδνειεθηξηθή δξαζηεξηόηεηα κηαο ζπγθεθξηκέλεο πεξηνρήο ηεο επηθάλεηαο ηνπ δείγκαηνο θάζε θνξά, κε 

απνηέιεζκα λα εκθαλίδνληαη απόηνκεο αιιαγέο ζηελ θιίζε ησλ θακππιώλ Sx,tot(Eex,z). Απηέο νη αιιαγέο 

εκθαλίδνληαη ζηελ πεξηνρή κηθξώλ ειεθηξηθώλ πεδίσλ (κέρξη ηα 2 kV/cm γηα ην PMN-0,31PT θαη ηα 4,6 

kV/cm γηα ην PMN-0,27PT) όπνπ ε εθαξκνγή Eex,z κπνξεί λα πξνθαιέζεη ηε κεηάβαζε θάζεο από 

ξνκβνεδξηθή ζε νξζνξνκβηθή κε απνηέιεζκα λα αιιάδεη θαη ην κέγεζνο ηεο επαγόκελεο κεραληθήο ηάζεο. 

΢ηελ πεξηνρή κεγάισλ ειεθηξηθώλ πεδίσλ νη δηαθνξέο ηεο θαηαγεγξακκέλεο κεραληθήο ηάζεο κεηαμύ ησλ 

δύν ηερληθώλ εμνκαιύλνληαη θηάλνληαο ζε κία δηαθνξά ηεο ηάμεο ηνπ 30 % γηα ην δείγκα PMN-0,31PT θαη 

ζε κεδεληθή δηαθνξά γηα ην δείγκα PMN-0,27PT. 

Εικόνα 5.4: Σύγθξηζε ησλ θακππιώλ Sx,tot(Eex,z) θαηά κήθνο ηνπ θιάδνπ αύμεζεο ηνπ Eex,z πνπ ειήθζεζαλ από κηα ηνπνηθή 

(ζπκπαγή ζύκβνια) θαη από κηα θαζνιηθή (αλνηθηά ζύκβνια) ηερληθή κέηξεζεο γηα δύν αληηπξνζσπεπηηθά δείγκαηα έλα 

(a)PMN-0,31PT θαη έλα (β) PMN-0,27PT. Τν έλζεην ηεο εηθόλαο (β) εζηηάδεη ζηελ πεξηνρή ηηκώλ ηνπ Eex,z όπνπ ηα 

απνηειέζκαηα ησλ δύν ηερληθώλ ζπγθιίλνπλ. 
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5.2 Χαρακηηριζμός ηων λεπηών σμενίων Nb 

Σν Νηόβην (Nb) έρεη απνηειέζεη αληηθείκελν έξεπλαο ζε πιήζνο κειεηώλ ζην πεδίν ηεο ππεξαγσγηκόηεηαο 

ιεπηώλ πκεληώλ δεδνκέλνπ όηη θαηέρεη ηελ πςειόηεξε TC κεηαμύ ησλ κεηαιιηθώλ ΤΑ ρακειήο-TC. Η 

εξεπλεηηθή καο νκάδα έρεη κειεηήζεη ζπζηεκαηηθά ηηο ππεξαγώγηκεο ηδηόηεηεο ιεπηώλ πκεληώλ Nb σο 

κεκνλσκέλν ζηνηρείν 
[3,4]

 ή σο έλα ελδηάκεζν πκέλην ζε ηξηζηξσκαηηθέο λαλνδνκέο πνπ απνηεινύληαη από 

άιια δύν ΢Μ πκέληα 
[5-9]

. ΢ηελ παξνύζα δηδαθηνξηθή δηαηξηβή, ην Nb ρξεζηκνπνηείηαη σο ην ΤΑ ζπζηαηηθό 

ζε κηα λέα θαηεγνξηά ηερλεηώλ δνκώλ πνπ απνηεινύληαη από δύν ιεπηά πκέληα Nb ελαπνηεζεκέλα ζηηο 

ειεύζεξεο επηθάλεηεο ελόο ΠΗ ππνζηξώκαηνο (PMN-xPT). Όπσο αλαθέξζεθε ζηελ παξάγξαθν 5.1, κεξηθά 

από ηα ΠΗ ππνζηξώκαηα PMN-xPT παξέκεηλαλ ζηελ παξζέλα ηνπο θαηάζηαζε (δειαδή ρσξίο λα ππνζηνύλ 

ιείαλζε) εκθαλίδνληαο πνιύ πςειέο ηηκέο επηθαλεηαθήο ηξαρύηεηαο, Sa. Γηα ην ιόγν απηό θξίλεηαη ζθόπηκν 

λα κειεηεζνύλ αλαιπηηθά νη ππεξαγώγηκεο ηδηόηεηεο ησλ ιεπηώλ πκελίσλ Nb όηαλ εμαηξνύληαη παξάκεηξνη 

ηνπ ππνζηξώκαηνο πνπ δύλαηαη λα επηθέξνπλ ζεκαληηθέο αιιαγέο ζε απηέο, όπσο είλαη ε πςειή επηθαλεηαθή 

ηξαρύηεηα ησλ ππνζηξσκάησλ PMN-xPT. Γηα απηό ην ιόγν πξαγκαηνπνηήζεθαλ δηεξεπλεηηθέο ελαπνζέζεηο 

ιεπηώλ πκελίσλ Nb ζε ππνζηξώκαηα Si (Si/Nb(dNb)). Οη δνκέο Si/Nb(dNb) απνηεινύλ έλα θαηάιιειν 

ζύζηεκα γηα ηε ζεσξεηηθή δηεξεύλεζε ησλ πεηξακαηηθώλ απνηειεζκάησλ θαη σο εθ ηνύηνπ ηεο εθηίκεζεο 

ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο ζε πκέληα Nb. 

 Γηα λα εμαζθαιηζηεί ε βειηηζηνπνίεζε ησλ ππεξαγώγηκσλ ηδηνηήησλ ησλ πκεληώλ Nb δόζεθε 

ηδηαίηεξε πξνζνρή ζηελ πξνεηνηκαζία ηνπο. ΢πγθεθξηκέλα, ε εθαξκνγή ζπγθεθξηκέλνπ πξσηνθόιινπ 

ελαπνζεζέσλ πνπ βαζίδεηαη ζε 3-ώξεο πξν-ελαπόζεζεηο Nb κε ηαπηόρξνλε εμσηεξηθή ςύμε ηνπ ζαιάκνπ κε 

ρξήζε θξπνπαγίδαο αδώηνπ εμαζθαιίδεη ηε παξαζθεπή πκελίσλ Nb πςειήο ππεξαγώγηκεο πνηόηεηαο. 

Πεξηζζόηεξεο ιεπηνκέξεηεο επί απηνύ ηνπ ζέκαηνο δίλνληαη ζηελ παξάγξαθν 5.2 ηνπ αγγιηθνύ θεηκέλνπ. 

Δμαζθαιίδνληαο ηηο βέιηηζηεο ζπλζήθεο ελαπόζεζεο Nb, παξαζθεπάζηεθε κηα αλαιπηηθή ζεηξά δεηγκάησλ 

Si/Nb(dNb) κε κεηαβαιιόκελν πάρνο dNb από 3 έσο 100 nm. 

 Ξεθηλώληαο κε ηνλ θξπζηαιινγξαθηθό ραξαθηεξηζκό ησλ ιεπηώλ πκελίσλ Nb έγηλαλ κεηξήζεηο 

ΠΑΥ ζην εύξνο γσληώλ κεηαμύ 30
ν
 θαη 90

ν
 κε βήκα 2ζ ίζν κε 0,03

ν
. Η εηθόλα (5.5.α) παξνπζηάδεη 

αληηπξνζσπεπηηθά απνηειέζκαηα ησλ κεηξήζεσλ ΠΑΥ γηα ιεπηά πκέληα κε dNb πνπ κεηαβάιιεηαη κεηαμύ 10 

θαη 100 nm. ΢ε όιεο ηηο κεηξήζεηο ε θνξπθή ζηηο 68,9
ν
 αλήθεη ζην ππόζηξσκα Si, ελώ ε θύξηα θνξπθή ησλ 

ιεπηώλ πκεληώλ Nb βξίζθεηαη ζηηο 38,32
ν
 θαη ηαπηνπνηείηαη σο ε θνξπθή (110) κηαο ηππηθήο 

ρσξνθεληξσκέλεο θπβηθήο δνκήο. Η αύμεζε ηνπ dNb πάλσ από ηα 40 nm ζπλνδεύεηαη από ηελ πξννδεπηηθή 

Εικόνα 5.5: (a) Μεηξήζεηο ΠΑΦ γηα δνκέο Si/Nb(dNb). Η θαηαθόξπθε κεηαηόπηζε ησλ γξαθεκάησλ επηηξέπεη ηελ άκεζε 

ζύγθξηζε ησλ κεηξήζεσλ ΠΑΦ ζε ζρέζε κε ην dNb, ην νπνίν κεηαβάιιεη κεηαμύ 10 θαη 100 nm. (β) Ο ιόγνο ηεο ζρεηηθήο 

έληαζεο ηεο θνξπθήο (110)ηνπ Nb σο ζπλάξηεζε ηνπ dNb. Η θόθθηλε γξακκή ηνπνζεηείηαη σο νδεγόο γηα ην κάηη. 
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εκθάληζε ηεο θνξπθήο (220) ζηηο 81,7
ν
. Δπηπιένλ ε απμεκέλε πνζόηεηα Νb ζηα παρύηεξα πκέληα 

εθδειώλεηαη κε ηελ απμεκέλε ηεο έληαζεο ηεο θύξηαο θνξπθήο (110). Απηό γίλεηαη θαλεξό ζηελ εηθόλα 

(5.5.β) όπνπ ν ιόγνο INb
(110)

/ISi
(100)

 δίλεηαη σο ζπλάξηεζε ηνπ dNb. Ο ιόγνο INb
(110)

/ISi
(100)

 εμαζθαιίδεη ηελ 

θαλνληθνπνίεζε ησλ εληάζεσλ ηεο θύξηαο θνξπθήο (110) ηνπ Nb γηα ηα δηάθνξα πάρνη dNb. Aμίδεη λα 

ζεκεησζεί όηη ζηηο κεηξήζεηο ΠΑΥ ηνπ ιεπηόηεξνπ πκελίνπ Nb dNb=10 nm δελ παξαηήξεζεθαλ άιιεο θάζεηο 

ηνπ Nb ή νμείδηα ηνπ Nb. Ωζηόζν είλαη ινγηθό λα ζεσξήζεη θαλείο όηη έλα πνιύ ιεπηό ζηξώκα (πεξίπνπ 2 

nm) άκνξθνπ νμεηδίνπ ζρεκαηίδεηαη ζηελ εμσηεξηθή επηθάλεηα ησλ πκελίσλ Nb όηαλ απηά εθηείζσληαη ζε 

πεξηβαιινληηθέο ζπλζήθεο, ην όπνην ιόγσ ηεο κηθξήο ηνπ πνζόηεηαο δε κπνξεί λα αληρλεπηεί από ηηο 

ζπγθεθξηκέλεο κεηξήζεηο ΠΑΥ. 

 ΢πλερίδνληαο κε ηελ επίδξαζε ηνπ κεγέζνπο (size effect) ησλ πκεληώλ Nb ζηελ TC, ε εηθόλα (5.6.α) 

ζπλνςίδεη ηηο πεηξακαηηθέο ηηκέο ηεο TC πνπ πξνζδηνξίζηεθαλ καγλεηηθά από ηζνπεδηαθέο θακπύιεο m(T), 

σο ζπλάξηεζε ηνπ πάρνπο dNb ησλ πκελίσλ. Όπσο θαίλεηαη ζηελ εηθόλα (5.6.α) ε κείσζε ηνπ dNb νδεγεί ζε 

ζηαδηαθή κείσζε ηεο TC, ε νπνία γίλεηαη πην απόηνκε όηαλ ην πάρνο dNb κεηώλεηαη θάησ από ηα 20 nm 

θαηαιήγνληαο ζε θαηαζηξνθή ηεο ππεξαγσγηκόηεηαο ζε πκέληα κε πάρνο dcrit≈2 nm, όπσο θαίλεηαη ζην 

έλζεην ηεο εηθόλαο (5.6.α). Γηα ηελ εξκελεία απηώλ ησλ απνηειέζκαησλ έρνπλ πξνηαζεί δηάθνξα ζεσξεηηθά 

κνληέια ζηε δηεζλή αξζξνγξαθία πνπ απνδίδνπλ ηε θαηαζηξνθή ηεο ππεξαγσγηκόηεηαο ζηα ιεπηόηεξα 

πκέληα ιόγσ ηεο έληνλεο επίδξαζεο θπζηθώλ κεραληζκώλ όπσο είλαη ε αύμεζε ηεο δνκηθήο δηαηαξαρήο 

(disorder) 
[10,11]

, ε ηξνπνίεζε ηεο παξακέηξνπ ηάμεο ηεο ππεξαγσγηκόηεηαο (order parameter) 
[12]

 θαη ηέινο ε 

έληνλε επίδξαζε ηνπ θαηλνκέλνπ γεηηλίαζεο (proximity effect) 
[13]

. Βξέζεθε ινηπόλ όηη ην θαηάιιειν 

ζεσξεηηθό κνληέιν γηα ηελ εξκελεία ησλ απνηειεζκάησλ είλαη απηό πνπ βαζίδεηαη ζηελ επίδξαζε ηνπ 

θαηλνκέλνπ γεηηλίαζεο. Σν κνληέιν απηό βαζίδεηαη ζε κηα ηξνπνπνηεκέλε έθθξαζε ηνπ κνληέινπ McMillan 

γηα ηελ TC θαη δίλεηαη από ηε ζρέζε, 

 
NM

C C0

Nb NM

2d
T =T exp

N(0)V d 2d

 
     

        (5.1) 

όπνπ TC0 είλαη ε ηηκή ηεο TC ηνπ αληίζηνηρνπ ηξηζδηάζηαηνπ πιηθνύ (TC0=9,2 Κ γηα ην Nb), ε κέζε 

ειεύζεξε δηαδξνκή ησλ ειεθηξνλίσλ, Ν(0)V ην δπλακηθό αιιειεπίδξαζεο ησλ ειεθηξνλίσλ ζηελ επηθάλεηα 

Fermi θαη dNM ην πάρνο ηνπ ζρεκαηηδόκελνπ ζηξώκαηνο ελόο θαλνληθνύ κεηάιινπ ζηελ ειεύζεξε επηθάλεηα 

ησλ πκελίσλ. ΢ύκθσλα κε απηό ην κνληέιν, ε κείσζε ηεο TC απνδίδεηαη ζην θαηλόκελν γεηηλίαζεο ην νπνίν 

επηδξά νινέλα θαη πεξηζζόηεξν θαζώο ην dNb κεηώλεηαη. Βέβαηα ην θαηλόκελν γεηηλίαζεο απαηηεί ηελ 

παξνπζία κηαο δνκήο πνπ απνηειείηαη από έλα ΤΑ πκέλην πνπ βξίζθεηαη ζε επαθή κε έλα κε-ΤΑ πκέλην 

(όπσο είλαη έλα θαλνληθό κέηαιιν, KM). Παξόιν πνπ θαίλεηαη όηη απηό ην κνληειό δελ πεξηγξάθεη ηηο δνκέο 

Si/Nb(dNb), απνηειεί έλα ινγηθό κνληειό αλ ζθεθηεί θαλείο όηη όηαλ ηα πκέληα Nb εθηείζνληαη ζηελ 

αηκόζθαηξα ηόηε έλα ιεπηό ζηξώκα νμεηδίνπ ηνπ Νηνβίνπ (πνπ είλαη κε-ππεξαγώγηκν) ζρεκαηίδεηαη ζηελ 

ειεύζεξε επηθαλεηά ηνπο, ην νπνίν ζπκπεξηθέξεηαη σο ΚΜ. Σαπηόρξνλα, ζα πξέπεη λα ηνληζηεί όηη ηα 

ππνζηξώκαηα Si παξνπζηάδνπλ έλα ιεπηό ζηξώκα SiO2 πνπ έρεη ζρεκαηηζηεί ιόγσ ηεο έθζεζήο ηνπο ζηελ 

αηκόζθαηξα. Δπνκέλσο ζηε δηεπαθή Si/Nb άηνκα νμπγόλνπ κπνξνύλ λα δηεηζδύζνπλ ζηα πξώηα αηνκηθά 

επίπεδα ηνπ πκελίνπ Nb κε απνηέιεζκα ηελ νμείδσζή ηνπο. Άξα κεηαμύ ηνπ Si θαη ηνπ πκελίνπ Nb 

ζρεκαηίδεηαη έλα κε-ΤΑ πκέλην πνπ είλαη ΚΜ. ΢πλδπάδνληαο ηα δύν παξαπάλσ, κπνξεί θαλείο λα ηζρπξηζηεί 

όηη ε ελαπόζεζε Nb ζε Si κπνξεί λα ζεσξεζεί σο κηα δνκή Si/KM(dNM)/Nb(dNb)/KM(dNM), επηηξέπνληαο έηζη 

ηε ρξήζε ηεο ζρέζεο (5.1) γηα ηε πεξηγξαθή ησλ πεηξακαηηθώλ δεδνκέλσλ TC(dNb). ΢ηελ εηθόλα (5.6.α) ε 

κπιέ-γξακκή είλαη ην απνηέιεζκα ηεο ζεσξεηηθήο πξνζνκνηώζεο ησλ πεηξακαηηθώλ δεδνκέλσλ κε ην 

κνληέιν McMillan, ζρέζε (5.1). Από ηελ πξνέθηαζε ηεο ζεσξεηηθήο θακπύιεο ζε TC=0 K βξέζεθε όηη ην 

θξίζηκν πάρνο (dcrit) όπνπ θαηαζηξέθεηαη ε ππεξαγώγηκνηεηα είλαη πεξίπνπ ζηα 2 nm. 

 Οη δηεξεπλεηηθέο ελαπνζέζεηο Si/Nb(dNb) ρξεζηκνπνηήζεθαλ επίζεο γηα ηε κειέηε ηεο επίδξαζεο ηνπ 

πάρνπο dNb ζην ΗC2 (εηθόλα (5.6.β)). Γεδνκέλνπ όηη ηα ιεπηά πκέληα Nb ζπκπεξηθέξνληαη σο ΤΑ δεπηέξνπ 
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είδνπο, ε κείσζε ηεο TC κε ηελ αύμεζε ηνπ Hεμ απνηππώλεη ηε γξακκή ηνπ άλσ θξίζηκνπ πεδίνπ HC2(T). 

΢πιιέγνληαο δεδνκέλα από αλαιπηηθέο ηζνπεδηαθέο κεηξήζεηο m(T) γηα δηάθνξα Ηεμ θαηαγξάθνληαη νη 

HC2(T) γηα ηα δηάθνξα Si/Nb(dNb) πνπ παξνπζηάδνληαη ζην έλζεην ηεο εηθόλαο (5.6.β) (ηα ζύκβνια 

αληηπξνζσπεύνπλ ηα πεηξακαηηθά απνηειέζκαηα θαη νη δηαθεθνκκέλεο γξακκέο ηε ζεσξεηηθή πξνζαξκνγή 

ησλ απνηειεζκάησλ κε ηηο βαζηθέο ζρέζεηο ηεο ζεσξίαο πνπ πεξηγξάθνπλ ηε γξακκή HC2(T) ΤΑ δεπηέξνπ 

είδνπο). Παξαηεξείηαη όηη ε γξακκή HC2(T) απμάλεηαη ζε πςειόηεξα καγλεηηθά πεδία θαζώο ην dNb 

κεηώλεηαη. Από ηελ πξνέθηαζε ηεο ζεσξεηηθήο θακπύιεο HC2(T) ζε T=0 K ιακβάλεηαη ε ελδεηθηηθή ηηκή 

HC2(0). Η εμάξηεζε ηνπ HC2(0) από ην πάρνο dNb παξνπζηάδεηαη ζηελ εηθόλα (5.6.β). Η κνλόηνλε κείσζε ηνπ 

HC2(0) κε ηελ αύμεζε ηνπ dNb ππνθηλείηαη από ηελ αιιαγή ηεο δηαζηαηηθήο ζπκπεξηθνξάο ηνπ ΤΑ από 3Γ ζε 

2Γ θαζώο ην dNb κεηώλεηαη. Πεξηζζόηεξεο ιεπηνκέξεηεο ζρεηηθά κε ηνλ ππεξαγώγηκν ραξαθηεξηζκό ησλ 

Si/Nb(dNb) δίλνληαη ζηελ παξάγξαθν 5.2 ηνπ αγγιηθνύ θεηκέλνπ. 

5.3 Υπεραγώγιμος ταρακηηριζμός ηων ηετνηηών δομών Nb/PMN-xPT/Nb 

Μεηά ηε δηεμνδηθή κειέηε ησλ θπζηθώλ ηδηνηήησλ ησλ ΠΗ ππνζηξσκάησλ PMN-xPT θαη ησλ πκελίσλ Nb, 

ζεηξά έρεη ν ππεξαγώγηκνο ραξαθηεξηζκόο ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb πνπ απνηεινύλ ην 

αληηθείκελν κειέηεο απηήο ηεο δηδαθηνξηθήο δηαηξηβήο. ΢ηα πιαίζηα απηήο ηεο κειέηεο παξαζθεπάζηεθε κηα 

ζεηξά δεηγκάησλ Nb/PMN-xPT/Nb όπνπ κεηαβάιιεηαη ζπζηεκαηηθά ην πάρνο dNb, ελώ ηαπηόρξνλα 

ζπκπεξηιήθζεθε θαη ε παξακέηξνο ηεο κέζεο επηθαλεηαθήο ηξαρύηεηαο (<Sa>) ησλ ππνζηξσκάησλ PMN-

xPT. Γηα ιόγνπο ζύγθξηζεο θαη γηα λα εμαζθαιηζηνύλ ίδηεο ζπλζήθεο παξαζθεπήο ησλ ιεπηώλ πκελίσλ Nb, 

ζε θάζε ελαπόζεζε Nb έρνπλ ηνπνζεηεζεί ηξία ππνζηξώκαηα, έλα PMN-xPT πνπ έρεη ππνζηεί ιείαλζε, έλα 

PMN-xPT πνπ δελ έρεη ππνζηεί ιείαλζε θαη έλα ππόζηξσκα Si. Με απηό ηνλ ηξόπν δηεπθνιύλεηαη ε 

ζπγθξηηηθή κειέηε ησλ απνηειεζκάησλ ησλ ιεπηώλ πκελίσλ Nb κεηαμύ ππνζηξσκάησλ δηαθνξεηηθήο <Sa>. 

 ΢ηηο εηθόλεο (5.7.α-δ) παξνπζηάδεηαη ν ππεξαγώγηκνο ραξαθηεξηζκόο ησλ ηερληηώλ δνκώλ Nb/PMN-

xPT/Nb, ζηηο νπνίεο ηα ΠΗ ππνζηξώκαηα PMN-xPT έρνπλ δηαθνξεηηθή κέζε επηθαλεηαθή ηξαρύηεηα. 

Αλαιπηηθόηεξα, ε εηθόλα (5.7.α) δείρλεη ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο κεηαβνιήο ηεο TC γηα δηάθνξα 

Εικόνα 5.6: (α) Η επίδξαζε ηνπ κεγέζνπο ησλ πκελίσλ Nb (πνπ είλαη ην πάρνο dNb) ζηελ TC. Τα ζύκβνια απνηεινύλ ηα 

πεηξακαηηθά δεδνκέλα, ελώ ε κπιέ-γξακκή είλαη ην απνηέιεζκα ηεο ζεσξεηηθήο πξνζνκνηώζεο ησλ πεηξακαηηθώλ 

δεδνκέλσλ κε ην κνληέιν McMillan πνπ δίλεηαη από ηελ έθθξαζε (5.2). Τν έλζεην εζηηάδεη ζηελ πεξηνρή dNb≤20 nm όπνπ 

ε TC κεηώλεηαη απόηνκα κέρξη ηελ θαηαζηξνθή ηεο ΥΑο ζην θξίζηκν πάρνο ησλ 2 nm (dcrit~2 nm). (β) Η επίδξαζε ηνπ 

κεγέζνπο ησλ πκελίσλ Nb ζηηο ηηκέο ηνπ ΗC2(0). Σην έλζεην παξνπζηάδνληαη ζε θαλνληθνπνηεκέλε θιίκαθα ζεξκνθξαζηώλ 

ηα πεηξακαηηθά απνηειέζκαηα ηεο γξακκήο HC2(T) γηα δηάθνξα dNb (ζύκβνια) ζπλνδεπόκελα κε ηε ζεσξεηηθή πξνζαξκνγή 

ησλ απνηειεζκάησλ (δηαθεθνκκέλεο γξακκέο). 
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πάρε dNb ελαπνηεζεκέλα ζε ππνζηξώκαηα Si (πξάζζηλνη θύθινη), ζε ιεηαζκέλα PMN-xPT (θόθθηλνη ξόκβνη) 

θαη ζε κε-ιεηαζκέλα PMN-xPT (κπιε ηεηξάγσλα). Όπσο ήηαλ αλακελόκελν ε αύμεζε ηεο <Sa> επηδξά 

επηδήκηα ζηελ ππεξαγσγηκόηεηα ησλ πκελίσλ Nb. ΢πγθεθξηκέλα, ε ζηαδηαθή αύμεζε ηεο <Sa> νδεγεί ζε 

πξννδεπηηθή ππνβάζκηζε ησλ θακππιώλ TC(dNb) γηα ηα δηάθνξα ππνζηξώκαηα. Η ππνβάζκηζε απηή γίλεηαη 

θαλεξή ζηελ πεξηνρή ησλ ζρεηηθά κεγάισλ dNb, όπνπ νη θακπύιεο TC(dNb) είλαη ππνβαζηζκέλεο θαηά -0,7 Κ 

ηεο θακπύιεο TC(dNb) ησλ ππνζηξσκάησλ Si. Απηή ε ππνβάζκηζε έρεη σο απνηέιεζκα ην θξίζηκν πάρνο 

(dcrit) ην νπνίν ζεκαηνδνηεί ηελ θαηαζηξνθή ηεο ππεξαγσγηκόηεηαο λα κεηαβάιιεηαη από dcrit=2 nm ζηα 

ππνζηξώκαηα Si, ζε dcrit=4-6 nm ζηα ππνζηξώκαηα PMN-xPT (είηε είλαη ιεηαζκέλα είηε όρη), όπσο θαίλεηαη 

ζην έλζεην ηεο εηθόλαο (5.7.α). Σνλίδεηαη όηη ιόγσ ηεο δπζθνιίαο λα κνληεινπνηεζεί ε επίδξαζε ηεο <Sa> 

ζηελ TC θαη ηεο εηζαγσγήο ηεο ζηελ έθθξαζε ηεο TC(dNb) (ζρέζε 5.2) νη γξακκέο είλαη νδεγνί γηα ην κάηη θαη 

όρη ην απνηέιεζκα πξνζνκνίσζεο. Παξάιιεια κε ηελ ππνβάζκηζεο ηεο TC ιόγσ ηεο απμεκέλεο <Sa> 

παξαηεξήζεθε θαη ζεκαληηθή δηεύξπλζε ηεο ππεξαγώγηκεο κεηάβαζεο (ΓTC). Απηό θαίλεηαη πνηνηηθά ζηελ 

εηθόλα (5.7.β), όπνπ ε απόηνκε ππεξαγώγηκε κεηάβαζε ελόο πκελίνπ Nb κε dNb=20 nm ζηαδηαθά απμάλεηαη 

κε ηελ αληίζηνηρε αύμεζε ηνπ <Sa> ηνπ ππνζηξώκαηνο. Θεσξώληαο ηελ ΓTC σο έλα δείθηε ηεο πνηόηεηαο 
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Εικόνα 5.7: (α) Μεηαβνιή ηεο TC κε ην dNb γηα πκέληα Nb πνπ έρνπλ ελαπνηεζεί ζε ππνζηξώκαηα Si (πξάζζηλνη θύθινη), 

ιεηαζκέλα PMN-xPT (θόθθηλνη ξόκβνη) θαη κε-ιεηαζκέλα PMN-xPT (κπιε ηεηξάγσλα). Τν έλζεην εζηηάδεη ηελ πεξηνρή 

ησλ dNb όπνπ ε TC κεηώλεηαη απνηόκα κέρξη ην κεδεληζκό ηεο. (β) Ιζνπεδηαθέο θακπύιεο m(T) ζε πεδίν Hεμ=5 Oe ιεπηώλ 

πκελίσλ Nb κε dNb=20 nm πνπ δείρλνπλ ηελ αύμεζε ηεο ππεξαγώγηκεο κεηάβαζεο κε ηελ αύμεζε ηεο <Sa>. (γ) Μεηαβνιή 

ηεο γξακκήο HC2(T) γηα ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα κε dNb=15 nm (ζπκπαγή ζύκβνια) θαη 20 nm 

(αλνηθηά ζύκβνια) ελαπνηεζεκέλα ζε ππνζηξώκαηα Si (πξάζζηλνη θύθινη), ιεηαζκέλα ππνζηξώκαηα PMN-xPT (θόθθηλνη 

ξόκβνη) θαη κε-ιεηαζκέλα ππνζηξώκαηα PMN-xPT (κπιε ηεηξάγσλα). (δ) Σπγθεληξσηηθό δηάγξακκα ηεο επίδξαζεο ηεο 

<Sa> ζηηο ηηκέο ηνπ HC2(T=3 K) γηα ιεπηά πκέληα κε dNb=15 nm (ξνδ ζύκβνια) θαη 20 nm (πνξηνθαιί ζύκβνια). 
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ηνπ ΤΑ (κηθξή ΓTC πεξηγξάθεη ΤΑ πςειήο πνηόηεηαο), είλαη ινγηθό λα εμαρζεί ην ζπκπέξαζκα όηη ε αύμεζε 

ηνπ <Sa> κεηώλεη ηελ ππεξαγώγηκε πνηόηεηα ησλ ελαπνηεζεκέλσλ πκελίσλ. 

 ΢πλερίδoληαο κε ηνλ ππεξαγώγηκν ραξαθηεξηζκό ησλ πκελίσλ Nb θαηαγξάθεθε ε γξακκή ηνπ άλσ 

θξίζηκνπ πεδίνπ HC2(T) γηα πκέληα κε dNb=15 θαη 20 nm ελαπνηεζεκέλα ζηα ηξία δηαθνξεηηθά ππνζηξώκαηα. 

Σα απνηειέζκα ηνπ HC2(T) θαίλνληαη ζηελ εηθόλα (5.7.γ) όπνπ γηα ιόγνπο δηεπθόιπλζεο ηεο παξνπζίαζεο 

ησλ πεηξακαηηθώλ απνηειεζκάησλ απηά δίλνληαη ζε θαλνληθνπνηεκέλε θιίκαθα ζεξκνθξαζηώλ (Σ/TC). Όπσο 

γίλεηαη θαλεξό από ηελ εηθόλα (5.7.γ) γηα dNb=20 nm (αλνηθηά ζύκβνια) ε αύμεζε ηεο <Sa> ππνβαζκίδεη 

πξννδεπηηθά ηελ γξακκή HC2(T), ελώ ε ππνβάζκηζε απηή γίλεηαη πην έληνλε ζηελ πεξίπησζε ησλ 

ιεπηόηεξσλ πκελίσλ κε dNb=15 nm (ζπκπαγή ζύκβνια). Αληηζηνίρσο, κε ηελ πξνεγνύκελε αλάιπζε ηνπ 

TC(dNb) απνθεύρζεθε ε πξνζνκνίσζε ησλ απνηειεζκάησλ ηεο HC2(T) κε ηηο γλσζηέο εθθξάζεηο ηηο 

αξζξνγξαθίαο ιόγσ ηεο δπζθνιίαο ζηελ κνληεινπνίεζεο ηεο επηθαλεηαθήο ηξαρύηεηαο. Γηα απηό ην ιόγν, ε 

εηθόλα (5.7.δ) παξνπζηάδεη ηε δηαθύκαλζε ηεο ηηκήο ηνπ HC2 ζε ζεξκνθξαζία Σ=3 Κ (ζεξκνθξαζία πνπ 

πεξηθιείεηαη εληόο ησλ πεηξακαηηθώλ ζεκείσλ) ιόγσ ηεο επίδξαζεο ηεο <Sa>. Σνλίδεηαη όηη νη ηηκέο ηνπ 

<Sa> πνπ ρξεζηκνπνηνύληαη ζηνλ νξηδόληην άμνλα είλαη απηέο πνπ πξνέθπςαλ από κεηξήζεηο ΜΑΓ ζε 

πεξηνρέο ζάξσζεο 15x15 κm
2
 (αληηπξνζσπεπηηθέο εηθόλεο MAΓ δίλνληαη ζηηο εηθόλεο (5.1.β.i-ii)). Από ηα 

ζπγθεληξσηηθά απνηειέζκαηα ηεο εηθόλαο (5.7.δ) θαίλεηαη όηη ε επίδξαζε ηεο <Sa> ζηελ ηηκή ηεο HC2(T=3 

K) δηπιαζηάδεηαη ζε πκέληα κε dNb=15 nm ζε ζρέζε κε ηα πκέληα κε dNb=20 nm. 

 Γηα λα εξκελεπηεί ε επίδξαζε ηεο <Sa> ζηηο ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ Nb πξνηείλεηαη 

έλα κνληέιν ην νπνίν ιακβάλεη ππόςε θαηά πνηνηηθό ηξόπν ηελ επίδξαζε ησλ επηθαλεηαθώλ κνξθνινγηθώλ 

αλσκαιηώλ ησλ ππνζηξσκάησλ PMN-xPT. ΢πγθεθξηκέλα, ε πςειή επηθαλεηαθή ηξαρύηεηα έρεη ηηο εμήο 

ζπλέπεηεο: (i) ην πάρνο ηνπ ελαπνηεζεκέλνπ πκελίνπ Nb δελ είλαη νκνηόκνξθν ζε όιε ηελ επηθάλεηα ηνπ 

PMN-xPT ππνζηξώκαηνο θαη (ii) ην παξάιιειν εμσηεξηθό καγλεηηθό πεδίν δελ είλαη αηζζεηό σο παξάιιειν 

ζε ηνπηθό επίπεδν. Γηα λα γίλεη αληηιεπηό απηό ε εηθόλα (5.8) παξνπζηάδεη δύν εηθόλεο ΜΑΓ κηαο πεξηνρή 

ζάξσζεο 900x900 nm
2
 γηα έλα ιεηαζκέλν ππόζηξσκα PMN-xPT (εηθόλα (5.8.α.i)) θαη γηα έλα κε-ιεηαζκέλν 

ππόζηξσκα PMN-xPT (εηθόλα (5.8.β.i)). Η δεμηά ζηήιε ηεο εηθόλαο (5.8) αλαπαξηζηά πνζνηηθά ηε 

κνξθνινγία ησλ ππνζηξσκάησλ θαηα κήθνο ηνπ άμνλα-z όπσο απηή πξνθύπηεη από ηε καύξε γξακκή πνπ 

έρεη ηνπνζεηεζεί ζηηο εηθόλεο ΜΑΓ ηεο αξηζηεξήο ζηήιεο. Υξεζηκνπνηώληαο ηελ ίδηα θιίκαθα ύςνπο 

(άμνλαο-z ή νξηδόληηνο άμνλαο ζηηο (εηθόλεο (5.8.α-β.ii)) απνδίδεηαη ε επηθαλεηαθή κνξθνινγία ησλ 

ππνζηξσκάησλ πνπ έρνπλ ππνζηεί ιείαλζε (εηθόλεο (5.8.α.ii)) ή όρη (εηθόλεο (5.8.β.ii)). Η γθξίδα δώλε 

αλαπαξηζηά ην ελαπνηεζεκέλν ιεπηό πκέλην Nb (ελδεηθηηθά κε πάρνο dNb=20 nm). Από απηή ηε ζρεκαηηθή 

αλαπαξάζηαζε γίλεηαη θαλεξό όηη ην πάρνο ηνπ πκελίνπ δελ δηαηεξείηαη ζηαζεξό ζε όιε ηελ επηθάλεηα. 

΢πγθεθξηκέλα, ε νλνκαζηηθή ηηκή ηνπ πάρνπο ησλ πκελίσλ Nb (dnom) δηαηεξείηαη κόλν ζηελ πάλσ επηθάλεηα 

ησλ επηθαλεηαθώλ απιαθώζεσλ, ελώ ζηελ πεξηθέξεηα απηώλ ε ηηκή ηνπ πάρνπο είλαη κηθξόηεξε (deff). 

Γεσκεηξηθά κπνξεί εύθνια λα απνδεηρζεί όηη ε ζρέζε πνπ ζπλδέεη ην dnom κε ην deff, είλαη deff=dnom∙cosζ, 

όπνπ ε γσλία ζ κεηαμύ ηεο εθαπηόκελεο επζείαο ζε έλα ζεκείν κε ηελ παξάιιειε επζεία. Η γσλία ζ 

εμαξηάηαη από ηε επηθαλεηαθή κνξθνινγία, ε νπνία γηα ηελ πεξίπησζε ππνζηξσκάησλ Si είλαη 0, ελώ γηα ηελ 

πεξίπησζε ππνζηξσκάησλ PMN-xPT είλαη πεξίπνπ ίζε κε 35
ν
 γηα ιεηαζκέλα ππνζηξώκαηα θαη 70

ν
 γηα κε-

ιεηαζκέλα ππνζηξώκαηα. Απηή ε ηξνπνπνίεζε ηνπ πάρνπο επηβεβαηώλεη πνηνηηθά ηε ζπκπεξηθνξά ηεο 

TC(dNb) ηεο εηθόλαο (5.7.α) θαζώο ε αύμεζε ηεο επηθαλεηαθήο ηξαρύηεηαο κεηώλεη ην deff κε απνηέιεζκα λα 

θαηαζηξέθεηαη λσξίηεξα ε ππεξαγσγηκόηεηα ζηα πκέληα, δειαδή ζε παρύηεξα πκέληα Nb. Σαπηόρξνλα, ην 

εθαξκνδόκελν καγλεηηθό πεδίν (Ηex) ζηηο πεξηνρέο ησλ πκελίσλ Nb κε πάρνο deff δελ γίλεηαη αηζζεηό σο 

παξάιιειν, κε απνηέιεζκα ε ζπληζηώζα ηνπ Hex πνπ είλαη παξάιιειε ζε απηό λα είλαη Hpar<Hex θαη 

ζπγθεθξηκέλα Hpar=Hex∙cosζ, όπσο θαίλεηαη ζηηο εηθόλεο (5.8.α.ii) θαη (5.8.β.ii). Ο ζπλδπαζκόο ησλ λέσλ 

ηξνπνπνηεκέλσλ κεγεζώλ deff θαη Hpar δηθαηνινγεί ηελ ππνβάζκηζε ηεο γξακκήο HC2(T) κε ηελ αύμεζε ηεο 

<Sa>, όπσο παξνπζηηάζηεθε ζηηο εηθόλεο (5.7.γ-δ). 
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Εικόνα 5.8: (α.i)-(β.i) Δύν εηθόλεο ΜΑΔ κηαο πεξηνρήο 900x900 nm
2
 γηα έλα PMN-xPT πνπ έρεη ππνβιεζεί ζε ιείαλζε θαη 

γηα έλα πνπ δελ έρεη ππνβιεζεί ζε ιεηάλζε ησλ επηθαλεηώλ ηνπ, αληίζηνηρα. Σε θάζε εηθόλα ΜΑΔ ε καύξε γξακκή 

ππνδεηθλύεη κηα ζπγθεθξηκέλε γξακκή ζάξσζεο, ε νπνία απνηππώλεηαη ζην πςνκεηξηθό πξνθηι ησλ ππνζηξσκάησλ ζηηο 

εηθόλεο (α.ii)-(β.ii). Σηηο εηθόλεο (α.ii)-(β.ii) ε γθξίδα δώλε αληηπξνζσπεύεη έλα πκέλην Nb πάρνπο 20 nm πνπ έρεη 

ελαπνηεζεί ζηα δηάθνξα ππνζηξώκαηα. Τα καύξα δηπιά βέιε δείρλνπλ ην πάρνο ηνπ Nb ην νπνίν είλαη ίζν κε dnom πάλσ 

ζηελ επηθάλεηα ησλ επηθαλεηαθώλ απιαθώζεσλ θαη κε deff ζηελ πεξηθεξεηαθή επηθάλεηα απηώλ. Τα απιά καύξα βέιε 

δείρλνπλ ηε δηεύζπλζε ηνπ καγλεηηθνύ πεδίνπ Hex θαη ησλ ζπληζησζώλ ηνπ, Hnorm θαη Hpar. Γηα ιόγνπο ζύγθξηζεο νη εηθόλεο 

(a.ii) θαη (β.ii) παξνπζηάδνληαη ζηελ ίδηα θιίκαθα ηηκώλ ηνπ ύςνπο z πνπ είλαη ν νξηδόληηνο άμνλαο ησλ εηθόλσλ. 

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

8

9

10

11

d
nom

 

 PMN-xPT  

                        

H
ex

= H
par





d
eff

 £ d
nom

H
norm

H
par

H
ex

d
nom

d
nom

 

 






 

 y
 (

m
m

)

     z (nm)

Post

Si / Nb(20 nm)

(α.ii) (α.i) PMN-xPT κε 

ιεηαζκέλεο επηθάλεηεο 

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

8

9

10

11

d
eff

 < d
nom

d
nom





d
eff

 < d
nom

d
eff

 < d
nom

 

 PMN-xPT  

                                  

d
nom

 

 






 

 y
 (

m
m

)

     z (nm)

Pre

H
norm H

par

H
ex

(β.ii) (β.i) PMN-xPT κε κε-

ιεηαζκέλεο επηθάλεηεο 



- 37 - 

 

Κεθάλαιο 6 

Πιεζοηλεκηπική ηποποποίηζη ηων ςπεπαγώγιμων ιδιοηήηων ζε ηεσνηηέρ δομέρ 

Nb/PMN-xPT/Nb: θεωπηηική ανάλςζη 

Απηό ην θεθάιαην παξνπζηάδεη ηα ζεσξεηηθά κνληέια πνπ ρξεζηκνπνηνύληαη ζε απηή ηε δηδαθηνξηθή 

δηαηξηβή γηα ηε κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ησλ ππεξαγώγηκσλ ηδηνηήησλ (TC θαη JC) ζε 

ηερλεηέο δνκέο Nb/PMN-xPT/Nb. Σηόρνο ηεο ζεσξεηηθήο αλάιπζεο είλαη λα αλαδεηρζεί ε ηξνπνπνίεζε ησλ 

κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο πνπ εκπιέθνληαη ζε απηέο ηηο ηερλεηέο δνκέο, θαζώο 

επίζεο λα δνζνύλ νη θαηάιιειεο εθθξάζεηο ησλ TC θαη JC πνπ κπνξνύλ λα ρξεζηκνπνηεζνύλ γηα ηε 

ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ δεδνκέλσλ. Γηα λα γίλεη απηό πξνηείλεηαη έλα θαηλνκελνινγηθό 

κνληέιν ην νπνίν πεξηιακβάλεη ηα ηδηαίηεξα ραξαθηεξηζηηθά ησλ δνκηθώλ ζηνηρείσλ πνπ απαξηίδνπλ ηηο 

ηερλεηέο δνκέο. Ξεθηλώληαο από ηηο ζεσξεηηθέο εθθξάζεηο ηεο TC θαη ηεο JC γηα ηα ππεξαγώγηκα πκέληα Nb, 

πξνηείλνληαη θάπνηεο δνθηκαζηηθέο ζπλαξηήζεηο νη νπνίεο ελζσκαηώλνπλ ηελ παξάκεηξν ηεο κεραληθήο 

ηάζεο S ζε θαηάιιεινπο όξνπο ησλ εθθξάζεώλ ηνπο, δίλνληαο έηζη ηηο αληίζηνηρεο εθθξάζεηο TC(S) θαη 

JC(S). Σηε ζπλέρεηα, ζπλδπάδνληαο απηέο ηηο εθθξάζεηο κε ηελ εμίζσζε S(Eex), ε νπνία εθθξάδεη ηηο ειεθηξν-

κεραληθέο ηδηόηεηεο ησλ PMN-xPT, πξνθύπηνπλ νη ηειηθέο εθθξάζεηο ησλ TC(Eex) θαη JC(Eex). 

6.1 Πιεζοηλεκηπική ηποποποίηζη ηηρ κπίζιμηρ θεπμοκπαζίαρ–Φαινομενολογική πποζέγγιζη 

ηηρ έκθπαζηρ TC(Eex) 

Απηή ε παπξάγξαθνο πεξηγξάθεη ηε ζεσξεηηθή αλάιπζε ζρεηηθά κε ηελ πηεδνειεθηξηθή εμάξηεζε ηεο TC ζε 

ηερλεηέο δνκέο Nb/PMN-xPT/Nb. Η επηζπκεηή θαηλνκελνινγηθή πξνζέγγηζε ηεο έθθξαζεο TC(Eex) 

πξνθύπηεη από ηελ θαηάιιειε εηζαγσγή ηεο εμίζσζεο S(Eex) ζηηο κηθξνζνπηθέο παξακέηξνπο ηεο 

ππεξαγσγηκόηεηαο πνπ εζσθιείνληαη ζηελ έθθξαζε ηεο TC γηα ηα ππεξαγώγηκα πκέληα Nb. 

i. Εξάπηηζη ηων μικποζκοπικών παπαμέηπων από ηην μησανική ηάζη 

Πξνθεηκέλνπ λα πξνζδηνξηζηεί ε εμάξηεζε ηεο TC κε ηε κεραληθή ηάζε S, ζα πξέπεη θαλείο λα αλαινγηζηεί 

πσο νη κηθξνζθνπηθνί παξάκεηξνη ηεο ππεξαγσγηκόηεηαο ησλ πκελίσλ Nb εμαξηώληαη από απηή. Η έθθξαζε 

ηεο TC γηα ηα πκέληα Nb πνπ αλήθνπλ ηνπο ΥΑο ελδηάκεζεο ζύδεπμεο, δίλεηαη από ηελ έθθξαζε McMillan 
[1]

. 

H McMillan έθθξαζε ηεο TC κε kB=ћ=1 δίλεηαη σο εμήο, 

 

 
C ln *

1.04 1
T σ exp

1 0.62
a



  

 
   

   

 
 
 

       (6.1) 

όπνπ a είλαη κηα ζηαζεξά πνπ πξνέξρεηαη από ην ιόγν a=kB/(1.2·ћ) θαη εμππεξεηεί σο ζηαζεξά πξνζέγγηζεο 

πξνθεηκέλνπ λα αλαπαξάγνληαη νη ζσζηέο ηηκέο ηεο TC. Από ηελ έθθξαζε (6.1) γίλεηαη θαλεξό όηη ε TC 

εμαξηάηαη από ηε κέζε ζπρλόηεηα ησλ θσλνλίσλ σln (ζπληειεζηήο ηνπ εθζεηηθνύ ηεο έθθξαζεο (6.1)) θαη ην 

δπλακηθό αιιειεπίδξαζεο (εθζεηηθόο όξνο ηεο έθθξαζεο (6.1)) πνπ πεξηιακβάλεη ηελ αληίζεηε επίδξαζε ηνπ 

ειθηηθνύ δπλακηθνύ λ θαη ηνπ απσζηηθνύ δπλακηθνύ Coulomb μ
*
. Η ζπλάξηεζε TC(S) πξνθύπηεη από ηελ 

εμάξηεζε πνπ έρνπλ νη κηθξνζθνπηθνί παξάκεηξνη σln, λ θαη μ
*
 κε ηε κεραληθή ηάζε S. Γηα απηό ην ιόγν 

δόζεθε ηδηαίηεξε ζεκαζία λα βξεζνύλ νη θαηάιιειεο δνθηκαζηηθέο ζπλαξηήζεηο ησλ σln(S), λ(S) θαη μ
*
(S). 

 Ο ζπληειεζηήο σln ηεο έθθξαζεο (6.1) ζρεηίδεηαη άκεζα κε ηε ζεξκνθξαζία Debye (ΘD) θαη είλαη κηα 

παξάκεηξνο πνπ εμαξηάηαη από ην πιηθό (γηα ην Nb ΘD=275 K). Απηό ζεκαίλεη όηη ε ζπλάξηεζε σln(S) ζα 
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πξέπεη λα είλαη κηα νκαιή ζπλάξηεζε ηνπ S κε πεδίν ηηκώλ πνπ θπκαίλεηαη γύξσ από ηηο ηππηθέο ηηκέο ηνπ 

σln πνπ αληηζηνηρνύλ ζηελ ΘD ηνπ Nb. Σπλεπώο, νη θαηάιιειεο δνθηκαζηηθέο ζπλαξηήζεηο ηεο σln(S) ζα 

πξέπεη λα είλαη είηε γξακκηθέο, είηε ηεηξαγσληθέο ζπλαξηήζεηο ηνπ S θαη νη αληίζηνηρεο εθθξάζεηο είλαη, 

 ln ln,0 ln,1
σ S =σ +σ S  θαη   2

ln ln,0 ln,1 ln,2
σ S =σ +σ S+σ S       (6.2.α-β) 

όπνπ ην σln,0 αλαθέξεηαη ζηε κε-δηαηαξαγκέλε κέζε ζπρλόηεηα ησλ θσλνλίσλ (γηα S=0) θαη νη όξνη σln,1, 

σln,2 θαζνξίδνπλ ην κέγεζνο ηεο επαγόκελεο δηαηαξαρήο ζην θσλνληθό θιάδν ιόγσ ηεο παξακόξθσζεο ηνπ 

θξπζηαιιηθνύ πιέγκαηνο γηα απηό θαη ζα απνθαινύληαη σο ζπληειεζηέο δηαηαρήο. Τνλίδεηαη όηη νη 

ζπληειεζηέο δηαηαξαρήο σln,1 θαη σln,2 δελ έρνπλ θάπνηα ελδνγελή πξνδηάζεζε σο πξνο ηελ εμάξηεζή ηνπο κε 

ηε κεραληθή ηάζε S θαη έηζη ιακβάλεηαη ππόςηλ θάζε πηζαλή ηξνπνπνίεζε ησλ θσλνληθώλ θιάδσλ 
[2,3]

. Σηε 

ζπλέρεηα νη εθθξάζεηο (6.2.α-β) ζα αλαθέξνληαη σο ε γραμμική θαη ε τετραγωνική πεξίπησζε, αληίζηνηρα. 

 Ο εθζεηηθόο όξνο ηεο έθθξαζεο (6.1) πεξηιακβάλεη ηνπο όξνπο λ θαη μ
*
. Σηα πιαίζηα κειέηεο ησλ ΥΑ 

ελδηάκεζεο ζύδεπμεο απηνί νη όξνη κπνξνύλ λα ιακβάλνπλ ηηκέο εληόο ζπγθεθξηκέλσλ νξίσλ, 0,5<λ<2,0 θαη 

0,1<μ
*
<0,2 

[1,4-8]
, ελώ ε ππεξαγσγηκόηεηα θαηαζηξέθεηαη απόηνκα όηαλ απηά απνθιίλνπλ από ηα πεδία ηηκώλ 

ηνπο. Η ζπκβνιή ησλ λ θαη μ
*
 ζηηο ηηκέο ηεο TC είλαη εληνλόηεξε ηεο ζπκβνιήο ηνπ σln, θαζώο κηα κηθξή 

κεηαβνιή ηνπ θξπζηαιιηθνύ πιέγκαηνο ηνπ Nb ζα επεξεάζεη αξρηθά ην κεραληζκό δεκηνπξγίαο/θαηαζηξνγήο 

ησλ δεπγώλ Cooper θαη κεηέπεηηα ηε ζπρλόηεηα ησλ θσλνλίσλ. Επνκέλσο, είλαη ινγηθό λα ζεσξεζεί όηη ε 

εμάξηεζε ησλ λ θαη μ
*
 από ηε κεραληθή ηάζε S ζα πξέπεη λα δίλεηαη από εθζεηηθέο ζπλαξηήζεηο, θαζώο κηα 

κηθξή αιιαγή ζηηο ηηκέο ησλ λ θαη μ
*
 κπνξεί λα επηθέξεη απόηνκεο κεηαβνιέο ζηελ ηηκή ηεο TC. Ωζηόζν, ε 

επίδξαζε ηεο κεραληθήο ηάζεο ζην ειθηηθό δπλακηθό λ είλαη δηαθνξεηηθήο απηήο ηνπ απσζηηθνύ δπλακηθνύ 

μ
*
. Γηα παξάδεηγκα, όηαλ έλαο ΥΑ ππνβάιιεηαη ζε εθειθπζηηθή κεραληθή παξακόξθσζε (S>0) ην ειθηηθό 

δπλακηθό λ ζα πξέπεη λα εμαζζελεί, ελώ ην απσζηηθό δπλακηθό μ
*
 ζα πξέπεη λα απμάλεηαη. Γηα λα 

ζπκπεξηιεθζεί απηή ε ζπκπεξηθνξά ζηηο δνθηκαζηηθέο ζπλαξηήζεηο ησλ λ(S) θαη μ
*
(S), νη εθζεηηθνί 

ζπληειεζηέο έρνπλ αληίζεην πξόζεκν θαη νη εθθξάζεηο ηνπο δίλνληαη σο εμήο, 

   
0 1

S exp S       θαη    0 1

* * *
S exp S         (6.3.α-β) 

όπνπ νη όξνη λ0 θαη μ0
*
 αλαθέξνληαη ζην κε-δηαηαξαγκέλν ειθηηθό θαη απσζηηθό δπλακηθό (γηα S=0), ελώ νη 

εθζεηηθνί όξνη λ1 θαη μ1
*
 θαζνξίδνπλ ην κέγεζνο ηεο επαγόκελεο δηαηαξαρήο θαη ζα απνθαινύληαη σο 

ζπληειεζηέο δηαηαξαρήο. Οη ζπληειεζηέο δηαηαξαρήο λ1 θαη μ1
*
 ιακβάλνπλ ζεηηθέο ηηκέο πξνθεηκέλνπ λα 

ηθαλνπνηνύληαη νη θπζηθέο απαηηήζεηο ζρεηηθά κε ηε κεηαβνιή ησλ λ θαη μ
*
 σο πξνο ηε κεραληθή ηάζε S. 

Τέινο, εηζάγνληαο ηηο πξνηεηλόκελεο δνθηκαζηηθέο ζπλαξηήζεηο (σln(S), λ(S) θαη μ
*
(S)) ζηελ έθθξαζε (6.1) 

πξνθύπηεη ε επηζπκεηή ζπλάξηεζε TC(S), ε νπνία γηα ηε γραμμική θαη ηελ τετραγωνική είλαη, 

   
  

      
0 1

C ln,0 ln,1

0 1 0 1 0 1

* *

1.04 1 exp S
T S σ +σ S exp

exp S exp S 1 0.62 exp S
a

 

     

   
   

       

 
  

 
  (6.4.α) 

θαη 

   
  

      
2 0 1

C ln,0 ln,1 ln,2

0 1 0 1 0 1

* *

1 exp S
T S σ +σ S+σ S exp

exp S exp S 1 exp S

b
a

c

 

     

  
    

       

 
  

 
 (6.4.β) 

ii. Φαινομενολογική πποζέγγιζη ηηρ έκθπαζηρ TC(Eex) 

Γηα λα δηεπθνιπλζεί ε ζύγθξηζε ησλ πεηξακαηηθώλ δεδνκέλσλ ηεο TC σο πξνο ην Eex κε ην πξνηεηλόκελν 

κνληέιν ηεο TC(S), ζα πξέπεη ε κεραληθή ηάζε S λα αληηθαηαζηαζεί από ηελ πεηξακαηηθή παξάκεηξν ηνπ 

ειεθηξηθνύ πεδίν Eex. Γηα λα γίλεη απηό ζπλδύαδεηαη ε εμίζσζε S(Eex) κε ηηο ζπλαξηήζεηο TC(S) (εθθξάζεηο 

6.4.α-β). Η εμίζσζε S(Eex) κπνξεί λα είλαη είηε κηα γραμμική, είηε κηα τετραγωνική ζπλάξηεζε ηεο κεραληθήο 

ηάζεο S κε ην εθαξκνδόκελν πεδίν Eex (εθθξάζεηο (1.34) θαη (1.37) ηεο παξαγξάθνπ 1.2.iii ηνπ αγγιηθνύ 
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θεηκέλνπ). Ο ζπλδπαζκόο ησλ ζπλαξηήζεσλ T(S) κε ηηο εμηζώζεηο S(Eex) δίλεη ηέζζεξηο δηαθνξεηηθέο 

εθθξάζεηο γηα ηε ζπλάξηεζε TC(Eex), δεδνκέλνπ όηη ππάξρνπλ δύν δνθηκαζηηθέο ζπλαξηήζεηο σln(S) θαη δύν 

εμηζώζεηο S(Eex). Γηα λα δηαθξίλνληαη νη δηαθνξεηηθέο ζπλαξηήζεηο TC(Eex) θάζε κηα από απηέο θέξεη ην 

όλνκα ηεο ζπλάξηεζεο σln(S) (γραμμική ή τετραγωνική) θαη ηεο εμίζσζεο S(Eex) (γραμμική ή τετραγωνική) 

πνπ ρξεζηκνπνηήζεθε ζηελ ηειηθή έθθξαζε ηεο TC(Eex). Σπγθεθξηκέλα, ην ζύλζεην όλνκα ησλ εθθξάζεσλ 

ηεο TC(Eex) έρνπλ σο πξώην ζπζηαηηθό ην όλνκα ηεο σln(S) θαη σο δεύηεξν ζπζηαηηθό ην όλνκα ηεο S(Eex). 

Έηζη, ε έθθξαζε ηεο TC(Eex) γηα ηελ γραμμική–γραμμική πεξίπησζε είλαη, 

 

 

 

            (6.5.α) 

θαη γηα ηελ γραμμική–τετραγωνική πεξίπησζε είλαη, 

 

 

 

 

            (6.5.β) 

όπνπ ηα ηνλνύκελα κεγέζε είλαη σ
/
ln,0=σln,0+σln,1A0, λ

/
0=λ0·exp(-λ1Α0), μ

/
0
*
=μ0

*
·exp(μ1

*
A0), σ

/
ln,i=σln,iAi, 

λ
/
i=λ1Αi θαη μ

/
i
*
=μ1

*
Ai γηα i=1, 2. 

Η έθθξαζε ηεο TC(Eex) γηα ηελ τετραγωνική–γραμμική πεξίπησζε είλαη, 

            (6.5.γ) 

θαη γηα ηελ τετραγωνική–τετραγωνική πεξίπησζε είλαη, 

            (6.5.δ) 

όπνπ ηα ηνλνύκελα κεγέζε είλαη σ
/
ln,0=σln,0+σln,1A0+σln,2A0

2
, σ

/
ln,1=σln,1A1+σln,22A0A1, σ

/
ln,2=σln,1A2+ 

+σln,2A1
2
+σln,22A0A2, σ

/
ln,3=σln,22A0A1, σ

/
ln,4=σln,2A2

2
, λ

/
0=λ0·exp(-λ1Α0), λ

/
1=λ1Α1, λ

/
2=λ1Α2, μ

/
0
*
=μ0

*
· 

exp(μ1
*
A0), μ

/
1

*
=μ1

*
A1 θαη μ

/
2
*
=μ1

*
A2. 

6.2 Πιεζοηλεκηπική ηποποποίηζη ηηρ κπίζιμηρ πςκνόηηηαρ πεύμαηορ–Φαινομενολογική 

πποζέγγιζη ηηρέκθπαζηρ JC(Eex) 

Απηή ε παξάγξαθνο πεξηγξάθεη ην ζεσξεηηθό κνληέιν ζρεηηθά κε ηελ πηεδνειεθηξηθή εμάξηεζε ηεο JC ζηηο 

ηερλεηέο δνκέο Nb/PMN-xPT/Nb. Η θαηλνκελνινγηθή πξνζέγγηζε ηεο ζπλάξηεζεο JC(Eex) πξνθύπηεη από 

ηελ εηζαγσγή ησλ εμηζώζεσλ S(Eex) ζηε ζπλάξηεζε JC(S). Σεκεηώλεηαη όηη ε ζπλάξηεζε JC(S) πνπ 

   

  
      

C

0 1

*/ 2

2 ex

/ / / 2

ex ln,0 ln,1 ex ln,2 ex

/ / / 2

0 1 ex 2 ex

/ / / 2 */ */ / / / 2

0 1 ex 2 ex ex 0 1 ex 2 ex

T E σ +σ E +σ E

1.04 1 exp E E
exp

exp E E exp E 1 exp E EE

a

  

       

   

     


           



 
  

 

   
  

      
0 1

C

/ /

0 1 ex/ /

ln,0 ln,1 ex / / */ */ / /

0 1 ex ex 0 1 ex

ex

1.04 1 exp E
σ +σ E exp

exp E exp E 1 exp E
T E a

 

     

   
   

      




 
 
 

   

  

      
0 1

C

/ / / 2

ln,0 ln,1 ex ln,2 ex

/ / / 2

0 1 ex 2 ex

/ / / 2 */ */ */ 2 / / / 2

0 1 ex 2 ex ex 2 ex 0 1 ex 2 ex

ex σ +σ E +σ E

1.04 1 exp E E
exp

exp E E exp E 1 exp E E

T E

E

a

  

       

   

     


           




 

 
 
 

 

  
      

C

0 1

/ i

ln,i ex

*/ 2

2 ex

4
/

ex ln,0

i=1

/ / / 2

0 1 ex 2 ex

/ / / 2 */ */ / / / 2

0 1 ex 2 ex ex 0 1 ex 2 ex

T E σ

1.04 1 exp E E
exp

exp E E exp E 1 exp E E

σ E

E

a

  

       

  

     


           





 
 
 

 
  

 


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ρξεζηκνπνηείηαη εδώ βαζίδεηαη ζε κηα εκπεηξηθή έθθξαζε 
[9-13]

. Αγλνώληαο ηε ζπλαξηεζηαθή εμάξηεζε ηεο JC 

σο πξνο ηε ζεξκνθξαζία θαη ην καγλεηηθό πεδίν, ε ζπλάξηεζε JC(S) δίλεηαη σο εμήο, 

   C C0

n
u

C0J S =J 1-c S-S          (6.6) 

όπνπ SC0 είλαη ε αξρηθή ηηκή ηεο κεραληθήο ηάζεο ε νπνία όκσο δελ επηβάιιεηαη ζηα πκέληα Nb από ην 

πηεδνειεθηξηθό ππόζηξσκα PMN-xPT αιιά αληηπξνζσπεύεη κηα πξνϋπάξρνπζα ελδνγελή κεραληθή ηάζε 

ησλ πκελίσλ Nb. Ο όξνο c εθθξάδεη ηελ επαηζζεζία ηνπ JC σο πξνο ηε κεραληθή ηάζε, ελώ νη εθζέηεο όξνη u 

θαη n είλαη όξνη πξνζαξκνγήο θαη ιακβάλνπλ ηηο ηηκέο 2,2 θαη 1, αληίζηνηρα. Τέινο, ν ζπληειεζηήο JC0 

εθθξάδεη ηελ ηηκή ηεο θξίζηκεο ππθλόηεηαο ξεύκαηνο όηαλ S=SC0. Επηπιένλ, αθνύ ε ηηκή ηνπ JC0 είλαη ε 

κέγηζηε ηηκή ηεο JC, είλαη ινγηθό λα ζεσξεζεί όηη ε κεραληθή ηάζε κπνξεί λα επεξεάζεη θαη απηή ηελ ηηκή. 

Γηα ηελ εμάξηεζε ηνπ JC0 κε ην ειεθηξηθό πεδίν Eex πξνηείλεηαη ε παξαθάησ έθθξαζε, 

 C0 C0

2

ex C0
exJ E =J exp

E -E
0.5

w


  
     

        (6.7) 

Οη ηειηθέο εθθξάζεηο ηεο JC(Eex) δίλνληαη από ηελ ζπκπαγή έθθξαζε, 

   C C0

n
u2 m

/ / iex C0
ex 0 i ex

i=1

J E =J exp
E -E

0.5 1 c A A E
w


   

              
     (6.8) 

όπνπ A
/
0=A0–SC0, ελώ m είλαη 1 ή 2 ζρεηηθά κε ηελ ηάμε ηεο εμίζσζε S(Eex) πνπ ρξεζηκνπνηείηαη. 

 Τν πιενλέθηεκα ησλ θαηλνκελνινγηθώλ πξνζεγγίζεσλ TC(Eex) θαη JC(Eex) είλαη όηη ελζσκαηώλνληαη 

παξάκεηξνη πνπ πξνέξρνληαη από ηειείσο αλεμάξηεηα πεηξάκαηα, θαζώο επίζεο νη εθθξάζεηο ηνπο δίλνληαη 

ζε κηα κνξθή πνπ επηηξέπεη ηελ άκεζε εθαξκνγή ηνπο γηα ηελ πξνζέγγηζε ησλ αληίζηνηρσλ πεηξακαηηθώλ 

δεδνκέλσλ. Αλαθνξηθά κε ηε δηαδηθαζία πξνζέγγηζεο ησλ πεηξακαηηθώλ δεδνκέλσλ TC (ή JC) σο πξνο ην Eex, 

ζα πξέπεη λα ζεκεησζεί όηη αξρηθά ειήθζεζαλ νη πεηξακαηηθέο θακπύιεο ηεο κεραληθήο ηάζεο S-Eex από ηελ 

νγθηθή κέζνδν πηεδνειεθηξηθνύ ραξαθηεξηζκνύ (θαζώο επίζεο ε TC θαη ε JC πξνζδηνξίζηεθαλ από νγηθέο 

ηερληθέο καγλεηηθνύ ραξαθηεξηζκνύ) θαη ηα απνηειέζκαηα απηά πξνζεγγίζηεθαλ από ηηο ζεσξεηηθέο 

εμηζώζεηο S(Eex). Έηζη, νη εθθξάζεηο TC(Eex) θαη JC(Eex) πεξηγξάθνπλ ηα πεηξακαηηθά ζεκεία ππό ηελ 

ηαπηόρξνλε ηθαλνπνίεζε δύν ζεκαληηθώλ πεξηνξηζκώλ: ε κεηαβνιή ησλ ηηκώλ ησλ παξακέηξσλ ηεο 

ππεξαγσγηκόηεηαο πεξηνξίδεηαη εληόο ησλ αλακελόκελσλ νξίσλ ηνπο, ελώ ηαπηόρξνλα νη ηηκέο ηνπο θέξνπλ 

πιεξνθνξίεο ζρεηηθά κε ηελ ειεθηξν-κεραληθή ζπκπεξηθνξά ησλ πηεδνειεθηξηθώλ ππνζηξσκάησλ. 
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Κεθάιαην 7 

Πηεδνειεθηξηθή ηξνπνπνίεζε ηωλ ππεξαγώγηκωλ ηδηνηήηωλ ζε ηερλεηέο δνκέο 

Nb/PMN-xPT/Nb: πεηξακαηηθά απνηειέζκαηα 

Σε απηό ην θεθάιαην παξνπζηάδνληαη ηα πεηξακαηηθά απνηειέζκαηα ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ησλ 

ππεξαγώγηκσλ ηδηνηήησλ ησλ ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb. Σπγθεθξηκέλα, κειεηάηαη ε πηεδνειεθηξηθή 

ηξνπνπνίεζε ηεο TC θαη ηεο JC ησλ πκελίσλ Nb. Η ηξνπνπνίεζε απηώλ ησλ κεγεζώλ εθθξάδεηαη σο 

ζπλάξηεζε ηνπ εθαξκνδόκελνπ ειεθηξηθνύ πεδίνπ Eex ώζηε λα δηεπθνιύλεηαη όρη κόλν ε άκεζε ζύγθξηζε 

ησλ απνηειεζκάησλ κεηαμύ δηαθνξεηηθώλ ηερλεηώλ δνκώλ, αιιά θαη ε ζεσξεηηθή δηεξεύλεζε ησλ 

πεηξακαηηθώλ απνηειεζκάησλ κε ηα θαηλνκελνινγηθά κνληέια πνπ αλαθέξζεθαλ ζην Κεθάιαην 6. 

Αλαθνξηθά κε ηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC εμεηάδεηαη ε επίδξαζε δύν παξακέηξσλ. Η πξώηε 

παξάκεηξνο είλαη νη πηεδνειεθηξηθνί ζπληειεζηέο ηνπ ππνζηξώκαηνο PMN-xPT θαη ε δεύηεξε παξάκεηξνο 

είλαη ην πάρνο ησλ πκελίσλ Nb. Γηα ηε δηεξεύλεζε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο JC, κειεηήζεθαλ 

δύν ηερλεηέο δνκέο, νη νπνίεο εκθαλίδνπλ κηθξέο αιιάγεο ζηελ TC θαηά ηελ εθαξκνγή Eex. Τέινο, εμεηάδεηαη 

ε επίδξαζε ηεο επηθαλεηαθήο ηξαρύηεηαο ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC θαη ηεο JC 

ρξεζηκνπνηώληαο ππνζηξώκαηα PMN-xPT πνπ δελ έρνπλ ππνβιεζεί ζε ήπηα ιείαλζε ησλ επηθαλεηώλ ηνπο. 

7.1 Εμάξηεζε ηεο ηξνπνπνίεζεο ηεο θξίζηκεο ζεξκνθξαζίαο από ηνπο πηεδνειεθηξηθνύο ζπληειεζηέο 

Γηα λα κειεηεζεί ε εμάξηεζε ηεο ηξνπνπνίεζεο ηεο TC από ηνπο πηεδνειεθηξηθνύο ζπληειεζηέο 

θαηαζθεπάζηεθαλ δύν δηαθνξεηηθέο ηερλεηέο δνκέο κε ζηαζεξό ην πάρνο ησλ πκελίσλ Nb (dNb=15 nm θαη 20 

nm) θαη δηαθνξεηηθά πηεδνειεθηξηθά (ΠΗ) ππνζηξώκαηα PMN-xPT. Σπγθεθξηκέλα, ε πξώηε ηερλεηή δνκή 

απνηειείηαη από ΠΗ ππνζηξώκαηα PMN-0,31PT, ελώ ε δεύηεξε ηερλεηή δνκή απνηειείηαη από ΠΗ 

ππνζηξώκαηα PMN-0,27PT. Ο ραξαθηεξηζκόο απηώλ ησλ ΠΗ ππνζηξσκάησλ (βιέπε παξάγξαθνο 5.1) 

αλέδεημε ηε δηαθνξεηηθή ηνπο πηεδνειεθηξηθή ηθαλόηεηα, όπνπ ην PMN-0,31PT εκθαλίδεη πςειόηεξεο ηηκέο 

ηεο επαγόκελεο κεραληθήο ηάζεο (S) ζε ζρέζε κε ην PMN-0,27PT γηα ηα ίδηα εθαξκνδόκελα πεδία Eex. 

Σεκεηώλεηαη όηη ε ηηκή ηεο TC θαη ηεο πηεδνειεθηξηθήο ηεο ηξνπνπνίεζεο ζε θάζε ηερλεηή δνκή 

θαηαγξάθεηαη από αλαιπηηθέο ηζνπεδηαθέο καγλεηηθέο θακπύιεο m(T) γηα καγλεηηθά πεδία κηθξήο έληαζεο. 

 Ξεθηλώληαο κε ηελ πεξίπησζε ησλ πκελίσλ Nb πάρνπο dNb=15 nm, νη εηθόλεο (7.1.α.i-ii) ζπλνςίδνπλ 

ηα ζπγθεληξσηηθά πεηξακαηηθά απνηειέζκαηα ηεο TC σο πξνο ην Eex γηα ηηο ηερλεηέο δνκέο Nb(15 nm)/PMN-

0,31PT/Nb(15 nm) θαη Nb(15 nm)/PMN-0,27PT/Nb(15 nm), αληίζηνηρα. Σε θάζε ηερλεηή δνκή νη κεηξήζεηο 

ηεο TC ζε θάζε Eex έγηλαλ θαηά ην θιάδν ζέξκαλζεο (πνπ αλαθέξεηαη σο zero field cooling branch ή αιιηώο 

ZFC) θαη θαηά ην θιάδν ςύμεο (πνπ αλαθέξεηαη σο field cooling branch ή αιιηώο FC) παξνπζία καγλεηηθνύ 

πεδίνπ Η=5 Oe. Σπγθξίλνληαο ηνπο ίδηνπο θιάδνπο ησλ θακππιώλ m(T) κεηαμύ ησλ δύν ηερλεηώλ δνκώλ, 

γίλεηαη θαλεξό όηη ε κείσζε ηεο TC είλαη κεγαιύηεξε ζηελ ηερλεηή δνκή πνπ απνηειείηαη από ην PMN-

0,31PT. Αλαιπηηθόηεξα, ζηελ πεξίπησζε ηεο ηερλεηήο δνκήο πνπ απνηειείηαη από ην PMN-0,31PT (εηθόλα 

(7.1.α.i)) ε ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)≈+4,0 kV/cm είλαη 320 mK ζηνπο θιάδνπο 

ZFC θαη 380 mK ζηνπο θιάδνπο FC. Σηελ πεξίπησζε ηεο ηερλεηήο δνκήο πνπ απνηειείηαη από ην PMN-

0,27PT (εηθόλα (7.1.α.ii)) ε εθαξκνγή Eex(max)=+4,0 kV/cm πξνθαιεί κηθξόηεξε κείσζε ηεο TC, ε νπνία είλαη 

140 mK ζηνπο θιάδνπο ZFC and 80 mK ζηνπο θιάδνπο FC (ή 140 mK αλ θαλείο ιάβεη ππόςηλ ηνπ ηε κε-

κνλόηνλε κείσζε ηεο TC θαη εθηηκήζεη ηε κείσζε ηεο TC κεηαμύ ησλ πεδίσλ Eex=+1,0 kV/cm θαη 

Eex(max)=+4,0 kV/cm. 
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 Οη εηθόλεο (7.1.β.i-ii) παξνπζηάδνπλ ηα αληίζηνηρα ζπγθεληξσηηθά πεηξακαηηθά απνηειέζκαηα ηεο TC 

σο πξνο ην Eex γηα ηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb κε πάρνο dNb=20 nm, δειαδή γηα ηηο 

δνκέο Nb(20 nm)/PMN-0,31PT/Nb(20 nm) θαη Nb(20 nm)/PMN-0,27PT/Nb(20 nm). Σηελ πεξίπησζε ηεο 

ηερλεηήο δνκήο πνπ απνηειείηαη από ην PMN-0,31PT (εηθόλα (7.1.β.i)) ε ζπλνιηθή κείσζε ηεο TC θαηά ηελ 

εθαξκνγή Eex(max)=+5,0 kV/cm είλαη 180 mK ζηνπο θιάδνπο ZFC θαη 200 mK ζηνπο θιάδνπο FC. Σηελ 

πεξίπησζε ηεο ηερλεηήο δνκήο πνπ απνηειείηαη από ην PMN-0,27PT (εηθόλα (7.1.β.ii)) ε εθαξκνγή 

Eex(max)=+5,0 kV/cm πξνθαιεί θαηά δύν θνξέο κηθξόηεξε κείσζε ηεο TC, ε νπνία είλαη 80 mK ζηνπο θιάδνπο 

ZFC and 100 mK ζηνπο θιάδνπ FC. Τα πεηξακαηηθά δεδνκέλα όισλ ησλ ηερλεηώλ δνκώλ πνπ κειεηήζεθαλ 

έσο ηώξα απνδεηθλύνπλ όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC αθνινπζεί ηελ πηεδνειεθηξηθή ηθαλόηεηα 

ησλ ππνζηξσκάησλ PMN-xPT. Έηζη, ε βέιηηζηε πηεδνειεθηξηθή ηθαλόηεηα ησλ PMN-0,31PT έρεη σο 

απνηέιεζκα ηελ ηζρπξόηεξε ηξνπνπνίεζε ηεο TC γηα θάζε πάρνο ησλ πκελίσλ Nb ζε ζρέζε κε ηελ αληίζηνηρε 

ηξνπνπνίεζε πνπ πξνθαιείηαη από ηε ρξήζε ησλ PMN-0,27PT. 

 Σπλδπάδνληαο θαηάιιεια όια ηα παξαπάλσ πεηξακαηηθά δεδνκέλα κπνξεί λα αλαδεηρζεί ε επίδξαζε 

ηνπ πάρνπο ησλ πκελίσλ Nb ζηελ ηξνπνπνίεζε ηεο TC γηα θάζε πεξίπησζε ππνζηξώκαηνο. Βέβαηα, κηα 

(α) Nb(15 nm)/PMN-xPT/Nb(15 nm) 

(β) Nb(20 nm)/PMN-xPT/Nb(20 nm) 

Εηθόλα 7.1: Σπγθεληξσηηθά δηαγξάκκαηα ηεο ηξνπνπνίεζεο ηεο TC σο πξνο ην εθαξκνδόκελν πεδίν Eex ζε ηερλεηέο δνκέο 

πνπ απνηεινύληαη από πκέληα Nb κε πάρνο (α) dNb=15 nm θαη (β) dNb=20 nm. Η αξηζηεξή ζηήιε ησλ δηαγξακκάησλ (α.i), 

(β.i) αλαθέξεηαη ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από ΠΗ ππνζηξώκαηα PMN-0,31PT, ελώ ε δεμηά ζηήιε (α.ii), (β.ii) 

αλαθέξεηαη ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από ππνζηξώκαηα PMN-0,27PT. Σεκεηώλεηαη όηη ζε όια ηα δηαγξάκκαηα 

ηα ζπκπαγή κπιέ ζύκβνια αληηπξνζσπεύνπλ ηα πεηξακαηηθά δεδνκέλα πνπ ειήθζεζαλ από ηνπο θιάδνπο ZFC, ελώ ηα 

αλνηθηά θόθθηλα ζύκβνια από ηνπο θιάδνπο FC. Σε θάζε πεξίπησζε νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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ηέηνηα κειέηε απαηηεί ηελ θαλνληθνπνίεζε ησλ ηηκώλ ηεο TC, θαζώο πκέληα Nb δηαθνξεηηθνύ πάρνπο έρνπλ 

δηαθνξεηηθέο ηηκέο ηεο TC. Γηα λα γίλεη απηό θαη ηαπηόρξνλα λα δηεπθνιπλζεί ε ζύγθξηζε κεηαμύ ησλ 

απνηειεζκάησλ ησλ δηαθνξεηηθώλ ηερλεηώλ δνκώλ ε ηξνπνπνίεζε ηεο TC εθθξάδεηαη από ην πνζνζηό 

(ΓTC/TC0)∙100 %, όπνπ ΓΤC≡TC-TC0 κε TC≡TC(Eex≠0) θαη κε TC0≡TC(Eex=0). Η εηθόλα (7.2) δείρλεη ηε 

κεηαβνιή ηνπ (ΓTC/TC0)∙100 % σο ζπλάξηεζε ηνπ Eex γηα ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb 

κε πάρνο dNb=15 nm (ζπκπαγή ζύκβνια), 20 nm (αλνηθηά ζύκβνια) θαη από ππνζηξώκαηα PMN-0,31PT 

(εηθόλεο (7.2.α.i-ii)), PMN-0.27PT (εηθόλεο (7.2.β.i-ii)). Από ηε ζύγθξηζε ησλ απνηειεζκάησλ γίλεηαη 

θαλεξό όηη ηα πκέληα Nb κε πάρνο dNb=15 nm εκθαλίδνπλ πςειόηεξν πνζνζηό ηξνπνπνίεζεο ηεο TC ζε 

ζρέζε κε ηα πκέληα πάρνπο dNb=20 nm γηα θάζε πεξίπησζε ππνζηξώκαηνο PMN-xPT. Αλαιπηηθόηεξα, ε 

κέγηζηε πνζνζηηαία ηξνπνπνίεζε ηεο TC πνπ θαηαγξάθεθε θαηά κήθνο ησλ θιάδσλ ZFC (FC) είλαη ίζε κε -

4,9 % (-5,9 %) γηα dNb=15 nm θαη ίζε κε -2,9 % (-3,2 %) γηα dNb=20 nm. Δδώ ζα πξέπεη λα ζεκεησζεί όηη 

ιόγσ ηεο κε-κνλόηνλεο κεηώζεο ηεο TC ζηνπο θιάδνπο FC θαηά ηελ αύμεζε ηνπ Eex ζηελ ηερλεηή δνκή 

Nb(15 nm)/PMN-0,27PT/Nb(15 nm) ε κέγηζηε πνζνζηηαία ηξνπνπνίεζε ηεο TC εθηηκήζεθε κεηαμύ ησλ 

πεδίσλ Eex=+1,0 kV/cm θαη Eex(max)=+5,0 kV/cm, όπσο θαίλεηαη από ην δηπιό βέινο ζηελ εηθόλα (7.2.β.ii). 

(α) Nb(dNb) / PMN-0,31PT / Nb(dNb) 
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Εηθόλα 7.2: Σπγθεληξσηηθά δηαγξάκκαηα ηεοπνζνζηηαίαο ηξνπνπνίεζεο (ΔTC/TC0)∙100 % σο πξνο ην εθαξκνδόκελν πεδίν 

Eex ζε ζρέζε κε ην πάρνο ησλ πκελίσλ Nb, dNb, γηα ηερλεηέο δνκέο πνπ απνηεινύληαη από ππνζηξώκαηα (α) PMN-0,31PT 

θαη (β) PMN-0,27PT. Τα δηαγξάκκαηα (α.i), (β.i) αλαθέξνληαη ζηα δεδνκέλα πνπ ειήθζεζαλ από ηνπο θιάδνπο ZFC, ελώ 

ηα δηαγξάκκαηα (α.ii), (β.ii) αλαθέξνληαη ζηα δεδνκέλα πνπ ειήθζεζαλ από ηνπο θιάδνπο FC. Τα ζπκπαγή ζύκβνια 

αληηπξνζσπεύνπλ ηα πεηξακαηηθά δεδνκέλα γηα πκέληα πάρνπο dNb=15 nm, ελώ ηα αλνηθηά θόθθηλα αληηπξνζσπεύνπλ ηα 

πεηξακαηηθά δεδνκέλα γηα πκέληα πάρνπο dNb=20 nm. Σε θάζε πεξίπησζε νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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Από απηή ηε ζπγθξηηηθή κειέηε κπνξεί θαλείο λα ζπκπεξάλεη όηη ε ππνβάζκηζε ηεο ηξνπνπνίεζεο 

ηεο TC κε ηελ αύμεζε ηνπ πάρνπο ησλ πκελίσλ Nb πξνθαιείηαη ιόγσ ηνπ πεπεξαζκέλνπ βάζνπο δηείζδπζεο 

ηεο επαγόκελεο κεραληθήο ηάζεο ζηα πκέληα Nb. Τν βάζνο δηείζδπζεο ηεο κεραληθήο ηάζεο ζηα πκέληα Nb 

δελ εμαξηάηαη κόλν από ηελ ηηκή κεραληθήο ηάζεο αιιά θαη από ηελ ειαζηηθόηεηα ησλ πκελίσλ. Ωο εθ 

ηνύηνπ, θάησ από ζπγθεθξηκέλεο ζπλζήθεο πνπ είλαη ην κέγηζην εθαξκνδόκελν ειεθηξηθό πεδίν Eex(max) (ή 

ηζνδύλακα ε κέγηζηε επαγόκελε κεραληθή ηάζε Smax) θαη ε ειαζηηθόηεηα ησλ πκελίσλ Nb, ε αύμεζε ηνπ 

πάρνπο dNb νδεγεί ζηελ πξννδεπηηθή εμαζζέληζε ηεο ηξνπνπνίεζεο ηεο TC έσο όηνπ ην πάρνο ησλ πκελίσλ λα 

είλαη αξθεηά κεγάιν ώζηε ε TC λα παξακέλεη αλεπεξέαζηε θαηά ηελ εθαξκνγή ηνπ Eex. 

7.2 Επίδξαζε ηνπο πάρνπο ηωλ πκελίωλ Nb ζηελ ηξνπνπνίεζεο ηεο θξίζηκεο ζεξκνθξαζίαο 

Σε απηή ηελ ελόηεηα εμεηάδεηαη δηεμνδηθά ε επίδξαζε ηνπ πάρνπο ησλ πκελίσλ Nb, dNb, ζηελ πηεδνειεθηξηθή 

ηξνπνπνίεζε ηεο ΤC. Γηα απηό ην ζθνπό παξαζθεπάζηεθε κηα ζεηξά ηερλεηώλ δνκώλ πνπ απνηεινύληαη από 

ΠΗ ππνζηξώκαηα PMN-0,31PT θαη από πκέληα Nb κε πάρε dNb=15, 20, 50 and 100 nm. Σεκεηώλεηαη όηη ζε 

απηή ηε κειέηε ρξεζηκνπνηήζεθαλ απνθιεηζηηθά ΠΗ ππνζηξώκαηα PMN-0,31PT ιόγσ ηεο βέιηηζηεο 

ειεθηξν-κεραληθήο ηνπο ηθαλόηεηαο. Γηα ηε ζύγθξηζε ησλ πεηξακαηηθώλ απνηειεζκάησλ ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC κεηαμύ ησλ ηερλεηώλ δνκώλ νξίδνληαη δύν ζπληειεζηέο. Ο πξώηνο 

ζπληειεζηήο νλνκάδεηαη ζπληειεζηήο ηξνπνίεζεο ηεο TC θαη νξίδεηαη από ην θιάζκα ΓΤC(max)/Eex(max) 

(K/kV/cm). Ο δεύηεξνο ζπληειεζηήο είλαη έλαο αδηάζηαηνο ζπληειεζηήο θαη εθθξάδεη ηελ πνζνζηηαία 

ηξνπνπνίεζε ηεο TC, (ΓΤC(max)/ΤC0)∙100 %. Θα πξέπεη λα ζεκεησζεί όηη ν δείθηεο max πνπ εκθαλίδεηαη ζηνπο 

όξνπο Eex(max) θαη ΓΤC(max) αλαθέξεηαη ζην κέγηζην Eex θαη ζηε κέγηζηε θαηαγξαθόκελε κεηαηόπηζε ηεο TC 

(πνπ είλαη ε ΓTC), αληίζηνηρα. Δπηπιένλ, ζε θάζε ηερλεηή δνκή πνπ κειεηάηαη εδώ, ηα πεηξακαηηθά 

απνηειέζκαηα ηεο TC σο πξνο ην Eex δηεξεπλώληαη ζεσξεηηθά κε βάζε ην πξνηεηλόκελν θαηλνκελνινγηθό-

ζεσξεηηθό κνληέιν TC(Eex) πνπ αλαθέξεηαη ζηελ παξάγξαθν 6.1. Απηή ε ζεσξεηηθή δηεξεύλεζε επηηξέπεη ηε 

κειέηε ηεο ηξνπνπνίεζεο ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο πνπ ζρεηίδνληαη κε ηελ TC. 

i. Μειέηε ηωλ ηερλεηώλ δνκώλ Nb(dNb)/PMN-0,31PT/Nb(dNb) κε dNb=15 θαη 20 nm 

Γηα ηε κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από ζρεηηθά 

ιεπηά πκέληα Nb παξαζθεπάζηεθαλ ηξεηο ηερλεηέο δνκέο κε dNb=15 nm θαη δύν ηερλεηέο δνκέο κε dNb=20 

nm. Τα απνηειέζκαηα απηώλ ησλ ηερλεηώλ δνκώλ παξνπζηάδνληαη μερσξηζηά ζηηο επνκέλεο παξαγξάθνπο. 

Τεχνηηές δομές Nb(15 nm)/PMN-0,31PT/Nb(15 nm) 

Οη εηθόλεο (7.3.α-γ) παξνπζηάδνπλ ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο ηξνπνίεζεο ηεο TC σο ζπλάξηεζε 

ηνπ Eex γηα ηξεηο ηερλεηέο δνκέο Nb(15 nm)/PMN-0,31PT/Nb(15 nm) (δείγκα #1, #2 θαη #3), ελώ ζε θάζε 

πεξίπησζε νη θακπύιεο αλαθέξνληαη ζηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ κε ηηο εθθξάζεηο 

(6.5.α-δ) ηνπ θαηλνκελνινγηθνύ κνληέινπ TC(Eex). Όπσο θαίλεηαη ζηηο εηθόλεο (7.3.α.i-ii) ε ζπλνιηθή κείσζε 

ηεο TC θαηά ηελ εθαξκνγή Eex(max)≈4,0 kV/cm ζην δείγκα #1 είλαη ίζε κε 320 mK (380 mK) γηα ηα δεδνκέλα 

πνπ πξνέθπςαλ από ηνπο θιάδνπο ZFC (FC). Απηή ε κείσζε ηεο TC αληηζηνηρεί ζε έλαλ ζπληειεζηή 

ηξνπνπνίεζεο (πνζνζηηαία ηξνπνπνίεζε) ίζν κε -0,080 K/kV/cm (-4,9%) γηα ηα δεδνκέλα ησλ θιάδσλ ZFC 

θαη ίζν κε -0,095 K/kV/cm (-5,9%) γηα ηα δεδνκέλα ησλ θιάδσλ FC. Σην δείγκα #2 (εηθόλεο (7.3.β.i-ii)) ε 

ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)=4,5 kV/cm είλαη ίζε κε 300 mK (340 mK) γηα ηα 

δεδνκέλα πνπ πξνέθπςαλ από ηνπο θιάδνπο FC γηα H=5 Oe (10 Oe). Απηή ε κείσζε ηεο TC αληηζηνηρεί ζε 

έλαλ ζπληειεζηή ηξνπνίεζεο (πνζνζηηαίαο ηξνπνπνίεζε) ίζν κε -0,065 K/kV/cm (-5,1%) γηα H=5 Oe θαη ίζν 

κε -0,075 K/kV/cm (-5,8%) γηα H=10 Oe. Τέινο, ζην δείγκα #3 (εηθόλεο (7.3.γ.i-ii)) ε ζπλνιηθή κείσζε ηεο 

TC θαηά ηελ εθαξκνγή Eex(max)=4,5 kV/cm είλαη ίζε κε 360 mK (320 mK) γηα ηα δεδνκέλα πνπ πξνέθπςαλ 
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Εηθόλα 7.3: (α)-(γ) Σπγθεληξσηηθά δηαγξάκκαηα ηεο ηξνπνπνίεζεο ηεο TC σο πξνο ην Eex γηα ηξεηο ηερλεηέο δνκέο Nb(15 

nm)/PMN-0,31PT/Nb(15 nm) πνπ αλαθέξνληαη σο δείγκα #1, #2 θαη #3. Σε θάζε δηάγξακκα νη θακπύιεο είλαη ην 

απνηέιεζκα ησλ ζεσξεηηθώλ πξνζεγγίζεσλ ησλ πεηξακαηηθώλ ζεκείσλ, ελώ ηα θάζεηα βέιε δείρλνπλ έλα ραξαθηεξηζηηθό 

πεδίν Eex ησλ θακππιώλ TC(Eex). 
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(α) Γείγκα #1: Nb(15 nm)/PMN-0,31PT/Nb(15 nm) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
5.4

5.5

5.6

5.7

5.8

5.9

FC

H=10 Oe

 S(E
ex

) -  
ln

(S)

 R
2
~ 85.8 %

 S(E
ex

) - 

 
ln

(S)

 R
2
~ 90.3 %

 S(E
ex

) -  
ln

(S)

 R
2
~ 94.8 %

 
T

C
 (

K
)

E
ex

 (kV/cm)

E
ex
1.7 kV/cm

(β.ii) 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
5.4

5.5

5.6

5.7

5.8

5.9

FC

H=5 Oe

 S(E
ex

) -  
ln
(S)

  R
2
~ 78.8 %

 S(E
ex

) -  
ln
(S)

  R
2
~ 93.1 %

 

 

T
C
 (

K
)

E
ex

 (kV/cm)

E
cros

ex
2.2 kV/cm

(β.i) 

(β) Γείγκα #2: Nb(15 nm)/PMN-0,31PT/Nb(15 nm) 
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(γ) Γείγκα #3: Nb(15 nm)/PMN-0,31PT/Nb(15 nm) 

από ηνπο θιάδνπο FC γηα H=5 Oe (10 Oe). Απηή ε κείσζε ηεο TC αληηζηνηρεί ζε έλαλ ζπληειεζηή 

ηξνπνπνίεζεο (πνζνζηηαία ηξνπνπνίεζε) ίζν κε -0,080 K/kV/cm (-6,8%) γηα H=5 Oe θαη ίζν κε -0,071 

K/kV/cm (-6,2%) γηα H=10 Oe. Τα απνηειέζκαηα απηώλ ησλ δεηγκάησλ απνδεηθλύνπλ όηη νη ηερλεηέο δνκέο 

Nb(15 nm)/PMN-0,31PT/Nb(15 nm) εκθαλίδνπλ πεξίπνπ ίδηα ηξνπνπνίεζε ηεο TC θαηά ηελ εθαξκνγή Eex. 
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 Γηα ηε ζεσξεηηθή δηεξεύλεζε ησλ πεηξακαηηθώλ απνηειεζκάησλ ρξεζηκνπνηνύληαη νη εθθξάζεηο ηεο 

TC(Eex) πνπ δίλνληαη από ηηο ζρέζεηο (6.5.α-δ). Γηα λα πξνζδηνξηζηεί ε θαηάιιειε έθθξαζε ηεο TC(Eex) πνπ 

κπνξεί λα αλαπαξαγάγεη κε αθξίβεηα ηα πεηξακαηηθά απνηειέζκαηα ρξεζηκνπνηείηαη ε παξάκεηξνο R
2
 ε ηηκή 

ηεο νπνίαο δείρλεη ην πνζνζηό θάιπςεο ησλ πεηξακαηηθώλ ζεκείσλ από θάζε έθθξαζε ηεο TC(Eex). Σε θάζε 

πεξίπησζε, αξρηθά δνθηκάδεηαη ε πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ κε ηελ απινύζηεξε έθθξαζε ηεο 

TC(Eex) πνπ δίλεηαη από ηε ζρέζε (6.5.α) θαη ζηαδηαθά δνθηκάδνληαη νη πην πνιύπινθεο εθθξάζεηο ηεο, 

ζρέζεηο (6.5.β-δ). Βξέζεθε όηη ε ζρέζε (6.5.α) ηεο TC(Eex) ε νπνία ζπλδπάδεη ηε γξακκηθή ζρέζε S(Eex) κε ηε 

γξακκηθή ζρέζε σln(S), δελ κπνξεί λα αλαπαξαγάγεη κε αθξίβεηα ηα πεηξακαηηθά απνηειέζκαηα ζε θαλέλα 

δείγκα. Γηα ηηο ππόινηπεο εθθξάζεηο ηεο TC(Eex) βξέζεθε όηη ζηηο πεξηπηώζεηο όπνπ ε TC κεηώλεηαη κνλόηνλα 

κε ηελ αύμεζε ηνπ Eex (εηθόλεο (7.3.α.i), (7.3.α.ii) θαη (7.3.β.i)) ε ζρέζε (6.5.β) κπνξεί λα αλαπαξαγάγεη κε 

αθξίβεηα ηα πεηξακαηηθά απνηειέζκαηα, ελώ ζηηο πεξηπηώζεηο όπνπ ε TC κεηώλεηαη κε-κνλόηνλα (εηθόλεο 

(7.3.β.ii), (7.3.γ.i) θαη (7.3.γ.ii)) απαηηείηαη ε ρξήζε ηεο ζρέζεο (6.5.δ). Οη ηηκέο ησλ παξακέηξσλ ησλ 

εθθξάζεσλ TC(Eex) πνπ ρξεζηκνπνηήζεθαλ γηα ηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ θάζε 

ηερλεηήο δνκήο δίλνληαη αλαιπηηθά ζηνπο πίλαθεο 7.1, 7.2 θαη 7.3 ηνπ αγγιηθνύ θεηκέλνπ. 

 Σηηο θακπύιεο TC(Eex) πνπ επηηπγράλνπλ λα πξνζεγγίζνπλ κε αθξίβεηα ηα πεηξακαηηθά απνηειέζκαηα 

(ζπλερείο γξακκέο ζηηο εηθόλεο (7.3)) γίλεηαη θαλεξή ε αιιαγή θακππιόηεηαο ησλ TC(Eex) ή ε εκθάληζε κηαο 

αζζεληθήο αύμεζεο ηεο TC. Σπγθεθξηκέλα, ζηηο πεξηπηώζεηο όπνπ ε TC κεηώλεηαη κνλόηνλα κε ηελ αύμεζε 

ηνπ Eex εκθαλίδεηαη κηα αιιαγή ζηελ θακππιόηεηα ησλ TC(Eex) ζηα πεδία Eex
cros

 ≈2,0 kV/cm (εηθόλεο (7.3.α.i) 

θαη (7.3.α.ii)) θαη Eex
cros

 ≈2,2 kV/cm (εηθόλα (7.3.β.i)), ελώ ζηηο πεξηπηώζεηο όπνπ ε TC κεηώλεηαη κε-

κνλόηνλα εκθαλίδεηαη κηα αύμεζε ηεο TC ζηα πεδία Eex ≈1,7 kV/cm (εηθόλεο (7.3.β.ii) θαη (7.3.γ.i)) θαη Eex 

≈2,5 kV/cm (εηθόλα (7.3.γ.ii)). Σπκπεξαζκαηηθά, ην πεδίν Eex≈2,0 kV/cm απνηειεί έλα ραξαθηεξηζηηθό πεδίν 

γηα ηηο ηερλεηέο δνκέο Nb(15 nm)/PMN-0,31PT/Nb(15 nm). 

Τεχνηηές δομές Nb(20 nm)/PMN-0,31PT/Nb(20 nm) 

Οη εηθόλεο (7.4.α-β) παξνπζηάδνπλ ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο ηξνπνίεζεο ηεο TC σο ζπλάξηεζε 

ηνπ Eex γηα δύν ηερλεηέο δνκέο Nb(20 nm)/PMN-0,31PT/Nb(20 nm) (δείγκα #1 θαη #2), ελώ ζε θάζε 

πεξίπησζε νη θακπύιεο αλαθέξνληαη ζηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ κε ηηο εθθξάζεηο 

(6.5.α-δ) ηνπ θαηλνκελνινγηθνύ κνληέινπ TC(Eex). Όπσο θαίλεηαη ζηηο εηθόλεο (7.4.α.i-ii) ε ζπλνιηθή κείσζε 

ηεο TC θαηά ηελ εθαξκνγή Eex(max)=5,0 kV/cm ζην δείγκα #1 είλαη ίζε κε 180 mK (200 mK) γηα ηα δεδνκέλα 

πνπ πξνέθπςαλ από ηνπο θιάδνπο ZFC (FC). Απηή ε κείσζε ηεο TC αληηζηνηρεί ζε έλαλ ζπληειεζηή 

ηξνπνπνίεζεο (πνζνζηηαία ηξνπνπνίεζε) ίζν κε -0,036 K/kV/cm (-2,9%) γηα ηα δεδνκέλα ησλ θιάδσλ ZFC 

θαη ίζν κε -0,040 K/kV/cm (-3,2%) γηα ηα δεδνκέλα ησλ θιάδσλ FC. Σην δείγκα #2 (εηθόλεο (7.4.β.i-ii)) ε 

ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)=4,0 kV/cm είλαη ίζε κε 100 mK (140 mK) γηα ηα 

δεδνκέλα πνπ πξνέθπςαλ από ηνπο θιάδνπο ZFC (FC). Απηή ε κείσζε ηεο TC αληηζηνηρεί ζε έλαλ 

ζπληειεζηή ηξνπνίεζεο (πνζνζηηαίαο ηξνπνπνίεζε) ίζν κε -0,025 K/kV/cm (-1,7%) γηα ηα δεδνκέλα ησλ 

θιάδσλ ZFC θαη ίζν κε -0,035 K/kV/cm (-2,3%) γηα ηα δεδνκέλα ησλ θιάδσλ FC. Από απηά ηα 

απνηειέζκαηα γίλεηαη θαλεξή ε εμαζζέληζε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC ζηηο ηερλεηέο δνκέο 

πνπ απνηεινύληαη από πκέληα Nb πάρνπο dNb=20 nm ζε ζρέζε ηελ αληίζηνηρε ηξνπνπνίεζε πνπ αλαθέξζεθε 

ζηηο ηερλεηέο δνκέο κε dNb=15 nm. 

 Αλαθνξηθά κε ηε ζεσξεηηθή δηεξεύλεζε ησλ απνηειεζκάησλ απηώλ ησλ ηερλεηώλ δνκώλ, βξέζεθε 

όηη ε ζρέζε (6.5.β) ηεο TC(Eex) κπνξεί λα αλαπαξαγάγεη κε αθξίβεηα ηα πεηξακαηηθά δεδνκέλα. Οη ηηκέο ησλ 

παξακέηξσλ ηεο ζρέζεο (6.5.β) πνπ ρξεζηκνπνηήζεθαλ γηα ηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ 

ζεκείσλ θάζε ηερλεηήο δνκήο δίλνληαη αλαιπηηθά ζηνπο πίλαθεο 7.4 θαη 7.5 ηνπ αγγιηθνύ θεηκέλνπ. Παξά 

ηελ νκαιά κνλόηνλε κείσζε ηεο TC θαηά ηελ αύμεζε ηνπ Eex, γίλεηαη θαλεξή ε αιιαγή ηεο θακππιόηεηαο 

ησλ TC(Eex) ζηα πεδία Eex
cros

 ≈2,2 kV/cm (εηθόλα (7.4.α.i)) θαη Eex
cros

 ≈2,0 kV/cm (εηθόλεο (7.4.α.ii), (7.4.β.i) 

θαη (7.4.β.ii)). Σπλεπώο, ην πεδίν Eex≈2,0 kV/cm είλαη έλα ραξαθηεξηζηηθό πεδίν γηα απηέο ηηο ηερλεηέο δνκέο. 
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ii. Μειέηε ηωλ ηερλεηώλ δνκώλ Nb(dNb)/PMN-0,31PT/Nb(dNb) κε dNb=50 θαη 100 nm 

H κειέηε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC ζπλερίδεηαη ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από 

παρύηεξα πκέληα Nb κε πάρε dNb=50 θαη 100 nm θαη ηα απνηειέζκαηα παξνπζηάδνληαη μερσξηζηά παξαθάησ. 

Τεχνηηή δομή Nb(50 nm)/PMN-0,31PT/Nb(50 nm) 

Η εηθόλα (7.5.α) παξνπζηάδεη ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο ηξνπνίεζεο ηεο TC σο ζπλάξηεζε ηνπ Eex 

γηα ηελ ηερλεηή δνκή Nb(50 nm)/PMN-0,31PT/Nb(50 nm), ελώ νη θακπύιεο αλαθέξνληαη ζηε ζεσξεηηθή 

πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ κε ηηο εθθξάζεηο ηνπ θαηλνκελνινγηθνύ κνληέινπ TC(Eex). Όπσο 

θαίλεηαη ζηελ εηθόλα (7.5.α) ε ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)=4,0 kV/cm είλαη ίζε κε 

60 mK θαη αληηζηνηρεί ζε έλαλ ζπληειεζηή ηξνπνπνίεζεο (πνζνζηηαία ηξνπνπνίεζε) ίζν κε -0,015 K/kV/cm 

(-0,8%). Τα απνηειέζκαηα απηά απνδεηθλύνπλ ηελ εμαζζέληζε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC 

ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb πάρνπο dNb=50 nm ζε ζρέζε κε ηελ αληίζηνηρε 

ηξνπνπνίεζε πνπ αλαθέξζεθε ζηηο ηερλεηέο δνκέο κε πκέληα Nb πάρνπο dNb=15 θαη 20 nm. 
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(α) Γείγκα #1: Nb(20 nm)/PMN-0,31PT/Nb(20 nm) 
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(β) Γείγκα #2: Nb(20 nm)/PMN-0,31PT/Nb(20 nm) 

Εηθόλα 7.4: (α)-(β) Σπγθεληξσηηθά δηαγξάκκαηα ηεο TC σο πξνο ην Eex γηα δύν ηερλεηέο δνκέο Nb(20 nm)/PMN-

0,31PT/Nb(20 nm) πνπ αλαθέξνληαη σο δείγκα #1 θαη #2. Σε θάζε δηάγξακκα νη θακπύιεο είλαη ην απνηέιεζκα ησλ 

ζεσξεηηθώλ πξνζεγγίζεσλ ησλ πεηξακαηηθώλ ζεκείσλ, ελώ ηα θάζεηα βέιε δείρλνπλ έλα ραξαθηεξηζηηθό ζεκείν ησλ 

θακππιώλ TC(Eex). 
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 Αλαθνξηθά κε ηε ζεσξεηηθή δηεξεύλεζε ησλ απνηειεζκάησλ απηήο ηεο ηερλεηήο δνκήο, βξέζεθε όηη 

ε ζρέζε (6.5.δ) ηεο TC(Eex) κπνξεί λα αλαπαξαγάγεη κε αθξίβεηα ηα πεηξακαηηθά δεδνκέλα. Οη ηηκέο ησλ 

παξακέηξσλ ηεο ζρέζεο (6.5.δ) πνπ ρξεζηκνπνηήζεθαλ γηα ηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ 

δεδνκέλσλ δίλεηαη ζηνλ πίλαθα 7.6 ηνπ αγγιηθνύ θεηκέλνπ. Παξόιν πνπ ε θακπύιε TC(Eex) δελ εκθαλίδεη 

θάπνηα αιιαγή ζηελ θακππιόηεηά ηεο, κπνξεί θαλείο λα αλαγλσξίζεη όηη ην ειεθηξηθό πεδίν Eex=2.0 kV/cm 

είλαη έλα ραξαθηεξηζηηθό πεδίν πνπ ζεκαηνδνηεί ηελ κείσζε ηεο TC θάησ από ηελ αξρηθή ηεο ηηκή TC0 όηαλ 

ην Eex μεπεξλάεη ηε ηηκή απηνύ ηνπ πεδίνπ. Σεκεηώλεηαη όηη πεδίν απηό ζπκπίπηεη κε ην ραξαθηεξηζηηθό πεδίν 

ησλ πξνεγνύκελσλ ηερλεηώλ δνκώλ κε dNb=15 θαη 20 nm. 

Τεχνηηή δομή Nb(100 nm)/PMN-0,31PT/Nb(100 nm) 

Η εηθόλα (7.5.β) παξνπζηάδεη ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο ηξνπνίεζεο ηεο TC σο ζπλάξηεζε ηνπ Eex 

γηα ηελ ηερλεηή δνκή Nb(100 nm)/PMN-0,31PT/Nb(100 nm), ελώ νη θακπύιεο αλαθέξνληαη ζηε ζεσξεηηθή 

πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ κε ηηο εθθξάζεηο ηνπ θαηλνκελνινγηθνύ κνληέινπ TC(Eex). Όπσο 

θαίλεηαη ζηελ εηθόλα (7.5.β) ε ζπλνιηθή κείσζε ηεο TC κεηαμύ ησλ πεδίσλ Eex=0,0 kV/cm θαη Eex(max)=4,0 

kV/cm είλαη κεδεληθή κε απνηέιεζκα λα είλαη κεδεληθόο θαη ν ζπληειεζηή ηξνπνπνίεζεο θαη ηεο 

πνζνζηηαίαο ηξνπνπνίεζεο. Τα απνηειέζκαηα απηά απνδεηθλύνπλ ηελ εμαζζέληζε ηεο πηεδνειεθηξηθήο 

ηξνπνπνίεζεο ηεο TC ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb πάρνπο dNb=100 nm ζε ζρέζε κε 

ηελ αληίζηνηρε ηξνπνπνίεζε πνπ αλαθέξζεθε ζηηο ηερλεηέο δνκέο κε dNb=15, 20 θαη 50 nm. 

 Αλαθνξηθά κε ηε ζεσξεηηθή δηεξεύλεζε ησλ απνηειεζκάησλ απηήο ηεο ηερλεηήο δνκήο, βξέζεθε όηη 

ε ζρέζε (6.5.δ) ηεο TC(Eex) κπνξεί λα αλαπαξαγάγεη κε αθξίβεηα ηα πεηξακαηηθά δεδνκέλα. Οη ηηκέο ησλ 

παξακέηξσλ ηεο ζρέζεο (6.5.δ) πνπ ρξεζηκνπνηήζεθαλ γηα ηε ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ 

δεδνκέλσλ δίλεηαη ζηνλ πίλαθα 7.7 ηνπ αγγιηθνύ θεηκέλνπ. Παξά ην γεγνλόο όηη απηή ε ηερλεηή δνκή 

παξνπζηάδεη κηα κηθξή αύμεζε ηεο TC ζε κηθξά Eex, ππάξρεη έλα θνηλό γλώξηζκα κε ηηο ππόινηπεο ηερλεηέο 

δνκέο. Σπγθεθξηκέλα, θαζώο ην Eex απμάλεηαη από 0 έσο 2,0 kV/cm παξαηεξείηαη αύμεζε ηεο TC θαηά +60 

mK. Η πεξαηηέξσ αύμεζε ηνπ Eex πάλσ από ηα 2,0 kV/cm πξνθαιεί ηε κείσζε ηεο TC, ε νπνία επηζηξέθεη 

ζηελ αξρηθή ηεο ηηκή TC0 όηαλ ην Eex=Eex(max) (=4,0 kV/cm). Σπλεπώο ην Eex≈2,0 kV/cm αλαγλσξίδεηαη γηα 

άιιε κηα θνξά σο έλα ραξαθηεξηζηηθό πεδίν ηεο ηερλεηήο δνκήο. 

Εηθόλα 7.5: Σπγθεληξσηηθά δηαγξάκκαηα ηεο ηξνπνπνίεζεο ηεο TC σο πξνο ην Eex γηα ηελ ηερλεηή δνκή (α) Nb(50 

nm)/PMN-0,31PT/Nb(50 nm) θαη (β) Nb(100 nm)/PMN-0,31PT/Nb(100 nm). Σε θάζε δηάγξακκα νη θακπύιεο είλαη ην 

απνηέιεζκα ησλ ζεσξεηηθώλ πξνζεγγίζεσλ ησλ πεηξακαηηθώλ ζεκείσλ, ελώ ηα θάζεηα βέιε δείρλνπλ έλα ραξαθηεξηζηηθό 

πεδίν Eex ησλ θακππιώλ TC(Eex). 
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iii. Σπγθξηθή κειέηε ηωλ ηερλεηώλ δνκώλ Nb(dNb)/PMN-0,31PT/Nb(dNb) ζε ζρέζε κε ην πάρνο dNb 

Σε απηή ηελ παξάγξαθν εμεηάδνληαη ηα απνηειέζκαηα ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC ησλ 

ηερλεηώλ δνκώλ Nb(dNb)/PMN-0,31PT/Nb(dNb) σο πξνο ην πάρνο ησλ πκελίσλ Nb, dNb=15, 20, 50 θαη 100 

nm. Σηα πιαίζηα απηήο ηεο ζπγθξηηηθήο κειέηεο εμεηάδνληαη δύν παξάκεηξνη. Η πξώηε παξάκεηξνο είλαη ην 

πνζνζηό ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC θαη ε δεύηεξε παξάκεηξνο είλαη ην ραξαθηεξηζηηθό 

ειεθηξηθό πεδίν ησλ θακππιώλ TC(Eex). 

 Ξεθηλώληαο κε ηελ πξώηε παξάκεηξν, ε εηθόλα (7.6.α) ζπλνςίδεη αληηπξνζσπεπηηθά απνηειέζκαηα 

ζρεηηθά κε ηελ ηξνπνπνίεζε ηεο TC θαηά ηελ εθαξκνγή Eex ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα 

Nb δηαθνξεηηθνύ πάρνπο dNb. Γηα λα ζπκπεξηιεθζνύλ ηα απνηειέζκαηα όισλ ησλ ηερλεηώλ δνκώλ ζηελ ίδηα 

γξαθηθή παξάζηαζε ε ηξνπνπνίεζε ηεο TC εθθξάδεηαη από ηνλ πνζνζηηαίν όξν ηεο ηξνπνπνίεζεο 

(ΓΤC/TC0)∙100 %, θαζώο πκέληα Nb δηαθνξεηηθνύ πάρνπο dNb εκθαλίδνπλ δηαθνξεηηθή TC. Σεκεηώλεηαη όηη ηα 

ζύκβνια αληηπξνζσπεύνπλ ηα πεηξακαηηθά ζεκεία, ελώ αλαθέξνληαη ζηηο βέιηηζηεο ζεσξεηηθέο θακπύιεο 

πξνζέγγηζεο θάζε ηερλεηήο δνκήο. Όπσο θαίλεηαη ζηελ εηθόλα (7.6.α) ε ζηαδηαθή αύμεζε ηνπ πάρνπο dNb 

έρεη σο απνηέιεζκα ηε πξννδεπηηθή εμαζζέληζε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο TC. Απηή ε 

εμαζζέληζε κπνξεί λα δηθαηνινγεζεί από ην γεγνλόο όηη ην πεπεξαζκέλν βάζνο δηείζδπζεο ηεο επαγόκελεο 

κεραληθήο ηάζεο ζηα πκέληα Nb επηδξά νινέλα θαη ιηγόηεξν ζηνλ όγθν ησλ πκελίσλ Nb θαζώο ην πάρνο ηνπο 

απμάλεηαη. Γηα ηελ πνζνηηθή ζύγθξηζε απηώλ ησλ απνηειεζκάησλ παξαηείζεηαη ν πίλαθαο 7.1, ζηνλ νπνίν 

παξνπζηάδνληαη νη κέζεο ηηκέο ηνπ ΓΤC(max), ηνπ ζπληειεζηή ηξνπνίεζεο ηεο TC θαη ηεο πνζνζηηαίαο 

ηξνπνπνίεζεο ηεο TC γηα θάζε πάρνο dNb. 

Πίλαθαο 7.1: Μέζε ηηκή ηνπ ΔTC(max), ηνπ ζπληειεζηή ηξνπνπνίεζεο ηεο TC θαη ηεο πνζνζηηαίαο ηξνπνπνίεζεο 

ηεο TC ζε ζρέζε κε ην πάρνο dNb γηα ηηο δηάθνξεο ηερλεηέο δνκέο Nb(dNb)/PMN-0,31PT/Nb(dNb). 

Nb(dNb) / PMN-0,31PT / Nb(dNb) ΓTC(max) (mK) 

Σπληειεζηήο 

ηξνπνπνίεζεο ηεο TC 

(K/kV/cm) 

Πνζνζηηαία 

ηξνπνπνίεζε ηεο TC 

dNb=15 nm -336,7±29,4 -0,078±0,009 -5,8±0,7 

dNb=20 nm -155,1±44,3 -0,034±0,006 -2,5±0,6 

dNb=50 nm -60,0±0,0 -0,015±0,000 -0,8±0,0 

dNb=100 nm 0±0,0 0±0,000 0±0,0 

 

Αλαθνξηθά κε ηε δεύηεξε παξάκεηξν, πνπ είλαη ην ραξαθηεξηζηηθό πεδίν Eex≈2.0 kV/cm, κηα 

πξνζεθηηθή εμέηαζε ησλ δεδνκέλσλ πνπ παξνπζηάζηεθαλ ζηηο παξαγξάθνπο (7.2.i) θαη (7.2.ii) δείρλεη όηη 

απηό ην πεδίν εκθαλίδεηαη ζε όιεο ηηο ηερλεηέο δνκέο αλεμαξηήησο ηεο ζπκπεξηθνξάο ησλ θακππιώλ TC(Eex). 

Σπγθεθξηκέλα, ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb κε πάρνο dNb≤20 nm εκθαλίδνπλ κηα αιιαγή 

ζηελ θακππιόηεηα ησλ θακππιώλ TC(Eex) γύξσ από ην πεδίν Eex
cros

 ≈2,0 kV/cm, ελώ ζε κεξηθέο ηερλεηέο 

δνκέο κε πάρνο dNb=15 nm απηή ε αιιαγή θακππιόηεηαο εμειίζζεηαη ζε κηα κε-κνλόηνλε ζπκπεξηθνξά ησλ 

θακππιώλ TC(Eex) πνπ εκθαλίδνπλ ηνπηθό κέγηζην ζην πεδίν Eex≈2,0 kV/cm. Παξόιν πνπ απηή ε 

ζπκπεξηθνξά ησλ TC(Eex) δελ εκθαλίδεηαη ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από πκέληα Nb κε πάρνο 

dNb≥50 nm, ην πεδίν Eex≈2,0 kV/cm παξακέλεη σο ραξαθηεξηζηηθό πεδίν θαζώο ζεκαηνδνηεί ηε κείσζε ηεο 

TC γηα Eex πνπ είλαη κεγαιύηεξα απηνύ. Απηή ε πνηνηηθή ζπκθσλία όισλ ησλ ηερλεηώλ δνκώλ ππνδεηθλύεη 

όηη ην ραξαθηεξηζηηθό πεδίν Eex≈2,0 kV/cm ζα πξέπεη λα ζρεηίδεηαη κε ην πηεδνειεθηξηθό ππόζηξσκα PMN-

0,31PT. Γηα απηό ην ιόγν θξίζεθε ζθόπηκν λα εμεηαζηεί ν πηεδνειεθηξηθόο ραξαθηεξηζκόο απηώλ ησλ 

ππνζηξσκάησλ. Η εηθόλα (7.6.β) δείρλεη ηα πεηξακαηηθά απνηειέζκαηα ηεο εγθάξζηαο ζπληζηώζαο ηεο 

κεραληθήο ηάζεο Sx σο πξνο ην Eex πνπ ειήθζεζαλ από ηελ ηνπηθή κέζνδν πηεδνειεθηξηθνύ ραξαθηεξηζκνύ. 

Θα πξέπεη λα ζεκεησζεί όηη γηα ιόγνπο ζύγθξηζεο κεηαμύ ησλ δεδνκέλσλ πνπ πξνέξρνληαη από δηαθνξεηηθέο 
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κεηξήζεηο ε θακπύιε Sx(Eex) ηεο εηθόλαο (7.6.β) παξνπζηάδεηαη ζην εύξνο ηηκώλ ηνπ Eex πνπ εθαξκόζηεθε 

ζηηο ηερλεηέο δνκέο. Όπσο θαίλεηαη ζηελ εηθόλα (7.6.β) ην ειεθηξηθό πεδίν Eex=2,0 kV/cm είλαη έλα 

ραξαθηεξηζηηθό πεδίν ησλ ππνζηξσκάησλ PMN-0,31PT πνπ δείρλεη ηελ επηζηξνθή ηεο κεραληθήο ηάζεο Sx 

ζε κεδεληθή ηηκή κεηά από κηα κηθξή άλνδν, ελώ ε πξννδεπηηθή αύμεζε ηνπ Eex πάλσ από ηελ ηηκή 2,0 

kV/cm πξνθαιεί ηελ αλάπηπμε κηαο ζπκπηεζηηθήο κεραληθήο ηάζεο κε νινέλα θαη απμαλόκελν κέγεζνο. Απηό 

δηθαηνινγεί ην γεγνλόο όηη ζην ραξαθηεξηζηηθό ειεθηξηθό πεδίν Eex≈2,0 kV/cm νη ηερλεηέο δνκέο κε πάρε 

dNb≤20 nm παξνπζηάδνπλ έλα πιαηώ (όηαλ παξαηεξείηαη ε αιιαγή θακππιόηεηαο) ή έλα ηνπηθό κέγηζην 

(όηαλ παξαηεξείηαη ε κε-κνλόηνλε ζπκπεξηθνξά) ζηηο θακπύιεο TC(Eex), ελώ γηα Eex>2,0 kV/cm όιεο νη 

ηερλεηέο δνκέο δείρλνπλ κηα βαζκηαία κείσζε ησλ ηηκώλ ζηηο θακπύιεο TC(Eex). 

 Σηε ζπλέρεηα απηήο ηεο παξαγξάθνπ παξνπζηάδνληαη ηα απνηειέζκαηα ηεο πηεδνειεθηξηθήο 

ηξνπνπνίεζεο ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο πνπ εκπιέθνληαη ζηελ ζεσξεηηθή 

έθθξαζε ηεο TC(Eex), ε νπνία ρξεζηκνπνηήζεθε γηα ηε βέιηηζηε πξνζαξκνγή ησλ πεηξακαηηθώλ δεδνκέλσλ 

ησλ ηερλεηώλ δνκώλ Nb(dNb)/PMN-0,31PT/Nb(dNb) γηα κεηαβιεηό πάρνο ησλ πκελίσλ Nb. Γηαηεξώληαο ην 

Eex σο ηελ θύξηα πεηξακαηηθή κεηαβιεηή, ε πηεδνειεθηξηθή ηξνπνπνίεζε ησλ κηθξνζθνπηθώλ παξακέηξσλ 

δίλεηαη επίζεο σο ζπλάξηεζε ηνπ Eex. Απηό ζεκαίλεη όηη ε εμίζσζε S(Eex) έρεη εηζαρζεί ζηηο δνθηκαηηθέο 

ζπλαξηήζεηο ησλ κηθξνζθνπηθώλ παξακέηξσλ νη νπνίεο δίλνληαη από ηηο εθθξάζεηο, ι(Eex) γηα ην ειθηηθό 

δπλακηθό, κ
*
(Eex) γηα ην απσζηηθό δπλακηθό Coulomb θαη σln(Eex) γηα ηε κέζε ζπρλόηεηα ησλ θσλνλίσλ. 

Δπηπιένλ, κειεηάηαη θαη ε ηξνπνπνίεζε ηνπ δπλακηθνύ αιιειεπίδξαζεο N(0)V σο ζπλάξηεζε ηνπ Eex, ην 

νπνίν δίλεηαη από ηε γεληθή ζρέζε N(0)V≡(ι-κ
*
)/(1+ι) ζπκπεξηιακβάλνληαο ηελ εμαξηήζε ησλ ι θαη κ

*
 από 

ην Eex. Οη εηθόλεο (7.7.α-δ) δείρλνπλ ηε κεηαβνιή ησλ ι, κ
*
, N(0)V, σln σο ζπλάξηεζε ηνπ πάρνπο dNb θαη 

θαηά ηε κεηαβνιή ηνπ Eex ζην δηάζηεκα ηηκώλ από 0.0 εσο +4.5 kV/cm, αληίζηνηρα. Σε θάζε εηθόλα ην 

πξάζηλν βέινο ππνδεηθλύεη ηελ αύμεζε ηνπ πάρνπο dNb. Από κηα ζπλνιηθή θαη πνηνηηθή παξαηήξεζε ησλ 

εηθόλσλ (7.7.α-δ) κπνξεί θαλείο εύθνια λα αλαγλσξίζεη όηη όιεο νη κηθξνζθνπηθέο παξακέηξνη 

κεηαβάιινληαη θαηά ηνλ ίδην ηξόπν, αιιά ζε δηαθνξεηηθό βαζκό, κε ηελ αύμεζε ηνπ Eex. Σπγθεθξηκέλα, ε 

αύμεζε ηνπ Eex πξνθαιεί ηε κείσζε ηνπ ι, ηελ αύμεζε ηνπ κ
*
, ηε κείσζε ηνπ N(0)V θαη ηέινο ηελ αύμεζε 

ηνπ σln ζε όια ηα πάρε ησλ πκελίσλ Nb. Απηή ε κεηαβνιή όισλ ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο 

(α) (β) 

Εηθόλα 7.6: (a) Αληηπξνζσπεπηηθά απνηειέζκαηα ηεο πνζνζηηαίαο ηξνπνπνίεζεο (ΔTC/TC0)∙100 % σο πξνο ην Eex γηα 

ηερλεηέο δνκέο Nb(dNb)/PMN-0,31PT/Nb(dNb) κε dNb=15 (καύξνη ζπκπαγήο θύθινη), 20 (θόθθηλα αλνηθηά ηεηξάγσλα), 50 

(κπιε εκη-γεκηζκέλνη ξόκβνη) θαη 100 nm (πνξηνθαιί αλνηθηά ηξαπέδηα). Οη θακπύιεο πνπ ζπλνδεύνπλ ηα πεηξακαηηθά 

απνηειέζκαηα ζε θάζε πεξίπησζε είλαη νη βέιηηζηεο θακπύιεο πξνζέγγηζεο TC(Eex). (β) Μεηξήζεηο ηεο κεραληθήο ηάζεο Sx 

σο ζπλάξηεζε ηνπ εθαξκνδόκελνπ πεδίνπ Eex ζε ζεξκνθξαζία δσκαηίνπ ρξεζηκνπνηώληαο ηε ηνπηθή κέζνδν κεηξήζεσλ 

γηα έλα αληηπξνζσπεπηηθό δείγκα PMN-0,31PT. 
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ππεξαγσγηκόηεηαο δηθαηνινγεί πιήξσο ηε κείσζε ηεο TC ζηηο ηερλεηέο δνκέο θαηά ηελ αύμεζε ηνπ Eex. 

Αλαθνξηθά κε ηελ εμαξηεζή ησλ ι, κ
*
 θαη σln από ην πάρνο dNb, ηα απνηειέζκαηα δείρλνπλ κηα ινγηθή 

ζπκπεξηθνξά. Σηα ιεπηόηεξα πκέληα Nb (dNb=15 nm) όιεο νη κηθξνζθνπηθέο παξάκεηξνη ι, κ
*
, N(0)V θαη σln 

είλαη πην επαίζζεηεο ζηελ εθαξκνγή Eex κε απνηέιεζκα ηελ έληνλε ηξνπνπνίεζε ηνπο, ε νπνία ζηαδηαθά 

εμαζζελεί θαζώο ην πάρνο dNb απμάλεηαη. Απηό δηθαηνινγεί ηε πξννδεπηηθή εμαζζέληζε ηνπ βαζκνύ 

ηξνπνπνίεζεο ηεο TC κε ηελ αύμεζε ηνπ dNb. 

 Η απηνζπλέπεηα ηόζν ηεο θαηλνκελνινγηθήο πξνζέγγηζεο όζν θαη ησλ δνθηκαζηηθώλ ζπλαξηήζεσλ 

ησλ ι, κ
*
 θαη σln, γίλεηαη θαλεξή αλ θαλείο εμεηάζεη ηηο ηηκέο ησλ κηθξνζθνπηθώλ παξακέηξσλ πνπ 

ρξεζηκνπνηήζεθαλ γηα ηελ πξνζαξκνγή ησλ πεξηακαηηθώλ δεδνκέλσλ. Ξεθηλώληαο από ηηο αξρηθέο ηηκέο ησλ 

ι, κ
*
 θαη σln, πνπ δίλνληαη από ηα κεγέζε ι0

/
, κ0

*/
 θαη σln,0

/
 (είλαη ζηαζεξνί όξνη) δύν ζπκπεξάζκαηα 

πξνθύπηνπλ. Τν πξώην ζπκπέξαζκα είλαη όηη νη ηηκέο ηνπο είλαη ινγηθέο θαη ζρεδόλ ίζεο κε ηηο αληίζηνηρεο 
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Εηθόλα 7.7: Η κεηαβνιή (a) ηνπ ειθηηθνύ δπλακηθνύ ι, (β) ηνπ απσζηηθνύ δπλακηθνύ κ
*
, (γ) ηνπ δπλακηθνύ 

αιιειεπίδξαζεο N(0)V θαη (δ) ηεο κέζεο ζπρλόηεηαο θσλνλίσλ σln σο ζπλάξηεζε ηνπ πεδίνπ Eex θαη ζε ζρέζε κε ην πάρνο 

ησλ πκελίσλ dNb. Η κεηαβνιή όισλ ησλ κηθξνζθνπηθώλ παξακέηξσλ παξνπζηάδεηαη ζην δηάζηεκα ηηκώλ ηνπ Eex από 0 

kV/cm εσο 4.5 kV/cm, κέζα ζην νπνίν βξίζθνληαη ηα πεηξακαηηθά απνηειέζκαηα. Σε θάζε εηθόλα ην πξάζζηλν βέινο 

ππνδεηθλύεη ηελ αύμεζε ηνπ dNb. Τν έλζεην ηνπ (δ) εζηηάδεη θνληά ζην Eex=0 kV/cm πξνθεηκέλνπ λα δείμεη όηη νη 

δηαθνξεηηθέο ηηκέο ηνπ σln,0
/
 ζηα δηάθνξα πάρνη dNb είλαη αλάινγεο ησλ ηηκώλ ηεο TC ζε Eex=0 kV/cm. 
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ηηκέο πνπ αλαθέξνληαη ζηελ δηεζλή αξζξνγξαθία 
[10-13]

. Τν δεύηεξν ζπκπέξαζκα είλαη όηη νη ηηκέο ησλ ι0
/
 θαη 

κ0
*/
 (αληίζηνηρα θαη γηα ην N(0)V) δελ εμαξηώληαη από ην πάρνο. Ωζηόζν, θαίλεηαη όηη ην σln,0

/
 εμαξηάηαη από 

ην πάρνο. Απηό νθείιεηαη ζην γεγνλόο όηη νη ηερλεηέο δνκέο πνπ απνηεινύληαη από παρύηεξα πκέληα Nb 

εκθαλίδνπλ πςειόηεξε TC, ε νπνία είλαη αλάινγε ηεο ηηκήο ηνπ σln,0
/
. Απηό θαίλεηαη ζην έλζεην ηεο εηθόλαο 

(7.7.δ), όπνπ νη ρακειόηεξεο ηηκέο ηεο TC ζε Eex=0 kV/cm αληηζηνηρνύλ ζε κηθξόηεξε ηηκή ηνπ σln,0
/
. 

Αλαθνξηθά κε ηηο ππόινηπεο παξακέηξνπο ιi
/
, κi

*/
 θαη σln,i

/
 πνπ είλαη νη πνιιαπιαζηαζηηθνί όξνη κε ην Eex, νη 

ηηκέο ηνπο κεηαβάιινληαη ζε ινγηθά όξηα. Γηα παξάδεηγκα, ζηελ ηερλεηή δνκή πνπ απνηειείηαη από πκέληα 

Nb κε πάρνο dNb ην ι θπκαίλεηαη από 1.5 κέρξη 1.0, ην κ
*
 από 0.103 κέρξη 0.124, ην N(0)V από 0.56 κέρξη 

0.43 θαη ην σln από 51 κέρξη 91 θαηά ηελ αύμεζε ηνπ Eex ζηα 4.5 kV/cm. Σπκπεξαζκαηηθά, όιεο νη 

κηθξνζθνπηθέο παξάκεηξνη δείρλνπλ κηα ινγηθή κεηαβνιή ζην δηάζηεκα ηηκώλ ηνπ πεδίνπ Eex θαζώο επίζεο 

ην πνζνζηό ηεο κεηαβνιήο ηνπο εμαζζελεί κε ηελ αύμεζε ηνπ πάρνπο ησλ πκελίσλ Nb. 

7.3 Πηεδνειεθηξηθή ηξνπνπνηήζε ηεο θξίζηκεο ππθλόηεηαο ξεύκαηνο ζε ηερλεηέο δνκέο Nb/PMN-

0,31PT/Nb 

Σε απηή ηελ παξάγξαθν εμεηάδεηαη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο JC ζηηο ηερλεηέο δνκέο Nb/PMN-

0,31PT/Nb. Γεδνκέλνπ όηη ε εθαξκνγή Eex ζε απηέο ηηο ηερλεηέο δνκέο πξνθαιεί ηε κείσζε ηεο TC (όπσο 

παξνπζηάζηεθε ζηελ πξνεγνύκελε παξάγξαθν απηνύ ηνπ θεθαιαίνπ), επηιέρζεθαλ ζθνπίκσο δύν ηερλεηέο 

δνκέο νη νπνίεο εκθαλίδνπλ ειάρηζηε κεηώζε ηεο TC πξνθεηκέλνπ λα απνκνλσζεί ε επίδξαζε ηεο επαγόκελεο 

πηεδνειεθηξηθήο κεραληθήο ηάζεο ζηελ JC. Απηέο νη ηερλεηέο δνκέο απνηεινύληαη από ζρεηηθά παρηά πκέληα 

Nb κε πάρνο dNb=50 θαη 100 nm. Σε απηή ηε κειέηε ε JC κεηξήζεθε επαγσγηθά από ηηο ηζόζεξκεο θακπύιεο 

m(H) ζε δηάθνξα Eex κέζσ ηεο αλαινγίαο JC∝Γm 
[14,15]

 (όπνπ Γm είλαη ην εύξνο ησλ θακππιώλ m(H) ζε 

ζηαζεξό καγλεηηθό πεδίν, H). Οη αλαιπηηθέο θακπύιεο m(H) παξνπζηάδνληαη ζην αγγιηθό θείκελν. 

 Ξεθηλώληαο κε ηελ ηερλεηή δνκή Nb(50 nm)/PMN-0,31PT/Nb(50 nm) πξαγκαηνπνηήζεθαλ 

αλαιπηηθέο κεηξήζεηο m(H) ζε ζεξκνθξαζία T=6 K (ή T=TC-1,3 K) θαη T=5 K (ή T=TC-2,3 K) ππό ηελ 

εθαξκνγή δηαθνξεηηθώλ ειεθηξηθώλ πεδίσλ Eex. Οη εηθόλεο (7.8.α-β) παξνπζηάδνπλ ηα ζπγθεληξσηηθά 

απνηειέζκαηα ηεο ηξνπνπνίεζεο ηεο JC ζε θαλνληθνπνηεκέλε θιίκαθα (JC/JC0, όπνπ JC0 αλαθέξεηαη ζηελ JC 

ζε Eex=0 kV/cm) γηα δηάθνξα καγλεηηθά πεδία θαη ζε ζεξκνθξαζία 6 θαη 5 Κ, αληίζηνηρα. Σπγθεθξηκέλα, ε 

κεηαβνιή ηεο JC/JC0 ζηνπο 6 K θαηά ηελ αύμεζε ηνπ Eex (εηθόλα (7.8.a)) αθνινπζεί κηα κε-κνλόηνλε κείσζε 

όπνπ ζην Eex=2,0 kV/cm ην JC/JC0 εκθαλίδεη κηα βειηίσζε ηεο ηάμεσο ηνπ +1,3 % γηα H=150 Oe, ηνπ +2,5 % 

γηα H=300 Oe θαη ηνπ +4 % γηα H=500 Oe (όπσο θαίλεηαη ζην έλζεην ηεο εηθόλαο (7.8.α)). Η πεξαηηέξσ 

αύμεζε ηνπ Eex>2,0 kV/cm νδεγεί ζηε ζηαδηαθή κείσζε ηνπ JC/JC0 ην νπνίν αθνύ δηέιζεη από ηελ αξρηθή ηνπ 

ηηκή (ζηελ πεξηνρή πεδίσλ Eex=3,0-4,0 kV/cm) κεηώλεηαη απόηνκα θαηά -13 % γηα H=150 Oe, -12 % γηα 

H=300 Oe θαη θαηά -14 % γηα H=500 Oe ζην Eex(max)=5,0 kV/cm. Λακβάλνληαο ππόςηλ ηε κε-κνλόηνλε 

κείσζε ηεο JC/JC0 νη αληίζηνηρεο ηηκέο ηεο πνζνζηηαίαο κείσζεο κεηαμύ ησλ πεδίσλ Eex=2,0 kV/cm (πνπ 

εκθαλίδεηαη ην ηνπηθό κέγηζην) θαη ηνπ Eex(max)=5,0 kV/cm είλαη ίζεο κε -14,3 % γηα H=150 Oe, -14,5 % γηα 

H=300 Oe θαη ηέινο -18 % γηα H=500 Oe. Σπλερίδνληαο κε ηα δεδνκέλα ηεο εηθόλαο (7.8.β) ε κεηαβνιή ηεο 

JC/JC0 ζε ζεξκνθξαζία T=5 K παξνπζηάδεη παξόκνηα ζπκπεξηθνξά, ε νπνία όκσο ζπλνδεύεηαη από πην 

έληνλεο κεηαβνιέο ησλ ηηκώλ ηεο θαλνληθνπνηεκέλεο JC/JC0. Σπγθεθξηκέλα, ε βειηηζηνπνίεζε ηεο JC/JC0 ζην 

Eex=2,0 kV/cm είλαη ηεο ηάμεο ηνπ +4,5 % γηα H=800 Oe, +6,0 % γηα H=1.2 kOe θαη +9,0 % γηα H=1,5 kOe 

(όπσο θαίλεηαη ζην έλζεην ηεο εηθόλαο (7.8.β)). Σε απηή ηελ πεξίπησζε ε κείσζε ηνπ JC/JC0 κεηαμύ ηνπ 

Eex=0,0 kV/cm (ή Eex=2,0 kV/cm όηαλ ιακβάλεηαη ππόςηλ ε κε-κνλόηνλε κεηαβνιή ηνπ JC/JC0) θαη ηνπ 

Eex(max)=5,0 kV/cm είλαη ηεο ηάμεσο ηνπ -14,5 % (-19 %) γηα H=800 Oe, -13,0 % (-19 %) γηα H=1,2 kOe θαη  

-15,8 % (-24,8 %) γηα H=1,5 kOe. Τα απνηειέζκαηα απηά απνδεηθλύνπλ ηελ πηεδνειεθηξηθή ηξνπνπνίεζε 

ηεο JC ηεο δνκήο Nb(50 nm)/PMN-0,31PT/Nb(50 nm). 
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 Σε απηό ην ζεκείν ζα πξέπεη λα ζεκεησζεί όηη νη βξόρνη m(H) ζε ζεξκνθξαζία Τ=5 Κ εκθάληζαλ 

έληνλεο ζεξκνκαγλεηηθέο αζηάζεηεο (ΘΜΑ) ζηνλ θιάδν κείσζεο ηνπ καγλεηηθνύ πεδίνπ θαη ζε κηθξά 

καγλεηηθά πεδία, ν αξηζκόο ησλ νπνίσλ κεηαβάιιεηαη κε-κνλόηνλα κε ηελ αύμεζε ηνπ Eex. Η εηθόλα (7.9.α) 

παξνπζηάδεη ηε δηαθύκαλζε ησλ θαηαγεγξακκέλσλ ΘΜΑ θαηά ηελ αύμεζε ηνπ Eex θαη δείρλεη όηη θαηά ηελ 

κε-κνλόηνλε κεηαβνιή ηνπο εκθαλίδεηαη έλα ηνπηθό κέγηζην ζην πεδίν Eex=2,0 kV/cm, ην νπνίν ηαπηίδεηαη 

κε ην πεδίν όπνπ ε JC εκθαλίδεη έλα ηνπηθό κέγηζην. Γηα απηό ην ιόγν θξίλεηαη ζθόπηκν λα ζπζρεηηζηεί ε 

κεηαβνιή ηνπ αξηζκνύ ησλ ΘΜΑ κε ηελ ηξνπνπνίεζε ηεο JC. Η εηθόλα (7.9.β) παξνπζηάδεη ηε κεηαβνιή ηεο 

JC/JC0 ζε ζεξκνθξαζία Τ=5 Κ κε ην Eex θαη γηα καγλεηηθά πεδία πνπ βξίζθνληαη εληόο (H=0 θαη 200 Oe, 

ζπκπαγή ζύκβνια ηεο εηθόλαο (7.9.β)) θαη εθηόο (H=800 θαη 1500 Oe, εκη-γεκηζκέλα ζύκβνια ηεο εηθόλαο 

(7.9.β)) ηεο πεξηνρήο ησλ ΘΜΑ (Η<600 Oe). Δμεηάδνληαο πξνζεθηηθά ηελ εηθόλα (7.9.β) κπνξεί θαλείο λα 

αλαγλσξίζεη ηε πξνέιεπζε ηεο κε-κνλόηνλεο κεηαβνιήο ησλ ΘΜΑ. Η κεγηζηνπνίεζε ηεο JC ζην Eex=2,0 

Εηθόλα 7.8: Μεηαβνιή ηεο θαλνληθνπνηεκέλεο JC (σο πξνο ηελ JC0 ηεο αξρηθήο θαηάζηαζεο ζε Eex=0) σο ζπλάξηεζε ηνπ 

Eex γηα ηελ ηερλεηή δνκή Nb(50 nm)/PMN-0,31PT/Nb(50 nm), γηα δεδνκέλα πνπ πξνέθπςαλ από ηηο ηζόζεξκεο θακπύιεο 

m(H) ζε ζεξκνθξαζία (a) T=6 K θαη (β) T=5 K. Σε θάζε εηθόλα ην έλζεην εζηηάδεη ζηε  πεξηνρή κηθξώλ πεδίσλ Eex όπνπ 

παξαηεξείηαη κηα βειηηζηνπνίεζε ηεο JC. Σε θάζε πεξίπησζε νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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Εηθόλα 7.9: Μεηαβνιή (α) ηνπ αξηζκνύ ησλ ΘΜΑ θαη (β) ηεο θαλνληθνπνηεκέλεο JC, ζε ζρέζε κε ην Eex γηα ηελ ηερλεηή 

δνκή Nb(50 nm)/PMN-0,31PT/Nb(50 nm). Σηελ εηθόλα (β) ηα ζπκπαγή (εκη-γεκηζκέλα) ζύκβνια αλαθέξνληαη ζηα 

δεδνκέλα πνπ πξνέθπςαλ από καγλεηηθά πεδία πνπ βξίζθνληαη εθηόο (εληόο) ηεο πεξηνρήο πεδίσλ ησλ ΘΜΑ. Σε θάζε 

πεξίπησζε νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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kV/cm ζε ζρεηηθά κεγάια καγλεηηθά πεδία (H=800 and 1500 Oe) ζεκαίλεη όηη ηα πκέληα Nb ππνζηεξίδνπλ 

ηε ξνή κηαο JC πνπ μεπεξλάεη ηελ JC0. Καζώο ην καγλεηηθό πεδίν κεηώλεηαη θαηά κήθνο ηνπ θιάδνπ κείσζεο 

ηνπ H ε JC απμάλεηαη πεξαηηέξσ (ιόγσ ηεο εμάξηεζεο ηεο JC κε ην H) θαη σο εθ ηνύηνπ ζην Eex=2,0 kV/cm ε 

ηνπηθή κεγηζηνπνίεζε ηεο JC νδεγεί ζε αθόκε πςειόηεξεο ηηκέο. Πξνθαλώο, ηα πκέληα Nb δελ κπνξνύλ λα 

ππνζηεξίμνπλ ηε ξνή απηήο ηεο εληζρπκέλεο JC θαη ν αξηζκόο ησλ ΘΜΑ κεγηζηνπνηείηαη ζην Eex=2,0 kV/cm. 

Απηή ε ηνπηθή κεγηζηνπνίεζε ηνπ αξηζκνύ ησλ ΘΜΑ ζην Eex=2,0 kV/cm νδεγεί ζε κηα ηνπηθή 

ειαρηζηνπνίεζε ηεο JC/JC0 ζηα κηθξά καγλεηηθά πεδία. Η πεξαηηέξσ αύμεζε ηνπ Eex πξνθαιεί ηελ επηζηξνθή 

ηεο JC ζηελ αξρηθή ηεο ηηκή JC0 (είηε κέζσ κηα αύμεζεο ζηα κηθξά πεδία Η ή κέζσ κηα κείσζεο ζηα κεγάια 

πεδία H) θαη απηή ε ζπκπεξηθνξά ηεο JC δηθαηνινγεί πιήξσο ηε κείσζε ησλ ΘΜΑ ζε απηό ην δηάζηεκα 

ηηκώλ ηνπ Eex. Τέινο, ζην Eex(max)=5,0 kV/cm ε ξνή κηαο ππνβαζκηζκέλεο JC κπνξεί λα ππνζηεξηρζεί από ηα 

πκέληα Nb θαη έηζη νη ΘΜΑ πνπ θαηαγξάθνληαη βξίζθνληαη ζε έλα ειάρηζην επίπεδν. 

 Γηα ηε ζεσξεηηθή δηεξεύλεζε ησλ πεηξακαηηθώλ απνηειεζκάησλ ηεο ηξνπνπνίεζεο ηεο JC θαηά ηελ 

αύμεζε ηνπ Eex ρξεζηκνπνηείηαη ην θαηλνκελνινγηθό κνληέιν πνπ παξνπζηάζηεθε ζηελ παξάγξαθν 6.2. Η 

επηζπκεηή ζρέζε JC(Eex) πξνθύπηεη από ηελ εηζαγσγή ηεο εμίζσζεο S(Eex) ζε κηα θαζνξηζκέλε έθθξαζε ηεο 

JC(S) πνπ έρεη πξνηαζεί ζηελ εξγαζία 
[16]

 θαη έρεη ρξεζηκνπνηεζεί σο ζπλάξηεζε πξνζαξκνγήο ζηηο εξγαζίεο 
[17-20]

. Η κε-κνλόηνλε κεηώζε ηεο JC θαηά ηελ αύμεζε ηεο Eex (εηθόλεο (7.9.α-β)) ππνδεηθλύεη όηη ε 

θαηάιιειε εμίζσζε πνπ πεξηγξάθεη ηελ ειεθηξν-κεραληθή ηθαλόηεηα ηνπ ππνζηξσκάηνο PMN-0,31PT ζα 

πξέπεη λα δίλεηαη από ηελ ηεηξαγσληθή ζρέζε S(Eex). Απηό ζεκαίλεη όηη ε ηειηθή έθθξαζε ηεο JC(Eex) (πνπ 

δίλεηαη από ηελ έθθξαζε (6.8)) πεξηιακβάλεη δύν όξνπο ζην άζξνηζκα, νη νπνίνη είλαη ην A1
/
 θαη ην A2

/
. Οη 

εηθόλεο (7.10.α-β) δείρλνπλ ηα κε-θαλνληθνπνηεκέλα απνηειέζκαηα ηεο JC γηα δηάθνξα Η ζηηο ζεξκνθξαζίεο 

T=6 θαη 5 K, αληίζηνηρα, καδί κε ηηο βέιηηζηεο θακπύιεο JC(Eex) πνπ ρξεζηκνπνηήζεθαλ γηα ηελ πξνζέγγηζε 

ησλ πεηξακαηηθώλ δεδνκέλσλ. Οη θακπύιεο JC(Eex) αλαπαξαγάγνπλ κε αθξίβεηα ηα απνηειέζκαηα. 

Πεξηζζόηεξεο ιεπηνκέξεηεο δίλνληαη ζηελ παξάγξαθν 7.3 ηνπ αγγιηθνύ θεηκέλνπ. Τέινο, ζεκεηώλεηαη όηη 

αληίζηνηρεο κεηξήζεηο πξαγκαηνπνηήζεθαλ θαη γηα ηελ ηερλεηή δνκή Nb(100 nm)/PMN-0,31PT/Nb(100 nm), 

όπνπ νη κεηξήζεηο δελ έδεημαλ θάπνηα κεηαβνιή ζηνπο βξόρνπο m(H) ζηα δηάθνξα Eex. Σπγθεθξηκέλα, ε 

κέγηζηε θαηαγξαθόκελε ηξνπνπνίεζε ηεο JC (ζην Eex(max)=5,0 kV/cm) ζε πςειά Η είλαη ηεο ηάμεσο ηνπ -2 %, 

ελώ ζε κηθξά Η ε αληίζηνηρε ηξνπνπνίεζε είλαη ακειεηέα. Απηά ηα απνηειέζκαηα απνδίδνληαη ζηελ 

επίδξαζε ηνπ πάρνπο ησλ πκελίσλ Nb, θαηά ηελ νπνία ε αύμεζε ηνπ πάρνπο εμαζζελεί ηελ επίδξαζε ηεο 

κεραληθήο ηάζεο. Όπσο αλαθέξζεθε ζηελ παξάγξαθν 7.2 πκέληα Nb κε πάρνο dNb=100 nm είλαη αξθνύλησο 

Figure 7.10: Μεηαβνιή ηεο JC κε ην Eex ηεο ηερλεηήο δνκήο Nb(50 nm)/PMN-0,31PT/Nb(50 nm) (α) γηα H=150, 300 θαη 

500 Oe ζε ζεξκνθξαζία T=6 K θαη (β) γηα H=800, 1200 θαη 1500 Oe (πνπ είλαη εθηόο ηεο πεξηνρήο ησλ ΘΜΑ) ζε 

ζεξκνθξαζία T=5 K. Σηηο εηθόλεο (a) θαη (b) ηα ζύκβνια αλαθέξνληαη ζηα πεηξακαηηθά δεδνκέλα θαη νη γξακκέο ζηηο 

θακπύιεο JC(Eex) πνπ ρξεζηκνπνηήζεθαλ γηα ηελ ζεσξεηηθή πξνζέγγηζε ησλ πεηξακαηηθώλ δεδνκέλσλ. 
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παρεηά θαη νη ππεξαγώγηκεο ηδηόηεηέο ηνπο παξακέλενπλ ακεηάβιεηεο ζην δηάζηεκα ηηκώλ ηνπ πεδίνπ Eex. 

7.4 Ο ξόινο ηεο επηθαλεηαθήο κνξθνινγίαο ηωλ ππνζηξωκάηωλ ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηωλ 

ππεξαγώγηκωλ ηδηνηήηωλ 

Σηηο πξνεγνύκελεο ελόηεηεο απηνύ ηνπ θεθαιαίνπ δόζεθαλ ηα απνηειέζκαηα ηεο πηεδνειεθηξηθήο 

ηξνπνπνίεζεο ηεο TC θαη ηεο JC ζε ηερλεηέο δνκέο Nb(dNb)/PMN-xPT/Nb(dNb) πνπ απνηεινύληαη από 

ππνζηξώκαηα PMN-xPT πνπ έρνπλ ππνβιεζεί ζε ήπηα ιείαλζε ησλ επηθαλεηώλ ηνπο. Απηή ε παξάγξαθνο 

εζηηάδεηαη ζηε κειέηε ηεο επίδξαζεο ηεο επηθαλεηαθήο κνξθνινγίαο ησλ ππνζηξσκάησλ PMN-xPT κε κε-

ιεηαζκέλεο επηθάλεηεο ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC θαη ηεο JC ζηα πκέληα Nb. 

 Η ηερλεηή δνκή πνπ κειεηάηαη ζε απηή ηελ παξάγξαθν είλαη ε Nb(20 nm)/PMN-0,31PT(Με-

ιεηαζκέλν)/Nb(20 nm) θαη έρεη επηιεγεί γηα ηνπο εμήο ιόγνπο: (i) ρξεζηκνπνηείηαη ην ππόζηξσκα PMN-

0,31PT ιόγσ ηεο απνηειεζκαηηθήο ηνπ δξάζεο ζηελ ηξνπνπνίεζε ησλ ππεξαγώγηκσλ ηδηνηήησλ ζε ζρέζε κε 

ην ππόζηξσκα PMN-0,27PT, (ii) πκέληα Nb κε πάρνο dNb=20 nm είλαη αξθεηά ιεπηά ζε ζρέζε κε ηε 

δηαηήξεζε ηεο ππεξαγσγηκόηεηαο ησλ πκελίσλ πνπ έρνπλ ελαπνηεζεί ζε ππνζηξώκαηα πςειήο επηθαλεηαθήο 

ηξαρύηεηαο (Sa) θαζώο επίζεο έρεη απνδεηρζεί πεηξακαηηθά ζηελ ελόηεηα 7.2 όηη νη ππεξαγώγηκεο ηδηόηεηεο 

πκελίσλ Nb πάρνπο 20 nm ηξνπνπνηνύληαη θαηά ηελ εθαξκνγή Eex. 

i. Πηεδνειεθηξηθή ηξνπνπνίεζε ηεο θξίζηκεο ζεξκνθξαζίαο ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από 

μη-λειαζμένα ππνζηξώκαηα  

Απηή ε ελόηεηα εζηηάδεη ζηε κέιεηε ηεο επίδξαζεο ηεο Sa ζηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC. Γηα 

απηή ηε κειέηε πξαγκαηνπνηήζεθαλ αλαιπηηθέο ηζνπεδηαθέο κεηξήζεηο m(T) θαηά ηε ζπζηεκαηηθή κεηαβνιή 

ηνπ Eex. Η εηθόλα (7.11.α) παξνπζηάδεη ηα ζπγθεληξσηηθά απνηειέζκαηα ηεο κεηαβνιήο ηεο TC γηα δεδνκέλα 

πνπ πξνέθπςαλ από ηνπο θιάδνπο FC ζε πεδίν H=10 Oe. Τα πεηξακαηηθά ζεκεία ηεο εηθόλαο (7.11.α) 

ζπλνδεύνληαη από ηε θακπύιε βέιηηζηεο πξνζαξκνγήο TC(Eex). Από ηα πεηξακαηηθά ζεκεία πξνθύπηεη όηη ε 

ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)=4,0 kV/cm είλαη πεξίπνπ 400 mK, ε νπνία αληηζηνηρεί 

ζε έλα ζπληειεζηή ηξνπνπνίεζεο (πνζνζηηαία ηξνπνπνίεζε) ίζν κε -0,100 K/kV/cm (-6,0%). Αλαθνξηθά κε 

ηε ζεσξεηηθή δηεξεύλεζε ησλ απνηειεζκάησλ είλαη πξνθαλέο όηη ιόγσ ηεο κε-κνλόηνλεο κείσζεο ηεο TC ε 

βέιηηζηε θακπύιε πξνζαξκνγήο TC(Eex) ησλ πεηξακαηηθώλ ζεκείσλ ζα πξέπεη λα δίλεηαη από ηελ έθθξαζε 

(6.5.δ), ε νπνία αλαπαξαγάγεη κε ζρεηηθά κεγαιή αθξίβεηα (R
2
~90,1%) ηε κε-κνλόηνλε κεηαβνιή ηεο TC. Η 

θακπύιε TC(Eex) απνθαιύπηεη δύν ραξαθηεξηζηηθά ειεθηξηθά πεδία, ην Eex
dip 

≈1,5 kV/cm πνπ ζεκαηνδνηεί 

έλα βύζηζκα ησλ ηηκώλ ηεο TC (ηνπηθό ειάρηζην) θαη ην Eex
 
≈2,5 kV/cm πνπ ζεκαηνδνηεί ηελ επηζηξνθή ηεο 

TC ζε ηηκή πςειόηεξε ηεο TC0 (ηνπηθό κέγηζην). Σπγθξίλνληαο ηα απνηειέζκαηα ηεο TC(Eex) απηήο ηεο 

ηερλεηήο δνκήο κε ηα αληίζηνηρα απνηειέζκαηα ησλ ηερλεηώλ δνκώλ πνπ απνηεινύληαη από ιεηαζκέλα 

ππνζηξώκαηα PMN-0,31PT πξνθύπηεη όηη ε ζπλνιηθή ηξνπνπνίεζε ηεο TC δελ επεξεάδεηαη από ηελ 

επηθαλεηαθή ηξαρύηεηα ησλ ππνζηξσκάησλ. Ωζηόζν, κπνξεί θαλείο λα ηζρπξηζηεί όηη ε εμσγελήο 

παξάκεηξνο ηεο επηθαλεηαθήο ηξαρύηεηαο κεηαηξέπεη ηελ αζζεληθή αιιαγή θακππιόηεηαο ησλ TC(Eex) ζηηο 

δνκέο πνπ απνηεινύληαη από ιεηαζκέλα ππνζηξώκαηα PMN-0,31PT ζε έλα έληνλν βύζηζκα (ηνπηθό ειάρηζην) 

ησλ TC(Eex) ζηηο δνκέο πνπ απνηεινύληαη από κε-ιεηαζκέλα ππνζηξώκαηα PMN-0,31PT. Οη εηθόλεο (7.11.β-

γ) δείρλνπλ ηα απνηειέζκαηα ηεο κεραληθήο ηάζεο πνπ θαηαγξάθεηαη από κηα νγθηθή ηερληθή θαη κηα ηνπηθή 

ηερληθή, αληίζηνηρα. Από απηή ηελ αλαπαξάζηαζε γίλεηαη θαλεξό όηη ην Eex
dip 

≈1,2 kV/cm ηαπηίδεηαη κε ην 

Eex
inf

≈1,4 kV/cm πνπ ζεκαηνδνηεί κηα αζζεληθή αιιαγή θακππιόηεηαο ζηα δεδνκέλα ηεο νγθηθήο ηερληθήο 

(εηθόλα (7.11.β)) θαη κε κηα αζζεληθή θνξπθή Eex≈1,3 kV/cm ζηα δεδνκέλα ηεο ηνπηθήο ηερληθήο (εηθόλα 

(7.11.γ). Δκθαλώο, ηα ραξαθηεξηζηηθά ζεκεία ησλ θακππιώλ Sx-Eex ζπκπίπηνπλ κε ηελ πεξηνρή πεδίσλ όπνπ 
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θαηαγξάθεηαη ην ηνπηθό ειάρηζην ησλ πεηξακαηηθώλ δεδνκέλσλ ηεο TC-Eex. Ο ζπλδπαζκόο όισλ ησλ 

παξαπάλσ απνδεηθλύεη μεθάζαξα όηη ε κεηαβνιή ηεο TC ζε απηέο ηηο δνκέο ππνθηλείηαη απνθιεηζηηθά θαη 

κόλν από ηηο επαγόκελεο ηηκέο ηεο κεραληθήο ηάζεο ησλ ππνζηξσκάησλ PMN-0,31PT αλεμαξηήησο ηεο 

επηθαλεηαθήο ηνπο κνξνθνινγίαο. 

 

ii. Πηεδνειεθηξηθή ππνβάζκηζε ηεο θξίζηκεο ππθλόηεηαο ξεύκαηνο ζε ηερλεηέο δνκέο πνπ 

απνηεινύληαη από μη-λειαζμένα ππνζηξώκαηα 

Απηή ε ελόηεηα εζηηάδεηαη ζηελ επίδξαζε ηεο επηθαλεηαθήο ηξαρύηεηαο (Sa) ζηελ πηεδνειεθηξηθή 

ηξνπνπνίεζε ηεο JC ζηα πκέληα Nb. Σε απηή ηε κειέηε δηεξεπλώληαη δύν ηερλεηέο δνκέο Nb/PMN-

0,31PT/Nb όπνπ ην πάρνο ησλ πκελίσλ Nb είλαη dNb=20 nm, ε πξώηε δνκή απνηειείηαη από έλα ιεηαζκέλν 

ππνζηξώκαηα PMN-0,31PT ρακειήο επηθαλεηαθήο ηξαρύηεηαο θαη ε δεύηεξε από έλα κε-ιεηαζκέλν 

ππόζηξσκα PMN-0,31PT πςειήο επηθαλεηαθήο ηξαρύηεηαο. 

 Η εηθόλα (7.12) παξνπζηάδεη αληηπξνζσπεπηηθά πεηξακαηηθά απνηειέζκαηα ησλ δύν ηερλεηώλ δνκώλ 

ζε θάζεηε δηάηαμε. Κάζε ζηήιε ηεο εηθόλαο (7.12) ζπλδπάδεη κηα εηθόλα ΜΑΓ (από κηα πεξηνρή ζάξσζεο 

20x10 κm
2
) καδί κε ηνπο βξόρνπο m(H) πνπ κεηξήζεθαλ γηα Eex=0, 1, 2 θαη 3.5 (ή 3.3) kV/cm γηα θάζε 

ηερλεηή δνκή. Σπγθεθξηκέλα, ε αξηζηεξή ζηήιε ηεο εηθόλαο (7.12) (εηθόλεο (7.12.α.i-iv)) αλαθέξεηαη ζηελ 

Εηθόλα 7.11: (a) Σπγθεληξσηηθά απνηειέζκαηα ηεο TC(Eex) καδί κε ηε βέιηηζηε θακπύιε πξνζαξκνγήο ησλ πεηξακαηηθώλ 

ζεκείσλ γηα ηελ ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm). Μεηξήζεηο ησλ πεηξακαηηθώλ 

θακππισλ Sx-Eex ρξεζηκνπνηώληαο (β) κηα νγθηθή ηερληθή θαη (γ) κηα ηνπηθή κέζνδν παξαηήξεζεο. Τν καύξν βέινο ζηελ 

εηθόλα (β) ππνδεηθλύεη έλα αζζεληθό ζεκείν θακπήο ηεο θακπύιεο Sx(Eex), ελώ ην καύξν δηαθεθνκκέλν βεινο (κπιέ 

ζπκπαγέο βέινο) ζηελ εηθόλα (γ) ππνδεηθλύεη κηα θνξπθή ζεηηθνύ Sx (κεδεληθνύ Sx). 
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ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) κε <Sa>≈44 nm (Sa=25 nm ζηελ εηθόλα 

(7.12.α)) θαη TC=7 K, ελώ ε δεμηά ζηήιε (εηθόλεο (7.12.β.i-iv)) αλαθέξεηαη ζηελ ηερλεηή δνκή Nb(20 

nm)/PMN-0.31PT(Με-ιεηαζκέλν)/Nb(20 nm) κε <Sa>≈290 nm (Sa=216 nm ζηελ εηθόλα (7.12.β)) θαη TC=6.6 

K. Θα πξέπεη λα ζεκεησζεί όηη ιόγσ ηεο δηαθνξεηηθήο TC απηώλ ησλ ηερλεηώλ δνκώλ, νη βξόρνη m(H) 

ειήθζεζαλ ζε δηαθνξεηηθέο ζεξκνθξαζίεο (T<TC) ππαθνύνληαο ζε κηα απιή ζπλζήθε πνπ επηηξέπεη ηε 

ζύγθξηζε ησλ βξόρσλ m(H) κεηαμύ ηνπο. Πην ζπγθεθξηκέλα, νη κεηξήζεηο m(H) έγηλαλ ζε ζεξκνθξαζία 

T=TC-2 K εμαζθαιίδνληαο κε απηό ηνλ ηξόπν όηη ηα πκέληα Nb θαη ζηηο δύν ηερλεηέο δνκέο βξίζθνληαη  

βαζεηά κέζα ζηελ ππεξαγώγηκε θαηάζηαζε, αλεμαξηήησο ηεο TC ηνπο θαη ηνπ εύξνπο ηεο ππεξαγώγηκεο 

κεηάβαζεο. Τα πεηξακαηηθά απνηειέζκαηα ηεο εηθόλαο (7.12) δείρλνπλ όηη ε αύμεζε ηνπ Eex επηδξά 

δηαθνξεηηθά ζε θάζε ηερλεηή δνκή. Όπσο θαίλεηαη ζηηο εηθόλεο (7.12.α.i-iv) νη βξόρνη m(H) ηεο ηερλεηήο 

δνκήο Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) παξακέλνπλ αλεπεξέαζηνη θαηά ηελ αύμεζε ηνπ Eex. 

Εηθόλα 7.12: (α)-(β) Αληηπξνζσπεπηηθέο εηθόλεο ΜΑΔ (20x10 κm
2
) ππνζηξώκαηνο PMN-0,31PT κε (a) ιεηαζκέλεο θαη (β) 

κε-ιεηαζκέλεο επηθάλεηεο. Η κέζε επηθαλεηαθή ηξαρύηεηα Sa ηεο ζπγθεθξηκέλεο πεξηνρήο είλαη (a) Sa=25 nm θαη (β) 

Sa=216 nm. (a.i)-(a.iv), (β.i)-(β.iv) Αληηπξνζσπεπηηθνί βξόρνη m(H) ζε δηάθνξα Eex γηα ην δείγκα (a.i)-(a.iv) 

Nb(20nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20nm) θαη (β.i)-(β.iv) Nb(20nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20nm). 
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Αληίζεηα, ε αύμεζε ηνπ Eex ζηελ ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) επάγεη  

ζεκαληηθέο αιιαγέο ζηνπο βξόρνπο m(H) (εηθόλεο (7.12.β.i-iv)). Δζηηάδνληαο ηελ πξνζνρή καο ζηελ ηειεπ-

ηαία ηερλεηή δνκή κπνξεί θαλείο λα αλαγλσξίζεη όηη ν νκαιόο θαη αζόξπβνο βξόρν m(H) ζε Eex=0.0 kV/cm 

(πνπ αληηζηνηρεί ζηελ αξρηθή θαη αδηαηάξαθηε θαηάζηαζε ηεο ηερλεηήο δνκήο) κεηαηξέπεηαη ζε ηδηαίηεξα 

ζνξπβώδεηο βξόρνπο m(H) όπνπ θαηαγξάθνληαη άικαηα καγλήηηζεο κε ηελ αύμεζε ηνπ Eex (πνπ αληηζηνηρεί 

ζηηο δηαηαξαγκέλεο θαηαζηάζεηο ηεο ηερλεηήο δνκήο). Απηά ηα άικαηα καγλήηηζεο πξνθύπηνπλ από ηελ 

αλάπηπμε ζεξκνκαγλεηηθώλ αζηαζεηώλ (ΘΜΑ) ζηα πκέληα Nb. 

 Πξνθεηκέλνπ λα εμεηαζηεί ε κεηαβνιή ηνπ πιήζνπο ησλ ΘΜΑ θαηά ηελ αύμεζε ηνπ Eex, 

ρξεζηκνπνηήζεθαλ ηξηα δηαθνξεηηθά θξηηήξηα γηα ηελ θαηαγξαθή ησλ ΘΜΑ ζηνπο βξόρνπο m(H) ζε θάζε 

Eex. Έλα αληηπξνζσπεπηηθό παξάδεηγκα θάζε θξηηεξίνπ παξνπζηάδεηαη ζηελ εηθόλα (7.13.α), ε νπνία δείρλεη 

ην βξόρν m(H) ζην κέγηζην Eex=+3.3 kV/cm. Δθηόο ησλ πεηξακαηηθώλ δεδνκέλσλ ηνπ ζπγθεθξηκέλνπ βξόρνπ 

m(H) (πξάζζηλα ζύκβνια ζηελ εηθόλα (7.13.α)) ζπκπεξηιακβάλεηαη θαη ε νκαινπνηεκέλε θακπύιε m(H) 

(γθξη ζύκβνια ζηελ εηθόλα (7.13.α)) πνπ ππνινγίζηεθε από ην ινγηζκηθό παθέην Origin. Δπηπιένλ, 

ιακβάλνληαο ππόςηλ όηη ε αθξίβεηα ησλ καγλεηηθώλ κεηξήζεσλ είλαη ηεο ηάμεο ηνπ 10
-7

 emu, ηνπνζεηήζεθε 

κηα δώλε ζθάικαηνο πιάηνπο ±5·10
-7

 emu (γθξη γξακκέο) σο πεξηβάιινπζα ησλ νκαινπνηεκέλσλ θακππιώλ 

m(H). Σύκθσλα κε ην πξώην θξηηήξην, νη ΘΜΑ απνδίδνληαη ζηα δηαθξηηά πεηξακαηηθά ζεκεία πνπ 

βξίζθνληαη εθηόο ηεο δώλεο ζθάικαηνο, όπσο θαίλεηαη από ην καύξν βέινο ζηελ εηθόλα (7.13.α). Απηέο νη 

ΘΜΑ νλνκάδνληαη κηθξνζθνπηθέο ΘΜΑ (micro ΘΜΑ). Απνθιεηζηηθά από ηηο νκαινπνηεκέλεο θακπύιεο, ην 

δεύηεξν θξηηήξην απνδίδεη κηα ΘΜΑ ζηα ηκήκαηα ησλ θακππιώλ όπνπ ε καγλεηηθή ξνπή δηαδνρηθώλ 

ζεκείσλ κεηώλεηαη ζηαδηαθά πξνο ην κεδέλ, όπσο θαίλεηαη από ην θόθθηλν βέινο ζηελ εηθόλα (7.13.α). 

Απηέο νη ΘΜΑ νλνκάδνληαη καθξνζθνπηθέο ΘΜΑ (macro ΘΜΑ). Τέινο, ρσξίο λα ιεθζνύλ ππόςηλ νη 

νκαινπνηεκέλεο θακπύιεο m(H), ρξεζηκνπνείηαη έλα απζηεξό καζεκαηηθό θξηηήξην γηα λα απνδώζεη κηα 

ΘΜΑ. Απηό είλαη ην ηξίην θξηηήξην θαη κεηξάεη κηα ΘΜΑ όηαλ ε κεηαβνιή ηε καγλήηηζεο ζε έλα άικα 

καγλήηηζεο (δm=|mi+1-mi|) ηθαλνπνηεί ηε ζπλζήθε δm>0.5mi. Έλα παξάδεηγκα ηνπ ηξίηνπ θξηηεξίνπ θαίλεηαη 

από ηα κπιέ βέιε ζηελ εηθόλα (7.13.α). 

 Η εηθόλα (7.13.β) δείρλεη ηε κεηαβνιή ηνπ πιήζνπο ησλ ΘΜΑ σο ζπλάξηεζε ηνπ Eex γηα ΘΜΑ πνπ 

θαηαγξάθνληαη θαη κε ηα ηξία θξηηήξηα. Γηα ιόγνπο παξνπζίαζεο, ν αξηζκόο ησλ macro ΘΜΑ 

πνιιαπιαζίδεηαη κε 8 θαη ν αξηζκόο ησλ ΘΜΑ ζύκθσλα κε ην ηξίην θξηηήξην πνιιαπιαζηάδεηαη κε 4, θαζώο 

Εηθόλα 7.13: (a) Έλα αληηπξνζσπεπηηθό παξάδεηγκα γηα θάζε θξηηήξην πνπ ρξεζηκνπνηείηαη γηα ηελ θαηαγξαθή ησλ ΘΜΑ 

ζην βξόρν m(H) πνπ κεηξήζεθε ππό ηελ εθαξκνγή Eex=3.33 kV/cm. Τα πξάζζηλα ζύκβνια αλαθέξνληαη ζηελ πεηξακαηηθή 

θακπύιε m(H), ελώ ηα γθξη ζύκβνια αλαθέξνληαη ζηελ νκαινπνηεκέλε θακπύιε m(H). Τν καύξν βέινο δείρλεη κηα micro 

ΘΜΑ, ην θόθθηλν βέινο δείρλεη κηα macro ΘΜΑ θαη ηέινο ηα κπιε βέιε δείρλνπλ κηα ΘΜΑ όπνπ δm=|mi+1-mi|>0.5mi. (β) 

Ο αξηζκόο ησλ ΘΜΑ πνπ θαηαγξάθεθαλ ζηνπο θιάδνπο αύμεζεο θαη κείσζεο ηνπ πεδίνπ H, ρξεζηκνπνίσληαο θαη ηα ηξία 

θξίηεξηα. Τνλίδεηαη όηη νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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Εηθόλα 7.14: Μεηαβνιή ηεο θαλνληθνπνηεκέλεο JC (σο πξνο ηελ ηηκή JC0) σο ζπλάξηεζε ηνπ ειεθηξηθνύ πεδίνπ Eex ζηα 

καγλεηηθά πεδία H=0, 150 θαη 400 Oe θαη γηα ηελ ηερλεηή δνκή (a) Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) 

(αλνηθηά ζύκβνια)θαη (β) Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) (ζπκπαγή ζύκβνια). Η θιίκαθα ησλ 

αμόλσλ θαη ζηηο δύν εηθόλεο είλαη ίδηεο γηα λα δηεπθνιπλζεί ε άκεζε ζύγθξηζε ησλ απνηειεζκάησλ ησλ δύν ηερλεηώλ 

δνκώλ. Σε θάζε πεξίπησζε νη γξακκέο εμππεξεηνύλ σο νδεγνί γηα ην κάηη. 
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θάζε θξηηήξην θαηαγξάθεη δηαθνξεηηθό αξηζκό ΘΜΑ. Από ηελ εηθόλα (7.13.β) γίλεηαη θαλεξό όηη ζε θάζε 

εθαξκνδόκελν θξηηήξην, ε δηαθύκαλζε ηνπ αξηζκνύ ησλ ΘΜΑ αθνινπζεί ηελ ίδηα κε-κνλόηνλε κεηαβνιή 

θαηά ηελ αύμεζε ηνπ Eex, όπνπ θαη δηαθξίλνληαη δύν ραξαθηεξηζηηθά πεδία. Τν πξώην ραξαθηεξηζηηθό πεδίν 

Eex (Ech,1) είλαη ζηα 1,3 kV/cm θαη αληηζηνηρεί ζην ηνπηθό κέγηζην ηνπ αξηζκνύ ησλ ΘΜΑ, ελώ ην δεύηεξν 

ραξαθηεξηζηηθό πεδίν (Ech,2) είλαη ζηα 2,0 kV/cm όπνπ όια ηα θξηηήξηα θαηαγξάθνπλ κηα ηνπηθή 

ειαρηζηνπνίεζε ησλ ΘΜΑ. Σε απηό ην ζεκείν ζα πξέπεη λα ζεκεησζεί όηη νη ΘΜΑ παξαηεξνύληαη θπξίσο 

ζηελ πεξηνρή ησλ πςειώλ καγλεηηθώλ πεδίσλ, αληίζεηα κε ηελ αλακελόκελε εκθαληζή ηνπο θνληά ζηελ 

επηζηξνθή ηνπ καγλεηηθνύ πεδίν ζηα 0 Οe. 

 Η αλάπηπμε ησλ ΘΜΑ ζε απηή ηελ ηερλεηή δνκή πξνθαιεί ηελ εμαζζέληζε ηεο JC. Θεσξώληαο όηη ε 

JC είλαη αλάινγε ηεο Γm (JC∝Γm) ζε ζηαζεξό καγλεηηθό πεδίν, νη εηθόλεο (7.14.α-β) δείρλνπλ ηελ 

ηξνπνπνίεζε ηεο θαλνληθνπνηεκέλεο JC (όπσο νξίδεηαη από ην ιόγν JC/JC0, όπνπ JC0 είλαη ε JC γηα Eex=0 

kV/cm) γηα H=0 Oe (καύξνη θύθινη), 150 Oe (κπιε ηεηξάγσλα) and 400 Oe (θόθθηλνη ξόκβνη) σο ζύλαξηεζε 

ηνπ Eex γηα ηηο ηερλεηέο δνκέο Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) θαη Nb(20 nm)/PMN-

0,31PT(Με-ιεηαζκέλν)/Nb(20 nm), αληίζηνηρα. Όπσο θαίλεηαη ζηελ εηθόλα (7.14.α), ην γεγνλόο όηη νη βξόρνη 

m(H) παξέκεηλαλ αλεπεξέαζηνη θαηά ηελ εθαξκνγή Eex (εηθόλεο (7.11.α.i-iv)) αληηθαηνπηξίδεηαη ζηελ 

ακειεηέα ηξνπνπνίεζε ηεο θαλνληθνπνηεκέλεο JC. Αληίζεηα, ε εκθάληζε ΘΜΑ ζηνπο βξόρνπο m(H) ηεο 

ηερλεηήο δνκήο Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) θαη ε κεηαβνιή ηνπ αξηζκνύ ησλ ΘΜΑ 

θαηά ηελ αύμεζε ηνπ Eex έρεη σο απνηέιεζκα ηελ ηζρπξή ηξνπνπνίεζε ησλ θαλνληθνπνηεκέλσλ ηηκώλ ηεο JC. 

Σηελ εηθόλα (7.14.β) θαίλεηαη όηη ε θαλνληθνπνηεκέλε JC ζηα πεδία H=150 θαη 400 Oe κεηαβάιιεηαη κε-

κνλόηνλα θαη κάιηζηα ζε απνιύηε αληηζηνηρία κε ηελ κε-κνλόηνλε δηαθύκαλζε ησλ ΘΜΑ. Σπγθεθξηκέλα, 

ζην Ech,1≈1,3 kV/cm όπνπ νη ΘΜΑ εκθαλίδνπλ έλα ηνπηθό κέγηζην, ε JC εκθαλίδεη έλα ηνπηθό ειάρηζην θαη 

ζην Ech,2≈2,0 kV/cm όπνπ νη ΘΜΑ ειαρηζηνπνηνύληαη, ε JC ιακβάλεη κηα κέγηζηε ηηκή πνπ είλαη πεξίπνπ ίζε 

κε JC0. Δπηπιένλ, ν απμεκέλνο αξηζκόο ησλ ΘΜΑ γηα Eex>Ech,2 νδεγεί ζηελ πξννδεπηηθή ππνβάζκηζε ηεο JC. 

 Γηα λα δηεξεπλεζεί ε αηηία πνπ πξνθαιεί απηή ηε κε-κνλόηνλε κεηαβνιή ηνπ αξηζκνύ ησλ ΘΜΑ 

(άξα θαη ηεο JC) κειεηώληαη νη θπζηθέο πνζόηεηεο πνπ ζρεηίδνληαη κε ην ππόζηξσκα PMN-0,31PT. Όπσο 

είλαη αλακελόκελν ε εθαξκνγή Eex ζε απηέο ηηο ηερλεηέο δνκέο πξνθαιεί θαηά θύξην ιόγν ηε καθξνζθνπηθή 

κεραληθή παξακόξθσζε ησλ ππνζηξσκάησλ PMN-0,31PT, ε νπνία νδεγείηαη ζηα πκέληα Nb πξνθαιώληαο 

ηε κεραληθή παξακόξθσζή ηνπο. Αλαθαιώληαο γηα άιιε κηα θνξά ηελ θακπύιε Sx(Eex) ηνπ ππνζηξώκαηνο 



Πηεδνειεθηξηθή ηξνπνπνίεζε ηωλ ππεξαγώγηκωλ ηδηνηήηωλ ζε ηερλεηέο δνκέο  
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PMN-0,31PT, ζηελ εηθόλα (7.15.α) θαίλεηαη όηη ζην Eex=Ech,1 (≈1.3 kV/cm) ην Sx εκθαλίδεη κηα θνξπθή 

ζεηηθήο κεραληθήο ηάζεο, ζην Eex=Ech,2 (=2.0 kV/cm) ε κεραληθή ηάζε επηζηξέθεη ζε ηηκή κεδέλ θαη γηα 

Eex>2.0 kV/cm απμάλεηαη πξννδεπηηθά ην κέγεζνο ηεο ζπκπηεζηηθήο κεραληθήο ηάζεο. Με απηά ηα δεδνκέλα 

ζα κπνξνύζε θαλείο λα εξκελεύζεη ηελ εκθάληζε ησλ ησλ ΘΜΑ κε όξνπο κεραληθήο ηάζεο θαζώο ε κε-

κνλόηνλε κεηαβνιή ησλ ΘΜΑ (άξα θαη ηεο JC) θαηά ηελ αύμεζε ηεο Eex ζπκπίπηεη κε ηε ζπκπεξηθνξά ηεο 

θακπύιεο Sx(Eex). Παξόιν πνπ θαίλεηαη όηη ε κεραληθή ηάζε ζα κπνξνύζε λα ππνθηλεί ηε κεηαβνιή ησλ 

ΘΜΑ, απηό ζα εμεγνύζε κόλν κεξηθώο ηα απνηειέζκαηα απηήο ηεο κειέηεο θαζώο ε ηερλεηή δνκή πνπ 

απνηειείηαη από ιεηαζκέλν ππνζηξώκα δελ εκθαλίδεη θάπνηα κεηαβνιή θαηά ηελ εθαξκνγή ηνπ Eex. Απηή ε 

ζεκαληηθή δηαθνξά κεηαμύ ησλ δύν ηερλεηώλ δνκώλ ππνδειώλεη όηη ε κνξθνινγία ηνπ κε-ιεηαζκέλνπ 

ππνζηξώκαηνο δηαδξακαηίδεη ζεκαληηθό ξόιν ζηελ εκθάληζε ΘΜΑ θαη ζπλεπώο ζηελ ππνβάζκηζε ηεο JC. 

 Γηα λα γίλεη θαηαλνεηό πσο ε επηθαλεηαθή κνξθνινγία ηνπ ππνζηξώκαηνο PMN-0,31PT ζρεηίδεηαη 

κε ηελ εκθάληζε ησλ ΘΜΑ εμεηάδεηαη ε ηξνπνπνίεζε ηεο επηθαλεηαθήο ηξαρύηεηαο (κέζσ ησλ ηηκώλ ηεο 

<Sa>) θαηά ηελ αύμεζε ηνπ Eex. Η εηθόλα (7.15.β) δείρλεη ηε κεηαβνιή ηεο <Sa> ζε ζρέζε κε ην 

εθαξκνδόκελν πεδίν Eex γηα ηε δνκή Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) (κπιε ηεηξάγσλα) θαη 

γηα ηε δνκή Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) (πνξηνθαιί ξόκβνη). Σε απηό ην ζεκείν ζα 

πξέπεη λα ζεκεησζεί όηη νη κεηξήζεηο ΜΑΓ δελ εθηειέζηεθαλ κε ην Eex λα εθαξκόδεηαη ζηαζεξά θαη δηαξθώο 

ιόγσ ηε έληνλεο ειεθηξνζηαηηθήο αιιειεπίδξαζεο ηεο αθίδαο κε ηε ζπζζώξεπζε ειεθηξηθώλ θνξηίσλ ζηελ 

επηθάλεηα ηνπ δείγκαηνο. Σπγθεθξηκέλα, μεθηλώληαο από κηα απόζηαζε αζθαιείαο (≈1 mm) κεηαμύ ηεο 

επηθάλεηαο ηνπ δείγκαηνο θαη ηεο αθίδαο εθαξκόδεηαη κηα dc ειεθηξηθή ηάζε γηα 1 ιεπηό, κεηά ην κεδεληζκό 

ηεο ειεθηξηθήο ηάζεο ε επηθάλεηα ηνπ δείγκαηνο πξνζεγγίδεη ηελ αθίδα θαη ιακβάλεηαη κηα εηθόλα ΜΑΓ. Με 

ηε ζάξσζε ηεο ίδηαο πεξηνρήο θαηά ηε δηαδνρηθή αύμεζε ηνπ Eex κε βήκα 0.25 kV/cm, κπνξεί θαλείο λα 

εθηηκήζεη ηελ εμέιημε ηεο <Sa> ζε ζρέζε κε ην Eex, όπνπ ην <Sa> είλαη ε κέζε Sa κεηαμύ ηξηώλ γεηηνληθώλ 

πεξην  ρώλ ζάξσζεο 10x10 κm
2
. Όπσο γίλεηαη θαλεξό ηελ εηθόλα (7.15.β) ε <Sa> παξακέλεη ζρεδόλ 

ακεηάβιεηε θαηά ηελ εθαξκνγή Eex ζηελ ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm), ελώ 

αληίζεηα ζεκαληηθέο αιιαγέο ηεο <Sa> θαηαγξάθνληαη ζηελ ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Με-

ιεηαζκέλν)/Nb(20 nm). Σπγθεθξηκέλα, μεθηλώληαο από Eex=0 kV/cm ε αύμεζε ηνπ Eex πξνθαιεί ηελ 

πξννδεπηηθή κείσζε ηεο <Sa> ε νπνία δηέξρεηαη από κηα κηθξή πεξηνρή ζηαζεξώλ ηηκώλ ζην Eex=1,3 kV/cm 
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Εηθόλα 7.15: (a) Η θακπύιε Sx(Eex) ελόο δείγκαηνο PMN-0,31PT ρξεζηκνπνηώληαο ηελ ηνπηθή κέζνδν κεηξήζεσλ ηεο 

κεραληθήε ηάζεο. (β) Η κεηαβνιή ηεο κέζεο επηθαλεηαθήο ηξαρύηεηαο <Sa> σο πξνο ην εθαξκνδόκελν πεδίν Eex ζηελ 

ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Λεηαζκέλν)/Nb(20 nm) (κπιε αλνηθηά ηεηξάγσλα) θαη ζηελ Nb(20 nm)/PMN-

0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) (πνξηνθαιί θιεηζηνί ξόκβνη). Η <Sa> είλαη ε κέζε ηηκή ηεο επηθαλεηαθήο ηξαρύηεηαο 

κεηαμύ ηξηώλ γεηηνληθώλ πεξηνρώλ ζάξσζεο 10x10 κm
2
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(όπσο ζεκεηώλεηαη από ηηο δηαθεθνκκέλεο επζείεο ζηελ εηθόλα (7.15.β)) θαηαιήγνληαο ζε κηα ειάρηζηε ηηκή 

ζην Eex=2,0 kV/cm, ελώ ε πεξαηηέξσ αύμεζε ηεο Eex νδεγεί ζηελ πξννδεπηηθή αύμεζε ηεο <Sa> πνπ γίλεηαη 

πεξίπνπ ίζε κε ηελ αξρηθή <Sa> ζην Eex=3,0 kV/cm. Αμίδεη λα ζεκεησζεί όηη ηα ραξαθηεξηζηηθά πεδία Ech,1 

θαη Ech,2 ηεο θακπύιεο Sx(Eex) παξακέλνπλ σο ραξαθηεξηζηηθά πεδία θαη ζηελ θακπύιε κεηαβνιήο ηεο <Sa> 

ζε ζρέζε κε ην Eex, απνδεηθλύνληαο θαηά απηό ηνλ ηξόπν όηη ε ηξνπνπνίεζε ηεο επηθαλεηαθήο κνξθνινγίαο 

νδεγείηαη από ηελ επαγόκελε κεραληθή ηάζε. Θα πξέπεη λα αλαθεξζεί όηη νη ζπγθεθξηκέλεο κεηξήζεηο ΜΑΓ 

παξέρνπλ κόλν κηα πνηνηηθή έλδεημε ζρεηηθά κε ηελ ηξνπνπνίεζε ηεο <Sa> θαη είλαη ινγηθό λα ζεσξεζεί όηη 

ην κέγεζνο ησλ αληίζηνηρσλ αιιαγώλ ηεο <Sa> όηαλ ην Eex εθαξκόδεηαη ζηαζεξά ζηελ ηερλεηή δνκή είλαη 

κεγαιύηεξν απηνύ πνπ αλαπαξηζηάηαη ζηελ εηθόλα (7.15.β). 

 Γηα λα απεηθνληζηεί ε κεηαβνιή ηεο <Sa> θαηά ηελ εθαξκνγή Eex ζηελ ηερλεηή δνκή Nb(20 

nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm), ε εηθόλα (7.16) παξνπζηάδεη ηόζν πνζνηηθά (εηθόλεο (7.16.α.i)-

(7.16.α.ii)) όζν θαη πνηνηηθά απνηειέζκαηα (εηθόλεο (7.16.β.i)-(7.16.β.ii)) πνπ πξνέξρνληαη από κεηξήζεηο 

ΜΑΓ. Η εηθόλα (7.16.α.i) δείρλεη κηα αληηπξνζσπεπηηθή πεξηνρή ζάξσζεο 10x10 κm
2
 γηα Eex=0 kV/cm. Γηα 

λα πνζνηηθνπνηεζεί ε ηξνπνπνίεζε ηεο επηθαλεηαθήο κνξθνινγίαο ηνπνζεηείηαη κηα νξηδόληηα γξακκή θαηά 

κήθνο ηνπ άμνλα x (ιεπθή γξακκή ζηελ εηθόλα (7.16.α.i)) θαη εμεηάδεηαη ε αιιαγή ζην πξνθίι ύςνπο θαηά 

κήθνο απηήο ηεο γξακκήο γηα Eex=0,0 (ζπκπαγήο καύξε γξακκή), 1,25 (δηαθεθνκκέλε κπιε γξακκή) θαη 2,0 

(δηαθεθνκκέλε θόθθηλε γξακκή) kV/cm. Όπσο θαίλεηαη ζηελ εηθόλα (7.16.α.ii) ε αύμεζε ηνπ Eex εμνκαιύλεη 

σο έλα βαζκό ηηο πςνκεηξηθέο δηαθνξέο κεηαμύ ραξαθηεξηζηηθώλ ζεκείσλ ηεο επηθάλεηαο, αηηηνινγώληαο 

Eex=0 kV/cm 

0 

(β.i) 

0
 

Eex=1,25 kV/cm 

(β.ii) 

Eex=2 kV/cm 

0
 

0 

(β.iii) 

(α.i) Eex=0 kV/cm 
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Εηθόλα 7.16: (α.i) Αληηπξνζσπεπηηθή εηθόλα ΜΑΔ κηαο πεξηνρήο ζάξσζεο 10x10 κm
2
 ηεο ηερλεηήο δνκήο Nb(20 

nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) γηα Eex=0 kV/cm. (a.ii) Τν πξνθίι ύςνπο θαηα κήθνο ηεο ιεπθήο γξακκήο ηεο 

εηθόλαο (a.i) γηα Eex=0 (ζπκπαγήο καύξε γξακκή), 1,25 (δηαθεθνκκέλε κπιε γξακκή) θαη 2 (δηαθεθνκκέλε θόθθηλε γξακκή) 

kV/cm. (β.i)-(β.iii) Τξεηο εηθόλεο ΜΑΔ 6x6 κm
2
 πνπ αλαθέξνληαη ζηελ ζεκεησκέλε ππνπεξηνρή ηεο (a.i) θαη έρνπλ ιεθζεί 

ζηα πεδία Eex=0, 1,25 θαη 2 kV/cm, αληίζηνηρα. 



Πηεδνειεθηξηθή ηξνπνπνίεζε ηωλ ππεξαγώγηκωλ ηδηνηήηωλ ζε ηερλεηέο δνκέο  

Nb/PMN-xPT/Nb: πεηξακαηηθά απνηειέζκαηα 
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πιήξσο ηελ επαγόκελε κείσζε ηεο <Sa>. Απηή ε ζπκπεξηθνξά απεηθνλίδεηαη πνηνηηθά ζηηο εηθόλεο 

(7.16.β.i)-(7.16.β.ii), νη νπνίεο αλαθεξόληαη ζε κεηξήζεηο ΜΑΓ ηεο ίδηαο πεξηνρήο ζάξσζεο 6x6 κm
2
 

(ππνπεξηνρή ηεο εηθόλαο (7.16.α.i) πνπ ζεκεηώλεηαη από ην δηαθεθνκκέλν ιεπθό ηεηξάγσλν) γηα Eex=0,0, 

1,25 θαη 2,0 kV/cm, αληίζηνηρα. Δζηηάδνληαο ζην δεμί ηκήκα ηεο εηθόλαο (7.16.β.i) παξαηεξνύκε όηη θαηά 

ηελ αύμεζε ηνπ Eex πεξηνρέο ρακεινύ ύςνπο (πεξηνρέο κπιε ρξώκαηνο) ζηαδηαθά κεηαηξέπνληαη ζε πεξηνρέο 

κεηξίνπ ύςνπο, ελώ ηαπηόρξνλα ζπξξηθλώλνληαη ζε κέγεζνο. Γεδνκέλνπ όηη ε επηθαλεηαθή κνξθνινγία ηνπ 

ππνζηξώκαηνο PMN-0,31PT(Με-ιεηαζκέλν) κεηαθέξεηαη ζηα ελαπνηεζεκέλα πκέληα Nb, είλαη ινγηθό λα 

ζεσξεζεί όηη νπνηαδήπνηε κεηαβνιή ηεο <Sa> ζα κεηαθέξεηαη επίζεο ζηα ελαπνηεζεκέλα πκέληα Nb. 

 Πξηλ ζπδεηεζεί ν κεραληζκόο πνπ παξαθηλεί/πξνσζεί ηελ εκθάληζε ΘΜΑ θαζώο θαη ηεο κε-

κνλόηνλεο κεηαβνιήο ηνπο θαηά ηελ αύμεζε ηνπ Eex είλαη ζθόπηκν λα δηεξεπλεζεί ε αξρηθή θαηάζηαζε ηεο 

ηερλεηήο δνκήο Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) θαη πην ζπγθεθξηκέλα ε επίδξαζε ηεο 

επηθαλεηαθήο κνξθνινγίαο ζηελ ηθαλόηεηα κεηαθνξάο ξεύκαηνο ησλ πκελίσλ Nb. Δίλαη γλσζηό όηη ζε ιεπηά 

ΥΑ πκέληα ε θαηαλνκή ηνπ ππεξξεύκαηνο δηαθέξεη ζεκαληηθά κεηαμύ ιεπηώλ πκελίσλ κεδεληθήο Sa 
[21-25]

 

θαη ζρεηηθά πςειήο Sa 
[26-30]

. Σπγθεθξηκέλα, ε Sa επηδξά ζηηο ηηκέο ηεο JC κε δηάθνξνπο ηξόπνπο, όπσο ε 

θαηαλνκή θιαμνλίσλ ζηελ επηθάλεηα 
[26,27]

, ε δηαθύκαλζε ηνπ πάρνπο ηνπ ΥΑ ιόγσ ηεο επηθαλεηαθήο 

ηξαρύηεηαο 
[28,29]

 θαη ε εληόηεξε επίδξαζε ηεο επηθαλεηαθήο δέζκεπζεο ησλ θιαμνλίσλ 
[27,30]

. Θα πξέπεη λα 

ζεκεησζεί όηη ζε απηέο ηηο κειέηεο 
[26-30]

 ε ηηκή ηεο <Sa> είλαη κηθξόηεξε ηνπ πάρνπο ησλ ΥΑ πκελίσλ, ελώ 

ζηε πεξίπησζε ηεο ηερλεηήο δνκήο Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm) νη ηηκέο ηεο <Sa> 

μεπεξλνύλ θαηά πνιύ ηελ ηηκή ηνπ πάρνπο ησλ πκελίσλ Nb. Σε απηή ηελ πεξίπησζε ε ξνή ησλ ππεξξεπκάησλ 

είλαη δύζθνιν λα εθηηκεζεί θαζώο δελ ππάξρεη έλα ζπλερέο δίθηπν πνπ λα κπνξεί λα ππνζηεξίμεη ηε ξνή ησλ 

ππεξξεπκάησλ ζε όιε ηελ επηθάλεηα ηνπ ΥΑ. Δπηπιένλ, όπσο αλαθέξεηαη ζηελ παξάγξαθν 5.3, ε πςειή 

επηθαλεηαθή ηξαρύηεηα έρεη δύν ζεκαληηθά απνηειέζκαηα ζηα ιεπηά πκέληα Nb. Τν πξώην είλαη ε 

δηακόξθσζε ηνπ πάρνπο ησλ πκελίσλ Nb ζηελ πεξηθέξεηα κνξθνινγηθώλ πςσκάησλ (deff=dnom·cosζ) θαη ην 

δεύηεξν είλαη ε ηνπηθή εμαζζέληζε ηεο παξάιιειεο ζπληζηώζαο ηνπ καγλεηηθνύ πεδίνπ (Hpar=H·cosζ) πνπ 

αληηιακβάλνληαη απηέο νη πεξηνρέο. Καηά ζπλέπεηα, νη απαξαίηεηεο επηθαλεηαθέο ζπλζήθεο πνπ πξνσζνύλ ηε 

δέζκεπζε ησλ θιαμνλίσλ ηθαλνπνηνύληαη ζε δηάθνξεο πεξηνρέο ηεο επηθάλεηαο ηνπ Nb, κε απνηέιεζκα ηε 

ζπζζώξεπζε θιαμνλίσλ ζε απηέο 
[26]

. Δπνκέλσο είλαη εύθνιν λα ζπκπεξάλεη θαλείο όηη νη πςειέο ηηκέο ηεο 

<Sa> ππνβαζκίδεη ζεκαληηθά ηελ ηθαλόηεηα κεηαθνξάο ξεπκάηνο ησλ πκελίσλ Nb αθόκε θαη όηαλ δελ 

εθαξκόδεηαη Eex ζηελ ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Με-ιεηαζκέλν)/Nb(20 nm). 

 Παξά ην γεγνλόο όηη ηα πκέληα Nb εκθαλίδνπλ κεησκέλε ηθαλόηεηα κεηαθνξάο ξεύκαηνο, ε εκθάληζε 

ησλ ΘΜΑ θαηαγξάθεηαη κόλν θαηά ηελ εθαξκνγή Eex ζηελ ηερλεηή δνκή. Όπσο θαίλεηαη ζηελ εηθόλα 

(7.15.β) ε αύμεζε ηνπ Eex αιιάδεη ηελ <Sa>, ε νπνία αληηθαηνπξίδεη ηε ηξνπνπνίεζε ηεο επηθαλεηαθήο 

κνξθνινγίαο ησλ πκελίσλ Nb επηδξώληαο έηζη ζηε θαηαλνκή ησλ δεζκεπκέλσλ θιαμνλίσλ. Σπγθεθξηκέλα, ε 

εθαξκνγή Eex ζπλνδεύεηαη κε ηελ νκαδηθή κεηαθίλεζε θιαμνλίσλ ζε λέεο ζέζεηο όπνπ εμαζθαιίδεηαη ε 

ειαρηζηνπνίεζε ηεο ειεύζεξεο ελεξγεηάο ηνπο. Η απώιεηα ελέξγεηαο θαηά ηελ θίλεζε απηή ησλ θιαμνληώλ 

απειεπζεξώλεη ελέξγεηα ππό ηε κνξθή ζεξκηθήο ελέξγεηαο, ε νπνία απνξξνθάηαη από ηνλ ΥΑ απμάλνληαο ηε 

ζεξκνθξαζία ηνπ. Απηή ε αύμεζε ηεο ζεξκνθξαζίαο ηνπ ΥΑ ελεξγνπνηεί κηα αιιεινπρία δηεξγαζηώλ 

πξνθαιώληαο ηελ εκθάληζε ΘΜΑ (ιεπηνκέξεηεο δίλνληαη ζηελ ελόηεηα 1.1.vi ηνπ αγγιηθνύ θεηκέλνπ). 

Παξόιν πνπ ε ηξνπνπνίεζε ηεο επηθαλεηαθήο κνξθνινγίαο κπνξεί λα δηθαηνινγήζεη ηελ εκθάληζε ησλ 

ΘΜΑ, δε κπνξεί λα πεξηγξάςεη ηε κε-κνλόηνλε κεηαβνιή θαηά ηελ αύμεζε ηνπ Eex. Γηα ηελ εξκελεία ηεο 

κε-κνλόηνλεο κεηαβνιήο ησλ ΘΜΑ (άξα θαη ηεο κε-κνλόηνλεο κεηαβνιήο ηεο JC) δε ζα πξέπεη λα αγλνεζεί 

ην γεγνλόο όηη ε εθαξκνγή ηνπ Eex έρεη δηπιή δξάζε ζηα πκέληα Nb, θαζώο νη αιιαγέο ηεο <Sa> 

πξνθαινύληαη από ηελ επαγόκελε κεραληθή ηάζε ηνπ ΠΗ ππνζηξώκαηνο. Γηα λα δηεπθνιπλζεί ε εξκελεία 

ηεο κε-κνλόηνλεο κεηαβνιήο ησλ ΘΜΑ δηαθξίλνπκε ηξία ζπλερόκελα δηαζηήκαηα ηηκώλ ηνπ Eex. Σην πξώην 

δηάζηεκα Eex≤Ech,1, ε επαγόκελε κεραληθή ηάζε ζεσξείηαη ακειεηέα ελώ ε βαζκηαία κείσζε ηεο <Sa> 
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πξνθαιεί ηελ εκθάληζε ησλ ΘΜΑ. Όηαλ Eex=Ech,1 ε κεραληθή ηάζε παξνπζηάδεη κηα ζεηηθή θνξπθή πνπ 

αληηζηνηρεί ζε κηα κεραληθή ηάζε εθηόλσζεο, ε νπνία πξνθαιεί ηε κεγηζηνπνίεζε ηνπ πιήζνπο ησλ ΘΜΑ. 

Σην δεύηεξν δηάζηεκα Ech,1<Eex≤Ech,2 ε επαγόκελε κεραληθή ηάζε επηζηξέθεη ζε κεδεληθέο ηηκέο, ελώ ε 

ηξνπνπνίεζε ηεο επηθαλεηαθήο κνξθνινγίαο γίλεηαη εληνλόηεξε κε απνηέιεζκα ην πιήζνο ησλ ΘΜΑ λα 

ειαρηζηνπνηείηαη όηαλ ε <Sa> γίλεηαη ειάρηζηε. Σην ηξίην δηάζηεκα Eex>Ech,2 ε αύμεζε ηνπ Eex πξνθαιεί ηελ 

πξννδεπηηθή αλάπηπμε ηεο κεραληθήο ηάζεο, ε νπνία ζηαδηαθά ππεξληθά ηελ επίδξαζε ηεο <Sa> ζηα πκέληα 

Nb νδεγώληαο έηζη ζηελ πεξαηηέξσ αύμεζε ησλ ΘΜΑ. Σπκπεξαζκαηηθά, ε εκθάληζε ησλ ΘΜΑ απνδίδεηαη 

ζηελ ηξνπνπνίεζε ηεο <Sa> ηνπ ππνζηξώκαηνο PMN-0,31PT(Με-ιεηαζκέλν), ελώ ε κε-κνλόηνλε κεηαβνιή 

ηνπο (άξα θαη ε κε-κνλόηνλε κεηαβνιή ηεο JC) εξκελεύεηαη ιακβάλνληαο ππόςηλ ηε ζπλδπαζκέλε δξάζε ηεο 

κεραληθήο ηάζεο θαη ηεο επηθαλεηαθήο κνξθνινγίαο ζηα πκέληα Nb. 
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Κεφάλαιο 8 

Πιθανές εφαρμογές 

Τα απνηειέζκαηα ηεο ζπζηεκαηηθήο πεηξακαηηθήο θαη ζεσξεηηθήο δηεξεύλεζεο ησλ ηερλεηώλ δνκώλ 

Nb/PMN-xPT/Nb (νη νπνίεο κπνξνύλ λα εθθξαζηνύλ γεληθά σο ΥΑ/ΠΗ/ΥΑ) πνπ κειεηήζεθαλ ζε απηή ηε 

δηδαθηνξηθή δηαηξηβή παξέρνπλ ζαθείο ελδείμεηο γηα ηε ρξήζε ηνπο ζε πηζαλέο ηερλνινγηθέο δηαηάμεηο. 

Σπγθεθξηκέλα, ην θαηλνκελνινγηθό κνληέιν ηεο TC(Eex) κπνξεί λα ρξεζηκνπνηεζεί γηα ηελ θαηάιιειε 

ζρεδίαζε ζπγγεληθώλ ηερλεηώλ δνκώλ πνπ κπνξνύλ λα ιεηηνπξγήζνπλ σο αηζζεηήξεο ζε θξπνγεληθέο 

ζπλζήθεο. Πξαθηηθά, ην κνληέιν TC(Eex) κπνξεί λα ρξεζηκνπνηεζεί γηα λα εθηηκεζεί ε ηηκή θαησθιίνπ ηξηώλ 

παξακέηξσλ πνπ εμαζθαιίδνπλ ηε θαηαζηξνθή ηεο ππεξαγσγηκόηεηαο (π.ρ. 100 % ηξνπνπνίεζε ηεο TC). 

Απηέο νη παξάκεηξνη είλαη ε εμσηεξηθά εθαξκνδόκελε ειεθηξηθή ηάζεο (Vapp), ην ειεθηξηθό πεδίν (Eex) θαη ε 

κεραληθή παξακόξθσζε (Sy ή Sx ηζνδύλακα). Η εηθόλα (8.1) δείρλεη ηηο ηηκέο θαησθιίνπ ησλ παξακέηξσλ 

Vapp, Eex θαη Sy γηα δύν ηερλεηέο δνκέο ΥΑ/ΠΗ/ΥΑ κε πάρνο ΥΑ dSC=15 nm νη νπνίεο δίλνληαη ζρεκαηηθά 

ζηηο εηθόλεο (8.1.β.i) and (8.1.γ.i). Σπγθεθξηκέλα, ε εηθόλα (8.1.β.i) παξνπζηάδεη κηα ηερλεηή δνκή 

ΥΑ/ΠΗ/ΥΑ πνπ απνηειείηαη από έλα παρύ ΠΗ ππόζηξσκα κε πάρνο dPE≈0.5 mm (όπσο ήηαλ ην ππόζηξσκα 

PMN-xPT πνπ κειεηήζεθε ζε απηή ηε δηδαθηνξηθή δηαηξηβή), ελώ ε εηθόλα (8.1.γ.i) παξνπζηάδεη κηα άιιε 

ηερλεηή δνκή ΥΑ/ΠΗ/ΥΑ πνπ απνηειείηαη από έλα ιεπηό ΠΗ ππόζηξσκα κε πάρνο dPE≈1 κm. Τν ειεθηξηθό 

Εικόνα 8.1: Εκηίμηζη ηυν ηιμών καηυθλίος ηυν παπαμέηπυν Eex, Sy και Vapp πος απαιηούνηαι για ηην πλήπη καηαζηποθή 

ηηρ ςπεπαγυγιμόηηηαρ ζε ηεσνηηέρ δομέρ ΥΑ/ΠΗ/ΥΑ. (a) Πποέκηαζη ηηρ καμπύληρ TC(Eex) πος σπηζιμοποιήθηκε για ηην 

πποζαπμογή ηυν πειπαμαηικών δεδομένυν ηος δείγμαηορ #1: Nb(15 nm)/PMN-0.31PT/Nb(15 nm) (βλέπε παπάγπαθο 7.2 

για πεπιζζόηεπερ λεπηομέπειερ) ζε ςτηλέρ ηιμέρ ηος Eex (πάνυ κλίμακα) και ηηρ μησανικήρ ηάζηρ Sy (κάηυ κλίμακα). 

Σσημαηική αναπαπάζηαζη μιαρ ηεσνηηήρ δομήρ πος αποηελείηαι από (β.i) ένα πασύ ΠΗ ςπόζηπυμα με πάσορ dPE≈0.5 mm 

και (γ.i) ένα λεπηό ΠΗ ςπόζηπυμα με πάσορ dPE≈1.0 μm. (α.i-ii) Σσημαηιζηική αναπαπάζηαζη ηηρ παπαμόπθυζηρ ηος 

κπςζηαλλικού πλέγμαηορ ηος ΥΑ ζε σαμηλέρ και ςτηλέρ ηιμέρ ηος Eex. Η εικόνα (β.ii) δείσνει ηο Vapp για ηην ηεσνηηή δομή 

πος θαίνεηαι ζηην (β.i), ενώ ηο (γ.ii) ηο Vapp για ηη ηεσνηηή δομή πος θαίνεηαι ζηο (γ.i). 
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πεδίν Eex θαη ε επαγόκελε κεραληθή ηάζε Sy πνπ απαηηνύληαη ώζηε λα θαηαζηξαθεί πιήξσο ε 

ππεξαγσγηκόηεηα κέζσ ηε παξάκνξθσζεο ηεο θξπζηαιιηθνύ πιέγκαηνο ηνπ ΥΑ κπνξνύλ λα εθηηκεζνύλ από 

ηελ πξόεθηαζε ηεο θακπύιεο TC(Eex) ζηελ ηηκή TC=0 θαη από ηελ εμίζσζε Sy(Eex), αληίζηνηρα. Οη ηηκέο 

θαησθιίνπ απηώλ ησλ παξακέηξσλ είλαη Eex≈12.0 kV/cm, |Sy|≈0.144 % θαη ηνλίδνληαη κε ηα καύξα βέιε 

ζηελ εηθόλα (8.1.α). Οη ηηκέο απηώλ ησλ παξακέηξσλ είλαη ίδηεο κεηαμύ ησλ δύν ηερλεηώλ δνκώλ ΥΑ/ΠΗ/ΥΑ 

θαζώο ην πάρνο ηνπ ΠΗ δελ δηαδξακαηίδεη θάπνην ξόιν ζε απηέο ηηο ηηκέο. Ωζηόζν, ε ηηκή θαησθιίνπ ηεο 

παξακέηξνπ Vapp εμαξηάηαη από ηηο δηαζηάζεηο ηεο θάζε ηερλεηήο δνκήο θαη κάιηζηα από ην πάρνο ηνπ ΠΗ 

ππνζηξώκαηνο. Γηα ηελ επίπεδε ηνπνινγία ΥΑ/ΠΗ/ΥΑ πνπ κειεηάηαη εδώ, ε κείσζε ηνπ πάρνπο ηνπ ΠΗ 

ππνζηξώκαηνο αιιάδεη ζεκαληηθά ηελ απαηηνύκελε ηηκή ηεο Vapp, όπσο θαίλεηαη ζηηο εηθόλεο (8.1.β.ii) θαη 

(8.1.γ.ii). Παξόιν πνπ ζηελ πεξίπησζε όπνπ ρξεζηκνπνηείηαη έλα παρύ ΠΗ ππόζηξσκα ην Vapp≈600 V 

(εηθόλα (8.1.β.i)) ιακβάλνληαο πνιύ πςειή ηηκή, ζηελ πεξίπησζε όπνπ ρξεζηκνπνηείηαη έλα ιεπηό ΠΗ 

ππόζηξσκα ην Vapp≈1,2 V (εηθόλα (8.1.γ.i)) επηηξέπνληαο κε απηό ην ηξόπν ηελ εύθνιε ρξήζε απηώλ 

ηερλεηώλ δνκώλ σο δηαηάμεηο αηζζεηήξσλ. 

 Άιια δεηήκαηα πξαθηηθήο ζεκαζίαο ζρεηηθά κε ηε ιεηηνπξγία απηώλ ησλ ηερλεηώλ δνκώλ σο 

αηζζεηήξεο είλαη ε ιεηηνπξία ηνπο ζε καγλεηηθά πεδία ρακειήο έληαζεο θαη ε αληηζηξεπηή/κε-αληηζηξεπηή 

απόθξηζε ηεο TC θαηά ηελ αθαίξεζε/αληηζηξνθή ηνπ ειεθηξηθνύ πεδίνπ Eex 
[1-4]

. Η ιεηηνπξγία ησλ ηερλεηώλ 

δνκώλ ζε καγλεηηθά πεδία κηθξήο έληαζεο έρεη παξνπζηαζηεί πεηξακαηηθά ζην Κεθάιαην 7. Αλαθνξηθά κε 

ηελ αληηζηξεπηή/κε-αληηζηξεπηή απόθξηζε ηεο TC κε ην Eex, νη εηθόλεο (8.2.α-β) παξνπζηάδνπλ ζπγθξηηηθά ηα 

πεηξακαηηθά απνηειέζκαηα TC-Eex γηα δύν ηερλεηέο δνκέο Nb(20 nm)/PMN-xPT/Nb(20 nm), κηα κε x=0.31 

(πςεινί ζπληειεζηέο dij, θόθθηλα ζύκβνια θαη γξακκέο) θαη κηα κε x=0.27 (ρακεινί ζπληειεζηέο dij, κπιε 

ζύκβνια θαη γξακκέο). Πξνθεηκέλνπ λα δηεξεπλεζεί ε αληηζηξεπηή/κε-αληηζηξεπηή απόθξηζε ηεο TC απηέο νη 

δύν ηερλεηέο δνκέο ρξεζηκνπνηήζεθαλ γηα ηε κειέηε ηεο ηξνπνπνίεζεο ηεο TC όηαλ ην εθαξκνδόκελν Eex 

ζηα δηαθνξεηηθά ππνζηξώκαηα PMN-xPT αληηζηξέθεηαη θαη απμάλεηαη ζε πςειόηεξεο αξλεηηθέο ηηκέο. Η 

εηθόλα (8.2.α) παξνπζηάδεη ηα πεηξακαηηθά δεδνκέλα πνπ ειήθζεζαλ από ηνπο θιάδνπο ZFC παξνπζία 

πεδίνπ H=2 Oe, ελώ ε εηθόλα (8.2.β) παξνπζηάδεη ηα πεηξακαηηθά δεδνκέλα πνπ ειήθζεζαλ από ηνπο 

θιάδνπο FC παξνπζία πεδίνπ H=5 Oe. Απηά ηα δεδνκέλα απνδεηθλύνπλ όηη ηα ππνζηξώκαηα PMN-xPT κε 

δηαθνξεηηθή πηεδνειεθηξηθή ηθαλόηεηα έρνπλ δηαθνξεηηθή επίδξαζε ζηελ TC θαηά ηελ αθαίξεζε ή ηελ 

αληηζηξνθή ηνπ Eex. Σπγθεθξηκέλα, ην ππόζηξσκα PMN-0,31PT επηβάιιεη ηελ αληηζηξεπηόηεηα ηεο 
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Εικόνα 8.2: Σςγκπιηικά πειπαμαηικά αποηελέζμαηα ηηρ ηποποποίηζηρ ηηρ TC με ηο Eex για δύο ηεσνηηέρ δομέρ Nb(20 

nm)/PMN-xPT/Nb(20 nm) πος αποηελούνηαι από ςποζηπώμαηα PMN-xPT με x=0,31 και με x=0,27. Τα πειπαμαηικά 

δεδομένα ελήθθηζαν (a) από ηοςρ κλάδοςρ ZFC παποςζία πεδίος H=2 Oe και (β) ηοςρ κλάδοςρ FC παποςζία πεδίος H=5 

Oe. Τα κάθεηα διπλά βέλη ςποδεικνύοςν ηην μη-ανηιζηπεπηόηηηα ζηιρ ηιμέρ ηηρ TC μεηαξύ ηυν δύο καηαζηάζευν ηηρ 

ηεσνηηήρ δομήρ ζε πεδίο Eex=0 kV/cm. 
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θακπύιεο Sy(Eex) ζηελ θακπύιε TC(Eex) ησλ πκελίσλ Nb. Απηή ε κε-αληηζηξεπηή κεηαβνιή TC 

πνζνηηθνπνηείηαη από ηε ζρεηηθή δηαθνξά ηεο TC (ΔTC) κεηαμύ ησλ δύν θαηαζηάζεσλ ησλ ηερλεηώλ δνκώλ 

ζε Eex=0 kV/cm, ηελ αξρηθή θαηάζηαζε ζε Eex=0 kV/cm θαη ηελ θαηάζηαζε κεηά ηελ αθαίξεζε ηνπ Eex. Η 

κε-αληηζηξεπηή κεηαβνιή ηεο TC (θάζεηα καύξα βέιε ζηηο εηθόλεο (8.2.α-β)) ζηελ ηερλεηή δνκή πνπ 

απνηειείηαη από ην PMN-0,31PT είλαη ηεο ηάμεο ησλ 300 mK (220 mK) γηα ηα δεδνκέλα πνπ ειήθζεζαλ από 

ηνπο θιάδνπο ZFC (FC), όπσο θαίλεηαη ζηελ εηθόλα (8.2.α) (εηθόλα (8.2.β)). Θα πξέπεη λα ζεκεησζεί εδώ όηη 

ε αύμεζε ηνπ Eex ζε πςειόηεξεο αξλεηηθέο ηηκέο πξνθαιεί ηελ ζηαδηαθή αύμεζε ηεο TC πξνζεγγίδνληαο ηελ 

TC0 ζην πεδίν Eex=-4.0 kV/cm. Απηή ε αύμεζε ηεο TC κπνξεί λα δηθαηνινγεζεί από ηελ αληίζεηε 

ζπκπεξηθνξά ηεο επαγόκελεο κεραληθήο ηάζεο κεηαμύ ησλ δύν θιάδσλ ηνπ Eex. Σπγθεθξηκέλα, ε επαγόκελε 

κεραληθή ηάζε θαηά ην ζεηηθό θιάδν αύμεζεο ηνπ Eex ραξαθηεξίδεηαη σο κηα ζπκπηεζηηθή κεραληθή ηάζε 

πξνθαιώληαο ηε κείσζε ηεο TC, ελώ θαηά κήθνο ηνπ αξλεηηθνύ θιάδνπ αύμεζεο ηνπ Eex ε επαγόκελε 

κεραληθή ηάζε είλαη κηα εθειθπζηηθή ηάζε δηθαηνινγώληαο κε απηό ηνλ ηξόπν ηελ αύμεζε ηεο TC. Σηηο 

ηερλεηέο δνκέο πνπ απνηεινύληαη από ππνζηξώκαηα PMN-0,27PT ε κηθξή κεηαβνιή ηεο TC είλαη 

αληηζηξεπηή θαηά ηελ αθαίξεζε ηνπ Eex. 
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Κεθάλαιο 9 

Σσμπεράζμαηα 

Βαζηθόο ζηόρνο απηήο ηεο δηδαθηνξηθήο δηαηξηβήο είλαη ε δηεξεύλεζε ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο 

ππεξαγσγηκόηεηαο ζε ηερλεηέο δνκέο πνπ απνηεινύληαη από δύν ιεπηά ππεξαγώγηκα πκέληα Nb θαη έλα 

πηεδνειεθηξηθό ππόζηξσκα PMN-xPT. Απηέο νη ηερλεηέο δνκέο ζεκεηώλνληαη σο Nb/PMN-xPT/Nb. Πξηλ 

ηελ αλαιπηηθή κειέηε ησλ ηερλεηώλ δνκώλ ππό ηελ εθαξκνγή εμσηεξηθήο ειεθηξηθήο ηάζεο, δόζεθε 

ηδηαίηεξε έκθαζε ζηνλ ππεξαγώγηκν ραξαθηεξηζκό ηνπο, θαζώο θαη ζηνλ ραξαθηεξηζκό ησλ επηκέξνπο 

ζπζηαηηθώλ πνπ ηηο απαξηίδνπλ. Δπηπιένλ, κειεηήζεθαλ ππό ηελ εθαξκνγή εμσηεξηθήο ειεθηξηθήο ηάζεο 

ζπγγεληθέο ηερλεηέο δνκέο πνπ απνηεινύληαη από δύν ζηδεξνκαγλεηηθά πκέληα Co. Παξαθάησ ζπλνςίδνληαη 

ηα θύξηα ζπκπεξάζκαηα απηήο ηεο δηδαθηνξηθήο δηαηξηβήο. 

I. Πιεζοηλεκηρική ηροποποίηζη ηων μαγνηηικών ιδιοηήηων ηων ηετνηηών δομών Co/PMN-xPT/Co 

Γηα λα κειεηεζεί ε ειεθηξν-κεραληθή ηθαλόηεηα ησλ πηεδνειεθηξηθώλ ππνζηξσκάησλ PMN-xPT ζε ρακειέο 

ζεξκνθξαζίεο πξαγκαηνπνηήζεθαλ εηζαγσγηθά θαη δηεξεπλεηηθά πεηξάκαηα ππό ηελ εθαξκνγή ειεθηξηθνύ 

πεδίνπ (Δex) ζε δύν ηερλεηέο δνκέο Co/PMN-xPT/Co πνπ απνηεινύληαη από πκέληα Co πάρνπο dCo=30 nm. 

 Η πξώηε ηερλεηή δνκή Co(30 nm)/PMN-0,29PT/Co(30 nm) ρξεζηκνπνηήζεθε γηα ηε κειέηε ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηνπ HC θαη ηεο msat ζε ηξείο αληηπξνζσπεπηηθέο ζεξκνθξαζίεο Τ=300, 150 

θαη 10 Κ. Αλαιπηηθέο καγλεηηθέο κεηξήζεηο θαηά ηελ αύμεζε ηνπ Eex έδεημαλ όηη ην HC ζηνπο 10 Κ κεηώλεηαη 

θαηά -9,4 %, ελώ ε msat ζην ζεξκνθξαζηαθό παξάζπξν T≤150 K εκθαλίδεη κηα κείσζε ηεο ηάμεο ηνπ -4,0 %. 

Γηα ηελ πνηνηηθή εξκελεία ησλ απνηειεζκάησλ ηεο πηεδνειεθηξηθήο ηξνπνπνίεζεο ηνπ HC πξνηείλνληαη δύν 

κεραληζκνί. Ο πξώηνο κεραληζκόο ζρεηίδεηαη κε ηε δηακόξθσζε κεγέζνπο ησλ καγλεηηθώλ ηνκέσλ. 

Σπγθεθξηκέλα, ε κεραληθή ηάζε ζηελ νπνία ππνβάιινληαη ηα πκέληα Co θαηά ηελ εθαξκνγή Δex δύλαηαη λα 

αιιάμεη ην πάρνο ηνπο dCo κε απνηέιεζκα απηό λα επεξεάδεη ην κέγεζνο ησλ καγλεηηθώλ ηνκέσλ (w~dCo
1/2

, 

όπνπ w είλαη ην κέγεζνο ησλ καγλεηηθώλ ηνκέσλ) θαη θαη’επέθηαζε ην πιήζνο απηώλ ζηα πκέληα Co. Ο 

δεύηεξνο κεραληζκόο ζρεηίδεηαη κε ηελ ηξνπνπνίεζε ησλ δπλάκεσλ θαξθώκαηνο ησλ καγλεηηθώλ ηνκέσλ, νη 

νπνίεο επεξεάδνληαη από ηελ κεραληθή ηάζε ζηελ νπνία ππνβάιινληαη ηα πκέληα Co θαηά ηελ εθαξκνγή Δex. 

Αλαθνξηθά κε ηελ πηεδνειεθηξηθή ηξνπνπνίεζε ηεο msat, ν κεραληζκόο πνπ κπνξεί λα δηθαηνινγήζεη 

πνηνηηθά ηε κεηώζή ηεο θαηά ηελ αύμεζε ηνπ Δex βαζίδεηαη ζηελ ηξνπνπνίεζε ηεο καγλεηηθήο αληζνηξνπίαο 

ιόγσ ηεο αληζνηξνπίαο ζρήκαηνο ησλ πκελίσλ Co. Σπγθεθξηκέλα, ε επαγόκελε κεραληθή ηάζε ζηα πκέληα 

Co κπνξεί λα αιιάμεη ηε καγλεηηθή αληζνηξνπία από παξάιιειε ζην επηπεδν (dCo<30-50 nm) ζε θάζεηε ζην 

επίπεδν (dCo>30-50 nm) θαη αληίζηξνθα. 

 Η δεύηεξε ηερλεηή δνκή Co(30 nm)/PMN-0,31PT/Co(30 nm) ρξεζηκνπνηήζεθε γηα ηε κειέηε ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ηεο mrem θαηά ηελ εθαξκνγή Δex ζην ζεξκνθξαζηαθό παξάζπξν κεηαμύ 300 K 

θαη 10 K. Τα πεηξακαηηθά δεδνκέλα έδεημαλ όηη ε mrem ππνβαζκίδεηαη κέζσ ηεο εκθάληζεο καγλεηηθώλ 

αζηαζεηώλ, νη νπνίεο θαηαγξάθνληαη γηα Eex ≠0 kV/cm θαη γίλνληαη εληνλόηεξεο θαζώο απμάλεηαη ε έληαζε 

ηνπ Eex. Οη καγλεηηθέο αζηάζεηεο παύνπλ λα εκθαλίδνληαη θάησ από ηε ραξαθηεξηζηηθή ζεξκνθξαζία 

Tces≈170 K αθόκε θαη γηα ην κέγηζην εθαξκνδόκελν πεδίν |Eex|=5 kV/cm. Σπγθξίλνληαο ηε ζεξκνθξαζηαθή 

εμέιημε ηεο mrem κε απηή ησλ πηεδνειεθηξηθώλ ζπληειεζηώλ ησλ ππνζηξσκάησλ PMN-xPT πξνθύπηεη όηη νη 

καγλεηηθέο αζηάζεηεο είλαη απνηέιεζκα ηεο ζύδεπμεο ησλ καγλεηηθώλ ηνκέσλ ησλ πκελίσλ Co κε ηνπο 

αληίζηνηρνπο ζηδεξνειεθηξηθνύο ηνκείο ηνπ πηεδνειεθηξηθνύ ππνζηξώκαηνο PMN-xPT. Τέινο, αμίδεη λα 

ζεκεησζεί όηη ε κειέηε απηώλ ησλ ηερλεηώλ δνκώλ απέδεημε ηελ απνηειεζκαηηθή πηεδνειεθηξηθή ιεηηνπξγία 

ησλ ππνζηξσκάησλ PMN-xPT ζε ρακειέο ζεξκνθξαζίεο. 
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II. Χαρακηηριζμός ηων δειγμάηων PMN-xPT 

Τα δείγκαηα PMN-xPT πνπ απνηεινύλ ηα πηεδνειεθηξηθά ππνζηξώκαηα ησλ ηερλεηώλ δνκώλ δηαθξίλνληαη 

ζε δύν νκάδεο κε βάζε ηε ζηνηρεηνκεηξία ηνπο x, ε κία νκάδα απνηειείηαη από PMN-xPT κε x=0,31 (PMN-

0,31PT) ελώ ε άιιε νκάδα απνηειείηαη από PMN-xPT κε x=0,27 (PMN-0,27PT). 

 Ο θξπζηαιινγξαθηθόο ραξαθηεξηζκόο απηώλ ησλ δεηγκάησλ έδεημε όηη ηα δείγκαηα PMN-0,31PT 

έρνπλ θνπεί θαηά κήθνο ηεο θξπζηαιινγξαθηθήο δηεύζπλζεο [110], ελώ ηα δείγκαηα PMN-0,27PT έρνπλ 

θνπεί θαηά κήθνο ηεο θξπζηαιινγξαθηθήο δηεύζπλζεο [001]. Ο κνξθνινγηθόο ραξαθηεξηζκόο ησλ δεηγκάησλ 

PMN-xPT έδεημε όηη ηα δείγκαηα πνπ δελ έρνπλ ππνβιεζεί ζε ιείαλζε (πνπ έρνπλ ππνβιεζεί ζε ήπηα 

ιείαλζε) ησλ επηθαλεηώλ ηνπο εκθαλίδνπλ κηα κέζε επηθαλεηαθή ηξαρύηεηα είλαη ίζε κε 291 nm (44 nm). Γηα 

ηνλ πηεδνειεθηξηθό ραξαθηεξηζκό ησλ PMN-xPT ρξεζηκνπνηήζεθε κηα λέα κέζνδνο πνπ βαζίδεηαη ζηελ 

άκεζε ηοπική παξαηήξεζε ηεο κεραληθήο ηάζεο (S) κέζσ ελόο ζπκβαηηθνύ νπηηθνύ κηθξνζθνπίνπ θαηά ηελ 

εθαξκνγή Eex, επηηξέπνληαο κε απηό ηνλ ηξόπν ηελ θαηαζθεπή ηεο θακπύιεο S-Eex. Τα πεηξακαηηθά 

απνηειέζκαηα απηήο ηεο κεζόδνπ έδεημαλ όηη ζην κέγηζην εθαξκνδόκελν πεδίν Eex=8.5 kV/cm θαη θαηά 

κήθνο ηνπ άμνλα y ησλ δεηγκάησλ ε κέγηζηε επαγόκελε ζπκπηεζηηθή παξακόξθσζε είλαη ίζε κε 0.11 % γηα 

ην δείγκα PMN-0,31PT θαη 0.06 % γηα ην δείγκα PMN-0,27PT. Απηή ε δηαθνξά ππνδεηθλύεη ηε δηαθνξεηηθή 

ειεθηξν-κεραληθή ηθαλόηεηα απηώλ ησλ δεηγκάησλ, ε νπνία απνδίδεηαη εμ νινθιήξνπ ζηε ζηνηρεηνκεηξία 

ηνπο x θαζώο ην PMN-0,31PT (PMN-0,27PT) βξίζθεηαη εληόο (εθηόο) ηνπ κνξθνηξνπηθνύ ζπλόξνπ θάζεσλ 

κέζα ζην νπνίν νη πηεδνειεθηξηθέο ηδηόηεηεο είλαη βέιηηζηεο. Τα απνηειέζκαηα απηά επηβεβαηώζεθαλ ηόζν 

πνηνηηθά όζν θαη πνζνηηθά ζπγθξίλνληαο ηηο θακπύιεο S-Eex πνπ ειήθζεζαλ από απηή ηελ ηοπική κέζνδν κε 

ηηο αληίζηνηρεο θακπύιεο S-Eex πνπ θαηαγξάθεθαλ ρξεζηκνπνηώληαο κηα άιιε ηερληθή επξέσο δηαδεδνκέλε 

γηα ηε ρξήζε ηεο ζηνλ πηεδνειεθηξηθό ραξαθηεξηζκό. 

III. Χαρακηηριζμός ηων σμενίων Nb ποσ έτοσν εναποηεθεί ζε σποζηρώμαηα Si 

Οη ελαπνζέζεηο πκελίσλ Nb ζε ππνζηξώκαηα Si έγηλαλ πξνθεηκέλνπ λα δηεπθξηληζηνύλ δύν δεηήκαηα. Τν 

πξώην δήηεκα είλαη λα κειεηεζεί ε επίδξαζε ηνπ πξσηνθόιινπ θξπνπαγίδεπζεο ζηελ ππεξαγώγηκε πνηόηεηα 

ησλ πκελίσλ Nb θαη ην δεύηεξν δήηεκα είλαη λα κειεηεζνύλ ελδειερώο νη ππεξαγώγηκεο ηδηόηεηέο ηνπο ζε 

έλα ζύζηεκα κεδεληθήο επηθαλεηαθήο ηξαρύηεηαο. 

 Η εθαξκνγή ηνπ πξσηνθόιινπ ηεο θξπνπαγίδεπζεο βειηηώλεη ηε πίεζε κέζα ζην ζάιακν πξηλ ηελ 

έλαξμε ησλ ελαπνζέζεσλ (Pdep~7·10
-8

 Torr) ζρεδόλ θαηά κηα ηάμε κεγέζνπο ζε ζρέζε κε ηελ πεξίπησζε όπνπ 

δελ εθαξκόδεηαη ην αληίζηνηρν πξσηόθνιιν (Pdep~5·10
-7

 Torr). Η βειηηζηνπνίεζε ηνπ θελνύ ηνπ ζαιάκνπ 

αληαλαθιάηαη άκεζα ζηηο ηηκέο ηεο TC κηαο ζεηξάο δεηγκάησλ Si/Nb(dNb) πνπ παξαζθεπάζηεθε από 

δηαδνρηθέο ελαπνζέζεηο πκελίσλ Nb πάρνπο dNb=5 nm ππό δηαθνξεηηθέο ζπλζήθεο θελνύ. Σπζρεηίδνληαο ηηο 

ηηκέο ηεο TC κε ηελ πίεζε ηνπ ζαιάκνπ πξηλ ηελ έλαξμε ησλ ελαπνζέζεσλ (Pdep), βξέζεθε όηη ε εθαξκνγή ηνπ 

πξσηνθόιινπ θξπνπαγίδεπζεο εμαζθαιίδεη ηελ πςειή ππεξαγώγηκε πνηόηεηα ησλ πκελίσλ Nb. 

 Γηα ηε κειέηε ησλ ππεξαγώγηκσλ ηδηνηήησλ ησλ πκελίσλ Nb παξαζθεπάζηεθε κηα ζεηξά δεηγκάησλ 

Si/Nb(dNb) ππό ηηο βέιηηζηεο ζπλζήθεο θελνύ ζην ζάιακν ελαπνζέζεσλ (ρξεζηκνπνηώληαο ην πξσηόθνιιν 

θξπνπαγίδεπζεο) θαη κεηαβάιινληαο ζπζηεκαηηθά ην πάρνο ησλ πκελίσλ Nb κεηαμύ 3 θαη 100 nm. Ο 

θξπζηαιινγξαθηθόο ραξαθηεξηζκόο έδεημε όηη ηα πκέληα Nb αλαπηύζζνληαη θαηά ηε θξπζηαιινγξαθηθή 

δηεύζπλζε [110]. Τα πεηξακαηηθά δεδνκέλα ηεο κεηαβνιήο ηεο TC σο πξνο ην πάρνο dNb επηβεβαίσζαλ ηελ 

αλακελόκελε κείσζε ηεο TC θαηά ηε κείσζε ηνπ πάρνπο dNb θαη δηαπηζηώζεθε όηη ε επίδξαζε ηνπ κεγέζνπο 

(πνπ είλαη ην πάρνο dNb) ζηηο ηηκέο ηεο TC κπνξεί λα πεξηγξαθεί ζεσξεηηθά από ην ηξνπνπνηεκέλν κνληέιν 

McMillan. Σε απηό ην ζεκείν αμίδεη λα αλαθεξζεί όηη ε βειηηζηνπνίεζε ησλ ζπλζεθώλ θελνύ ζην ζάιακν 

θαηά ηηο ελαπνζέζεηο έρεη σο απνηέιεζκα ηε δηαηήξεζε ηεο ππεξαγσγηκόηεηαο ζε εμαηξεηηθά ιεπηά πκέληα 

Nb, όπσο γηα παξάδεηγκα πκέληα πάρνπο dNb=3 nm έρνπλ TC=2.9±0.4 K. Από ηε κειέηε ηεο γξακκήο ηνπ άλσ 

θξίζηκνπ πεδίνπ HC2(T) ζε ζρέζε κε ην πάρνο dNb πξνέθπςαλ δύν ζπκπεξάζκαηα. Τν πξώην ζπκπέξαζκα 
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είλαη όηη νη γξακκέο HC2(T) κεηαηνπίδνληαη πξνο ηα θάησ θαηά ηελ αύμεζε ηνπ dNb θαη ην δεύηεξν 

ζπκπέξαζκα είλαη όηη ε ζρέζε πνπ πεξηγξάθεη ηε γξακκήο HC2(T) αιιάδεη ζηαδηαθά από ηε κε-γξακκηθή 

ζρέζε ∝(1-T/TC)
0.5

 γηα dNb<50 nm ζηε γξακκηθή ζρέζε ∝(1-T/TC) γηα dNb≥50 nm. Τέινο, νη εθηηκώκελεο 

ηηκέο ηνπ κήθνπο ζπζρέηηζεο μ(0), κέζσ ηεο πξνέθηαζεο ηεο γξακκήο HC2(T) ζε Τ=0 Κ, βξίζθνληαη ζε 

απόιπηε ζπκθσλία κε ηηο ηηκέο ηεο αξζξνγξαθίαο. 

IV. Υπεραγώγιμος ταρακηηριζμός σμενίων Nb ποσ έτοσν εναποηεθεί ζε σποζηρώμαηα PMN-xPT 

Γηα ηελ πξνεηνηκαζία ησλ ηειηθώλ ηερλεηώλ δνκώλ, πκέληα Nb έρνπλ ελαπνηεζεί θαη ζηηο ειεύζεξεο 

επηθάλεηεο ησλ ππνζηξσκάησλ PMN-xPT. Γεδνκέλνπ όηη ε κνξθνινγία ησλ ππνζηξσκάησλ PMN-xPT (πνπ 

είηε έρνπλ, είηε δελ έρνπλ ππνβιεζεί ζε ήπηα ιείαλζε ησλ επηθαλεηώλ ηνπο) απνηειεί έλαλ παξάγνληα πνπ 

κπνξεί λα επεξεάζεη ζεκαληηθά ηελ ππεξαγσγηκόηεηα ζηα πκέληα Nb, θξίλεηαη ζθόπηκν λα κειεηεζνύλ 

δηεμνδηθά νη ππεξαγώγηκεο ηδηόηεηεο ηνπο πξηλ ηελ εθηέιεζε ησλ πεηξακάησλ θαηά ηελ εθαξκνγή Eex. 

 Γηα λα κειεηεζεί ε επίδξαζε ηεο κέζεο επηθαλεηαθήο ηξαρύηεηαο <Sa> ησλ ππνζηξσκάησλ PMN-

xPT ζηηο ππεξαγώγηκεο ηδηόηεηεο ησλ πκελίσλ Nb πξνεηνηκάζηεθε κηα ζεηξά δεηγκάησλ Nb/PMN-xPT/Nb 

ππό ηηο βέιηηζηεο ζπλζήθεο θελνύ ζην ζάιακν ελαπνζέζεσλ (ρξήζε ηνπ πξσηνθόιινπ θξπνπαγίδεπζεο) θαη 

κεηαβάιινληαο ζπζηεκαηηθά ην πάρνο ησλ πκελίσλ Nb κεηαμύ 3 θαη 100 nm. Οη ελαπνζέζεηο ησλ πκελίσλ 

Nb έγηλαλ ζε ππνζηξώκαηα αλαθνξάο Si (κεδεληθή <Sa>), ζε ππνζηξώκαηα PMN-xPT πνπ έρνπλ ππνβιεζεί 

ζε ήπηα ιείαλζε ησλ επηθαλεηώλ ηνπο (κηθξή <Sa>) θαη ζε ππνζηξώκαηα PMN-xPT πνπ δεν έρνπλ ππνβιεζεί 

ζε ήπηα ιείαλζε ησλ επηθαλεηώλ ηνπο (κεγάιε <Sa>). Σε γεληθέο γξακκέο, ε κειέηε ησλ ππεξαγώγηκσλ 

ηδηνηήησλ έδεημε όηη ε αύμεζε ηεο <Sa> εμαζζελεί ηελ ππεξαγσγηκόηεηα αιιά σζηόζν δελ απνηειεί κηα 

πεξηνξηζηηθή παξάκεηξν πνπ θαηαζηξέθεη ηειείσο ηελ ππεξαγσγηκόηεηα ζηα πκέληα Nb. Πην ζπγθεθξηκέλα, 

εμεηάζηεθε ε κεηαβνιή ηξηώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο ησλ πκελίσλ Nb σο ζπλάξηεζε ηεο κέζεο 

<Sa>: ε TC, ην εύξνο ηεο ππεξαγώγηκεο κεηάβαζεο ΓΤC θαη ε γξακκή HC2(T). Όπσο ήηαλ αλακελόκελν, ε 

κε-κεδεληθή <Sa> ππνβαζκίδεη ηε TC ησλ πκελίσλ Nb ίδηνπ πάρνπο dNb θαη απηή ε ππνβάζκηζε γίλεηαη 

εληνλόηεξε κε ηελ αύμεζε ηεο <Sa> ησλ ππνζηξσκάησλ. Απηό έρεη σο απνηέιεζκα ε ππεξαγσγηκόηεηα ησλ 

πκελίσλ Nb λα θαηαζηξέθεηαη ζε κεγαιύηεξα πάρε (dcrit≅4-6 nm) όηαλ ρξεζηκνπνηνύληαη ηα ππνζηξώκαηα 

PMN-xPT, ζε ζρέζε κε ηελ πεξίπησζε όπνπ ρξεζηκνπνηνύληαη ηα ππνζηξώκαηα Si (dcrit≅2 nm). Αλαθνξηθά 

κε ην εύξνο ηεο ππεξαγώγηκεο κεηάβαζεο ΓΤC, ην νπνίν ζρεηίδεηαη κε ηελ πνηόηεηα ησλ πκελίσλ Nb, ηα 

πεηξακαηηθά δεδνκέλα έδεημαλ όηη ε αύμεζε ηεο <Sa> έρεη σο απνηέιεζκα ηε δηεύξπλζε ηεο ΓΤC 

ππνδεηθλύνληαο έηζη ηε ρακειή ππεξαγώγηκε πνηόηεηα ησλ πκελίσλ Nb πνπ έρνπλ ελαπνηεζεί ζε 

ππνζηξώκαηα πςειήο <Sa>. Δπηπιένλ, νη απμαλόκελεο ηηκέο ηεο <Sa> ππνβαζκίδνπλ ηε γξακκή HC2(T) θαη 

απηή ε ππνβάζκηζε γίλεηαη εληνλόηεξε ζηα ιεπηόηεξα πκέληα Nb (π.ρ. γηα πάρνο dNb=15 nm). Απηά ηα 

απνηειέζκαηα εξκελεύνληαη πνηνηηθά από έλα κνληέιν πνπ ιακβάλεη ππόςε ηνπ πνηνηηθά ηελ επίδξαζε ηεο 

επηθαλεηαθήο κνξθνινγίαο θαη βαζίδεηαη ζηηο εμήο παξαδνρέο: (i) ην πάρνο ησλ πκελίσλ Nb δελ είλαη παληνύ 

ζηαζεξό θαη ζπγθεθξηκέλα ζηελ πεξηθεξεηαθή επηθάλεηα ησλ κνξθνινγηθώλ πςσκάησλ ην πάρνο είλαη 

κηθξόηεξν ηνπ πάρνπο ελαπόζεζεο (νλνκαζηηθή ηηκή), ελώ ηαπηόρξνλα (ii) νη πεξηνρέο απηέο ησλ πκελίσλ Nb 

(ζηελ πεξηθέξεηα κνξθνινγηθώλ πςσκάησλ) αηζζάλνληαη ηνπηθά ην καγλεηηθό πεδίν λα έρεη κηθξόηεξε 

έληαζε ιόγσ ηεο κε-κεδεληθήο θάζεηεο ζπληζηώζαο ηνπ. 

V. Πιεζοηλεκηρική ηροποποίηζη ηης TC ζε ηετνηηές δομές Nb/PMN-xPT/Nb 

Η πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC ζε ηερλεηέο δνκέο Nb/PMN-xPT/Nb κειεηήζεθε κεηαβάιινληαο δύν 

παξακέηξνπο, ηνπο πηεδνειεθηξηθνύο ζπληειεζηέο ησλ PMN-xPT θαη ην πάρνο ησλ πκελίσλ Nb. Σηελ 

ηειεπηαία πεξίπησζε ηα πεηξακαηηθά απνηειέζκαηα εμεηάζηεθαλ ρξεζηκνπνηώληαο έλα θαηλνκελνινγηθό 

κνληέιν γηα ηελ πξνζέγγηζε ησλ πεηξακαηηθώλ ζεκείσλ TC-Eex επηηξέπνληαο ηαπηόρξνλα ηε κειέηε ηεο 

πηεδνειεθηξηθήο ηξνπνπνίεζεο ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο. 
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Επίδραζη ηων πιεζοηλεκηρικών ζσνηελεζηών ηων σποζηρωμάηων PMN-xPT 

Γηα λα κειεηεζεί ε επίδξαζε ησλ πηεδνειεθηξηθώλ ζπληειεζηώλ ζηελ ηξνπνπνίεζε ηεο TC ζηα πκέληα Nb 

παξαζθεπάζηεθαλ δύν ηερλεηέο δνκέο Nb/PMN-xPT/Nb, νη νπνίεο απνηεινύληαη από PMN-xPT δείγκαηα κε 

δηαθνξεηηθή πηεδνειεθηξηθή ηθαλόηεηα. Απηά ηα PMN-xPT δείγκαηα είλαη ην PMN-0,31PT θαη ην PMN-

0,27PT θαη ρξεζηκνπνηήζεθαλ σο ππνζηξώκαηα γηα ηελ ελαπόζεζε πκελίσλ Nb κε πάρε dNb=15 θαη 20 nm. 

Τα πεηξακαηηθά απνηειέζκαηα απηώλ ησλ ηερλεηώλ δνκώλ έδεημαλ όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC 

εμαξηάηαη απόιπηα από ηελ πηεδνειεθηξηθή ηθαλόηεηα ησλ ππνζηξσκάησλ PMN-xPT. Σπγθεθξηκέλα, ζε 

θάζε πάρνο ησλ πκελίσλ Nb νη βέιηηζηεο πηεδνειεθηξηθέο ηδηόηεηεο ηνπ PMN-0,31PT νδεγνύλ ζε κία ηζρπξή 

ηξνπνπνίεζε ηεο TC ζε ζρέζε κε ηελ αληίζηνηρε ηξνπνπνίεζε πνπ πξνθαιείηαη από ην ππόζηξσκα PMN-

0,27PT. Από ηα δεδνκέλα πνπ ειήθζεζαλ από ηνπο θιάδνπο ZFC (FC) ε κέγηζηε πνζνζηηαία ηξνπνπνίεζε 

ηεο TC ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από PMN-0,31PT είλαη ίζε κε -4,9 % (-5,9 %) γηα πκέληα 

πάρνπο dNb=15 nm θαη κε -2,9 % (-3,2 %) γηα πκέληα πάρνπο dNb=20 nm. Οη αληίζηνηρεο ηηκέο ηεο κέγηζηεο 

πνζνζηηαίαο ηξνπνπνίεζεο ηεο TC ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από PMN-0,27PT είλαη ίζε κε -2,3 

% (-2,3 %) γηα πκέληα πάρνπο dNb=15 nm θαη κε -1,2 % (-1,4 %) γηα πκέληα πάρνπο dNb=20 nm. 

Επίδραζη ηοσ πάτοσς ηων σμενίων Nb 

Γηα λα κειεηεζεί ε επίδξαζε ηνπ πάρνπο ησλ πκελίσλ Nb ζηελ ηξνπνπνίεζε ηεο TC θαηαζθεπάζηεθε κηα 

ζεηξά ηερλεηώλ δνκώλ Nb/PMN-xPT/Nb πνπ απνηειείηαη από ππνζηξώκαηα PMN-0,31PT θαη από πκέληα 

Nb κε πάρε dNb=15, 20, 50 θαη 100 nm. Από ηε ζπζηεκαηηθή κειέηε απηώλ ησλ ηερλεηώλ δνκώλ πξνέθπςαλ 

δύν ζπκπεξάζκαηα. Τν πξώην ζπκπέξαζκα αθνξά ζηελ εμάξηεζε ηνπ κεγέζνπο ηεο ηξνπνπνίεζεο ηεο TC κε 

ηελ αύμεζε ηνπ πάρνπο dNb. Γηαπηζηώζεθε πεηξακαηηθά όηη θαζώο ην πάρνο dNb απμάλεηαη ε επαγόκελε 

κεραληθή ηάζε από ην ππόζηξσκα PMN-0,31PT επεξεάδεη νινέλα θαη ιηγόηεξν κέξνο ηνπ ζπλνιηθνύ όγθνπ 

ησλ πκελίσλ Nb θαη σο εθ ηνύηνπ ε ηξνπνπνίεζεο ηεο TC εμαζζελεί ζηαδηαθά. Σπγθεθξηκέλα, ε κέγηζηε 

θαηαγεγξακκέλε κείσζε ηεο TC (πνζνζηηαία ηξνπνπνίεζε ηεο TC) είλαη ίζε κε 337 mK (-5,8 %) γηα dNb=15 

nm, κε 155 mK (-2,5 %) γηα dNb=20 nm, κε 60 mK (-0,8 %) γηα dNb=50 nm θαη ηέινο κε κεδέλ γηα dNb=100 

nm. Δπηπιένλ, απηή ε εμάξηεζε ηεο ηξνπνπνίεζεο ηεο TC κε ην πάρνο dNb επεξεάδεη ην δηάζηεκα ηηκώλ ηνπ 

πεδίνπ Eex κέζα ζην νπνίν δηαηεξείηαη ε ππεξαγσγηκόηεηα ζηα πκέληα Nb. Πην ζπγθεθξηκέλα, βξέζεθε όηη 

ζηηο ηερλεηέο δνκέο πνπ απνηεινύληαη από ζρεηηθά ιεπηά πκέληα Nb, ε ηξνπνπνίεζε ηεο TC θαηά ηελ 

εθαξκνγή ελόο κηθξνύ πεδίνπ Eex είλαη έληνλε θαη απηή ε ζπκπεξηθνξά εμαζζελεί ζηαδηαθά θαηά ηελ αύμεζε 

ηνπ πάρνπο dNb. Τν δεύηεξν ζπκπέξαζκα αθνξά ζηελ εκθάληζε ελόο ραξαθηεξηζηηθνύ ειεθηξηθνύ πεδίνπ ηνπ 

Eex≈2,0 kV/cm, ην νπνίν εκθαλίδεηαη ζηηο θακπύιεο TC(Eex) όισλ ησλ ηερλεηώλ δνκώλ. Απηό ην 

ραξαθηεξηζηηθό πεδίν ππνδεηθλύεη ηελ αιιαγή θακππιόηεηαο ησλ θακππιώλ TC(Eex) ή ηελ κε-κνλνηόλε 

ζπκπεξηθνξά απηώλ ζηηο ηερλεηέο δνκέο κε dNb≤20 nm θαη ηε κείσζε ηεο TC ζε ηερλεηέο δνκέο κε dNb≥50 

nm. Βξέζεθε όηη ην ραξαθηεξηζηηθό ειεθηξηθό πεδίν πξνέξρεηαη από ην πηεδνειεθηξηθό ππόζηξσκα PMN-

0,31PT απνδεηθλύνληαο κε απηό ηνλ ηξόπν όηη ε ηξνπνπνίεζε ηεο TC ζε απηέο ηηο ηερλεηέο δνκέο εμαξηάηαη 

απνθιεηζηηθά από ηελ εγθάξζηα κεραληθή ηάζε Sx (ή Sy) ησλ ππνζηξσκάησλ PMN-0,31PT. 

Θεωρηηική διερεύνηζη ηων πειραμαηικών αποηελεζμάηων TC - Eex 

Γηα ηε ζεσξεηηθή δηεξεύλεζε ησλ πεηξακαηηθώλ δεδνκέλσλ ηεο TC - Eex πξνηάζεθε έλα θαηλνκελνινγηθό 

κνληέιν, ην νπνίν ελζσκαηώλεη ηα ραξαθηεξηζηηθά ησλ δηαθνξεηηθώλ ζπζηαηηθώλ ησλ ηερλεηώλ δνκώλ ζε 

κηα έθθξαζε. Η θαηλνκελνινγηθή πξνζέγγηζε ηεο έθθξαζεο TC(Eex) θαηάθεξε λα αλαπαξαγάγεη κε αθξίβεηα 

(R
2
>92 %) ηα πεηξακαηηθά δεδνκέλα όισλ ησλ ηερλεηώλ δνκώλ Nb/PMN-0,31PT/Nb. Δπηπιένλ, απηή ε 

θαηλνκελνινγηθή πξνζέγγηζε επηηξέπεη ηε κειέηε ησλ κηθξνζθνπηθώλ παξακέηξσλ ηεο ππεξαγσγηκόηεηαο 

ζηα πκέληα Nb, νη νπνίεο ηξνπνπνηνύληαη θαηα ηελ εθαξκνγή Eex. Σπγθεθξηκέλα, ε αύμεζε ηνπ Eex πξνθαιεί 

ηε κείσζε ηνπ ειθηηθνύ δπλακηθνύ ι, ηελ αύμεζε ηνπ απσζηηθνύ δπλακηθνύ κ
*
, ηε κείσζε ηνπ δπλακηθνύ 

αιιειεπίδξαζεο N(0)V θαη ηελ αύμεζε ηεο κέζεο ζπρλόηεηαο θσλνλίσλ σln, ζε όια ηα πάρε dNb. Πνηνηηθά, 

ε ηξνπνπνίεζε ησλ κηθξνζθνπηθώλ παξακέηξσλ δηθαηνινγεί πιήξσο ηε κείσζε ηεο TC ζηηο ηερλεηέο δνκέο 
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θαηά ηελ αύμεζε ηνπ Eex, ελώ πνζνηηθά ε κεηαβνιή ησλ ηηκώλ ηνπο βξίζθεηαη ζε ινγηθά όξηα ηηκώλ 

(1,0≤ι≤1,5, 0,103≤κ
*
≤0,124, 0,43≤N(0)V≤0,56 and 51≤σln≤91). Δπηπιένλ, αμίδεη λα ζεκεησζεί όηη ε 

ηξνπνπνίεζε ησλ κηθξνζθνπηθώλ παξακέηξσλ εκθαλίδεη κηα ινγηθή απόθξηζε ζε ζρέζε κε ην πάρνο dNb, πνπ 

ζεκαίλεη όηη ζηα ιεπηόηεξα πκέληα Nb νη κηθξνζθνπηθέο παξάκεηξνη ηξνπνπνηνύληαη έληνλα θαηά ηελ 

αύμεζε ηνπ Eex θαη απηή ε ζπκπεξηθνξά ηνπο εμαζζελεί ζηαδηαθά κε ηελ αύμεζε ηνπ πάρνπο dNb. 

VI. Πιεζοηλεκηρική ηροποποίηζη ηης JC ζε ηετνηηές δομές Nb/PMN-0,31PT/Nb 

Πξνθεηκέλνπ λα απνκνλσζεί ε επίδξαζε ηεο πηεδνειεθηξηθήο κεραληθήο ηάζεο κόλν ζηελ JC κειεηήζεθαλ 

δύν ηερλεηέο δνκέο νη νπνίεο εκθαλίδνπλ πνιύ κηθξέο αιιάγεο ηεο TC θαηά ηελ εθαξκνγή Eex. Απηέο νη 

ηερλεηέο δνκέο απνηεινύληαη από ηα παρύηεξα πκέληα Nb θαη ζπγθεθξηκέλα είλαη απηέο πνπ απνηεινύληαη 

από πκέληα Nb πάρνπο dNb=50 θαη 100 nm. 

 Ξεθηλώληαο από ηε κειέηε ηεο ηερλεηήο δνκήο πνπ απνηειείηαη από πκέληα Nb πάρνπο dNb=100 nm 

νη αλαιπηηθέο κεηξήζεηο ησλ βξόρσλ m(H) θαηά ηελ αύμεζε ηνπ Eex κέρξη ηα +5 kV/cm έδεημαλ πνιύ κηθξέο 

κεηαβνιέο. Σπγθεθξηκέλα, ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο JC ζε πςειά καγλεηηθά πεδία είλαη ηεο ηάμεο 

ηνπ -2 %, ελώ ζε ρακειά καγλεηηθά πεδία ε αληίζηνηρε ηξνπνπνίεζε ηεο JC είλαη ακειεηέα. Τα 

απνηειέζκαηα ηεο JC - Eex είλαη παξόκνηα κε ηα απνηειέζκαηα ηεο TC - Eex απηήο ηεο ηερλεηήο δνκήο θαη έηζη 

ε κηθξή κεηαβνιή ηεο JC ζε καγλεηηθά πεδία πςειήο έληαζεο (ή ε ακειεηέα κεηαβνιή ζε καγλεηηθά πεδία 

κηθξήο έληαζεο) απνδίδεηαη ζην απμεκέλν πάρνο ησλ πκελίσλ Nb. Από ηελ άιιε κεξηά, ε ηερλεηή δνκή 

Nb(50 nm)/PMN-0,31PT/Nb(50 nm) εκθαλίδεη ζεκαληηθέο αιιαγέο ζηνπο βξόρνπο m(H) πνπ ειήθζεζαλ 

θαηά ηελ αύμεζε ηνπ Eex κέρξη ηα +5 kV/cm. Τα δεδνκέλα πνπ ειήθζεζαλ ζε ζεξκνθξαζία T=6 K (T=TC-1,3 

K) θαη ζε T=5 K (T=TC-2,3 K) δείρλνπλ όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο JC αθνινπζεί κηα κε-

κνλόηνλε κείσζε. Σε απηή ηε κε-κνλόηνλε κεηαβνιή ην JC εκθαλίδεη κηα ελίζρπζε ησλ ηηκώλ ηεο (ηνπηθό 

κέγηζην) ζην πεδίν Eex=2,0 kV/cm πνπ ππεξβαίλεη ηελ αξρηθή ηνπ ηηκή JC0, ελώ αθνύ δηέιζεη από ηε ηηκή JC0 

ζηα πεδία Eex=3,0-4,0 kV/cm ε JC κεηώλεηαη πεξίπνπ ζην 15 % ηεο JC0 ζην πεδίν Eex(max)=5,0 kV/cm. Τν 

ηνπηθό κέγηζην ηεο JC ζην Eex=2,0 kV/cm είλαη πην εκθαλέο ζηα δεδνκέλα πνπ πξνέξρεηαη από ηηο κεηξήζεηο 

ζηνπο 5 K, ελώ επίζεο νη αληίζηνηρνη βξόρνη m(H) ζηνπο 5 K ζπλνδεύεηαη κε ηε εκθάληζε ΘΜΑ θαηά κήθνο 

ηνπ θιάδνπ κείσζεο ηνπ H. Η δηαθύκαλζε ηνπ αξηζκνύ ησλ ΘΜΑ θαηά ηελ αύμεζε ηνπ Eex εκθαλίδεη έλα 

ηνπηθό κέγηζην ζην Eex=2,0 kV/cm, ην νπνίν απνδίδεηαη ζηε ξνή κηαο εληζρπκέλεο JC (ιόγσ ηνπ ηνπηθνύ 

κεγίζηνπ ηεο JC ζην Eex=2,0 kV/cm) ε νπνία δελ κπνξεί λα ππνζηεξηρζεί από ηα πκέληα Nb. Η επηζηξνθή ηεο 

JC ζηελ ηηκή JC0 όηαλ Eex=3,0-4,0 kV/cm θαη ε κείσζε ηεο ζην Eex(max)=5,0 kV/cm αληαλαθιάηαη άκεζα από 

ηνλ αξηζκό ησλ θαηεγξακκέλσλ ΘΜΑ πνπ παξακέλνπλ ζε έλα ειάρηζην επίπεδν. Δπηπιένλ, ε πηεδνειεθηξηθή 

ηξνπνπνίεζε ηεο JC δηεξεπλήζεθε ζεσξεηηθά ρξεζηκνπνηώληαο κηα θαηλνκελνινγηθή πξνζέγγηζε πνπ 

ζπλδπάδεη ηελ εμίζσζε S(Eex) ηνπ ππνζηξώκαηνο PMN-0,31PT κε κηα θαιά νξηζκέλε ζρέζε ηεο JC(S). Η 

ηειηθή έθθξαζε ηεο JC(Eex) θαηάθεξε λα αλαπαξαγάγεη κε κεγάιε αθξίβεηα ηα πεηξακαηηθά απνηειέζκαηα. 

VII. Η επίδραζη ηης επιθανειακής μορθολογίας ηων σποζηρωμάηων ζηην πιεζοηλεκηρική 

ηροποποίηζη ηων σπεραγώγιμων ιδιοηήηων ζε ηετνηηές δομές Nb/PMN-0,31PT/Nb 

Γηα λα απνθαιπθζεί ε επίδξαζε ηεο επηθαλεηαθήο ηξαρύηεηαο ησλ ππνζηξσκάησλ ζηελ πηεδνειεθηξηθή 

ηξνπνπνίεζε ηεο TC θαη ηεο JC ζπγθξίλνληαη ηα απνηειέζκαηα ηεο ηερλεηήο δνκήο Nb(20 nm)/PMN-

0,31PT(Λειαζμένο)/Nb(20 nm) (PMN-0,31P κε ρακειή <Sa>) κε ηα αληίζηνηρα απνηειέζκαηα ηεο ηερλεηήο 

δνκήο Nb(20 nm)/PMN-0,31PT(Μη-λειαζμένο)/Nb(20 nm) (PMN-0,31P κε πςειή <Sa>). 

Πειραμαηικά αποηελέζμαηα ηης TC - Eex 

Η ζπλνιηθή κείσζε ηεο TC θαηά ηελ εθαξκνγή Eex(max)=4,0 kV/cm ζηελ ηερλεηή δνκή Nb(20 nm)/PMN-

0,31PT(Μη-λειαζμένο)/Nb(20 nm) είλαη πεξίπνπ ίζε κε 400 mK, ε νπνία αληηζηνηρεί ζε κηα πνζνζηηαία 

ηξνπνπνίεζε ίζε κε -6,0%. Παξόιν πνπ θαίλεηαη όηη ε πηεδνειεθηξηθή ηξνπνπνίεζε ηεο TC δελ επεξεάδεηαη 
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από ηελ πςειή <Sa> ηνπ ππνζηξώκαηνο PMN-0,31PT, ε πςειή Sa απνθαιύπηεη κηα έληνλε κε-κνλόηνλε 

κεηαβνιή ηεο TC. Από ηε βέιηηζηε ζπλάξηεζε πξνζαξκνγήο TC(Eex) πξνθύπηνπλ δύν ραξαθηεξηζηηθά 

ειεθηξηθά πεδία, έλα ζην Eex
dip 

≈1,5 kV/cm πνπ ππνδεηθλύεη έλα βύζηζκα ησλ ηηκώλ ηεο TC θαη έλα ζην 

Eex≈2,5 kV/cm πνπ ππνδεηθλύεη ηελ επηζηξνθή ηεο TC ζε πςειέο ηηκέο. Δπηβεβαηώζεθε πεηξακαηηθά όηη απηά 

ηα ραξαθηεξηζηηθά πεδία ηεο θακπύιεο TC(Eex) πξνέξρνληαη απνθιεηζηηθά από ην ππόζηξσκα PMN-0,31PT 

(ρξεζηκνπνηώληαο ηα δεδνκέλα ηεο κεραληθήο ηάζεο από κηα ηοπική κέζνδν θαη κηα ογκική κέζνδν) θαη 

ηειηθά κπνξεί θαλείο λα ηζρπξηζηεί όηη ε πςειή <Sa> ππνθηλεί ηελ έληνλε κε-κνλόηνλε κεηαβνιή ηεο TC. 

Πειραμαηικά αποηελέζμαηα ηης JC - Eex 

Η επηθαλεηαθή ηξαρύηεηα (Sa) ηνπ ππνζηξώκαηνο PMN-0,31PT δηαδξακηίδεη ζεκαληηθό ξόιν ζηελ 

πηεδνειεθηξηθή ηξνπνπνίεζε ηεο JC. Σπγθεθξηκέλα, ε ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Λειαζμένο)/ 

/Nb(20 nm) (PMN-0,31PT κε ρακειή Sa, <Sa>≈44 nm) δελ έδσζε ελδείμεηο ηξνπνπνίεζεο ηεο JC 

εθαξκόδνληαο Eex, ελώ αληίζεηα ε ηερλεηή δνκή Nb(20 nm)/PMN-0,31PT(Μη-λειαζμένο)/Nb(20 nm) (PMN-

0,31PT κε πςειή Sa, <Sa>≈290 nm) παξνπζηάδεη κηα έληνλε ππνβάζκηζε ηεο JC κέζσ ηεο αλάπηπμεο ΘΜΑ 

ζηα πκέληα Nb θαηά ηελ αύμεζε ηνπ Eex. Η κεηαβνιή ηνπ πιήζνπο ησλ θαηαγεγξακκέλσλ ΘΜΑ αθνινπζεί 

κηα κε-κόλνηνλε αύμεζε, πξνθαιώληαο ηελ αληίζηνηρε κε-κνλόηνλε ππνβάζκηζε ηεο JC. Πξνθεηκέλνπ λα 

εμεγεζεί απηή ε κε-κνλόηνλε κεηαβνιή κειεηήζεθε ε κεηαβνιή άιισλ θπζηθώλ πνζνηήησλ κε ην Eex, νη 

νπνίεο ζρεηίδνληαη κε ην ΠΗ ππόζηξσκα PMN-0,31PT. Απηέο νη θπζηθέο πνζόηεηεο είλαη ε κεραληθή ηάζε 

θαη ε επηθαλεηαθή ηξαρύηεηα, νη νπνίεο κεηαθέξνληαη ζηα ελαπνηεζεκέλα πκέληα Nb. Τα πεηξακαηηθά 

δεδνκέλα έδεημαλ όηη ε κεηαβνιή ηεο επηθαλεηαθήο ηξαρύηεηαο πξνθαιείηαη θαηά θύξην ιόγν από ηελ 

επαγόκελε κεραληθή ηάζε, απνδεηθλύνληαο έηζη όηη ε εθαξκνγή Eex έρεη δηπιή δξάζε ζηα πκέληα Nb. Τέινο, 

κε βάζε ηε κεησκέλε ηθαλόηεηα κεηαθνξάο ξεύκαηνο από ηα πκέληα Nb πνπ έρνπλ ελαπνηεζεί ζε 

ππνζηξώκαηα PMN-0,31PT πςειήο Sa, απνδόζεθε ε εκθάληζε ησλ ΘΜΑ ζηελ ηξνπνπνίεζε ηεο <Sa> ε 

νπνία πξνάγεη ην κεραληζκό δεκηνπξγίαο ησλ ΘΜΑ ελώ ε κε-κνλόηνλε κεηαβνιή ηνπο εξκελεύηεθε από ηε 

ζπλδπαζκέλε δξάζε ηεο κεραληθήο ηάζεο θαη ηεο επηθαλεηαθήο ηξαρύηεηαο ησλ ιεπηώλ πκελίσλ Nb. 
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Scope and Outline 

During the last decades superconducting (SC) thin films have been studied continuously not only as stand-

alone units, but also as an active constituent in artificial structures. Aiming to achieve a controlled 

modification of superconductivity, SC thin films have been combined with other compounds that can be 

affected by an external cause such as a magnetic field or an electric field. In particular, the antagonistic 

influence of a magnetic field on a ferromagnetic (FM) and on a SC material leads to the controllable 

modification of superconductivity by means of the applied magnetic field in artificial structures that combine 

those two constituents 
[1-7]

. Moreover, artificial structures that combine ferroelectric (FE) materials with SC 

films offer a possible way to control superconductivity by means of an applied electric field, since the 

ferroelectric polarization drives a redistribution of the concentration of the charge carrier through the coupling 

of the ferroelectric order parameter with the superconducting order parameter thus affecting the 

superconducting properties 
[8-15]

. A special class of FE materials is the piezoelectric (PE) materials that exhibit 

a mechanical macroscopic deformation (either compressive or tensile strain), once an electric field is applied 

to them. Hence, artificial structures that combine a PE material and a SC thin film (noted here as PE/SC) offer 

the unique opportunity to investigate dynamically the strain dependent properties of a SC film by simply 

changing the electric field biased on the PE material. Up to now the experimental studies of the PE/SC 

artificial structures have not been adequately addressed in the literature and these limited studies have been 

focused on the influence of the imposed strain on the values of TC in high-TC SC thin films 
[16-19]

. 

 The basic goal of this PhD Thesis is to investigate both experimentally and theoretically the 

controllable modification of superconductivity by means of an applied electric field in PE/SC artificial 

structures and to provide experimental evidences for the future utilization of these artificial structures in 

sensor devices implemented at cryogenic conditions. The artificial structures studied in this PhD Thesis 

consist of SC thin films of Nb deposited on a PE bulk substrate that is a relaxor-FE single crystal (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT). Specifically, the topology of the artificial structures is a planar 

topology where two Nb films of the same thickness (dNb) are deposited on both surfaces of a PMN-xPT 

substrate, simply noted as Nb/PMN-xPT/Nb. In this configuration Nb films have a twofold action, firstly they 

act as the SC constituents and secondly they act as electrodes for delivering the externally applied voltage 

(Vapp) to the PMN-xPT. Regarding to the choice of the individual parts that compose the artificial structures, 

they were selected appropriately in order to meet certain requirements. In particular, PMN-xPT has been 

chosen as a well studied PE material 
[20,21]

 that exhibits intense electro-mechanical response manifested by 

ultra-high values of strain. The optimum electro-mechanical ability of PMN-xPT sets them as the only 

candidate among all PE materials, since the operation of any PE materials at cryogenic conditions degrades 

their electro-mechanical ability. Thin films of Nb have been chosen since they have the highest TC among all 

low-TC SCs, while also Nb as a conventional SC enables the theoretical exploitation of experimental results 

with well-established theoretical expressions. Moreover, our research group has an extensive experience on 

the preparation of Nb films with high superconducting quality by means of DC magnetron sputtering and their 

superconducting properties are studied continuously for more than a decade 
[22,23]

. 

 Prior to the study of Nb/PMN-xPT/Nb artificial structures, introductory and exploratory experiments 

have been performed to relevant artificial structures. These artificial structures are consisting of FM thin films 

of Co deposited on both surfaces of a PMN-xPT substrate in a planar topology that is noted as Co/PMN-

xPT/Co. The motivation for the study of Co/PMN-xPT/Co artificial structures was to acquire knowledge 

regarding the piezoelectric effectiveness of the PMN-xPT substrates at low temperatures. These artificial 

structures serve as a suitable system that allows the comparative study of the piezoelectrically modulated 

magnetic properties at different temperatures. Starting at T=300 K (where the piezoelectric properties of 
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PMN-xPT are well known) one can study the piezoelectric modulation of the magnetic properties of the 

Co/PMN-xPT/Co and then to compare them with the respective ones obtained at T=10 K. The magnetic 

properties of Co/PMN-xPT/Co structures that can probe the low temperature electro-mechanical ability of 

PMN-xPT are the coercive field (HC), the saturation magnetization (msat) and the remanent magnetization 

(mrem). To investigate these properties two Co/PMN-xPT/Co artificial structures (one with x=0.29 and one 

with x=0.30) consisting of Co films with thickness dCo=30 nm were constructed. The thickness dCo=30 nm has 

been chosen appropriately in order to satisfy certain conditions regarding the effectiveness of piezoelectric 

strain to modify the magnetic properties in the artificial structures Co/PMN-xPT/Co upon the variation of the 

external electric field (Eex). In particular, the dCo should be thin enough in order to be entirely affected by the 

imposed strain from the PMN-xPT substrates. Moreover, in Co films the thickness is an extrinsic parameter 

that determines the magnetic anisotropy of shape origin. Specifically, for dCo<30-50 nm the in-plane magnetic 

anisotropy dominates, while for thicker films dCo>30-50 nm out-of-plane magnetic anisotropy is established 
[24-26]

. Accordingly, by choosing dCo=30 nm any changes in the magnetic anisotropy of shape origin caused by 

the application of Eex is reflected directly to the magnetic properties of Co films. 

 Before proceeding to the detailed study of Nb/PMN-xPT/Nb artificial structures upon application of 

Eex, great effort was made on the thorough characterization of the individual parts that compose them. Starting 

with the PE constituent, the PMN-xPT samples were grown as discussed in 
[20]

 and after their production they 

were cut crystallographically in the form of rectangular shaped substrates with dimensions 6x5x(0.4-0.8) 

mm
3
, while also they were remained unpoled. Two different groups of PMN-xPT substrates have been 

employed in the Nb/PMN-xPT/Nb artificial structures in this PhD Thesis. The first group contains PMN-xPT 

with x=0.31 and the second PMN-xPT with x=0.27. The compositional difference among these groups of 

PMN-xPT substrates is strongly related to their electro-mechanical properties. In particular, PMN-xPT 

substrates with x=0.31 (x=0.27) are placed inside (outside) the morphotropic phase boundary and hence 

exhibit high (low) electro-mechanical properties. These two groups of PMN-xPT substrates have been chosen 

appropriately in order to meet the required conditions for the comparative study of the Nb/PMN-xPT/Nb 

artificial structures where the only experimental variable is the magnitude of the induced strain upon the 

application of Eex. Moreover, for the piezoelectric characterization of the PMN-xPT substrates a new 

technique has been developed during this PhD Thesis. This technique utilizes a conventional optical 

microscope for the local observation of the induced deformation of a PE material upon the application of Vapp 

and thus the piezoelectric characterization is accomplished through obtaining the strain-electric field curves. 

 Continuing with the SC constituent of the artificial structures, Nb films have been prepared by means 

of DC magnetron sputtering. Specific attention has been paid to achieve the best superconducting quality of 

Nb films by employing a rigorous deposition protocol. This deposition protocol aims to optimize the vacuum 

conditions in sputtering chamber before starting depositions and is based on the combined action of an 

extensive pre-sputtering of Nb with the simultaneous external cryo-cooling of the chamber (referred simply as 

cryotrapping protocol). Before performing the depositions of Nb films on top of PMN-xPT substrates, 

exploratory Nb depositions have been performed on atomically flat Si-substrate and their superconducting 

properties have been studied thoroughly. The purpose of this study is first to examine what is the influence of 

chamber’s vacuum conditions on the superconductive quality of Nb films and second to acquire insights 

regarding the superconducting properties of Nb films when side effects arising from PMN-xPT substrates are 

excluded. The final depositions of Nb films have been performed under the optimum chamber conditions on 

PMN-xPT substrates of differently treated surfaces such as PMN-xPT substrates with either polished or non-

polished surfaces. In order to investigate the influence of substrate’s surface roughness (Sa) on the 

superconducting properties of Nb films, a sample series of Nb films deposited on PMN-xPT substrates with 

polished and non-polished surfaces have been prepared by varying systematically the thickness of Nb films 

(dNb) between 5 nm and 100 nm. 
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 For the performance of the magnetic measurements of Nb/PMN-xPT/Nb artificial structures upon 

voltage application (that is actually an electric field, Eex), a specifically designed sample-rod has been 

constructed. This sample-rod should allow the voltage application on sample surface at cryogenic conditions 

(T<10 K). To do so, a standard Quantum design sample-rod has been modified properly in order to host 

copper wires thin enough in order to minimize the thermal transfer from the outer part that is at ambient 

conditions, to the lower part that is placed inside the SQUID chamber at cryogenic conditions. It should be 

noted that in this configuration the applied electric and magnetic field is normal and parallel, respectively, to 

the surface of the Nb/PMN-xPT/Nb artificial structures. 

 The study of Nb/PMN-xPT/Nb artificial structures upon applying Eex is concerned with the 

piezoelectric modification of TC and JC in Nb films. The piezoelectric modification of both TC and JC is 

expressed as a function of Eex, thereby facilitating the direct comparison of the experimental results among 

artificial structures with different characteristics such as the composition x and the surface morphology of the 

PMN-xPT substrates and the thickness of Nb films, dNb. The underlying mechanism regarding the 

piezoelectric modification of TC in Nb/PMN-xPT/Nb artificial structures is presented schematically in figures 

(I.a-b). In particular, figure (I.a) refers to the initial state where no Eex is applied to artificial structure and thus 

the Nb films are in their strain free state where the lattice constants are a=b=c (due to the cubic structure of 

Nb films). The application of Eex to the artificial structure induces the deformation of PMN-xPT, which is 

penetrated to the adjacent Nb films causing their deformation. Figure (I.b) shows an arbitrary strain state 

(tensile strain along xy-plane) of the artificial structure that modifies appropriately the lattice constants of Nb 

films to a
/
≠b

/
≠c

/
 (that in this case are a

/
>a, b

/
>b and c

/
<c). The Eex induced deformation of the crystal lattice of 

Nb films alters the phonon branches of the accompanying lattice vibrations, which affects the mechanism of 

superconductivity in Nb films (that is a conventional SC) and thus the value of TC. Obviously, the magnitude 

of the piezoelectric modification of TC in these artificial structures is proportional to the effectiveness of 

Figure I: (a)-(b) Schematic representation of different strain states of a Nb/PMN-xPT/Nb artificial structure obtained at 

Eex.=0 kV/cm and at Eex.≠0 kV/cm, respectively. The application of Eex.≠0 kV/cm causes the macroscopic deformation of 

the artificial structure that is depicted by blue-dashed lines, leading to the induced deformation of the Nb thin films in 

terms of unit cell distortion. (c)-(d) Half part of a cross-section along z-axis of an artificial structure illustrates the 

different penetration depth of induced strain in an artificial structure consisting of relatively thin and thick Nb films, 

respectively, between the strain free state and an arbitrary strain state of the artificial structure. 
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induced strain to deform Nb films, which depends on two parameters. The first parameter is the electro-

mechanical ability of the PMN-xPT substrates (as it is expressed through the piezoelectric strain coefficients) 

and the second parameter is the thickness of Nb films, dNb. To reveal the influence of the electro-mechanical 

ability of PMN-xPT in the modification of TC two artificial structures with the same thickness of Nb films 

(dNb=15 nm and 20 nm) have been prepared by using two different PMN-xPT substrates, one with x=0.31 that 

exhibits high piezoelectric strain coefficients and one with x=0.27 that exhibits lower piezoelectric strain 

coefficients. Regarding the second parameter that is the thickness dNb, it is reasonable to consider that the 

induced strain influences more effectively Nb films with relatively small thickness (that should be at least 

comparable with the penetration depth of the induced deformation from the PMN-xPT substrate). Figures (I.c-

d) presents schematically the cross-section of two artificial structures, one with thin Nb films (left column) 

and one with thick Nb films (right column), upon the application of Eex=0 and Eex≠0, respectively. The 

vertical grey dashed lines are placed to mark the effectiveness of the induced strain to modify the size of the 

deposited Nb films (that is dNb
/
) upon application of Eex. For the case of thin Nb films the induced strain 

affects strongly their size leading to d
/
Nb<dNb, while for the case of thicker Nb films only the adjacent layers of 

Nb films are effected by the induced strain and as going outwardly the outer layers of Nb become less 

affected or even un-affected from the induced strain (this is the so-called penetration strain depth profile). 

Thus, in relatively thick Nb films the induced strain is fully relaxed in the outer layers of Nb and the TC 

becomes saturated and un-affected by the application of a non-zero Eex. To study the influence of dNb on the 

magnitude of the piezoelectric modification of TC a series of artificial structures consisting of PMN-0.31PT 

substrates has been prepared with dNb=15, 20, 50 and 100 nm. In order to understand the underlying physical 

mechanisms of the piezoelectric modification of TC, the experimental results of latter series of artificial 

structures are investigated by a phenomenological model that incorporates the constitutive relation S(Eex) 

(referring to the piezoelectric PMN-0.31PT substrate) 
[27]

 with the well-established mathematical expression 

of TC (referring to the superconducting Nb films) 
[28-30]

. The phenomenological expression of TC(Eex) is used 

to fit all experimental data of TC vs Eex in all artificial structures and enables the investigation of the modified 

microscopic parameters of superconductivity in Nb films as a function of Eex. 

 Although the induced strain in the Nb/PMN-xPT/Nb artificial structures modifies the microscopic 

lattice constants of Nb films, the application of Eex causes also the macroscopic deformation of them. This 

changes considerably pinning center landscape in the interior of Nb films (such as the density of fluxoids in 

the interior or even at the surface of Nb films and the strength of pinning forces) and apparently it leads to the 

modification of the critical current density, JC. This is examined in two artificial structures consisting of 

PMN-0.31PT and of relatively thick Nb films (dNb=50 and 100 nm). The reason of choosing those thicknesses 

was made in purposely and aims to isolate the modification of JC upon applying Eex and not to include the 

simultaneously TC modification in the experimental results. For the theoretical exploitation of these results a 

phenomenological approach of JC(Eex) has been proposed. This phenomenological approach is emerged by 

incorporating the constitutive relations S(Eex) that reproduce the electro-mechanical properties of PMN-xPT 

with a standard expression regarding the strain dependence of JC (that is JC(S)) 
[31-35]

. The final expression of 

JC(Eex) resulted in a suitable form that can be employed to model the experimental data. 

 Finally, another experimental parameter is included in the study of the piezoelectrically modified 

superconducting properties in Nb/PMN-0.31PT/Nb artificial structures. This parameter is the morphological 

landscape of PMN-0.31PT substrates with non-polished surfaces that is expressed quantitatively by the values 

of surface roughness (Sa). Due to the extremely high values of Sa (on the order of 200-300 nm), the surface 

morphology of PMN-0.31PT substrates is fully transferred to the deposited Nb films deteriorating their 

superconducting properties and thus affecting significantly the piezoelectric modification of TC and JC. The 

artificial structure that is used for this study is the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) and it 

has been chosen for the following reasons. First, the PMN-0.31PT substrate is employed here due to its high 



 

- v - 

 

effectiveness to modify strongly the superconducting properties of the deposited Nb films when compared 

with the PMN-0.27PT substrate. Second, Nb films with dNb=20 nm are thin enough in respect to the 

preservation of superconductivity in Nb films deposited on rough surfaces and also susceptible to modify 

their properties when applying Eex to the artificial structure. 

 The results of this PhD Thesis clearly establish the piezoelectric modulation of TC and JC by means of 

an externally applied electric field in artificial structures Nb/PMN-xPT/Nb. The experimental results are 

described accurately by the phenomenological models of TC(Eex) and JC(Eex) that incorporate the different 

characteristics of the artificial structures. 

 In Chapter 1 the main aspects of the theory of low-TC superconductivity and of piezoelectricity 

focusing on PMN-xPT samples are discussed. In Chapter 2 a brief review of the theoretical studies regarding 

the effect of strain on the superconducting properties and of the experimental studies regarding the 

piezoelectric modification of TC in high-TC compounds are introduced. Chapter 3 presents the basic principles 

of the experimental techniques used here for the preparation (i.e. DC magnetron sputtering) and the 

characterization (i.e. XRD, AFM, SQUID) of the artificial structures. Moreover, Chapter 3 summarizes the 

operational principles of a newly introduced method that has been employed for the piezoelectric 

characterization of PMN-xPT samples, while also provides some technical details regarding the sample-rod 

configuration that allows the performance of the magnetic measurements upon the application of an external 

voltage. Chapter 4 presents the experimental results of the introductory and exploratory studies that have been 

performed in related artificial structures consisting of FM thin films of Co (i.e. Co/PMN-xPT/Co) upon the 

application of electric field. Chapter 5 presents the results of the characterization for the individual parts that 

compose the artificial structures Nb/PMN-xPT/Nb that are the PMN-xPT substrates and the Nb films and 

eventually the results of the superconductive characterization of Nb/PMN-xPT/Nb. Chapter 6 focuses on the 

theoretical framework used for the study of the piezoelectric modification of TC and JC through using the 

suitable expressions of TC(Eex) and JC(Eex) that have been adjusted properly in order to take into account the 

specific characteristics of the different ingredients that compose the artificial structures. Chapter 7 presents 

the results of the piezoelectric modification of TC and JC upon the application of electric field in Nb/PMN-

xPT/Nb artificial structures. The detailed study of the piezoelectric modification of TC and JC takes into 

account all the parameters (magnitude of the piezoelectric strain coefficients, thickness dNb and surface 

roughness of PMN-xPT substrates) that may influence the magnitude of their piezoelectric modification. 

Chapter 8 presents the experimental evidences for the future utilization of the Nb/PMN-xPT/Nb artificial 

structures in sensor devices implemented at cryogenic conditions. Finally, Chapter 9 summarizes all the 

conclusions drawn in the frame of this PhD Thesis. 
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Abbreviations 

The following list categorizes the abbreviations used in this PhD Thesis alphabetically in the left column and 

a brief description of their meaning is given in the right column. 

AFM   Atomic force microscopy 

Eex   Externally applied electric field 

EMIs   Electric-field induced magnetic instabilities 

FC   Field Cooling branch (referred to isofield magnetization curves m(T)) 

FE   Ferroelectric (referred to a ferroelectric material) 

FM   Ferromagnetic (referred to a ferromagnetic material) 

FWHM   Full Width at Half Maximum (used in XRD analysis) 

JC   Critical current density 

H   Externally applied magnetic field 

MIs   Magnetic Instabilities 

MPB   Morphotropic Phase Boundary 

OM   Optical Microscope 

PE   Piezoelectric (referred to a piezoelectric material and/or substrate) 

PMN-xPT  Pb(Mg1/3Nb2/3)O3-xPbTiO3 

PZT   Pb(ZrxTi1-x)O3 

RFE   “relaxor”-ferroelectric 

Sa   Surface roughness (<Sa>, mean surface roughness) 

SAi   Symmetric axis of strain along i=x, y (used in the piezoelectric characterization) 

SC   Superconductor (referred to a superconducting material) 

SQUID   Superconducting Quantum Interference Device 

T It refers to temperature, but when accompanies the value of H then is Tesla 

TC Critical temperature 

TMIs   Thermo-Magnetic Instabilities 

XRD   X-ray diffraction (refer to the technique) 

ZFC   Zero Field Cooling branch (referred to isofield magnetization curves m(T)) 
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Chapter 1 

Introduction to low-TC superconductivity and piezoelectricity 

1.1 Fundamentals of low-TC superconductivity 

This paragraph is dedicated to the phenomenon of superconductivity and provides a brief introduction to its 

basic properties. Since the under investigation material in this PhD Thesis is Niobium (Nb), which is a typical 

low-TC superconductor (SC), the introduction is mainly focused on the corresponding theoretical models that 

describe superconductivity both microscopically and macroscopically for a low-TC SC. Intentionally, the 

introduction does not deepen into superconductivity, but it provides the sufficient theoretical background 

necessary for understanding and interpreting the results in this dissertation. For more details in the 

phenomenon of superconductivity the reader is advised to study the following books that are alphabetically 

arranged, J. B. Ketterson 
[1]

, T. Matsushita 
[2]

, V. V. Schmidt 
[3]

, M. Tinkham 
[4]

 and M. Pissas 
[5]

. 

i. General properties of a low-TC superconductor 

The discovery of superconductivity coincides with the liquefaction of Helium (
4
He) that was achieved in 1908 

by H. K. Onnes 
[6]

. The cryogenic realization due to the availability of liquid Helium, made possible the study 

of the material properties as a function of temperature for temperatures down to below 4.2 K (which is the 

boiling temperature of liquid Helium at the pressure of 1 atm). Until then, the most prevailing idea regarding 

to the temperature dependence of the electric resistance was that it decreases gradually with decreasing 

temperature, while at low temperatures the scientists of that period believed that the electric resistance 

saturates to a plateau. The saturation value of the electric resistance had been ascribed to the imperfection in 

the crystal lattice of the elemental metallic materials. To exclude the influence of crystal imperfections in the 

values of electric resistance, in 1911 H. K. Onnes 
[7]

 studied the variation of the electrical resistance of Hg as 

a function of temperature, since Hg can be prepared easily in high purity. Surprisingly, instead of reaching to 

a plateau in the values of resistance at low temperatures, he observed that at 4.2 K the measured resistance of 

Hg dropped to zero. So, he assumed that below a specific temperature called critical temperature (TC) the 

material is in a different state acting as a perfect conductor and thus he called this state superconductivity. 

 Apart from the perfect conductivity, the SCs exhibit perfect diamagnetism, when cooled down to 

temperatures below TC. This phenomenon, known as Meissner effect, was discovered in 1933 by W. Meissner 

and R. Ochsenfeld 
[8]

. It should be stressed that the physical origins of perfect diamagnetism in a SC differ 

from those of a normal diamagnetic material. Specifically, considering a perfect conductor (such as a SC 

below TC) the Faraday law fails to describe the diamagnetic transition (at T=TC) when a SC is placed inside a 

steady magnetic field. Thus, the Meissner effect is an independent feature of superconductivity that cannot be 

interpreted in terms of perfect conductivity in a SC. According to Meissner effect, if a SC is placed in a weak 

external magnetic field, Hex, and cooled below TC, then the Hex is expelled from its interior by generating 

screening currents that flow through the surface and cancels the magnetic flux density within, as shown in 

figure (1.1). The feature of perfect diamagnetism in a SC highlights that the SC behaves as an ideal 

diamagnetic material with magnetic susceptibility xm=-1 and zero magnetic induction (B=0) inside the SC. 

However, the Hex is not entirely expelled from the bulk of the SC but it penetrates in a very small distance 

from its surfaces and it exponentially decays to zero within the interior of the SC. This distance is called 

London penetration depth (denoted as λ or as λL later in this chapter), in the name of brothers F. and H. 
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Figure 1.1: Schematic representation of Meissner effect considering a superconducting sphere that is placed in a weak 

external magnetic field, Hex. (a) For T>TC the superconductor behave as a normal and paramagnetic metal B≠0. (b) 

After cooling at T<TC the magnetic field is expelled from its interior by generating screening currents (red-solid lines), 

except from a thin surface layer that is penetrated by the Hex in a depth equal to λ. Apart from this thin outer layer, the 

sphere behave as an ideal diamagnetic material with B=0. 

(b) T < TC (a) T > TC 

Figure 1.2: The phase diagram of the superconducting state is visualized by considering the dependence between the 

critical parameters (TC, HC and JC) of a SC. The designed surface among the critical values is characterized as the 

critical surface of superconductivity, where the areas below this surface represent the superconducting state and the 

areas above it represent the normal state in a SC. 

London 
[9]

, who in 1935 proposed two equations to describe the electrodynamic properties of a SC that acts 

both as a perfect conductor and as a perfect diamagnetic material. 

 The perfect diamagnetism in a SC cannot be sustained at relatively high magnetic fields. Specifically, 

at constant temperature below TC, if the applied Hex to a SC is greater than a defined value, then the SC will 

make a transition from the superconducting to its normal state and the magnetic flux penetrates entirely into 

the SC. This value of magnetic field constitutes another critical parameter of superconductivity that is called 

critical field (HC). The HC values of a SC depend on temperature T (T<TC), HC(T), and similarly with the TC 

is a material-dependent parameter. Another critical parameter of superconductivity is the critical current 

density (JC), which characterizes the maximum lossless current that the SC is able to maintain without 

resistance. The JC depends on both T and H, JC(T,H), while similarly to the others critical parameters the JC 

vary among different materials. Despite the great effort that has been made during the last decades to increase 

the TC in new chemical compounds, it should be noted that the JC is the most important characteristic of SCs 

from the viewpoint of practical applications. For example, a conventional resistive conductor, such as Copper 

(Cu) wires, can carry a maximum current density on the order of 5 A/mm
2
 at room temperature (T=300 K), 

while a superconducting wire made of the intermetallic compound of Nb and Sn, Nb3Sn, can carry a JC on the 
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order of 5·10
3
 A/mm

2
 (at T=4.2 K and Hex=5 T) 

[2]
. This significant property of the SCs sets them as candidate 

materials to replace common resistive conductors in several applications. 

 The critical parameters of superconductivity (TC, HC and JC) will be discussed in details below in this 

paragraph by interpreting their origins and by showing their interdependence. Figure (1.2) visualizes 

qualitatively, in a three-dimensional rendering, the dependence between TC, HC and JC. The interdependence 

of these critical parameters defines a critical surface of superconductivity, in a generic phase diagram of the 

superconducting state. From this surface and moving toward the origin, the material becomes 

superconducting, while for regions outside this surface the material is in its normal state that is expressed 

either as a paramagnetic state or as a resistive state of the material. 

ii. Theory of low-TC superconductivity 

In this section the basic principles of superconductivity are presented under the perspective of the theories that 

describe superconductivity for low-TC SCs. These theories are divided into two categories regarding the 

origins of superconductivity. A microscopic theory describes superconductivity in terms of interaction 

between electrons and lattice ions and a phenomenological theory describes accurately the macroscopic 

behavior of a SC based on general thermodynamic arguments. 

a. Microscopic theory of low-TC superconductivity 

After the discovery of superconductivity an immense challenge had been emerged for theoretical physicists 

since the basic principles lying behind the phenomenon of superconductivity were remained unknown. The 

first evidence for considering the microscopic origins of superconductivity came from the isotope effect on TC 

that is expressed by the relationship, TCM
α
=const, where α is equal to 0.5. Independent experiments that were 

conducted in isotopes of Hg (
202

Hg and 
108

Hg) 
[10,11]

 showed the strong dependence TC on the mass of the 

nucleus of the atoms (M). The validity of isotope effect in many metallic and superconducting materials 

indicates that the lattice of ions in a metal is an active participant in creating the superconducting state. From 

the relationship of isotope effect it can be concluded that TC is inversely proportional to the M
1/2

 that 

reminiscent the dependence of the frequency (ω) on the mass of a typical oscillator M. In the microscopic 

analysis of superconductivity, this frequency is related to the vibrating frequency of the crystal lattice that is 

the Debye frequency (ωD) and is the characteristic frequency of the quasiparticles called phonons. 

 In 1957, J. Bardeen, L. N. Cooper and J. R. Schrieffer 
[12]

 published an extended theoretical work, 

known as BCS theory, which succeeded to explain the microscopic origins of superconductivity, for the so-

called conventional superconductors. The BCS theory was based initially on a published work of Fröhlich 
[13]

, 

who in 1950 proposed that an additional interaction between electrons can be indirectly attractive in a metal. 

Based on this assumption, the BCS theory demonstrates that when this indirect attractive interaction 

overcomes the direct Coulomb repulsion, the electrons interact pairwise and they form pairs of electrons, 

known as Cooper pairs. The formation of Cooper pairs of electrons through this indirect attractive interaction 

among them facilitates the superconducting state. Considering that a SC above TC behaves as a metal, the 

microscopic picture of the SC in the superconducting state is drastically differed of its normal state, as it is 

schematically illustrated in figures (1.3.a-b). In the normal state the electrons move independently, as shown 

in figure (1.3.a), while in the superconducting state the electrons are bounded into Cooper pairs by an indirect 

attraction, as shown in figure (1.3.b). Specifically, in the superconducting state when an electron is travelling 

through the lattice of positive ions then it slightly distorts the surrounding lattice by pulling on the adjacent 

positive ions and causing phonons to be emitted. The motion of an electron leaves a continuous tail of 

deformed lattice and its trajectory is recognized from another electron as a region of increased positive charge 

and is attracted towards it. Hence, the attractive interaction between two electrons is mediated by phonons, 
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since the emitted phonons from one electron are subsequently absorbed from another electron. In order to 

sustain stronger the attractive interaction than the Coulomb repulsion, this indirect attraction between 

electrons takes place among electrons that are far apart (usually over hundreds of lattice spacing). 

 According to BCS theory, the indirect attractive interaction of electrons modifies the ground state of a 

SC that is located below the normal ground state of the metal, since the contribution of the attractive potential 

(denoted here as V) is negative and the total energy of the system is reduced. This reduction of the total 

energy means that the Cooper pairs have lower energy than the free electrons, while the maximum reduction 

is achieved when Cooper pairs are consisted of electrons with equal and opposite momentum (and opposite 

spin), described as (k,↑) and (-k,↓). In a k-space representation, as shown in figure (1.3.c), the excited states 

of Cooper pairs are placed in the vicinity of Fermi surface. In particular, an energy gap (Δ) opens around the 

Fermi energy (EF) in order to separate the initial occupied states at Fermi surface (solid-line circle) from the 

excited states (dashed-line circles) with E=EF±Δ. For E>EF (green region for |k|>|kF|) the excitation is 

electron-like in its behavior (black dots), while for E<EF (blue region for |k|<|kF|) the excitation is hole-like 

(white dots). The total energy of the excited states of electrons is minimized when the Fermi surface is spread 

into a spherical shell with thickness 2Δ around the initial Fermi surface, while 2Δ is much smaller than EF 

itself (2Δ<< EF). The magnitude of the energy gap Δ is on the order of the binding energy of a single Cooper 

pair and only electrons that occupy the states within a spherical shell of thickness 2Δ, are able to experience 

the attractive interaction. Since the attractive interaction comes from the exchange of phonons between the 

electrons, the maximum energy that can be exchanged is ~ћωD. Accordingly, the energy gap Δ(0) (at T=0 K) 

as calculated from the BCS theory is given by the following expression, 

D

1
Δ(0)= ω exp -

N(0) V

 
 

 
         (1.1) 

Figure 1.3: (a) A SC in its normal state (T>TC) behave as a typical metallic element, where the electrons move 

independently through consecutive collisions with the lattice ions. (b) In the superconducting state (T<TC) the move of 

an electron, (k,↑), distorts the lattice and another electron with opposite momentum and opposite spin, (-k,↓), is 

attracted towards it. (c) A cross-section of Fermi sphere in k-space of the excited (paired) states in a SC. The 

black/white dots represent electron/hole excitations, while the wiggled lines represent the paired states among them. The 

wave vector kF at Fermi surface is much larger than the thickness of Fermi shell with thickness 2Δ around kF. 

(a) 

(b) 

(c) 
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where N(0)·V represents the interaction potential that is considered to be mainly attractive in BCS theory (λ≡ 

N(0)·V), with N(0) the normal density of states at Fermi surface and V≡Vel-ph the attractive potential due to 

electron-phonon interaction. For N(0)·V≪1, the energy gap at T=0 K is 2Δ(0)≈3.5kBTC, while the energy gap 

Δ is decreased progressively to zero (Δ→0) as temperature reaches TC (T→TC) and Cooper pairs are broken 

through thermal processes. Finally, the expression of TC according to BCS theory is given by, 

B C D

1
k T =1.14 ω exp -

N(0) V

 
 

 
        (1.2) 

 The superconducting electrons that form Cooper pairs behave coherently and there is a characteristic 

distance over which their density is changed, known as the intrinsic coherence length ξ0 (ξ0=ћuF/πΔ, where uF 

is Fermi velocity) as it was initially introduced by Pippard 
[14]

. After the proposition of BCS theory, several 

experimental attempts were designed to test the predictions of this theory. Specifically, the Little-Park 
[15]

 

experiment proved indirectly the formation of Cooper pair in a SC by studying the periodic variation of 

resistance when a Hex is applied parallel to a thin walled superconducting cylinder. The energy gap in SCs 

was proved by Giaever in 1960 
[16]

 through tunneling experiments (I-V characteristics) in structures consisting 

of two SC layers with an intermediate insulating layer, while experiments in the microwave absorption of a 

SC that were conducted by Townsend and Sutton 
[17]

, showed the temperature dependence of the energy gap. 

b. Phenomenological theory of low-TC superconductivity 

The Ginzburg-Landau (GL) theory 
[18]

 provides a quantitatively description of superconductivity without the 

knowledge of the underlying microscopic mechanism. Based on general thermodynamic arguments and on 

the variational principle of quantum mechanics, the GL theory allowed the calculation of macroscopic 

quantities of a SC in the superconducting state. The GL theory is the first quantum theory of 

superconductivity and it is more physically transparent theory than the BCS theory. Despite the fact that the 

GL theory had been developed before BCS theory, it did not receive any remarked attention until 1959 when 

Gor’kov 
[19]

 showed that the GL theory can be derived from BCS theory and thus they are not two separate 

approaches. Specifically, Gor’kov showed that in some limiting cases the order parameter in the GL theory is 

proportional to the energy gap (Δ) of a SC in the BCS theory, proving that both theories are directly related to 

each other. Moreover, under certain conditions the GL macroscopic theory can be reduced to London theory. 

 The great success of GL theory is that it describes the macroscopic behavior of SCs and it provides 

the theoretical framework to understand the quantum properties on a macroscopic scale. For the mathematical 

formulation of GL theory, it was considered that the transition from one state (for instance, the 

superconducting state) to the other (that is now the normal state) is a second order phase transition. The GL 

theory has been developed in close analogy to Landau theory 
[20]

 for a ferromagnetic material, where the free 

energy around the Curie temperature is expressed as an expansion in powers of magnetization, M. For the 

case of a SC, the order parameter of the superconducting state is described by a complex scalar quantity that 

is the macroscopic quantum wavefunction Ψ=|Ψ(r)|e
iθ
. The amplitude |Ψ(r)| is assumed to be zero at the 

normal state (above TC), while below and in the vicinity of TC (TC-T≪TC) the |Ψ(r)| is small. Near TC the 

Helmotz free energy, F, of a SC can be written as a Taylor series of Ψ, 

2 4
...

2
S NF F a


               (1.3) 

where the subscripts S and N refer to the superconducting and normal state, respectively. The terms that 

appear in equation (1.3), are restricted by the fact that FS should be real-valued and thus |Ψ|
2
 is the product of 

Ψ with Ψ
*
(|Ψ|

2
≡Ψ

*
Ψ), while also |Ψ|

2
 is equal to the density of paired electrons in a SC (|Ψ|

2
=ns

*
=ns/2). 

 The most important feature in GL theory is that it specifies correctly how a magnetic field is coupled 

to a SC. Specifically, in the presence of a magnetic field the free energy of the SC is expressed in terms of the 
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order parameter and its spatial variation. So, in the limit of T≈TC (but below TC) and in the presence of an 

external magnetic field (H) the Gibbs free energy, G, of a SC can be written as, 

3 ,G F d r   H B  

2
22 43 *

*

0

1

2 2 2
S N

B
G G d r a i e

m





 
            

 
 A B H    (1.4) 

where the third term in the square brackets of interval refer to the density of the kinetic energy for a particle 

with mass m
*
=2m and charge e

*
=2e in a magnetic field B=∇×A, while the last two terms express the energy 

of the magnetic field. Aiming to find the functions of the order parameter Ψ(r) and of the magnetic field A(r) 

that minimize the free energy, two distinct cases should be considered. At the first case, it is assumed that 

both the Ψ and A are constant. Now, requesting the minimization of Gibbs energy in respect to Ψ
*
 

(∂GS/∂Ψ
*
=0) gives the first GL equation and the boundary condition for Ψ that are expressed as follows, 

 
22 1

2 0
4

a i e
m

       A  and  
2

2 0i e    A n   (1.5.a-b) 

where n is the vector normal to the surface of the SC. It is worth noting that if the variation of the Gibbs 

energy was taken with respect to Ψ then it will result in complex equations conjugate with the equations 

(1.5.a-b). At the second case where A is considered to be variable, requesting the minimization of Gibbs free 

energy in respect to A (∂GS/∂A=0) leads to the second GL equation that is expressed as, 

 
2

2* *

0

2

2

i e e

m m


    


       (1.6) 

The GL equations are coupled differential equations and must be solved self consistently. According to the 

Ampere law the first order in equation (1.6) represents a current density, which in the case of a SC is 

mentioned as the supercurrent density that originates from Cooper pairs. Thus, the equation (1.6) can be re-

written as, 

2

S

0

2e

m

 
    

 
J           (1.7) 

where Φ0=hc/2|e| is the quantum magnetic flux and θ is the phase of the wavefunction Ψ. Now, the boundary 

condition expressed in equation (1.5.b) can be understood as n·JS=0 and it means that the normal coordinate 

of JS is zero. This boundary condition is applicable only when a SC is in contact with an insulator (or with 

vacuum) and assures that there is no current flow through the interfaces of a SC. 

 Moreover, the GL theory enables the determination of the critical magnetic field (HC) over which the 

superconductivity is totally suppressed. In the regime of weak magnetic field (lower than the critical magnetic 

field) the B, deep inside the bulk of the SC, is equal to zero due to the Meissner effect. Thus, the difference 

between the free energy of a SC in a finite magnetic field (GS,H) with a SC in zero magnetic field (GS,0=FS) 

should be equal to the stored energy by the field source. Namely, 

2

, ,

H

8
S SG G


 

H 0            (1.8) 

At Η=HC the SC is in its normal state and hence the free energy GS,H reaches the free energy of the normal 

state, GS,H=GN (that is equal to FN in the absence of magnetic field). Consequently, the equation (1.8) becomes 

equal to, 
2

C
,0

H

8
N S N SG G F F


             (1.9) 
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The solution of the equation (1.9) refers to the case of a homogeneous SC without external magnetic field, 

where the Ψ is not depend on r and the expansion of FS is expressed by the equation (1.3). From the 

requirement of minimum FS it is found that the difference FN – FS has the following solution, 

2

2
N SF F




             (1.10) 

Thus, from the (1.9) and (1.10) it becomes that, 
2

2

C

4
H

2




            (1.11) 

where α, β are the GL parameters that appear as the multiplying parameters of |Ψ|
2
 and |Ψ|

4
, respectively, in 

the initial expressions of free energy. The field HC is often called the thermodynamic critical field and it can 

be characterized as the measure extent in which the superconducting state is preferred thermodynamically 

from the normal state. 

iii. Elemental bulk low-TC superconductors 

Apart from the fundamental properties of low-TC SCs that are described by the theoretical models, there are 

two important parameters that define their magnitude of values. These parameters are the coherence length (ξ) 

and the penetration depth (λ), which are called characteristic length scales. The ratio of these length scales 

(λ/ξ) is further used for the classification of low-TC SCs into two principal categories with different 

macroscopic properties. 

a. Characteristic length scales of low-TC superconductors 

Early studies of London brothers 
[9]

 in the so-called local electrodynamics of SCs clarified the significance of 

λ (or λL owing to London brothers), while afterwards Pippard 
[14]

 proposed a modification of the London 

equations in a non-local description by including the ξ0 in his study. The results of these theories are not 

fulfilled for all low-TC SCs, e.g. the Pb is described well by the London brothers’ theory, while the Al is 

characterized as a Pippard SC. However, the GL theory provides a more accurate estimation of the 

characteristic length scales of a SC that is verified in the most cases of the low-TC SCs. In the regime of GL 

theory, the ξ and λ are given as a function of the GL parameters a and β by the followings, 

2

ξ
4m a

   and  

2

2

mc
λ

8π ea


       (1.12.a-b) 

The comparative advantage of GL theory in respect to the theories of London and Pippard, is that both the ξ 

and the λ can be expressed as a function of temperature, due to the temperature dependence of the GL 

parameters α=a(T) and β=β(Τ). Particularly, for T close to TC (T<TC) where the GL theory is valid and the 

parameter β is almost constant (β=β(Τ)≈const), the temperature dependence of the characteristic lengths is, 

ξ
2∝ (1–T/TC) and λ

2∝ (1–(T/TC)
4
). 

 Each characteristic length scale (ξ and λ) expresses the minimum distance over which the respective 

superconductive parameter can be spatially varied. Specifically, the physical meaning of ξGL is associated 

with the order parameter Ψ(r) and it represents the length scale over which Ψ(r) rises to its bulk magnitude, 

Ψ0. By considering the simplified case of a SC in one-dimension with the boundary condition |Ψ(x=0)=0|, 

then it can be easily concluded that the spatial variation of Ψ(x) is proportional to (1-e
-√2x/ξ

) which shows that 

in a distance equal to ξ/√2 inside the SC the Ψ(x) approaches Ψ0, as shown in figure (1.4.a). The physical 

meaning of λ (or λL) is associated with the vector potential-magnetic field A(r) and it represents the distance 

over which the magnetic induction (B=∇×A) and the supercurrent (JS=∇×∇×A) are exponentially decayed 
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(a) (b) 

Figure 1.4: Schematic representation of the characteristic length scales of a SC. (a) Considering the boundary condition 

Ψ(x=0)=0, in an one-dimension problem, the order parameter rises to its bulk magnitude, Ψ0, in a distance equal to ξ/√2. 

(b) The magnetic induction Bz(x) and the supercurrent Js,y(x) have a decay length equal to λL (or λ), while outside the SC 

the Bz is equal to Hex and the JS is zero, as it is stated from the boundary condition of GL equations. 

inside a SC, as shown in figure (1.4.b). Table (1.1) summarizes the values of intrinsic ξ0 and of λL at T=0 K 

(extrapolated values) for some selected bulk low-TC SCs. 

 The dependence of HC on the characteristic length scales is unveiled by solving the (1.12.a-b) in 

respect to α and β and by including them to (1.11). Finally, the expression of HC is given as follows, 

0
C2 H

2πξ λ





          (1.13) 

Table 1.1: Characteristic length scales for selected bulk low-TC SCs 
[21]

. 

 Al Cd Sn Pb Nb 

Penetration depth, λL(T=0 K), (nm) 16 110 34 37 36 

Intrinsic coherence length, ξ0, (nm) 1600 760 230 83 38 

 

b. Type I and Type II low-TC superconductors 

The characteristic length scales can be used to divide the SCs into two principal categories, known as Type I 

and Type II. The classification of the SCs is obtained by calculating the value of the dimensionless and almost 

temperature independent GL-parameter κ, which is defined as the ratio of the characteristic length scales, 

κ=λ/ξ. Around a critical value of κ that is κ=1/√2 the surface energy of a SC is changed from positive when 

κ<1/√2 to negative when κ>1/√2. A SC with κ<1/√2 (which means that λ<ξ) is characterized as Type I, while 

for κ>1/√2 (which means that λ>ξ) a SC is characterized as Type II. Almost all bulk low-TC SCs are Type I. 

 The two types of SCs behave similarly in their zero-resistance state (R=0) and in Meissner state 

(B=0) as long as the magnitude of Hex (Hex) is low. The difference between the two types of SCs lies in their 

magnetic response when the Hex exceeds the HC. For a Type I SC, when Hex>HC the superconductivity is 

suppressed and the SC is in the normal state, as shown in the phase diagram of figure (1.5.a). However, in a 

Type II SC and for Hex>HC, the magnetic flux is penetrated partially to its interior and creates regions of 

normal state inside the SC. It was found that is energetically favorable for a Type II SC, to form a mixed state, 

where both normal and superconducting regions coexist above the HC that is now called lower critical field 

and is denoted as HC1. The mixed state appears for Hex between the HC1 and the upper critical field (HC2), 

which signifies that the SC is completely to its normal state, as shown in the phase diagram of figure (1.5.b). 

 The theoretical study of Abrikosov 
[22]

 in the mixed state of a SC, predicted that the magnetic flux 

penetrates to SC into a form of cylinders with their axis along the Hex, while each cylinder carries a quantum 

of magnetic flux, Φ0. These cylinders are called vortices. In each vortex the center is in normal state and 
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shielding currents circulate on the outside surface of it. The radius of a vortex is equal to ξ, while the flux 

quantum Φ0 is restricted inside a radius equal to λ. A schematic drawing of an isolated vortex consisting of a 

normal core encircled by superconducting screening currents is given in figure (1.5.c). The sketches of figure 

(1.5.c) show the radial distribution of the local current density js (blue solid line), which is proportional to the 

ns, and of the local magnetic induction bz (black solid line). 

 In a Type II SC, as the Hex increases above HC1, the vortices will move deeper into the SC while 

simultaneously new vortices will penetrate the SC. When the density of vortices is high enough they will form 

a hexagonal pattern, which is depicted as inset in the phase diagram of figure (1.5.b). Eventually, when the 

Hex reaches the HC2, the density of the vortices is so high that the cores start to overlap and superconductivity 

is totally suppressed. The mixed state of a Type II SC is delimited by the HC1 and HC2 and their magnitude of 

value is dependent on the characteristic length scales of the SC. The magnitude of HC1 (that expresses the first 

penetration field) can be excluded easily from the GL theory by considering neglect interaction between the 

vortices, since at Hex=HC1 vortices enter abruptly to the SC. Finally, the expression of HC1 is given by, 

 
 0 0L

C1

C

Φ Φλ T
H = ln = ln κ 1-

4πλ ξ 4πλ 0 T

  
   

   
      (1.14) 

As Hex rises well above HC1, the density of vortices is gradually increased and when Hex=HC2 the distance 

between vortices becomes less than ξ. Close to HC2 (slightly below HC2) the order parameter is small and the 

linearized GL equations give accurately the expression of HC2. 

 

-1 2

0 0
C2 2 2

C

Φ Φ T
H = = 1-

2πξ 2πξ 0 T

 
 
 

       (1.15) 

iv. Elemental thin films low-TC superconductors 

The study of elemental SCs in the form of thin films is of fundamental interest because there is a noticeable 

change in their superconducting properties when compared with the respective properties of their parent SCs 

in bulk form. This modification in the superconducting properties is revealed when one of the dimensions in a 

SC is lowered and it becomes comparable to the characteristic length scales of superconductivity. For the case 

of SCs in the form of thin films, this dimension is expressed by their thickness, dSC. 

 Generally, when one studies thin films it should take into consideration the electron-mean free path 

( ) which is another length scale and is related to the static disorder (such as point/correlated-like impurities) 

Figure 1.5: The phase diagrams of Type I and Type II SC are presented in (a) and (b), respectively. The inset of (b) 

illustrates schematically the formation of hexagonal pattern of vortices in the mixed state of a Type II SC. (c) The 

structure of an isolated vortex with respect to the characteristic length scales. The solid curves represent the spatial 

variation of jS and bz.  
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and to lattice imperfections (such as dislocations) in the interior of thin films. For the case of SCs in thin film 

form there is a strong indirect influence of on the superconducting properties. In particular, at low values of 

dSC, the increased disorder of thin films affects the amount of scattering and thereby contributes to the 

reduction of , which in turn causes peculiarities in the electron-electron 
[23]

 and the electron-phonon 
[24]

 

interactions. Moreover, the shortening of  with the reduction of dSC both enhances λ and reduces ξ 
[25-26]

. 

These simultaneous changes of the characteristic length scales upon thickness reduction increase the value of 

GL-parameter κ and hence it is reasonable to consider that SCs in thin film form behave as Type-II SCs. 

Since the nature of the superconducting state is strongly related to the magnitude of the characteristic length 

scales, their modification changes effectively the superconducting properties and eventually leads to the 

complete suppression of superconductivity below a value of dSC. 

 The relationship between the length scales in elemental low-TC thin films can be used to classify the 

SCs into well separated categories with different superconductive properties. In SC thin films of finite 

thickness (dSC=constant), two distinct regimes can be considered in terms of intrinsic ξ0 and depending on 

film disorder, the superconducting ''clean'' limit ( ≫ξ0) and ''dirty'' limit ( ≪ξ0). In the ''dirty'' regime both 

ξ(T) and λ(T)≡λeff(T) become dependent on  and near TC their expressions are 
[4]

, 

 

 
 

0

C

ξ
ξ T 0.855

1 T T



 and    

 
0

eff 4

C

ξ 1.33
λ T λ 0

1 T T



    (1.16.a-b) 

where the coefficients 0.855 and 1.33 were determined by the results coming from BCS theory at T≈TC. It 

should be noted that the penetration depth, λ, is replaced here by the effective penetration depth, λeff, due to 

the equivalence of a thin film SC to that of a local SC and there is no need for using the non-local 

approximation of Pippard. Moreover, the equations (1.16.a-b) show that in ''dirty'' limit the increased disorder 

(expressed by the reduction of ) enhances the λeff and reduces the ξ. Finally, the dimensionless GL-

parameter κ becomes different in the ''clean'' and ''dirty'' limit and the respective expressions of κ are given by 

the followings 
[4]

,  

 
"clean" limit

0

λ 0
κ 0.96

ξ
  and    

 
"dirty" limit

λ 0
κ 0.715     (1.17.a-b) 

showing approximately that in the ''dirty'' limit the role of the coherence length is played by the . Since 

λ(0)≫ , it becomes apparent that κ|''dirty'' limit≫1, which proves that SCs in thin film form are Type II SCs 

independently to their Type when they are in bulk form. 

 Another classification of SCs can be considered when dSC is on the order of ξ(T), since there is an 

interesting modification in the dimensional behavior of superconductivity. Specifically, the behavior of a SC 

film is referred as three-dimensional (3D) for dSC>ξ(T) and as two-dimensional (2D) for dSC<ξ(T). The 

dimensional crossover from 3D to 2D can be altered as the dSC becomes equal to ξ(T). This can be observed 

between individuals SCs with different dSC, or for constant dSC due to divergence of ξ(T) near TC. The 

dimensionality of a SC film is determined under the influence of a magnetic field, since a dimensional 

crossover is accompanied with a significant modification of the HC2(T) line. Generally, the 2D behavior of a 

SC is expressed from a power law in the temperature dependence of HC2(T) line, while the 3D behavior is 

expressed by a respective linear law in the HC2(T) line. There are several expressions that describe the HC2(T) 

line of a 2D SC in a parallel applied Hex, depending on the film morphology (perculative structure, granular 

films) that originates strong modification in ξ(Τ) 
[26-30]

. For the general case of a ''dirty'' but homogeneous film 

(where the morphological contributor is excluded) the Ketterson expressions for the 3D and the 2D behavior 

of a SC in a parallel applied Hex are the followings 
[1,27]

, 
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 
 

3D 0
C2 2

0

Φ 1
H T =

2πμ ξ T
  and  

 
2D 0
C2

0 SC

12Φ 1
H T =

2πμ d ξ T
     (1.18.a-b) 

The modification of the HC2
2D

(T) is based on substituting the ξ
2
(Τ) with the product ξ//(T)·ξ┴(T), where ξ┴(T) 

is replaced by the factor, dSC/√12 for the 2D behavior of the SC. 

 Apart from the basic research in SCs in thin film form, there are a lot of applications based on 

elemental SC thin films. Elemental SCs in thin film form have been grown by a variety of deposition 

methods, like evaporation 
[31,32]

, sputtering 
[33-34]

, molecular beam epitaxy 
[35]

 and quench condensation 
[36,37]

. 

Among all the elemental low-TC SCs the Nb films are the most studied superconducting element, since it 

possesses the highest TC (Tc
Nb

=9.25 K). The robustness of superconductivity in thin films of Nb is utilized for 

a number of widely used applications such as hot-electron bolometer mixer 
[38]

, superconducting nanowire 

single-photon detector 
[39]

, rapid single flux quantum logic 
[40]

 and other fluxonic devices 
[41]

. 

v. Critical temperature of low-TC superconductors for weak and strong coupling 

The superconducting state of low-TC SCs is governed microscopically by the electron-phonon interaction, the 

strength of which is reflected directly on the values of the electron-phonon attractive potential λ (defined as 

λ≡N(0)·Vel-ph). The value range of λ characterizes the SCs as, weak-coupled for λ≪1, intermediate-coupled 

for λ~1 and strong-coupled for λ≫1. In each coupling regime the overall interaction potential N(0)·V is 

properly modified in order to include the contribution of Coulomb repulsive potential μ (defined as 

μ≡N(0)·Vel-el). Based on the BCS theory, where TC depends exponentially on the reciprocal of N(0)·V, several 

theoretical studies 
[42-45]

 achieved to estimate accurately the TC in each coupling regime. These theoretical 

studies are summarized in the first part of this paragraph. However, when one studies SCs in thin film form 

the N(0)·V is further modified. Independent to coupling regime of the bulk material, the TC expressions for 

thin films should include parameters that reflect secondary effects presented in thin films. A convenient way 

to reveal the influence of secondary effects in the TC values of thin films is to study the TC variation as a 

function of dSC, known as size effect. This will be discussed in the second part of this paragraph. 

Weak and strong coupling low-TC bulk superconductors 

The BCS theory is valid in the weak coupling regime (λ≪1), which means that the EF is the dominant energy 

and the binding energy Δ(0) (the energy gap at T=0 K) between the electrons of a Cooper pair is much 

smaller than EF (approximately kBTC≈10
-4

·EF). Note that the TC expression (1.2) in BCS theory results after 

considering that the dimensionless thermodynamic ratio 2Δ(0)/kBTC becomes approximately equal to 3.53, 

which interprets that Δ(0) is comparable to kBTC. The numerical factor 3.53 has been verified experimentally 

(Δ(0) estimated by tunneling experiments) as the most met value among the low-TC SCs. Moreover, this ratio 

can be used as the experimental parameter that defines the coupling strength, instead of using the numerical 

estimated parameter λ. The Table 1.2 summarizes the value of the dimensionless coupling strength 

2Δ(0)/kBTC with the respective TC values for some selected low-TC SCs. 

Table 1.2: The dimensionless ratio of coupling strength and the TC for selected low-TC SCs 
[21]

. 

 Al Sn In Nb Pb 

2Δ(0)/kBTC (dimensionless coupling strength) 3.30 3.50 3.60 3.80 4.38 

TC (K) 1.14 3.72 3.40 9.20 7.19 
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 Initially, the BCS theory considers the ratio 2Δ(0)/kBTC as a universal constant that is stated to be 

independent on the involved material. The validity of BCS theory is delimited in the value range of coupling 

strength (2Δ(0)/kBTC)<3.6. However, the BCS theory fails to predict accurately the TC for some elemental 

SCs, such as Pb and Nb, e.g. the experimental value for Nb is TC
exp

=9.50 K while the expected theoretical 

value (for λ=1.18) is TC
BCS

~134 K 
[5]

. This is due to some simplifications made in BCS theory and should be 

overcome when considering the strong coupling regime. Specifically, BCS theory neglects the Coulomb 

repulsive interaction between electrons, while around the cutoff energy given by the ωD (ωD, Debye energy) 

the energy gap becomes equal to zero for ω≥ωD and equal to Δ(0) for ω<ωD. 

 In 1960 Eliashberg 
[42]

 proposed a theory that goes beyond the BCS theory by considering that 

superconductivity results from the competition of opposite effects that are the attractive electron-phonon 

interaction and the repulsive electron-electron Coulomb interaction. However, the Coulomb interaction cannot 

be introduced easily, since it has a large energy scale and a correspondingly short interaction time scale. Thus, 

the Coulomb potential μ is replaced by the Coulomb pseudo-potential μ
*
 due to retardation effects, which is 

expressed as, 

 
*

F D1 ln E ω







 
         (1.19) 

The differences between the time scales h/EF≈2π/ωp (ωp the plasma frequency of electrons at EF) and 2π/ωD 

gives rise to retardation effects. In particular, the retarding time of electron-phonon interaction Δt=2π/ωD is 

greater than the retarding time of electron-electron interaction Δt'=2π/ωp 
[46]

. This means that the retarded 

attraction (mediated by phonons) between two electrons acts well after the two electrons meet each other. 

This time delay is sufficient for the two electrons to be separated by a distance at which the Coulomb 

repulsion is small enough. It was concluded that for this case, the μ
*
 values should range below 0.2 (μ

*
≤0.2), 

for elemental low-TC SCs. Apart from the contribution of Coulomb repulsive interaction, Eliashberg considers 

that the energy gap for ω<ωD becomes frequency-dependent, Δ(ω) (actually it was considered as Δ(k,ω)), 

which originates from the phonon dispersion relation. 

 Based on Eliashberg theory, McMillan 
[43]

 has constructed an empirical equation of TC by 

generalizing the BCS result (by following the exponential dependence of TC on the interaction potential) in a 

modified interaction potential N(0)·V. According to BCS theory, the increase of TC is attributed to the 

respective increase of phonon frequency that is expressed by the pre-exponential factor of equation (1.2). 

Since BCS theory fails to describe accurately the increased TC values of some SCs (such as Nb), McMillan 

suggested an alternative mechanism that can lead to the increase in the values of TC. This mechanism is the 

phonon-softening mechanism and it attributes the increased values of TC to the decrease of the effective 

phonon frequency. Thus, he proposed a modification in the interaction potential of a SC, which is given as 

N(0)·V=(λ-μ
*
)/(1+λ). In this expression, the difference (λ-μ

*
) corresponds to the opposite effects regarding the 

electrons interactions, while the 1/(1+λ) is a renormalized factor comes from the included electron-phonon 

effects. Finally, the TC expression according to McMillan generalization is given by, 

 

 
ln

B C *

1.04 1ω
k T exp

1.2 1 0.62



  

  
   

  
        (1.20) 

where ωln is the weighted average of phonon frequencies and is given by the following relationship, 

 
 

2

ln

0

ω2
ω exp ln ω dω

ω

a F



 
  

 
         (1.21) 

while the electron-phonon coupling parameter λ is given here as, 
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 2

0

2
a F

d


 




            (1.22) 

where α
2
·F(ω) is the electron-phonon spectral density with α

2
 the mean effective parameter of the electron-

phonon coupling at Fermi surface. Notably, the α
2
·F(ω) plays an important role for characterizing the 

retardation effects in the electron-phonon coupling strength and hence in superconductivity. The prefactor 

ħωln/kB1.2 (or ωln/1.2 when consider that ħ=kB=1) in the expression (1.20) is approximately equal to ΘD/1.45 

and sets the validity of McMillan expression for metals with phonon density of states similar to Nb. Thus, the 

McMillan expression provides a rather good description for intermediate-coupled low-TC SCs, with λ≤2. It is 

worth noting that in McMillan expression the TC is changed respectively on how fast the λ changes in 

comparison to the μ
*
. Therefore, if λ changes faster than μ

*
 the TC is increased, else it is decreased. 

 Later, Allen and Dynes 
[44]

 reanalyze the Eliashberg theory in the limit of strong coupling regime 

(λ≫1) and they recommended that the energy gap is linear proportional to λ. Eventually, they proposed that 

the expression (1.20) can be reduced to the, 

 
1/2

2

CT 0.18 ω            (1.23) 

where <ω
2
> is the mean-square average phonon energy. This expression indicates that the TC can be increased 

either with the continuously increase of λ (in contrast to McMillan’s prediction of a maximum λ≈2), or when 

high-frequency of phonons exists in the strong-coupling regime. 

Critical temperature for low-TC thin films SCs – TC size effect 

In a bulk low-TC SC the existing theories, in respect to its coupling regime, predict accurately TC. However, 

independent to the coupling regime, the growth of low-TC thin films SCs discloses some additional effects 

(such are surface effects and increased disorder) that modify the values of TC of the SC. To reveal what are 

these additional effects and how they affect the TC values in low-TC thin films SCs, it is necessary to study the 

evolution of TC values with the dSC reduction, known as the TC size effect. Next, the theories that explain the 

TC size effect are summarized below briefly for the case of Nb films. 

 It has been proved experimentally that in Nb films the TC is decreased monotonously with the 

reduction of dSC 
[31,47-51]

. However, the TC suppression is a longstanding theoretical issue, regarding the 

involved mechanisms when the thickness is reduced. The theoretical models that explain the TC suppression 

can be classified into distinct categories by considering different physical origins, such are the localized 

effects 
[52,53]

, and the proximity effect with the surrounding materials 
[54,55]

. 

 Referring to the localized effects the increased disorder is the main parameter that leads to the 

suppression of the superconducting state. According to the Edisawa-Maekawa-Fukuyama (EMF) theory 
[52]

 

the increased disorder (as dSC is decreased) reduces the Coulomb screening which in turn reinforces the pair-

breaking through the enhanced Coulomb repulsive interaction. The Finkelstein model 
[53]

 enriches the EMF 

theory by considering the combined action of both the Coulomb interaction and the spin interaction of 

electrons. In both models, the TC is correlated indirectly to the film thickness, since the disorder modifies 

initially the sheet resistance (R□) which is subsequently expressed as a function of film thickness. Many 

experiments have been performed to validate these models in homogeneously disordered thin Nb films, but 

the experimental results showed some consistency with the theory. The EMF theory has been verified 

experimentally by Quaterman 
[31]

, while in most of the experimental studies the EMF theory implies non-

realistic results 
[48-50]

. The main reason for the inconsistency is due to the difficulty to obtain the same quality 

of Nb films in terms of disorder, since Nb films are extremely sensitive on deposition conditions. 

 Referring to the proximity effect, it is assumed that a layer of normal metal (NM) is formed on top of 

the SC layer resulting to the degradation of the superconducting properties. In general, when a SC is in 

intimate contact with a NM layer some degree of phase coherence develops in the NM, while also there is a 
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pair-breaking effect in the SC at the length scale of the coherence length. This causes the reduction of the 

interaction potential N(0)·V in the SC and the effective interaction potential N(0)·V|eff can be expressed as, 

 
   

   

2 2

NM NM SC SC

eff
NM NM SC SC

N 0 V d +N 0 V d
N 0 V =

N 0 d +N 0 d

 


 
      (1.24) 

where the notations NM, SC referred to the normal and to superconductive layer respectively. It was shown 

by Cooper 
[54]

 and later by deGennes 
[55]

 that in the limit where dNM and dSC are less than the coherence length 

(dSC, dNM≪ξ0, known as “Cooper” limit) TC is reduced. Exactly this approximation (the proximity effect in 

“Cooper” limit) is the one that is implemented for the case of elemental thin films of low-TC SCs, in order to 

interpret the variation of TC with the reduction of dSC (TC size effect). For the case of elemental thin films, the 

NM layer is not another element that is deposited on top of the SC, but is a conductive oxide layer that is 

formed on top the surface of the SC. This model is based on a more realistic scenario compared with other 

models, since the elemental low-TC SCs suffer from oxidation when exposed in ambient conditions and their 

oxides are not superconductive. Based on the modified McMillan model for TC 
[43]

 that is applied at the 

“Cooper” limit, the final expression of TC as a function of dSC can be written in the following form, 

 
NM

C C0

SC NM

-2d
T =T exp

N(0)V d -2d

 
    

        (1.25) 

where TC0 is the value of TC of the elemental low-TC SC in bulk form. 

 Besides the above mentioned models, Simonin proposed an alternative explanation for the TC 

suppression based on the reduction of the order parameter near the superconductive surfaces 
[56]

. Specifically, 

he modified the boundary conditions in the superconductive GL free energy by including a surface term. 

Finally, the TC suppression due to dSC reduction is given by the following, 

2

C C0

SC

2Cξ (0)
T =T 1

d

 
  
 

         (1.26) 

where C is a constant whose microscopic origin is related to the electron-phonon coupling strength and 

density of states in the bulk SC. The product of the terms C and ξ
2
(0) is defined as the critical thickness, 

dm≡2Cξ
2
(0), at which superconductivity is totally suppressed. Despite the generality of the expression (1.28) 

as a product of the GL theory, it should be mentioned that C parameter oversimplifies all the included 

mechanisms which subsequently may lead to an over/under-estimated parameters, as stated in 
[57]

. 

v. Critical state model: critical current and thermo-magnetic instabilities 

Up to now, the equilibrium properties of a SC (TC and HC) have been briefly discussed, in terms of the 

respective theoretical models that describe them. Another critical parameter of superconductivity that is met 

only in Type II SCs is the critical current density, JC. The JC is manifested by the irreversible magnetization 

behavior (magnetic hysteresis) of a Type II SC and is usually related to the non-equilibrium properties of the 

SC. To understand the origin of JC some details about the mixed state should be taken into consideration. 

 In the mixed state, although a SC has zero electric resistance it does not behave as a perfect 

diamagnetic material, since the magnetic flux penetrates inside the SC in the form of magnetic flux-lines 

(vortices). In the case of an ideal and homogeneous SC the interaction between vortices is repulsive and leads 

to a stable state where vortices are distributed uniformly in a hexagonal-like lattice of vortices. If an electric 

current density, J, is applied to a SC in its mixed state, then the induced Lorentz force (FL=J×B(Hex)) between 

the magnetic vortices and J, causes their movement. Since the core of vortices is in normal state, their motion 

is associated with the energy losses in a SC. These energy losses in a SC, due to flux motion, are evidenced as 

a finite value of resistivity in the SC, called flux-flow resistivity. 
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 The presence of defects (structural irregularities) in the interior of a SC changes the interaction 

between vortices, since the defects act as pinning sites that prevent their motion. These defects are classified 

into point-like defects (like impurities), columnar-like defects (dislocations) and planar-like defects (grain 

boundaries, voids, spatial inhomogeneities). As long as the force of a pinning site (FP) is stronger than FL, the 

vortices will be trapped and the current density J flows without causing flux motion (zero electric resistance). 

Thus, the stronger the FP, the greater value of J is required to overcome the FP and hence to cause the 

depinning of vortices. The maximum value of J that maintains the vortices pinned, is referred as the critical 

current density JC and the state of the SC where the FL is balanced by FP is referred as critical state. For J>JC 

the SC does not go abruptly to its normal state but it passes through an intermediate resistive state due to the 

motion of vortices. The critical state of a SC is characterized as a meta-stable non-equilibrium state since 

vortices are not reaching their equilibrium position because of their interactions with the defects in the SC. 

Critical state model 

The critical state model provides a phenomenological description for the magnetic hysteresis loop of a Type II 

SC where the pinning sites have equal strength (in terms of FP) and they are distributed uniformly in the 

interior of SC. Specifically, in a SC under the influence of a changing Hex, electric currents are induced to 

flow in a way that shields the interior of the SC from the changing Hex. The distribution and the magnitude of 

these currents are well described by the critical state model. In terms of magnetization as Hex increases (up to 

HC2) vortices move towards to the center of the SC, while new vortices are entered by the edges of the SC. 

Thus, the vortices are re-arranged into another meta-stable state where all vortices are pinned in a new 

position and by this way the critical state is re-established in the SC for each Hex. Eventually, the vortices will 

form a flux density gradient with a maximum at the edge of the SC and a minimum at a certain distance from 

the edges, as it is schematically presented in figure (1.6.a). Within the depth of this flux front the B and the J 

have certain values, while outside of this depth and inside the SC they are both equal to zero. 

 The first model that elaborates on such a critical state has been proposed by C. Bean 
[58-60]

 and his 

pioneered work attracted the attention of theoretical scientists who studied the Bean model in several 

geometries of a SC 
[58-66]

. The most suitable geometry, which serves the purposes of this introduction, is this 

of an infinite superconducting slab at y direction (like a thin film), with width 2W at the x direction and with 

thickness dSC, as shown in figure (1.6.a). Considering that the external magnetic field is applied parallel to the 

z direction, Hex,z, the spatial variation of the magnetic field induction, Bz, (figure (1.6.b)) gives rise to 

supercurrents in the SC that are along the y direction, Jy (figure (1.6.c)) The progressive increase of Hex,z leads 

to extended regions of ±JC (as depicted by the arrows) into the film until they reach the center of the SC. By 

further reducing Hex,z (that is below HC2) the supercurrents will progressively change direction starting from 

the slab surface while the magnetic field distribution will remain unchanged until the original current is 

completely wiped out. Notably in the limiting case of a thin film, where the thickness of the superconducting 

slab dSC is much smaller than its width W (dSC≪W), there is a modification in the direction of the Hex,z that 

should be taken into account. Specifically, the Hex,z wraps around the superconducting thin film and has a 

tangential component at the x direction (Hex,x) of opposite signs on the top and bottom of the film. It is worth 

noting, that because of demagnetization effects, the field at the edges of the film (Bedge,z) is much larger than 

the applied field, (Bedge,z≅(2W/dSC)Bex,z) 
[65]

, as shown in figure (1.6.b). 

 Generally, in Bean model the JC is independent on the Hex,z=Bz and is proportional to the 

magnetization width, Δm, (JC∝Δm; Δm≡|m(-)-m(+)|) between the ascending (m(+)) and the descending (m(-)) 

branches of a magnetization loop. Finally, the expression of JC for a rectangular shaped SC (such as a thin 

film) is given as follows 
[66]

, 

  C

20 m
J

a 1- a 3b


           (1.27) 
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where a and b denote the length and the width of the rectangular shaped SC. The Bean model encloses 

essential simplifications such as (i) the equality |J|=JC that is considered to be constant and exactly the same in 

the penetrated regions while |J|=0 in the non-penetrated regions, (ii) the independency of JC on the local flux 

density, (iii) the assumption that surfaces do not constitute barriers (which is crucial when one studies SC thin 

films) and (iv) the consideration of the critical state as a quasistatic state of a SC. Several modifications of the 

Bean’s critical state model have been proposed to deal with a more realistic situation in a Type II SC like the 

Kim model 
[68]

, the fixed pinning model 
[69,70]

 and the generalized model 
[71]

. 

Thermo-Magnetic Instabilities 

As discussed above, the critical state (as expressed by the Bean model) can be characterized as a self-

organized state of a SC, since a small variation of the applied Hex will cause the redistribution of the pinned 

vortices in order to maintain constant JC everywhere in the SC. However, the critical state is not always a 

stable state in a SC and it may collapse when transient disturbances can propagate to the interior of the SC 
[72]

. 

 The transient disturbances are caused by the respective transient release of energy in the SC, while the 

critical state in a SC collapses when the amount of the release energy is slightly higher from a threshold value 

of energy. The threshold value of energy in the critical state is associated with the interplay between three 

energy scales, the interaction energy between the flux-lines related to the FL that drives them towards the 

center, the pinning energy related to the FP that holds them in a stationary position and the thermal disorder 

energy which describes local heat dissipation (joule effect) due to the flux-lines motion. Disturbances that 

may cause the collapse of critical state through releasing energy in the interior of a SC are the thermo-

magnetic instabilities (TMIs). The composite name of these instabilities outlines the origins of these transient 

disturbances in a SC. In particular, the TMIs describe instabilities that are triggered by the local heating that is 

generated by the variation of the magnetic field, Hex. 

 The creating mechanism of TMIs follows a repetitive process of positive feedback and thus a small 

and local perturbation at the beginning can quickly evolve to a widespread perturbation without any other 

external stimulus. One can describe the development of TMIs as a loop of interconnected processes starting 

from a small perturbation, such as the variation of Hex. In particular, the variation of the Hex induces local 

Figure 1.6: (a) Schematic representation of the mixed state of a Type II SC, where the flux-lines (vortices) are entered 

from the edges by forming a flux gradient with a maximum at the edge of the superconductor and a minimum (no 

vortices) at a certain distance from the edges. The red solid arrows show the direction of the induced critical current 

density ±Jy=JC. The origin of the coordinate system is at the center of the slab (film). The magnetic field induction inside 

the SC and the current density profiles for a film are shown in (b) and (c). The arrows indicate the progression of the 

profiles as the Hex increases. 
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heating owing to the motion of vortices. The local heating (ΔTinitial>0) changes the value of JC that is adjusted 

to a new and lower value JC
/
<JC (ΔJC=JC

/
-JC<0) relevant to the altered temperature. This subsequently reduces 

the strength of pinning forces making easier for vortices to overcome the pinning barriers and allows more 

vortices to penetrate into the SC. Thus, the magnetic flux inside the SC is increased (ΔΦ>0). Finally, the 

energy dissipation produced when vortices move (ohmic losses) causes the release of additional heat (ΔQ>0) 

that leads to the local increase of temperature (ΔΤfinal>0). Depending on the relation between ΔTinitial and 

ΔΤfinal the critical state can either remain stable (figure (1.7.a)) under these perturbations or become unstable 

(figure (1.7.b)). In the unstable case, the initial vortex motion gives rise to a vortex avalanche (or else flux 

jump) that sweeps along the motion of several others vortices and propagates towards the center of the SC. 

 In principle, the development of TMIs in a SC is favored when a thermal fluctuation is able to 

destabilize the critical state of the SC. To study the stability of critical state, one should consider how the 

vortex lattice reacts in local heating. To do so, the contribution of heat dispersion against the magnetic 

diffusion is examined under two distinct conditions that represent different processes of heat transfer inside a 

SC in the flux-flow regime 
[72]

. According to the adiabatic approximation of local heating that corresponds to 

materials with low thermal conductivity (such are the high-TC SCs; 10 W·m
-1

·K
-1

 for textured YBa2Cu3O1-δ 

ceramics), when a flux jump occurs there is no heat-exchange with surrounding environment and the heat 

transfer due to the motion of vortices is negligible. Under these conditions, the TMIs are developed only 

when the magnetic diffusion process is faster than the thermal dispersion inside the SC. This approximation 

correlates directly the appearance of TMIs with the sweeping rate of the magnetic field and the relaxation 

time. Thus, fast Hex rates that are accompanied with short relaxation time promote the appearance of flux 

jumps in the SC. Oppositely, according to the dynamic approximation of local heating that corresponds to 

materials with high thermal conductivity (such are the elemental low-TC SCs; 54 W·m
-1

·K
-1

 for bulk Nb), the 

heat transfer with surrounds is allowed and the TMIs are developed when the thermal dispersion process is 

faster than the magnetic diffusion process. For both the adiabatic and the dynamic approximation, the stability 

of critical state can be preserved when the following condition is satisfied, 
2

C
C

dJs
J <1

ε dT
,           (1.28) 

where s is the characteristic sample dimension and ε is either equal to C/μ0 for the adiabatic approximation (C 

is heat capacity) or equal to κ/ρ for the dynamic approximation (κ is the heat conductivity and ρ is the 

resistivity) 
[72]

. The expression (1.28) shows that the appearance of TMIs is related directly to the JC values 

Figure 1.7: Schematic representation of the interconnected feedback processes that are intrinsic to a SC for (a) the 

stable case (ΔT1<0) of critical state where the TMIs are not being developed and (b) the unstable case (ΔT2>0) where 

the critical state collapses and the TMIs are being developed in the SC. 
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and to its temperature dependence through the derivative dJC/dT, while is related indirectly to the heat 

capacity, the thermal conductivity and the electrical conductivity of the SC. 

 The TMIs are observed usually for small Hex around the first penetration field (Hex>HC1) and at low 

temperatures (T≪TC), while they disappear progressively with the increase of Hex and for temperatures close 

to TC owing to the respective reduction of JC (where the heat capacity exhibit a peak of maximum heat 

capacity at TC). The TMIs can be recognized experimentally through the magnetization jumps that appear in 

dc magnetization curves m(H) (abrupt drops of magnetization to zero) 
[73-77]

. Direct observations of TMIs can 

be obtained through real-time magneto-optical imaging techniques, where features of TMIs such as the size of 

flux avalanches and their pattern of propagation can be revealed 
[78-80]

. Finally, it should be noted that the 

presence of TMIs in a SC is of particular technological interest since it limits significantly the current-

carrying ability of a SC and thus is a parameter that should be taken into account for the design and the 

optimum operation of a SC. 

1.2 Fundamentals of piezoelectricity 

In this paragraph a qualitative description of the phenomenon of piezoelectricity is given briefly. This 

introduction starts with presenting the general properties of all piezoelectric (PE) materials and continues with 

the study of piezoelectricity in a sub-class of PEs that is the ferroelectrics (FEs). More specific topics in the 

phenomenon of piezoelectricity that are useful for interpreting the results in this PhD dissertation, are 

described only for a special class of FEs that are the “relaxor”-ferroelectrics (RFEs) and mainly of those 

belonging to the compound family of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT). More details about the 

phenomenon of piezoelectricity can be found in the books of B. Jaffe et. al. 
[81]

, O. E. Mattiat 
[82]

, M. E. Lines, 

A. M. Glass 
[83]

, T. Ikeda 
[84]

 and Y. H. Xu 
[85]

, while more specific issues can be found in the handbook edited 

by Z. G. Ye 
[86]

. 

i. General properties of piezoelectricity 

Piezoelectricity was discovered by Curie brothers (Pierre and Jacques Curie) in 1880 
[87]

 when they studied a 

number of crystal structures, such as tourmanile, quartz, topaz, cane sugar and Rochelle salt. Specifically, 

they reported that surface charges (that manifests the electric polarization) are induced when materials with 

these structures are stressed mechanically. This electromechanical behavior that is reflected by the coupling 

between the electric polarization and the mechanical stress (force per surface area of the applied force, ζ = 

F/A) is attributed as the main property of the PE materials and is characterized as the direct piezoelectric 

effect. One year later, G. Lippman 
[88]

 predicted theoretically the converse piezoelectric effect, according of 

which the PE materials are deformed or strained macroscopically (strain expresses the change in the length 

per the original length of the material, S=Δl/l) when an electric field, Eex, is applied to them. The converse 

piezoelectric effect was confirmed experimentally by Curie brothers. 

 The microscopic origin of the piezoelectric effect is related to the lack of a center of symmetry in the 

crystallographic unit cell of the PE materials. This non-centrosymmetric crystal symmetry can support the 

existence of spontaneous polarization in a unit cell, which means that the polarization along this unique polar 

axis exists even at a zero applied field (electric and mechanical). Accordingly, in a non-centrosymmetric unit 

cell, the relative displacement of the ions under the influence of mechanical stress (compressive or tensile 

strain) leads to the generation of electric polarization, or conversely the application of an Eex causes its 

deformation. Among the 32 point groups only 20 are non-centrosymmetric and exhibit piezoelectricity 
[81-85]

, 

while only 10 of them posses spontaneous polarization (that are the polar groups). The materials that belong 

in these 10 polar groups are called pyroelectrics and they exhibit a change in their spontaneous polarization 
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Figure 1.8: Schematic illustration of the subdivisions of dielectric materials. In each sub-class of the piezoelectric 

materials, a representative example of a material is given. 

 when temperature changes. The pyroelectric materials include a sub-class of material in which an applied Eex 

can reorient the spontaneous polarization between the crystallographically equivalent states 
[82]

. These 

materials are referred as ferroelectric (FE) materials and they are only artificial (man-made) PE materials, e.g. 

ceramics Pb(ZrxTi1-x)O3 (PZT), in contrary to the natural-made PE materials, e.g. quartz SiO2 that are not 

characterized as FE materials. Figure (1.8) summarizes all the above mentioned categories as subdivisions of 

the general category of dielectric materials. Moreover, as it is shown in figure (1.8), all the FE materials are 

PEs but not all PEs are FEs. 

 For the study of piezoelectricity several parameters can be used to express the properties of the PE 

materials and also to discriminate the piezoelectric ability among different PE materials. Such parameters are 

the relative dielectric permittivity (εr), the piezoelectric strain coefficients (d), the piezoelectric voltage 

coefficients (g), the elastic compliance (s), the elastic stiffness (h) and the electromechanical coupling factor 

(k). Since these parameters include vector quantities in their definition, their symbols appear with the 

subscript notation (ij) that indicates the directions of these vectors. From the above mentioned parameters 

only the first one (that is the εr≡εr(ik)) is related to dielectric properties of the PE materials, while all the others 

referred to the piezoelectric properties of them. Specifically, the εr is a dimensionless parameter of the 

materials and is included in the definition of the electric displacement D as, 

i 0 (ik) ex,kD Er             (1.29) 

where ε0=8.85·10
-12

 F/m is the constant dielectric permittivity of vacuum. The εr(ik) is a complex number and 

its imaginary component reflects the dielectric losses (εr''=εr'·tanδ). The first subscript, i, of εr(ik) indicates the 

direction of D and the second, k, the direction of the applied Eex. The εr(ik) is a material dependent parameter 

the values of which may varying from hundreds up to tens of thousands among different FE materials. 

 For the mathematical formulation of the parameters that characterize the piezoelectric properties it is 

necessary to distinguish the cases of the direct and of the converse piezoelectric effect by choosing properly 

the independent variable. Since the piezoelectric effect is a coupling effect between the mechanical stress and 

the electric polarization, the discrimination of the direct and the converse piezoelectric effect is based on 

separating the cause from the result. Specifically, in the direct piezoelectric effect a voltage is produced when 

the material is mechanically stressed, while in the converse piezoelectric effect the deformation of the 

material is resulted from the application of Eex. The direct and the converse piezoelectric effect are illustrated 

schematically in figures (1.9.a-b), respectively. By choosing as the independent variable either the mechanical 

stress (ζi) that ascribes the direct piezoelectric effect or the electric field (Eex,k) that ascribes the converse 

piezoelectric effect, the piezoelectric strain coefficients dik can be given by the following expressions, 

ex

k
ik

i E

D
d



 
  

 
  and  i

ik
ex,k

S
d

E


 
  
  

    (1.30.a-b) 
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Figure 1.9: Schematic illustration of (a) the direct and (b) the converse piezoelectric effect. (a) An applied external 

stress induces polarization that is measured as voltage (Vmeas) in an attached voltmeter. (b) The application of an 

external voltage (Vapp) results to a deformation of the PE material. (c) A Cartesian coordinate system that describes the 

direction of the piezoelectric response at any cause. The notations 4, 5 and 6 represent the shear mode of deformation 

around the respective orthogonal axes. 

Schematic illustration of the subdivisions of dielectric materials. In each sub-class of the piezoelectric materials, a 

representative example of a material is shown. 
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The dik coefficient of (1.30.a) is given in units of pC/N and expresses the generated polarization (through 

electrical displacement) per unit of applied ζi, while the dik coefficient of (1.30.b) is given in units of pm/V 

and expresses the strain Si of the PE material per unit of the applied Eex,k. The strain piezoelectric coefficient 

dik and especially that of the converse piezoelectric effect (expression (1.30.b)) is used mainly for the 

appropriate selection of a PE material in actuator applications 
[81]

. By keeping the electrical displacement Di, 

and the stress ζi as the independent variables the resulting piezoelectric voltage coefficients gik for the inverse 

and the converse piezoelectric effect are given as, 

ex,k
ik

i D

E
g



 
  

 
 and  k

ik
i

S
g

D


 
  

 
      (1.31.a-b) 

The gik coefficient of (1.31.a) is given in units of V·m/N and signifies the development of Eex,k per unit of the 

applied ζi, while the gik coefficient of (1.31.b) is given in units of m
2
/C and expresses the strain Sk of the PE 

material per unit of the applied Di. The voltage piezoelectric coefficient gik and especially that of the direct 

piezoelectric effect (expression (1.31.a)) is important for assessing a material’s suitability for sensor 

applications (e.t.c microphones and vibration pickups) 
[81]

. In both coefficients (dik and gik) the first subscript, 

i, represents the direction of the applied field (electric field or mechanical stress field), while the second 

subscript, k, represents the direction of the generated quantity, which for the case of strain may lying not only 

along the 1, 2 and 3 directions but also along the 4, 5 and 6 directions, as shown in figure (1.9.c). 

 In addition to the piezoelectric coefficients of strain and voltage (dik and gik), the study of the 

piezoelectric ability in a PE material requires the knowledge of some other parameters such are the elastic 

coeffiecients of compliance sik and stiffness hik. The elastic compliance sik is the produced strain in a PE 

material per unit of the applied stress (sik=Sk/ζi) and is the reciprocal of the Young’s modulus that represents 

the degree of elasticity in a PE material. The elastic stiffness hik expresses the mechanical resistance showing 

a PE material in response to an applied force (hik=Fk/Δli) and is strongly related to a degree of freedom in a 

clamped PE material. Apart from above mentioned piezoelectric coefficients there is another dimensionless 

coefficient that is used to determine the efficiency of the piezoelectric effect (either the direct or the converse 

piezoelectric effect), the piezoelectric coupling coefficient (kik). This coefficient is related to the conversion of 

energy between the mechanical and electrical energy and is an indicator of the effectiveness with which a PE 

material converts energy. The kik is defined as the ratio of the useable converted energy to the total energy 

taken up by the PE material and it is expressed as, 



Chapter 1 

 

- 21 - 

 

ik

mechanical (electrical) energy converted to electrical (mechanical) energy
k

input mechanical (electrical) energy
   (1.32) 

High kik values imply low energy loss and low heat generation, which are essential for piezoelectric 

transducers and actuators 
[81]

. Notably, a well-designed PE system can exhibit efficiencies that exceed 90%. It 

should be noted that in the kik values given by the expression (1.32) the dielectric and mechanical losses are 

not taken into account.  

ii. Piezoelectric and ferroelectric materials 

The most studied sub-class of PE materials is the FEs due to their extensive utilization in numerous 

applications. The FEs are oxides with the chemical type ABO3 (or more generally A(B
I
,B

II
)O3) and exhibit 

perovskite structure. The unit cell in a perovskite structure can be viewed as a cubic arrangement of ions, 

where the A ions (which is a monovalent A
+
 or a bivalent A

2+
 ion) are placed at the edges, the oxygen ions O

2-
 

are at the face centers and finally the B ion (which is a tetravalent B
4+

 or a pentavalent B
5+

 ion) fills the cubic 

center. This cubic phase is observed only at high temperatures, while owing to the centrosymmetric structure 

of the cubic phase the A(B
I
,B

II
)O3 is also characterized as paraelectric phase. The paraelectric behavior of FEs 

justifies the fact that due to the high symmetry of the cubic structure, there is not any preferred direction along 

of which the spontaneous polarization can be developed. However, the FEs undergo a structural phase 

transition upon cooling and ferroelectricity is observed only below a characteristic temperature that is called 

Curie temperature (TCurie) of the material. Figures (1.10.a-b) illustrate schematically the unit cell of a 

ferroelectric material with the general type A(B
I
,B

II
)O3 under the perspective of a phase transition. At T>TCurie 

the cubic structure (a=b=c) is related to the paraelectric phase (figure (1.10.a)), while at T<TCurie the tetragonal 

structure (a=b≠c) is related to the ferroelectric phase that is associated with the appearance of spontaneous 

polarization (figure (1.10.b)). The direction of spontaneous polarization among the equivalent polarization 

directions enables the relative displacement of the central ion, B
I
 or B

II
 as shown in figure (1.10.b), which is 

associated with the appearance of piezoelectricity in FEs. 

 In typical FE materials, the spontaneous polarization is decreased when increasing temperature and it 

finally disappears either continuously or discontinuously at T=TCurie. The way of which the spontaneous 

polarization disappears at T=TCurie reflects the order of the phase transition. For instance, if the spontaneous 

polarization goes to zero in a continuous way at T=TCurie the phase transition is characterized as 2
nd

 order, 

otherwise an abrupt and discontinuous reduction to zero of the spontaneous polarization characterizes a 1
st
 

Figure 1.10: Schematic representation of the unit cell of the perovskite structure in a ferroelectric oxide with the general 

type A(B
I
, B

II
)O3. (a) The cubic phase (a=b=c) at T>TCurie and (b) the tetragonal phase (a=b≠c) at T<TCurie. The solid 

arrow in (b) along the crystallographic direction <001> shows the displacement of the central ion (B
I
 or B

II
), which is 

proportional to polarization direction (P). The other dashed arrows indicate the equivalent 5 polarization directions in a 

tetragonal phase structure. 
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order phase transition. Despite the spontaneous polarization, the order of phase transition can be described by 

the temperature dependence of the relative dielectric constant. Accordingly, the continuous or discontinuous 

change of 1/εr(T) of the Curie-Weiss law above TCurie is ascribed to a 2
nd

 or a 1
st
 order phase transition, 

respectively. Different FE materials exhibit different order of phase transition around TCurie. However, apart 

from the ferroelectric phase transition at TCurie, several other structural transitions in the ferroelectric phase are 

observed either by decreasing temperature or by modifying the stoichiometry (that is the compositional 

analogy of B
I
 and B

II
 ions in A(B

I
,B

II
)O3) and eventually a very interesting phase diagram (T vs composition-

x) for FEs is created. In some FEs, the thorough study of this phase diagram revealed a surprising feature that 

is strongly related to their enhanced piezoelectric activity. Specifically, in the boundary between two different 

structural phases there is a narrow range of stoichiometry where both structural phases coexist. This boundary 

is called morphotropic phase boundary (MPB) and is a temperature independent boundary 
[81-86]

. The 

coexistence of two or more phases at the MPB enables multiple directions of spontaneous polarization, which 

facilitates its reorientation during electric field variation. The increased availability among different 

polarization orientations improves the electromechanical coupling and thus the piezoelectric properties are 

enhanced. More details about the MPB are examined below for particular FE materials. 

 The most common feature of all FEs that distinguishes them from the class of pyroelectric materials 

and also justifies their name comes up when one studies the changes in polarization due to the progressive 

changes of the applied Eex at constant temperature below TCurie. The variation of polarization upon changing 

the Eex traces a typical hysteresis loop, which reminiscent of the ferromagnetic hysteresis loop of 

magnetization, as shown in figure (1.11.a). Owing to the hysteresis behavior of P-Eex loop, the polarization 

reversal process is ascribed to the thermodynamic processes of nucleation, growth and coalescence of 

ferroelectric domains. Thus, in the virgin state of the FE material and at relatively weak Eex the polarization 

varies linearly with the increase of Eex, since the application of Eex causes the formation of domain nuclei. By 

the further increase of Eex the nuclei are grown, the ferroelectric domain walls are moved irreversibly and the 

polarization increases non-linearly with Eex. In relatively high values of Eex the FE material becomes poled 

(obtaining a mono-domain state) and the polarization tends to saturate in the value Ps, which is the 

equilibrium polarization that corresponds to the spontaneous polarization. When Eex reduces gradually to zero 

the polarization is progressively decreased, while at Eex=0 the polarization, Pr, is non-zero and remains in this 

remanent state until the Eex is further increased at higher negative values. Upon reversal of Eex the polarization 

continues to decrease but its direction is not reversed. The reversal of polarization is achieved when the Eex 

exceeds at a certain value of field called coercive field EC (|Eex|>|EC|). At Eex=EC the polarization is zero and 

by increasing the magnitude of Eex above EC the saturation of the reversed polarization is reached. 

Figure 1.11: Qualitative presentation of (a) P-Eex hysteresis loop and (b) S-Eex butterfly hysteresis loop for a typical 

ferroelectric and piezoelectric material. 

 

P

Eex

Ps

-Ps

Pr

-Pr

EC-EC

Eex

S

EC-EC

(a) (b) 



Chapter 1 

 

- 23 - 

 

 In addition to the P-Eex hysteresis loop, the polarization switching by Eex in FEs leads to the strain-

electric field (S-Eex) hysteresis, as shown in figure (1.11.b). The S-Eex hysteresis loop (called also as butterfly 

loop) is due to three types of effects. One is the typical converse piezoelectric strain effect of the lattice 

structure, and the other two are due to switching and movement of non-180
o
 domain walls, whose 

contribution on the piezoelectric properties depends on the structural symmetry of FE materials 
[89]

. The two 

peaks in the S-Eex loop signify the changes in the character of strain (from compressive to tensile strain and 

vice versa), while the respective electric field values along the S-Eex loop coincide with the EC values along 

the P-Eex loop. However, in contrary to the remanent polarization state of the P-Eex loops, the remanent strain 

state of the S-Eex loops is placed in the center of the butterfly loop. This fact gives rise to the so-called linear 

piezoelectric effect. Specifically, in the remanent strain state the application of an Eex that is less than the EC, 

results to an almost linear variation of strain, which takes positive values (tensile strain) for Eex>0 and 

negative values (compressive strain) for Eex<0. It should be noted that the linear piezoelectric effect does not 

involve any domain switching mechanism. 

 Regarding the piezoelectric properties, the FE materials with perovskite structure can be classified 

into two main categories, the normal-FEs and the “relaxor”-FEs (RFEs). The characteristics of these two 

main types are examined separately below for two representative examples. The lead zirconate titanate 

(Pb(ZrxTi1-x)O3 or else PZT) is examined as a typical normal-FE material and the lead magnesium niobate-

lead titanate solid solution ((1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 or else PMN-xPT) is examined as a typical RFE 

material. The PMN-xPT will be discussed in more details, since this PE material is used as the PE substrate in 

the artificial structures studied in this PhD Thesis. 

a. Normal-ferroelectric materials (PZT) 

A typical example of a normal-FE material is PZT, which is continuously studied due to its extensive 

utilization in several commercial applications, such as electromechanical actuators, sensors and transducers 
[81,90,91]

. The ferroelectric properties of PZT do not differ from those mentioned above as general properties of 

FEs. Accordingly, the dielectric susceptibility (ε'(T)) follows the Curie-Weiss law with a sharp transition to 

zero at TCurie and the P-Eex, S-Eex loops are similar to the respective ones presented in figures (1.11.a-b).  

 The piezoelectric properties of PZT ceramics are strongly dependent on their composition, which for 

the case of pure PZT ceramics is reflected directly to the stoichiometry x. Aiming to improve the piezoelectric 

properties of pure PZT ceramics several compositional modifications have been proposed 
[81-85,91-96]

. These 

modifications in the composition of pure PZT ceramics are based on the element substitution of the B-sites 

(B
I
- or B

II
-sites) of unit cell with metallic dopants and the modified PZT ceramics are simply called as doped 

PZT ceramics. The piezoelectric properties in doped PZT ceramics can be tuned properly by using donor or 

acceptor dopants. Donor dopants (such as Nb
5+

, Sb
5+

 on Ti
4+

 sites or La
3+

 on Pb
2+

 sites) give rise to the “soft” 

behavior, while acceptor dopants (such as Fe
3+

 and Mn
3+,2+

 on Ti
4+

 sites) lead to “hard” behavior of PZT. 

Accordingly, “soft” (“hard”) PZT shows low (high) EC and increased (decreased) εr. Among “soft” and 

“hard” PZT ceramics, the first one exhibits better piezoelectric ability. The enhanced piezoelectric properties 

in “soft” PZT ceramics is attributed to the increased domain wall mobility. 

 More details about the properties of normal-FEs are given for the simple case of pure (undoped) PZT 

ceramics and their properties will compare with the respective ones of pure RFEs. Pure PZT ceramics has the 

typical perovskite structure, as it is depicted in figure (1.9.a-b), where the B
I
- and B

II
-sites are occupied by the 

isovalent Zr
4+

 and Ti
4+

 cations, respectively. Among all compositions, the stoichiometry near the MPB (that is 

for x≈0.52) is the one that ensures the optimization of the piezoelectric properties 
[97-102]

. Here, the MPB has 

been identified as a phase boundary that separates the tetragonal phase (Ti-rich phase) for x<0.52, from the 

rhombohedral phase (Zr-rich phase) for x>0.53, while the two phases coexist in the intermediate regime of x. 

Recent structural studies in a certain group of pure PZT ceramics, reported the presence of a monoclinic phase 
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in the narrow range of the MPB 
[100-102]

. Figure (1.12.a) shows a representative phase diagram of pure PZT 

ceramics, while table 1.3 summarizes the values of some piezoelectric coefficients for a PZT with 

composition at the MPB. 

 

Table 1.3: Piezoelectric coefficients for PZT 
[91]

 and PMN-xPT 
[116,117]

 materials that are composed at MPB. 

 d33 (pm/V) g33 (10
-3

 Vm/N) s33 (10
-12

 m
2
/N) k33 

Pb(ZrxTi1-x)O3, with x≈0.52 600 25 16.5 0.75 

(1-x)Pb(Mg1/3Nb2/3)O3 – xPbTiO3, with x≈0.30 2500 32 57.5 0.94 

b. Relaxor-ferroelectric materials (PMN-xPT) 

The RFEs have been intensively studied during the last decades due to the ultrahigh values of the 

piezoelectric coefficients and the optimized electromechanical coupling. The normal-FEs and the RFEs 

materials can be distinguished by qualitatively differences in their physical properties. Particularly, in normal-

FEs the real part of dielectric susceptibility, ε'(T), follows the Curie-Weiss law with a sharp transition at TCurie, 

whereas in RFEs the ε'(T) shows a diffusive transition in a range of TCurie that does not mark a typical 

ferroelectric-paraelectric phase transition 
[103,104]

. The sharp drop at TCurie in normal-FEs, is replaced by a 

broad and rounded peak of maximum ε' at a characteristic temperature Tm in RFEs (Tm can be given by the 

empirical expression, Tm=5·x-10, where x represents the PT content). This rounded peak at Tm marks a glass 

like transition 
[105]

 and sets the RFEs as the electric analogous of spin-glasses. Moreover, the RFEs exhibit 

strong frequency dispersion in the peak position of ε'(T) at Tm and in the magnitude of ε'(T) below Tm. 

Specifically, the Tm moves to higher temperatures with increasing frequency indicating dielectric relaxation 

processes in RFEs. Finally, the polarization in normal FEs goes to zero at T=TCurie, while in RFEs the 

polarization extends beyond the Tm 
[106]

. The combination of two main properties, the dispersive dielectric 

response and the diffusive phase transition around the Tm 
[103,104,106,107]

 justifies their name as “relaxors”. 

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

100

200

300

400

500

600

700

800
PZT

M
P
B

Monoclinic 

phase

Rhombohedral 

phase
Tetragonal 

phase

 

 

T
 (

K
)

Composition (x)

Cubic 

phase

MA

MB

MC

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

100

200

300

400

500

600

 Orthorombic

            phase

PMN-xPT

M
PB  

 

T
 (

K
)

Composition (x)

Tetragonal 

phase

Cubic

phase

Rhombohedral 

phase

Monoclinic

phase

MA

MB

MC

(a) (b) 

Figure 1.12: Phase diagram of (a) Pb(ZrxTi1-x)O3 normal-FE material l
[96]

 and (b) (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 a 

typical RFE material l
117,122]

. 
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 The solid solution consisting of a “relaxor” part (such as PMN) and of a normal-FE part (such as 

PbTiO3 or simply PT), forms the complex perovskite structure that is called RFE with the chemical formula 

PMN-xPT. Microscopically, the RFE PMN-xPT is structured as a B-site substituted perovskite with the 

general type A(B
I
,B

II
)O3 (there are other RFEs that are structured as A-site substituted perovskites like lead 

lanthanum zirconate titanate, PLZT). More specifically, the B-sites are randomly occupied either by B
I
 ion or 

B
II
 ion, while the total stoichiometry of the “relaxor” part is kept constant in the ratio of 1:2. For the case of 

PMN-xPT, the B
I
 ion is a low valence cation like Mg

2+
 and B

II
 ion is high valence cation like Nb

5+
. Finally, 

the PMN is doped by a x stoichiometric amount of the normal-FE compound PT, where the Ti
4+

 

predominantly occupies the B-sites of the overall structural formula of PMN-xPT. Notably, the “relaxor” 

behavior of the overall solid solution PMN-xPT becomes weaker with the increase of the PT content. The 

disorder in the arrangement of non-isovalent ions (such are Mg
2+

 and Nb
5+

) on the crystallographically 

equivalent B-sites is a common feature of all “relaxors” 
[108]

. It is important to notice that because of the 

random distribution of cations of different radius at the B-site and also because of local electrostrictive effects 
[109,110]

 the resulting strain due to converse piezoelectric effect may varied randomly at local level. The local 

variation of the strain values due to chemical inhomogeneities has been experimentally confirmed by local-

based techniques for the piezoelectric characterization of PMN-xPT in 
[111]

. 

 Depending on stoichiometry and on temperature, the overall solid solution of PMN-xPT undergoes 

structural and phase transitions. At T>TCurie the PMN-xPT is characterized by a cubic symmetry and exhibit 

paraelectric behavior. At T=300 K the increasing x causes a structural transition from a rhombohedral to a 

tetragonal phase, as it can be shown in figure (1.11.b). In the case of PMN-xPT, the MPB is located in the 

range of x values that are varied between 0.30<x<0.37. Some investigators consider MPB as a region in the 

phase diagram rather than a line boundary between distinct phases. This seems to be reasonable since 

technical peculiarities during the synthesis procedure resulted to wider MPB 
[112-117]

. Structural studies in 

PMN-xPT revealed that in the MPB region there is not only the coexistence of rhombohedral and tetragonal 

phases, but there are also other phases such are the monoclinic phases MC, MB, MA and the orthorhombic 

phase. It should be stressed that these secondary phases does not exist as single phases 
[112]

 and they serve as 

the intermediate phases that are the “structural bridge” between the tetragonal and the rhombohedral phase. 

An intuitive explanation for this can be based on the fact that all these phases are energetically close and the 

transition between the tetragonal and the rhombohedral phase becomes more favorable when there is a region 

(such as the MPB) where the adaptive phases (MC, MB, MA and O) coexist. A typical sequence of the 

structural phases transitions that occur by increasing x is the following, rhombohedral, monoclinic MC, 

monoclinic MB (and possible monoclinic MA), orthorhombic and eventually tetragonal. Note that PMN-xPT 

samples poled along different crystallographic directions show a different sequence of the secondary phases 

that are included below the MPB 
[118-121]

. 

 The existence of these phases at the MPB plays crucial role in the appearance of the ultrahigh 

piezoelectric properties in the PMN-xPT system. Specifically, outside the MPB the direction of the vector 

polarization in all FEs (normal-FEs and RFEs) with tetragonal or rhombohedral symmetry is fixed along the 

[001] or [111] direction, respectively, as it is depicted by the red-solid arrows in the insets of figures (1.11.a-

b). Inside the MPB, the vector of polarization can continuously rotate in more than the two planes that were 

mentioned before, due to the coexistence of all phases in this region. The multiple paths for the rotation of 

polarization give rise to their high piezoelectric performance 
[122]

. However, from the values included in table 

1.3 it can be seen that even for the optimum composition of PZT and PMN-xPT at MPB, there are still 

significant differences in their piezoelectric properties. Additionally, it should be noted that the ultra-high 

piezoelectric coefficients and the high electromechanical coupling that are shown in table 1.3, have been 

reported for a PMN-0.30PT that is poled along to a non-spontaneous direction (nonpolar direction). This 

indicates the unexpected high performance of PMN-xPT, since in PZT the maximum piezoelectric 
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coefficients originate from the enhanced domain wall mobility when poling direction is along the spontaneous 

polarization directions. Several approaches have been proposed to explain the mechanism of this unexpected 

high piezoelectric performance of PMN-xPT. At first, it was considered that this behavior is associated with 

the electric field-induced rhombohedral-tetragonal phase transition at relatively high applied Eex 
[123-125]

, which 

has been later confirmed by in situ XRD measurements 
[126]

. Afterwards, the ultra-high piezoelectric 

coefficients were examined under the contribution of either extrinsic parameters such as the domain walls 
[127-

129]
, or intrinsic mechanisms like the easiness of the polarization rotation 

[130,131]
 and the high piezoelectric 

anisotropy in lattice scale 
[132-134]

. Several other concepts that explain the high piezoelectric coefficients, in 

terms of their physical origins, in PMN-xPT have been reviewed in details by S. Zhang 
[117]

. It is worth noting 

that the extremely high value of the electromechanical coupling has not been fully understood, since its study 

is more complicated than the piezoelectric coefficients 
[135]

. 

 Regarding to the ferroelectric properties, the PMN-xPT show certain differences when compared with 

PZT. While PZT has a typical hysteresis loop that at zero field retains large polarization (Pr), the RFEs exhibit 

the so-called slim loop with little hysteresis (or even without any hysteresis) and the respective Pr is 

significantly smaller. The small value of Pr in RFEs evidences the appearance of nanodomains (polar regions) 

that re-acquire their random orientation when removing the Eex. Moreover, unlike PZT the saturation 

polarization Ps is not vanished abruptly at TCurie, but instead it decreases smoothly and retains finite values at 

T>Tm. The hysteresis, the fracture and the fatigue become the main reliability issues that deteriorate the 

piezoelectric performance of PMN-xPT. Finally, it should be noted that the electrostrictive has a great impact 

in RFEs and thus in many cases the S-Eex loops differ from the respective ones obtained from normal-FEs. 

iii. Constitutive model for relaxor-ferroelectrics 

In this section, the electromechanical properties of RFEs are examined in terms of the constitutive model of 

piezoelectricity. To serve the purpose of this PhD study, the mathematical analysis that is developed here is 

referred only to the converse piezoelectric effect. 

 According to IEEE standards of piezoelectricity 
[136]

, the general constitutive equations for a linear PE 

continuum can be given in four different sets of equations, where each set involves two from the four 

variables (that are the electric field Eex, the electric displacement D, the strain S and the stress ζ) as 

independent variables. Each pair of equations expresses both the direct and the converse piezoelectric effect, 

while each set is valid only under certain boundary conditions. Among the four sets of equations, the most 

preferred form of the constitutive model of piezoelectricity is given by the one that contains the electric field 

E and the stress ζ as independent variables, since it can be correlated directly to experimental measurements. 

Thus, under a tensorial representation the constitutive model is expressed by the following equations, 

ij ijkl kl ijk ex,kS =s +d EE    and  i ijkl kl ik ex,kD =d + E      (1.33.a-b) 

where Sij is strain, sijkl is the elastic compliance coefficient, ζkl is the applied stress, dijk expresses the 

piezoelectric strain coefficients, εik is the dielectric permittivity of the media, Di is a component of the electric 

displacement vector and Eex,k is the component of the electric field vector. The superscripts E and ζ denote 

that the particular coefficients are evaluated at constant values of the respective independent variable, while 

also they indicate the boundary conditions that were employed in the PE material. In the particular set of 

equations due to the electro-mechanical coupling of PE materials, the elastic coefficients sijkl are dependent on 

electric boundary conditions (such as the open- and short-circuit conditions) and the dielectric coefficients εik 

are dependent on mechanical boundary conditions (such as the mechanical conditions of clamping). 

 The equations (1.33.a-b) express the converse and the direct piezoelectric effect, respectively. Despite 

the fact that these equations refer to the case of a bounded PE material, they allow the elimination of some 

stress components depending on sample’s geometry and of some electric field components depending on the 
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placement of the electrodes on the sample. Thus, for a rectangular shaped PE material where the Eex is applied 

across its thickness (as shown in figure (1.9.b)), the constitutive model that ascribes the converse piezoelectric 

effect considering a generalized uniaxial system of coordinates, can be given simply as, 

0 1 exS=A +A E            (1.34) 

where A0 is a dimensionless pre-strain term that contains the stress components and it can be either excluded 

as a negligible parameter or included as a pre-factor of strain with low magnitude, depending on bounding 

conditions of the sample. The term A1 expresses exclusively the piezoelectric coefficients dij. From now on 

equation (1.34) will be referred as the linear constitutive expression of S(Eex). 

 In the general category of dielectrics, in which the PE materials belong, the application of Eex induces 

strain due to the so-called electrostrictive effect. The electrostriction is mainly caused to dielectrics due to the 

displacement of ions when applying an Eex. Specifically, positively charged ions will be displaced along the 

direction of the applied Eex, while negatively charged ions will be displaced in the opposite direction. Such 

separation between the ions in the interior of a dielectric material, results always to a slightly elongation of the 

material (positive strain) along the direction of Eex whether it takes positive or negative values. Hence, in 

electrostrictive effect the induced strain is proportional to the square of Eex, in contrast to the respective linear 

proportionality in converse piezoelectric effect 
[81]

. Since electrostriction is a common property of all 

dielectrics, the induced strain is expressed in terms of polarization as the following,  

ij ijkl tot,k tot,lS =Q P P            (1.35) 

where Qijkl is the electrostrictive coefficient, which practically does not depend on temperature and typically 

varies between 0.05 and 0.1 m
4
/C

2
 for different materials and the Ptot,k, Ptot,l are the respective k, l components 

of total polarization vector, Ptot. In FEs and hence in RFEs, the Ptot is the sum of the induced polarization (Pind) 

with the spontaneous polarization (Ps). Due to the large values of relative permittivity εr in RFEs, the Pind is 

approximately equal to Pind,i≈ε0εr(ik)·Eex,k, while in most of the cases the Ps is replaced by the remanent 

polarization (Pr) in order to taken into account the multidomain structure in a crystal. Therefore, each 

component of Ptot in (1.35) is equal to, Ptot,i= ε0εr(ik) Eex,k+Pr,i and thus the S'ij becomes equal to, 

  2
ij ijkl r,i r,l ijkl 0 r(ik) r,i ijkl 0 r(ik) r,l ex,k ijkl 0 r(ik) ex,kS =Q P P Q P Q P E Q E              (1.36) 

where the first term expresses a constant pre-electrostrictive parameter, the parenthesis gives the piezoelectric 

strain coefficients dkij=∂S'ij/∂Eex,k and the last term includes the electrostrictive coefficient Mijkl=Qijklε0εr(ik). 

 It is worth noting that due to the high electrostrictive performance of RFEs and in particular of PMN-

xPT samples 
[137]

, it would be appropriate to include the contribution of the electrostrictive effect with the 

converse piezoelectric effect, in generalized expression of S(Eex). Thus, in a uniaxial system of coordinates 

the S(Eex) can be given as a linear combination of both effects and accordingly it is expressed as, 

2
0 1 ex 2 exS=A +A E +A E           (1.37) 

where A0 is a constant and includes the sum of pre-strain parameter with the pre-electrostrictive parameter 

(A0=s
E
·ζ+Q·Pr

2
), A1 represents the total piezoelectric strain coefficient (A1=d+2M) and A2 expresses directly 

the electrostrictive coefficient, M. The equation (1.37) will be referred from now on as the quadratic 

constitutive expression of S(Eex). It is worth noting that none of the constitutive models reproduce the 

hysteresis behavior of S-Eex curves and thus they are used only to simulate experimental results along either 

the ascending or the descending branch of Eex. 

iv. Temperature-dependence of piezoelectric properties for relaxor-ferroelectrics 

In the present PhD Thesis, the PMN-xPT samples will be used as substrates for the depositions of SC low-TC 

thin films (namely, Nb films) in order to examine their strain-dependent superconducting properties. Since the 
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operating temperature of these artificial structures (Nb/PMN-xPT/Nb) is close to the TC of the deposited Nb 

films, the knowledge of the piezoelectric properties of PMN-xPT at cryogenic conditions is needed. Although 

it is generally accepted that the piezoelectric properties of PMN-xPT samples are degraded at cryogenic 

conditions, there are not enough reports that study their evolution to low temperature. Due to the limited 

number of works in literature in this subject, this paragraph is more a review of the published articles rather 

than an introduction to a theory that explains the behavior of PMN-xPT samples at low temperatures. 

 Early studies on the low temperature properties of PMN-xPT samples were focused mainly on the 

dielectric behavior of them at cryogenic conditions. These works revealed a dielectric relaxation at cryogenic 

temperatures (T≤150 K) 
[138-140]

. For a poled PMN-xPT with x=0.32, this cryogenic dielectric relaxation was 

attributed to the presence of structural irregularities in to the multiphase region of MPB 
[138]

, while for a poled 

PMN-xPT with x=0.38 that is slightly above the MPB region, the cryogenic dielectric relaxation was ascribed 

to the abnormal tetragonal-to-rhombohedral ferroelectric phase transition
[139]

. Oppositely to these studies, 

another study 
[140]

 revealed remarkable dielectric anomalies with frequency dispersion at cryogenic 

temperatures for all compositions x that are below (x=0.10), inside (x=0.35), above (x=0.40) MPB for both 

poled and unpoled PMN-xPT samples and hence it signifies the difficulty into finding a unique mechanism 

that explains the cryogenic dielectric relaxation. None of these works 
[138-140]

 stated the exact impact of 

cryogenic conditions in the piezoelectric properties of PMN-xPT samples (either poled or unpoled) and only 

qualitative and indirect conclusions can be extracted from them. 

 Following up these works 
[138-140]

, a more comprehensive study 
[141]

 combines the low temperature 

data (down to 70 K) of the dielectric measurements with structural and piezoelectric measurements that were 

obtained for unpoled and poled PMN-xPT samples with x=0.28 and with three different crystallographic 

orientations (that are [001], [110] and [111]). The structural XRD results at T=100 K showed that the case of 

phase transition induced dielectric relaxation should be excluded as a possible mechanism. Hence, the unusual 

cryogenic relaxation at T<120 K, which appeared to be more pronounced for poled samples than in the 

unpoled ones, was ascribed to the collective pinning of randomly distributed point defects to ferroelectric 

macro-domain walls. This pinning mechanism seems to have a “stiffening” effect on PMN-xPT samples, 

which subsequently influences the piezoelectric activity of them at low temperature. The piezoelectric 

measurements in a poled [110]-oriented PMN-xPT sample with x=0.28, showed that the values of both 

transversal piezoelectric strain coefficient, d31, and elastic compliance coefficient, s11
E
, are decreased by the 

temperature reduction and by following the same trend. In particular, the room temperature value of d31=2000 

pC/N (s11=9.5 pm
2
/N) is decreased almost linearly down to T=220 K and after reaching a plateau in its values 

between T=220 K and T=120 K, is further decreased to the value of d31=800 pC/N (s11=5 pm
2
/N) at T=70 K, 

which is the 40% (53%) of the room temperature value. 

 Another study that is dedicated to the evolution of the piezoelectric properties with temperature, 

examines two poled PMN-xPT samples, one with x=0.28 and another with x=0.33, in the whole temperature 

range between 300 K and 5 K 
[142]

. This study reports that the dielectric constant, the elastic compliance s33
E
 

and the piezoelectric strain coefficients d33, d31 are decreased monotonounsly with the reduction of 

temperature for both composition cases and by following almost the same trend of decrease. From the 

decreasing trend of the above mentioned parameters, two inflection points of temperature (that are placed 

between 220 K and 150 K) show changes in the slope and underline three distinguished temperature ranges 

for their study. Particularly, in the highest temperature regime (that is above 220 K) and in the lowest 

temperature regime (that is below 150 K) the piezoelectric properties are decreased abruptly with the 

reduction of temperature, while in the intermediate temperature range (that is between 220 K and 150 K) 

almost a plateau in their values is observed. This behavior is similar to one reported in 
[141]

. Qualitatively these 

temperature regimes are existed independently to their stoichiometry, but quantitatively there are differences 

between the two compositions. In the whole range of temperature (between 300 K and 5 K) the dielectric 
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constant and the elastic compliance of the PMN-xPT with x=0.33 posses higher values than the other with 

x=0.28. Most importantly, the piezoelectric strain coefficient d33 (d31) exhibits a significant degradation with 

the temperature reduction, since the initial value of 1400 pm/V (1100 pm/V) at 300 K becomes approximately 

equal to 150 pm/V (100 pm/V) at 5 K, indicating a reduction at the 90% (91%) of the room temperature 

value. These results were interpreted by two main mechanisms, the presence of charges within the 

ferroelectric domain walls and the easiness/hardness of the polarization rotation induced by phase instability. 

 The low temperature behavior of PMN-xPT samples has been also presented as a supplementary 

investigation in other studies that use PMN-xPT samples as active PE substrates of an artificial structure. 

These supplementary investigations examined the temperature evolution of only the transversal piezoelectric 

coefficient d31, since this coefficient is most related parameter with the magnitude of strain that is experienced 

by the deposited films on top of PE substrates. To obtain low temperature data of the d31 coefficient, two 

different approaches have been adopted. The first method that estimate the magnitude of the in-plane strain at 

low temperature is based on measuring the relative changes in the resistivity of a thin meander-shaped 

platinum wire that is deposited on top of the PMN-xPT sample 
[143]

. The biaxial deformation of the PMN-xPT 

sample upon the application of an Eex causes a change in the wire geometry, which subsequently resulted to 

the respective variation of resistivity of the wire. The results of this method revealed that the value of the 

biaxial strain was just the 55% of the room temperature value at 90 K and less than 20% at 20 K 
[143]

. The 

second method is based on measuring the changes of the macroscopic dimensions of a PMN-xPT sample 

through a microscope of 50x magnification 
[144]

. For a PMN-xPT with x=0.28 and under the application of 

Eex=30 kV/cm, the in-plane strain value at T=90 K was decreased at the 50% of the room temperature value, 

while at T=10 K the respective value was dropped distinctly to the 25% of the room temperature value 
[144]

. 

 Another parameter that is affected by the temperature reduction and is also related to the piezoelectric 

strain coefficients, is the modification of lattice parameters and its electric-field response at low temperatures. 

This mechanism can be revealed only for the case of unpoled PMN-xPT samples, since the influence of 

domains configuration is minimized and thus it can be ignored. To study the temperature evolution of the 

piezoelectric strain coefficients through the modification of lattice parameters, detailed XRD measurements 

have been performed in a [001]-oriented PMN-xPT sample with x=0.28 where electric fields of strength 

Eex=0 and 10 kV/cm were applied at 300 K and at 90 K 
[144]

. By following an electric-field cooling protocol, 

the piezoelectric coefficient d33 was estimated through changes in the peak profile of (001) peak. Comparing 

the electric-field induced change in the c lattice parameter under the application of Eex=10 kV/cm recorded at 

300 K and at 90 K, a reduction of strain on the order of 30% has been estimated at 90 K. 

 The large reduction of the piezoelectric strain coefficient d31 sets the PMN-xPT samples as the only 

candidate PE substrate for studying the effect of strain in low-TC SCs, since all other PE materials (such as 

PZT) exhibit lower d31 values and thus they will have almost negligible influence at low temperatures. 
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Chapter 2 

Review in the effect of strain to the superconducting properties 

During the last decades, several studies have been focused on the influence of strain on the properties of thin 

films that are extremely sensitive to structural changes. A typical example of such thin films is the manganite 

films (R1-xAxMnO3: R and A stand for trivalent rare-earth and divalent alkaline-earth ions, respectively), 

where the electrical, magnetic and structural properties of them are affected strongly by strain. In the first 

experimental attempts the strain was imposed to manganite films through the lattice mismatch between the 

film and the substrate (called epitaxial strain) 
[1-3]

. However, the magnitude of epitaxial strain is small and 

thereby it affects only the first layers of the deposited films. In order to increase the magnitude and the 

penetration depth of strain in manganite thin films, recent studies use PE materials as substrates since these 

substrates allow the dynamic variation of strain due to the converse PE effect 
[4-13]

. Furthermore, the use of PE 

materials as substrates has been employed in other types of artificial structures such as the hybrids composed 

of ferromagnetic (FM) films. These hybrids (PE/FM) provide an alternative way to explore the magnetoelastic 

effect via the accurate control of interfaces 
[14-23]

 and the exchange bias mechanism 
[24-29]

. 

 Despite the plethora of investigations that study the effect of strain (epitaxial and piezoelectric strain) 

in magnetic films, the SC films have not studied so thoroughly. Until now, there are only a few publications 

that study the effect of epitaxial and piezoelectric strain in SC films and these investigations are focused on 

high-TC SCs. These publications are summarized in paragraph 2.2 of this chapter. Τhe lack of investigations 

in low-TC thin films is counterbalanced from numerous investigations that study the effect of mechanical 

strain (that is neither epitaxial nor piezoelectric strain) in the superconducting properties of the inter-metallic 

compound Nb3Sn that belongs to the family of low-TC and conventional (phonon-mediated) SCs. In general 

by including strain as an experimental variable, one can disclose the physical mechanisms that are involved in 

the complicated microscopic nature of superconductivity. This triggered the interest of theoretical scientists 

and several theoretical models have been proposed to explain the effect of strain in the properties of a SC. 

These theoretical models are summarized below. 

2.1 Theoretical studies in the effect of strain to the superconducting properties 

The theoretical studies in the effect of strain to the superconducting properties can be discriminated into two 

categories. The first category include the studies that propose purely theoretical models in order to involve the 

effect of strain in the superconducting properties, while the second category include the studies that suggest 

theoretical model for the interpretation of the experimental results coming from strain experiments in SCs.  

 In the first category of pure theoretical studies the models were based on a modified expression of the 

GL theory, since the general assumptions of this phenomenological theory allow the introduction of new 

terms that can describe a deformed SC. Considering a homogeneous SC that experiences a uniform and elastic 

deformation with small magnitude, Dr. Shu-Ang Zhou 
[30,31]

 introduced in the terms of free energy (see 

equation (1.4)) a continuum model that describes an elastic SC. Specifically, he proposed that for the case of a 

deformed SC, the coefficients a(T), b(T) become strain-dependent coefficients a(T,ε)=a0(ε)·a´(Τ), 

b(T,ε)=b0(ε)·b´(Τ) (ε is the dimensionless magnitude of strain), while in order to simplify his mathematical 

formulation he assumed that the mass m
*
 is independent of strain. Regarding the terms a0(ε) and b0(ε), he 

considered that they can be expressed either as first-order or as second-order approximation of the elastic 

strain ε≡εij. In particular, for a small deformation of the elastic SC, the first-order approximation (namely, 
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a0(ε)=a0+aij·εij) is employed in the simple case of a uniaxial deformation that is the compression or the 

elongation (εij=ΔV/V, where V is the volume of the SC), while the second-order approximation (namely, 

a0(ε)=a0+aij·εij+½·aijkl´·εij·εkl) is employed in more complicated shape changes of the SC, such as the shear 

mode of deformation. After carrying out the variation procedure with respect to both the wavefunction, Ψ, 

and the magnetic vector potential, A, the resulted set of GL equations provide the strain-dependent 

expressions for TC, HC (thermodynamic critical field), HC2, λ, ξ and GL-parameter (κ). From his analysis and 

by using the second-order approximation of strain, it was proved that the TC(ε) expression can be given as, 

 C C0 ij ij ijkl ij kl

1
T ε T 1 ε ε ε

2

 
      

 
        (2.1) 

where TC0 refers to the TC value of the strain free state of the SC and Δij, Ξijkl are dimensionless material 

dependent constants. Specifically, the constant Δij may take either positive values (e.g. in conventional low-TC 

SCs) or negative values (e.g. in high-TC SCs such as cuprates). The positive values of Δij imply that TC 

decreases with the increase of strain, while the opposite is observed for Δij<0. In addition to the above 

mentioned properties, Dr. Shu-Ang Zhou studied also the mixed-state of a Type-II SC that is elastically 

deformed 
[32]

. It becomes apparent that the proposed theoretical model can serve as a suitable model for 

interpreting the results of any deformed SC, since the mathematic formulation of it can be as general as the 

GL theory is for superconductivity. 

 Recently and within the framework of GL theory, Dr. Youhe Zhou et. al. specified a simple material 

model to study the effect of strain on the properties of a SC, such are Ψ, ξ, HC1, HC2 and the depairing current 

density (Jdep) 
[33-37]

. His investigations differ from previous related studies, since he claimed that in a deformed 

SC the elastic energy of deformation, Fela, and the interaction energy (between superconducting condensation 

and crystal’s lattice deformation), Fint, contribute to the total free energy of a SC as independent components. 

Accordingly, he proposed that the total free energy of a deformed SC is expressed as a sum of the above 

mentioned terms, 

2 4

S ela int

ela ijkl ij kl

int

,

1
ε ε

2

1

2

F F F F

F C
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

 

          (2.2) 

where FS is the free energy of a SC given by the equation (1.4), Cijkl is known as the modulus of elasticity of 

the SC, εij (or εkl) is the strain expressed as a second-rank tensor, θ=εxx+εyy+εzz is the invariant of strain that 

characterizes the volume change and α, β are coupling parameters. After applying the Lagrange variational 

method in respect to both Ψ and A, the modified GL equations have been obtained under certain assumptions. 

Specifically, he ignored the influence of the crystal lattice deformation on the coefficients a, b and m
*
 that are 

included in the term FS, while he considered that deformation is restricted in a value range (limited to be less 

than 1%) where a linear elastic deformation can be applicable for an isotropic SC. Moreover and regarding 

the coupling parameters α, β, Dr. Youhe Zhou et. al. assumed that they may be either constant and 

independent of deformation (referred as simple case) or dependent on deformation (referred as general case). 

Under these assumptions, the effect of strain on the superconducting properties has been investigated for bulk 

SCs (brittle ceramic) and for SCs in thin film form (with thickness, dSC≪λ). It should be noted that in some 

published works of Dr. Youhe Zhou et. al., the strain is stated by the term of pre-strain which represents the 

strain that is applied in advanced to the SC and is sustained in a constant value. 

 Since strain is an appreciable parameter that affects intrinsically a SC, it is expected that the 

wavefunction Ψ should be modified. In the simple case (where α, β are constant and independent to the 

applied strain) the analytical solutions of (2.2) for both types of a SC (Type-I and Type-II) showed that Ψ 



Chapter 2 

 

- 35 - 

 

decreases (increases) when a tensile (compressive) strain is experienced by the SC. In the general case (where 

α, β are dependent on deformation) the results showed that strain exerts different influence on 

superconductivity for a Type-I and a Type-II SC. Moreover, for the case of SCs in the form of thin films with 

dSC<6 μm the strain imposes changes on the order parameter n (n=Ψ/Ψ∞) that becomes more significant for 

dSC<2 μm, while the strain contribution is vanished progressively as dSC increases above 6 μm. So, they 

concluded that is of great importance to take into account the strain when determining the wavefunction (or 

the order parameter) of a deformed SC 
[34]

. Despite of the importance of this finding, the strain dependence of 

the wavefunction Ψ can be exploited only theoretically and it is not offered as a quantity that can be directly 

related to experimental evidences. To overcome this incompatibility between theory and experiment, Dr. 

Youhe Zhou et. al. 
[34]

 studied the strain dependence of ξ, since the theoretically calculated values of ξ (that 

include the boundary conditions in the modified expression of Ψ) can be compared with the experimental 

estimated values of it. The theoretical results of their study showed that ξ decreases with the increase of 

volume change θ (that corresponds to a tensile strain), while the opposite observed when θ decreases (that 

corresponds to a compressive strain). 

 Continuing with the parameters of superconductivity that allow the qualitative comparison between 

theoretical predictions and experimental results, Dr. Youhe Zhou et. al. studied the effect of strain on HC1, HC2 

and Jdep 
[35-37]

. They reported that HC1 increases by the increase in the absolute value of θ and thus the HC1(θ) 

function is given as a concave parabolic curve. The enhancement of the HC1 values in respect to the applied 

strain (that is either compressive or tensile) indicates the enlargement of the Meissner state in a deformed 

Type-II SC. Similarly to HC1, the HC2 showed a parabolic variation upon the increase of strain (either 

compressive or tensile) and is worth noting that this behavior of HC2 has been reported experimentally in 

literature 
[38-40]

. Regarding the strain dependence of Jdep, Dr. Youhe Zhou et. al. 
[35,36]

 studied the ideal case of 

a thin film SC with thickness dSC≪λ and with approximated uniform superconducting electron density ns 

while also they assumed that a current density can flow in the entire volume of the SC thin film. It was found 

that both compressive and tensile strain lead to the decrease of Jdep values, giving a parabolic function for 

Jdep(θ) 
[35]

, which is similar to the expression used to fit experimental data in 
[41]

. Afterwards, they studied the 

Jdep modifications in a more complex deformation of a SC, where not only the volume of the SC is changed 

but also its shape (shear mode of deformation) 
[36]

. For this case of deformation, it was found that the shear 

deformation dominates over the uniaxial deformation and thus leading to the further decrease of Jdep. These 

results are in nice agreement with the experimental results regarding the strain dependence of JC. However, 

the underlying physical mechanisms that explain the Jdep and the JC (hence their strain dependence) are totally 

different. It is generally accepted that the reduction of JC with the absolute increase of strain is related to the 

modification in the flux pinning mechanisms, which are not appeared explicitly in the proposed model of 

Jdep(θ) (Jdep is the thermodynamic limit of current density). 

 Although the above mentioned theoretical models provide evidences for the strain sensitive 

parameters of superconductivity, their results cannot be compared quantitatively with experimental results. 

However, other theoretical models have been proposed for the interpretation and the reproduction of the 

experimental results coming from strain experiments. Detailed strain experiments have been performed in 

wires of the inter-metallic superconducting compounds Nb3Sn 
[42-46]

 due to their use in magnet technology. 

These experiments showed that TC, HC2 and JC are strain sensitive parameters of superconductivity for Nb3Sn 

and they follow a reversible parabolic like behavior upon the progressive variation of the applied strain.  

 The reversible behavior of TC, HC2 and JC upon the progressive variation of strain indicates that the 

impact of strain in the properties of a Nb3Sn wire has microscopic origins. Under this perspective, the BCS 

theory and the Allen-Dynes model have been re-examined by Dr. L. R. Testardi 
[47,48]

 and Dr. D. O Welch 
[49]

, 

respectively, in order to include the effect of strain in the values of TC. According to these works the strain 
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dependence of TC can be described by the combined modifications of both the electron-phonon interaction 

spectrum (λ) and the density of states (N(EF)). Finally, the expression of TC(ε) is given as follows, 

   
1

C C,mT ε T εs


            (2.3) 

where TC,m is the maximum value of TC obtained when applying strain and   is a dimensionless constant that 

depicts the influence of strain on both N(EF), λ and ranges from 1.8 to 3.8 
[50]

. Continuing with HC2, Dr. L. W. 

Ekin 
[44]

 proposed an expression for HC2(T, ε) by taking into account the strain dependence of both N(EF) and 

λ. This expression, HC2(T,ε), is given as follows, 

     
1

C2 C2,m
C

TH T,ε H 0 1 ε
T

n

s
          

       (2.4) 

where HC2,m(0) corresponds to the maximum value of HC2 (at T=0 K) obtained when applying strain and n is a 

constant that usually takes the value of 1.52 for the Nb3Sn wires. It is reasonable to expect that any lattice 

distortion in strained SCs changes the grain structure of the SC, which subsequently modifies the interaction 

between flux-lines and pinning centers. Though changes in JC can be ascribed by the relative strain-induced 

changes of TC and HC2, Dr. L. W. Ekin 
[44]

 claimed that the influence of strain on pinning forces should be 

taken into account in order to explain the experimental data. The final expression of the strain dependent JC is, 

         

12

C 0 C
C C2C2

HT HJ H,T,ε 2 C H 0 1 1
T ε H T,εH T,ε

p q




        
                       

 (2.5) 

where C, p and q are fitting parameters. 

 As it is evident from the equation (2.3)-(2.5), the final expressions of TC, HC2 and JC in respect to ε are 

generated after adopting an expression for the invariant strain function, s(ε). There are four models in 

literature that give the expressions of s(ε). The first model is a power-law model 
[44]

 that does not account the 

three-dimensional nature of strain and it can be used safely over a limited strain values. The second model is 

the so-called deviatoric model 
[51,52]

 that also does not account the three-dimensional nature of strain, but it 

gives a more accurate description of a compressive strain. The third model is an empirical fit that originates 

from axial deformations in wires and is expressed as a fourth-order polynomial 
[53]

. Apart from the accurate 

fitting of the experimental data, the third model lacks of any connection to the underlying physics. Under this 

perspective two other models have been proposed, the extended power-law model 
[54]

 and the polynomial 

model 
[40]

. Finally, the fourth model proposed by Dr. W. D. Markiewicz 
[55-57]

 is the so-called full invariant 

strain model. This model uses the three dimensional description of strain, while it correlates the TC(ε) with the 

induced changes in phonon modes of crystal lattice. Despite its complexity, the full invariant strain model is 

able to describe accurately the behavior of TC(ε). Summarizing these models and regarding to the strain 

dependence of TC it becomes obvious that, the first invariant describes the linear reduction of TC, the second 

invariant describes the parabolic-like dependence of TC while the third and fourth invariant introduces an 

asymmetry that explains any upturn in the values of TC (that appeared as a non-monotonic variation of TC) for 

large values of strain. 

2.2 Experimental studies in the effect of piezoelectric strain to the superconducting properties 

of high-TC compounds 

The first experimental studies that investigated the effect of strain in the superconducting properties of high-

TC compounds in thin film form have been performed through the so-called epitaxial strain. Specifically, if 

one uses substrates with larger (smaller) in-plane lattice constants than the lattice constants of the deposited 

SC film then the SC film experiences a compressive (tensile) strain. Since the in-plane component (εab) and 

the out-of-plane component (εc) of the induced epitaxial strain have opposite signs, their co-action in the 
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microstructure of thin films is anticipated to affect strongly the TC of the deposited SC. In particular, an 

induced tensile (compressive) epitaxial strain expands (shrinks) the in-plane lattice constant a, while 

simultaneously the out-of-plane lattice constant c shrinks (expands) and eventually both of them contribute to 

the changes in TC. Numerous published works 
[58-64]

 to name a few of them, reported significant changes in the 

TC values of La2-xSrxCuO4 (LSCO) thin films when these films are deposited on various substrates. Such 

substrates for the case of LSCO films that have a=3.777 Å are the SrTiO3 (STO) with a=3.905 Å and the 

LaSrAlO4 (LSAO) with a=3.755 Å. In each case of substrate the imposed epitaxial strain decreases and 

increases, respectively, the TC of LSCO films. Similar to the cuprates, recent studies on iron-based SCs such 

are the BaFe1.8Co0.2As2 (BFCA or Ba-122) and the FeSe0.5Te0.5 (FST or Fe-155) revealed that a compressive 

epitaxial strain in ab-plane enhances their TC values 
[65,66]

.However, in these studies additional effects have a 

substantial role in the observed variation of TC. For instance in cuprates, the oxygen content at the interface or 

even the oxygen arrangement in the interior of the film may lead to significant TC differences from sample to 

sample even when the thickness and the substrate are the same. 

 To isolate the influence of strain on TC and to exclude any other microstructure parameters that may 

also be affected, the safest way is to obtain the strain dependent TC for one sample in a time. To do so, a SC 

thin film of thickness, dSC, is deposited under certain growth conditions at a time on a PE substrate. So, with 

fixed oxygen content in the SC film and with given lattice mismatch between the substrate and the SC film, 

one can study dynamically the influence of strain on the TC values by simple changing the applied voltage 

across the PE substrate. Usually, the PE materials that are used as substrates in these artificial structures are 

the RFEs PMN-xPT, owing to their excellent piezoelectric activity. Introductory studies in the microstructure 

and the superconducting properties of high-TC oxides (like YBa2Cu3O7-δ (YBCO) and LSCO) deposited on 

PMN-xPT substrates showed that due to the large lattice mismatch between the substrate and the film, a 

buffer layer is required in order to reduce the lattice mismatch and to obtain c-axis oriented films
[67,68]

. 

 There are limited experimental investigations that examine the strain-dependent superconducting 

properties of high-TC thin films utilizing a PE substrate for the dynamic variation of strain 
[69–72,78]

. The high-

TC compounds in thin film form that are studied in 
[69–72]

 are the following, optimally doped YBCO films with 

thicknesses 200, 300 nm and under-doped YBCO films (oxygen deficiency δ≈0.5), LSCO films (x=0.15), 

BFCA films with thicknesses 300 nm, while all the above mentioned films were deposited on poled PMN-

xPT (x=0.28) substrates cut along the [001] crystallographic orientation. The physical properties of these 

artificial structures PE/SC was estimated from zero magnetic field resistive curves, R(T), where the TC was 

determined at the onset of the normal-state resistance (RN). In the artificial structure consisting of optimally 

doped YBCO films with thickness 200 nm a buffer inter-layer of SrRuO3 of 100 nm has been deposited in 

order to reduce the large lattice mismatch. In this case the application of an Eex≤+10 kV/cm to the PE 

substrate causes a reversible shift of TC with a maximum shift of 100 mK when the induced strain was on the 

order of 0.05% 
[69]

. In the artificial structures consisting of YBCO films with thickness 300 nm the 

depositions have been performed directly on top of PMN-xPT substrates (without any inter-layer). In this case 

strain sensitivity of TC showed different behavior for the optimally doped and the under-doped YBCO films 
[71]

. Specifically, at Eex=+10 kV/cm where the maximum compressive strain is obtained, the shift of TC in the 

optimally doped YBCO film is 45 mK, while for the under-doped YBCO film the respective shift is 230 mK. 

This significant difference in the shift of TC between optimally doped and under-doped YBCO films is 

attributed to the oxygen ordering inside the YBCO. Independent uniaxial (and biaxial) pressure experiments 

on YBCO crystals revealed the opposite influence on TC when a crystal is compressed along the a- and b-axis 
[73]

. Since the imposed strain does not show a preferred direction between a- and b-axis, it is expected that for 

the optimally doped YBCO films the equal but opposite influence of stain along them (|εa|=|εb|) resulted to 

minor shifts in TC, while for the under-doped case the respective shift is more significant. In both cases, the 

RN exhibit a very good reversibility for a cycle of applied Eex varied between -10 kV/cm and +10 kV/cm, 
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which underlines the linear behavior of the induced compressive and tensile strain in films. In LSCO films of 

300 nm deposited on CaTiO3-buffered PMN-xPT substrates a reduction of 400 mK in the values of TC was 

obtained under the application of Eex=+10 kV/cm, while this shift was reversible under the variation of Eex 

between +10 kV/cm (compressive strain) and -10 kV/cm (tensile strain) 
[70]

. Finally, in BFCA films of 300 

nm deposited on SrTiO3-buffered PMN-xPT substrates, a reversible shift of TC on the order of 200 mK were 

observed at Eex=+10 kV/cm 
[70,72]

. From these studies 
[69–72]

 one can easily conclude that a piezoelectric strain 

changes the TC and the magnitude of this change is strongly dependent on the high-TC compound and its 

microstructure sensitivity into strain. 

 Lately, the iron-based SCs have attracted much attention, since there are a lot of open questions in 

respect to their superconducting properties, such are the transition behavior 
[73]

 and the dimensionality of 

superconductivity 
[74]

. Motivated from these fundamental issues and from earlier studies that reported a TC 

enhancement up to 36.7 K in FeSe under a pressure of 8.9 GPa 
[75]

 or even higher enhancement up to 65 K in 

single-layered FeSe deposited on STO substrates 
[76,77]

, Dr. Z. Lin et.al. 
[78]

 studied the superconducting 

properties of FST films (in particular Fe-137) with different thicknesses grown on PMN-xPT substrates. The 

superconducting properties of FST films with thickness that varied among 15 nm and 400 nm were explored 

by electrical transport measurements. Prior the specific experiments where an Eex is applied to the artificial 

structures, the FST films were characterized thoroughly. The characterization showed that at small 

thicknesses (that is below 20 nm) the R-T curves exhibit an insulating behavior, while at thicker films 

superconductivity is appeared with increasing TC and decreasing ΔTC as thickness increases. Moreover, the 

analysis of the V-I curves that were obtained around TC, indicate a Berezinskii-Kosterlitz-Thouless transition 

behavior and the analysis of the R-T curves revealed 2D superconductivity in the FST films. Now, upon 

applying Eex to the artificial structures, the TC values of FST films are shifted to higher temperatures with 

increasing the Eex. This increase of TC was attributed to the reduction of the tensile epitaxial strain in FST 

films by the imposed compressive piezoelectric strain. However, the maximum percentage variation of TC in 

FST films showed unexpected changes with respect to film thickness. Specifically, the FST film with 

thickness 100 nm exhibit an increase in TC on the order of 5%, while at the thickness of 200 nm the TC shows 

its largest change that is close to 15%. Notably, even for the highest thickness of FST films that is 400 nm, the 

maximum variation of TC is on the order of 10%, which is still higher than one obtained from the FST film 

with thickness 100 nm. This unexpected behavior of the TC variation with respect to film thickness was 

ascribed to the different degree of influence of the compressive piezoelectric strain that mainly overcomes the 

epitaxial tensile strain in FST films. It is reported that the epitaxial strain is fully relaxed for FST films with 

thickness above 200 nm and hence the influence of the induced compressive piezoelectric strain in the TC 

values become more pronounced in the thickness range above 200 nm. 
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Chapter 3 

Experimental techniques and protocols 

This chapter describes the basic operating principles of the experimental techniques that have been used in 

this PhD Thesis for the preparation and the characterization of the artificial structures Nb/PMN-xPT/Nb. 

Particular emphasis is paid to the description of a rigorous deposition protocol of Nb films that ensures their 

optimum superconducting quality and of a new method employed here for the piezoelectric characterization 

of PMN-xPT samples. The last paragraph of this chapter provides information about the technical realization 

of the magnetic measurements upon electric field application on the artificial structures Nb/PMN-xPT/Nb at 

cryogenic conditions and furthermore it summarizes the measurement protocols that were used to investigate 

the modification of their superconducting properties upon the application of an electric field. 

3.1 Preparation techniques and protocols 

Two totally different techniques have been used for the preparation of the artificial structures and they are 

described below. At this point I would like to thank Prof. S. J Zhang from the PennState University of U.S.A 

for the preparation of high quality PMN-xPT crystals. 

i. Preparation of the PMN-xPT piezoelectric substrates 

The PMN-xPT single crystals have been prepared by the seeded Bridgman technique 
[1]

. This method is based 

on heating a mixture of oxides above their melting point and subsequently on cooling them slowly from one 

end of the container to the other. At the first cooling end of the container a seed crystal of specific 

crystallographic orientation is placed and as the cooling process progressively spreads to the other end of the 

container, a single crystal of the same crystallographic orientation is grown. To do so, usually the Bridgman 

technique utilizes a temperature gradient and a moving crucible. 

 The oxides Pb3O4, MgNb2O6 and TiO2 in powder form have been used as the starting materials. The 

mixture of the powder oxides with stoichiometric compositions were vibratory milled, dried and calcined. 

Eventually, the synthesized compound were mixed with PbO flux additions and single crystals of 

Ba(Zr0.1Ti0.9)O3 were used as the seed crystal for the process. Special attention has been paid to avoid the 

evaporation of PbO at elevated temperatures by using double crucibles with a Pb source inside in order to 

maintain a homogeneous perovskite structure. 

 For the purposes of this PhD Thesis two groups of PMN-xPT single crystals have been prepared, the 

first group contains PMN-xPT crystals with x=0.27 and the second group contains PMN-xPT crystals with 

x=0.31. In particular, the PMN-xPT crystals, with x=0.27 and 0.31, ~100 mm in diameter and >150 mm in 

length, were grown along the [010] crystallographic direction. Single crystals PMN-xPT with x=0.27 

(x=0.31) and with rectangular shape were oriented along the [001] ([011]) direction by real –time Laue X-ray, 

following IEEE standards, where the large face (that is the z-direction) is [001] ([011]), while the length 

direction (that is y-direction) is [010] ([100]) and the width direction (that is the x-direction) is [100] ([011]). 

More details regarding the preparation of PMN-xPT single crystals can be found in the review article of Prof. 

S. J. Zhang 
[2]

. After preparation the PMN-xPT single crystals were left unpoled and were finally cut to the 

desired dimensions (x,y,z)=(6x5x0.4-0.8 mm
3
). 
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ii. Preparation of superconducting elemental thin films of low-TC Nb 

Thin films of Nb were prepared by means of a DC magnetron sputtering technique the basic principles of 

which are summarized in this paragraph. Additionally, this paragraph presents the preparation protocol of Nb 

films where a homemade cryotrap method has been employed in order to optimize the vacuum conditions. 

a. DC magnetron sputtering 

The DC magnetron sputtering technique is a physical vapor method (PVD) for the deposition of thin films 

and it combines the general principles of sputtering deposition that are further improved by using magnetic 

field. The comparative advantage of sputtering among the other PVD techniques is that the deposited films 

have excellent uniformity. Another advantage of sputtering technique is that all the metallic materials used as 

targets for the depositions are not decomposed after several deposition runs. 

 The sputtering takes place in an evacuate chamber where the substrate and the target of the material to 

be sputtered are placed inside. The substrate is grounded and is placed on top of the chamber, while it is 

vertically aligned with the target that is maintained in high negative potential (acting as a cathode). To initiate 

the sputtering a chemically inactive and neutral gas (non-reactive with the substrate and the metallic target) of 

high purity, such as the Ar-gas, is introduced in the evacuated chamber. The free electrons in chamber are 

accelerated away from the negatively charged target (cathode) and they approach the electrons of the outer 

shell of the neutral Ar atoms. This causes the removal of the outer electrons from the Ar atoms, which now 

become positively charged ions and they are accelerated attractively towards to the target. If the kinetic 

energy of the Ar ions is higher than the surface energy of the atoms in the target, then the neutral atoms will 

be ejected from the target 
[3]

 and they can ballistically fly to the anode, which is either the grounded substrate 

on top or the grounded inner part of the vacuum chamber. At the same time, the free electrons in chamber fill 

the empty position in the outer shell of the Ar ions and thereby Ar ions become again neutral atoms. Due to 

the energy conservation law, the gained energy by the Ar atoms is released by the same amount of energy that 

appears as emitted photons. This procedure justifies the appearance of plasma in chamber during sputtering. 

 The simple sputtering technique has two major disadvantages. The first is the low deposition rate and 

the second is the overheating of the substrates due to the extensive bombardment with electrons that may 

cause also structural damages. Both of these disadvantages can be solved by placing magnets behind the 

target. Due to the simultaneous presence of an electric field with the magnetic field, a Lorentz force 

(FL=q(E+vxB)) is acting to the free electrons in chamber. Since the electric field and the magnetic field are 

perpendicular to each other, the FL compels the electrons to follow a helical trajectory along the magnetic 

field lines above the target. This trajectory of the free electrons increases the probability of ionizing neutral Ar 

atoms and hence the deposition rate is enhanced by an order of magnitude when compared with the simple 

sputtering deposition. Additionally, the bombardment of the substrate with electrons that do not follow a 

circulated path around magnetic field lines is minimized. Therefore, the overheating and the structural 

damages in the substrates are avoided. Finally, the DC indication refers to the operating voltage signal that is 

required to accelerate the ions with the proper kinetic energy. For metallic targets the operating signal is a 

constant voltage (DC), while for insulating targets (where the conduction bands do not allow free charge 

movement) an alternating current (RF) is used with frequency above 50 kHz, in order to avoid space-charge 

between the target and the substrate. Figure (3.1.b) shows schematically the basic principles of a DC 

magnetron sputtering system. More information about the sputtering technique can be found in 
[3-6]

. 

 The sputtering unit that was used during this PhD Thesis is an Edward 306A coating unit (Edwards, 

Sanborn, NY, USA), as shown in figure (3.1.a), equipped with a water-cooled turbo molecular pump 

(Oerlikon Leybold Vacuum GmbH, Germany) supported by a mechanical pump (Edwards High Vacuum 

Pump, BOC L.t.d., England). Two pressure gauges, i.e. a low and a high vacuum pressure gauge (Edwards 

Active Gauges, USA), are attached to the deposition chamber, in order to monitor the vacuum pressure inside 
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the chamber. The first and high vacuum pressure gauge operates at the pressure regime between the 

atmospheric pressure (7.5·10
+2

 Torr) down to 10
-5

 Torr, while the second and low vacuum pressure gauge 

operates in the pressure range below 10
-5

 Torr. Inside the sputtering chamber two magnetron guns are 

available, one biased with a DC power supply and the other biased with a RF power supply. Each magnetron 

gun contains 13 magnets of 5 kOe. The 12 magnets are placed anti-diametrically around the periphery of the 

target with the south pole facing up, while the last magnet is placed at the center of the target with the 

opposite pole (north pole) facing up. This configuration of the magnets restricts the magnetic field lines 

within the coverage area of the target. In order to avoid the bombardment of the surrounding material of gun 

(that is not covered under the target’s area) and to achieve only the bombardment of the target’s material, the 

gun is grounded by an aluminum hollow cylinder. Specifically, this cylinder grounds only the outer part of the 

gun and is not in contact with the target. Thus, the target remains in negative potential and the ejected atoms 

belong only to the target material. The high voltage applied between the target and the grounded surrounding 

causes the electrical breakdown of Ar-gas environment and purple-colored plasma is created. It should be 

noted that the turbo molecular pump, the magnetron gun (DC and RF) and the chamber’s opening part (where 

the substrates are placed) are connected to a water-cooling system. 

 In the particular sputtering unit, the substrates are placed at a height of 16 cm above the target. For the 

depositions of Nb films, high purity Nb targets (99.90%-99.98%) with diameter 2 inches (Materion, OH, USA 

and Yixing Kexing Alloy Material Co., L.t.d., Jiangsu, China) have been used. The depositions were 

performed in Ar atmosphere (purity 99.999%) with pressure 3·10
-3

 Torr. A moderate deposition rate of 0.18 

nm/s (or 1.8 Å/s) is achieved with a DC power of 46 W applied to the DC magnetron gun. Details about the 

pressure conditions during deposition will be discussed in the following section where a specific protocol for 

the preparation of high quality Nb films is described. 

b. Sample preparation protocol using a homemade cryotrap method 

The required condition for the preparation of elemental low-TC SCs in the form of thin films is to avoid their 

oxidation. The formation of any oxide layer downgrades the superconducting properties of elemental low-TC 

SCs, since the oxides of the parent material are mainly metallic and not superconductive. Therefore, for the 

depositions of Nb films any residual oxygen in sputtering chamber should be minimized as much as possible. 

DC magnetron gun (cathode)

substrate (anode)

target

magnetmagnetmagnet

Ar

Ar+

Target atoms

e-

plasma

Figure 3.1: (a) Photo of the sputtering unit (Edward 306A, coating unit) used for the preparation of thin films. (b) 

Schematic representation of the side view of a DC magnetron sputtering inside the chamber. The target is connected to 

the negative DC magnetron gun and the substrate is grounded and acts as the anode. 
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 Exploratory experiments showed that Nb films of high superconducting quality can be prepared after 

optimizing two pressure parameters, the base pressure (P0) and the deposition pressure (Pdep). The P0 refers to 

the initial pressure of the chamber after an overnight pumping, while the Pdep refers to the pressure of chamber 

after an extended pre-sputtering and before starting the deposition. The term pre-sputtering is used to describe 

a pre-deposition process, in which the sputtering unit operates under the deposition conditions (that are the 

Ar-gas pressure and the DC power) but with closed shutters. The pre-sputtering before each deposition has a 

twofold action. First, it removes the outer oxide layer of Nb target and thus when deposition starts only pure 

Nb atoms will be deposited on substrates. Second and by taking advantage of the easy oxidation of Nb, an 

extended pre-sputtering (3-4 hours) will reduce significantly the amount of the residual oxygen in the 

chamber, since Nb acts as an oxygen getter. It is worth noting that for estimating the optimization of the 

pressure conditions in the chamber both pressure parameters (P0 and Pdep) should be taken into account. 

 The values of base pressure, P0, depend on the duration of the overnight pumping. At the first days of 

deposition the possible contamination of the chamber with other materials deposited on the inner side of 

chamber affects strongly the P0 value of the next day. Therefore, during the first days of depositions, the inner 

wall of chamber is covered with an ultra-high vacuum aluminum foil (All Foils Inc, Strongsville, USA) and 

the chamber is pumped usually for 20 hours. Moreover, the inner walls of chamber was coated with Nb after 

extended depositions (2-3 hours) with open shutter and without substrates, called as “dummy” depositions. 

After 4 days of “dummy” depositions, the contamination of chamber with other deposited materials is 

minimized and the chamber constitutes a clean environment for the depositions of Nb films. To give an 

example on how “dummy” depositions optimize the P0 values, noted that P0 at the first day is equal to 9.5·10
-7

 

Torr and is reduced to 5·10
-7

 Torr after 4 days of “dummy” depositions. Although the optimization of P0 does 

not seem to be significant, it delivers the proper pressure condition that is further improved by pre-sputtering. 

 Particular attention was paid to optimize the Pdep. To do so, any residual gases, mainly the oxygen, 

should be eliminated from the environment of the chamber. Thus, the extended pre-sputtering process (3-4 

hours) has been performed under the external cooling of chamber (cryo-cooling) with a homemade cryotrap 

of liquid nitrogen. The cryotrap was implemented by using a copper tube that is wrapped around the outer 

wall of the chamber in a way that can support the continuous flow of nitrogen within tube and also by 

avoiding the contact with vacuum flanges, vacuum rubber rings and electronics. One end of the copper tube is 

connected with a nitrogen-dewar that contains 20 lt of liquid nitrogen, while the other open-end is placed far 

away from the chamber and inside to another empty dewar. Once liquid nitrogen starts flowing through the 

copper tube, it cools the outer part of the chamber. Figures (3.2.a-b) show two photos of the outer surface area 

of chamber before cryo-cooling and after 3-4 hours of cryo-cooling, respectively. It should be noticed that the 

concentration of ice, at the contact points of copper tube with the chamber, appears within the first 30 minutes 

of nitrogen flow and it spreads quite fast over the whole outer surface of the chamber during the next 30 

(a) (b) 

Figure 3.2: Photos of the sputtering unit show the outer surface of the chamber (a) before cryo-cooling and (b) after 3-4 

hours of cryo-cooling. 
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minutes. Thus, during the rest of pre-sputtering upon cooling great attention was paid to maintain the iced 

area at the center of the outer surface of chamber, in order to avoid the spread of ice in the rubber ring of the 

removal part of the chamber. Now inside the chamber and during pre-sputtering upon cooling, gaseous and 

vapours are trapped by the inner cold surface of the chamber and the pressure is drastically reduced, justifying 

the name of this process as cryotrapping process. Actually, when molecules impinge to a cold surface they 

lose the most of their kinetic energy and after an extended period of time they are pumped out of the chamber. 

 Apart from the pre-sputtering protocol upon cryo-cooling many other diagnostic tests were carried out 

during pre-sputtering (the pressure in every hour of pre-sputtering, the temperature of turbo pump, the 

temperature of the outer cold surface of chamber, e.t.c.) in order to maintain the same conditions between the 

depositions. On one hand the continuous check of all these parameters during depositions constitutes a very 

strict deposition protocol, but on the other hand this protocol ensures the high superconducting quality of Nb 

films. The influence of cryotrapping on the superconducting properties of Nb films will be discussed in detail 

in the paragraph 5.2.ii of chapter 5. 

3.2 Characterization techniques and protocols 

i. Crystallographic characterization – X-Ray Diffraction (XRD) 

The X-ray diffraction (XRD) technique is a useful tool for the crystallographic characterization of materials 

that ascribes the arrangement of the atoms in a crystal. The XRD measurements, in this PhD Thesis, were 

carried out by a diffractometer that is settled in the Institute of Nanoscience & Nanotechnology in N.C.S.R 

“Demokritos”, figure (3.3.a). 

 It is well known that solid materials are organized as arranged planes of atoms that are extend over 

the entire of the material. This overall arrangement is called crystal structure and is a unique property of a 

material. In the ideal case of a single crystal, the material is built by the periodically arranged planes of atoms 

that are spaced with distance, d. To probe information about the crystallization of the material, the wavelength 

of X-rays should be comparable with the interatomic distance (that is on the order of Angstrom). The incident 

X-rays in a material are partially diffracted, while also another part of their initial intensity is transmitted, 

absorbed and scattered by the sample. The diffraction of X-rays from different planes of the material may 

interfere either constructively or destructively, when certain conditions are met. For a certain periodic 

arrangement of the atomic planes, the diffracted waves will exhibit peaks (evidence of the constructive 

interference) in close analogy to the distribution of atoms in a plane. Thus, the XRD technique can be used to 

give information about the distribution of atoms in a material. 

Figure 3.3: (a) Photo of the X-ray diffractometer (D500, Siemens) in the Institute of Nanoscience & Nanotechnology 

hosted in N.C.S.R. “Demokritos”. (b) Schematic representation of the constructive interference of diffraction by parallel 

planes of atoms in a crystal. The incident X-ray makes an angle θ with the parallel planes of crystal that are separated 

by a distance equal to d. 

(a) 

θ

d

d·sinθ
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 In two parallel planes of atoms, the interference of two X-rays is constructive only when the path 

difference between them is an integer multiple of the wavelength, as shown in figure (3.3.b). This is known as 

the Bragg’s law and is given by the following expression, 

2 sinn d                (3.1) 

where λ is the wavelength, d is the interatomic spacing, θ is the incident angle and n is an integer representing 

the order of the diffraction peak. It should be noted that the right side of the expression (3.1) represents the 

path difference between two X-rays that are incident on parallel planes of atoms. When the incidence angle θ 

is varying, diffraction peaks of various intensities appear at the angular positions where the Bragg law is 

satisfied and the diffraction pattern of the sample is revealed. The diffraction pattern is the structural identity 

of a sample and when compared with the reference diffraction database ICDD (International Centre for 

Diffraction Data) it provides information about the composition and the structure of the studied material. 

More details about the XRD technique could be found in 
[7]

. 

 The X-ray diffractometer (D500, Siemens) that was used during this PhD research, was equipped 

with a CuKα radiation source (wavelength λ=1.5418 Å) and settled in a Bragg-Brentano geometry to employ 

θ-2θ scans. The voltage and current conditions of the radiation source were 40 kV and 35 mA, respectively. 

ii. Morphological surface characterization – Atomic Force Microscopy (AFM) 

The atomic force microscopy (AFM) is a powerful technique for the morphological characterization of 

specimens. The AFM measurements, during this PhD research, were conducted by means a scanning probe 

microscope Solver PRO (NT-MDT Co, Moscow, Russia) having a 100x100x5 μm
3
 xyz-scanner hosted on an 

active vibration isolation table MOD-1M Plus (Halcyonics GmbH, Goettingen, Germany) and it installed in 

the Institute of Nanoscience & Nanotechnology in N.C.S.R. “Demokritos”, figure (3.4.a). 

 The operation principle of AFM is based on the detection of the position of a cantilever with a sharp 

tip at its end, which is interacting with the surface of the sample with Van der Waals forces. When the tip 

scans a surface, the variation of the forces acting on the tip causes the deflection of the sample stage in a way 

that preserves constant the distance between the tip and the surface of the sample. This is realized through a 

feedback loop that contains as an active element the interaction tip–surface and regulates the position of the 

sample stage after reading the position of tip. The vertical position of tip is read using a laser beam, which is 

reflected by the end of the cantilever and detected using an optical converter of four-quadrant diodes, as 

shown in figure (3.4.b). The overall scanning of a surface is realized under the form of parallel horizontal 

(both on x- and y-axis) scan lines and by keeping constant the distance tip–surface. 

 There are two main modes of AFM operation which are determined by the type of interaction 

between the tip and the surface, the static mode and the dynamic mode. In the static mode (known also as 

Figure 3.4: (a) Photo of the AFM apparatus installed in the Institute of Nanoscience & Nanotechnology hosted in 

N.C.S.R. “Demokritos”. (b) Schematic representation of the operation principle of AFM. (c) Force as a function of the 

tip-surface distance. 
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contact mode) the tip is in contact continuously with the surface and senses short-ranged repulsive forces 

exerted by the surface. In the dynamic mode the tip is oscillating continuously at certain height from the 

surface and with constant amplitude. Moreover, the dynamic mode incorporates two distinct modes regarding 

the minimum approaching distance of the tip on the surface during an oscillation cycle, the semi-contact mode 

and the non-contact mode. In the semi-contact mode the tip approaches the surface at the lowest position of 

the oscillation cycle, while in the non-contact mode the tip never approaches the surface and the interaction 

between tip-surface is characterized by long-ranged attractive forces. Figure (3.4.c) presents qualitatively the 

variation of a Van der Waal force as a function of distance that is the distance tip-surface and includes also 

the respective modes of AFM operation. More details about the AFM technique can be found in 
[8]

. 

 The comparative advantage of the AFM technique in respect to other techniques of microscopy is the 

quantitative and the precise estimation of the height (along z-axis) morphological landscape of a surface. 

However, it suffers from low accuracy in the xy-plane, since the finite lateral size of tip senses the sidewalls 

of an object, before the sharp end of tip perceive the presence of it and after scan of it. As a result of this, the 

planar dimensions of a scanned object are mainly overestimated. Other disadvantages of AFM are, the low 

scanning speed, the relatively small size of the maximum scanning area (100x100 μm
2
), the image artifacts 

that can be induced due to the presence of additional forces (such as electrostatic forces), the hysteresis of the 

piezoelectric stage and the cross-talks in the feedback loop between the channels of the detector. All the AFM 

measurements in this PhD study were performed at the non-contact scanning mode with NCHR probes that 

end to silicon nitride tips (Nano and More GmbH, Wetzlar, Germany) having the nominal parameters, tip 

radius below 12 nm, spring constant=42 Nm
-1

 and resonance frequency=320 kHz. The optimum imaging 

results were obtained when the scanning parameters ranged within the following conditions: area-scanning-

size=0.5x0.5-50x50 μm
2
, lines-per-image=256-512 and frequency-of-line-scanning=1.5-2.5 Hz. 

iii. Magnetic characterization – Superconducting Quantum Interference Device (SQUID) 

A standard superconducting quantum interference device (SQUID) magnetometer has been used for the 

magnetic characterization of the samples. The SQUID magnetometer that has been used in this PhD research, 

is a MPMS 5.5 T unit (Quantum Design, San Diego, CA, USA) and is settled in the Institute of Nanoscience 

& Nanotechnology in N.C.S.R “Demokritos”, figure (3.5.a). 

 The SQUID magnetometer is consisted of four main parts, as shown in figure (3.5.b); (i) the 

superconducting magnet, (ii) the SQUID sensor, (iii) the superconducting detection coils and (iv) the sample 

tube that hosts the sample holder rod. All these parts of SQUID are enclosed in a vacuum-shielded chamber 

(thermal isolation, adiabatic walls), where liquid helium (He
4
) ensures the proper temperature conditions for 

the operation of the superconducting magnet and the superconducting detection coil. Moreover, the liquid 

helium is managed properly to control and to maintain constant temperature in an area around the sample. 

Thus, it provides the opportunity of low temperature measurements, required for the superconducting 

characterization of low-TC elements, such as Nb. The operation temperature range in SQUID magnetometer is 

1.8-400 K, while its temperance accuracy is on the order of 0.01 K (10 mK). 

 The superconducting magnet is made of NbSn3 superconducting wire that can produce a magnetic 

field of 5.5 T with accuracy on the order of 0.1 mT and is placed outside the sample chamber. The SQUID 

sensors consists the heart of the SQUID magnetometer system, since they convert the magnetic flux Φ into 

voltage with high resolution. There are two main types of SQUID sensors, the dc-SQUID sensor and the rf-

SQUID-sensor. Their design is based on Josephson junctions (superconductor/insulator/superconductor), 

while different configurations result into the two distinct types of SQUID sensors. Accordingly, the dc-

SQUID sensor is made of a superconducting ring with two Josephson junctions connected parallel, while the 

rf-SQUID sensor is made of a superconducting ring with a single Josephson junction. In general principle, the 
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Josephson effect correlates the tunneling of a supercurrent through a weak junction between two SCs with the 

phase difference (Δφ) of the two superconducting wave functions. Accordingly, changes of the supercurrent 

due to changes of the magnetic flux Φ, induce changes in Δφ that is converted into voltage. For the precise 

and accurate detection of small changes in the magnetic induction, the surface area of the ring is sufficiently 

small. Technically, it is crucial to isolate magnetically the operation of SQUID sensors, since the input signal 

to SQUID sensors is coming from local changes in the magnetic flux density produced by the sample’s 

movement through the superconducting detection coils. The superconducting detection coil system is built as 

a second-order gradiometer and is constructed from a single length superconducting wire. The design of a 

second-order gradiometer comprises a coil at center and two other coils placed 7 cm above and 7 cm below it. 

The center coil is wound clockwise with two turns, while the upper and lower coils are wound anti-clockwise 

with one turn, as shown in figure (3.5.c). The configuration of a second-order (that is mainly second-

derivative) gradiometer enables the rejection of any noise caused by fluctuations of the large magnetic field of 

the superconducting magnet, and also reduces noise from nearby magnetic objects in the surrounding 

environment. The superconducting detection coil system, the SQUID sensors and a transformer form a closed 

superconducting loop that is able to measure directly the overall magnetic moment (volumetric magnetic 

moment) of a sample with absolute units. 

 For dc magnetization measurements, the sample is attached to a specific metallic rod and is moved 

through the detection (pick-up) coils at constant speed. Before performing special measurements, the sample 

should be centered in the center of the detection coils. This is achieved after repeated moves of the sample 

into a distance of 12 cm within the detection coils. The peak in the response of the centering process signifies 

the position of the sample and it is used to locate the sample in the center of the detection coils and hence in 

the center of the superconducting magnet, as shown in figure (3.5.c). During the dc magnetization 

measurements, the sample is moved in a distance of 3 cm, which is an adequately short distance to ensure that 

the sample experiences a uniform magnetic field. Finally, it should be noted that the SQUID magnetometer 

can provide isofield measurements that refer to measurements at constant applied magnetic field with varied 

temperature (m(T)) and isothermal measurements that refer to measurements at constant temperature with 

varied magnetic field (m(H)). More information about SQUID can be found in the technical manuals of 

quantum design 
[9]

 and on several relevant books for magnetic measurements 
[10-12]

. 

Figure 3.5: (a) Photo of the SQUID magnetometer MPMS 5.5 T unit settled in INN, NCSR “Demokritos”. (b) A 

schematic illustration of the separate parts that consist the SQUID magnetometer. (c) The configuration of the 

superconducting detection coils as a second-order gradiometer.  
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iv. Piezoelectric characterization – Utilizing conventional optical microscope 

To serve the purposes of this PhD research, a new method for the piezoelectric characterization has been 

developed. This method utilizes a conventional optical microscope (OM) for the local observation of 

deformation under voltage application. For the voltage application a home-made platform has been designed 

properly as to minimize the degree of clamping of the attached samples. Apart of some technical details 

regarding the platform’s design, this paragraph summarizes the required analysis of data in order to obtain the 

overall piezoelectric characterization of the samples. 

 Up to now several techniques have been proposed for the piezoelectric characterization. These 

techniques are categorized into three main methods of measuring the piezoelectric strain coefficients, the 

static, the quasi-static and the dynamic methods 
[13-16]

. The distinction between these methods is due to the 

measuring conditions imposed to the PE sample. In static methods the PE sample is in its stationary state, 

while in dynamic methods the sample is in a vibrating state with frequency near its resonance (antiresonance) 

frequency. The quasi-static methods meet the conditions of both the static and the dynamic methods. In 

particular, the vibrating state is driven by a very low frequency (below 100 Hz) so the material’s state can 

approach the conditions of its stationary state. The static and the quasi-static methods can employ both the 

direct and the converse piezoelectric effect for estimating the piezoelectric strain coefficients dij. However, in 

the quasi-static methods the estimation of dij is obtained after comparing the results with the respective dij of a 

reference sample. Figure (3.6) shows a box-diagram that is developed in accordance with the employed 

methods for the piezoelectric characterization. It should be stressed that the dij values obtained from a static 

(or quasi-static) method are usually different from those obtained by a dynamical method. Several others 

techniques have been proposed to measure indirectly the piezoelectric coefficients of a sample, e.g. XRD 

measurements by studying the influence of converse piezoelectric effect in the distortion of crystal lattice and 

Piezoresponse Force Microscopy measurements that utilizes the direct piezoelectric effect. 

 Independent to the measuring conditions that are introduced from the employed method, the sample 

mounting is an important restriction that should be taken into account since it affects the measurements to a 

great extent (especially in the methods that utilizes the converse piezoelectric effect). There are three main 

methods of sample mounting gluing, soldering and clamping. The technique that is proposed here aims to 

minimize the influence of mounting in measurements and enables to study of converse piezoelectric effect in 

almost non-clamped samples. 
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Home-made platform for voltage application 

The design of the home-made platform was motivated by earlier work of Prof. D. Stamopoulos and Prof. S. J. 

Zhang 
[17,18]

 and utilizes a conventional optical microscope (OM) for observing the local deformation under 

voltage application. The external voltage was applied using a Healthkit voltage supplier (model IP-32, 

Healthkit Co, USA) and is delivered to the surfaces of the PE sample by employing a point-to-point 

configuration through metallic pins that serve as electrodes. Additionally, these pin electrodes are thick 

enough (in radial dimension) in order to hold the PE sample in a horizontal position, as depicted in figure 

(3.7.a). So, the introduced technique can be categorized as a static and local method. 

 The platform is comprised of an aluminum base and a thick sheet of plexiglass that is mounted to the 

aluminum base by two screws, as shown in figure (3.7.a-b). The dimensions of the aluminum base are 

25x25x14 mm
3
, while at the center of the base a pin with diameter 2 mm and height 1 mm was materialized 

from the bulk of aluminum and serves as the lower-pin electrode for the voltage application. The sheet of 

plexiglass carries the second electrode (upper-pin electrode) that is vertically aligned with the pin of the 

aluminum base. The use of plexiglass is twofold, since it combines the optical transparency (requirement for 

the observation by OM) with the electrical insulation between the electrodes (open-circuit requirement for 

voltage application). It should be noted that the area covered under the upper-pin electrode is smaller than the 

5% of the overall surface in the samples studied here (the dimensions of the PE samples is 5x6 mm
2
), thus the 

main surface is free for exploitation with the OM, as shown in figure (3.7.b). Moreover, the platform is 

equipped by a heating resistance (5 Watt, 100 Ω) and a thermocouple that enable the study of deformation as 

a function of temperature, figure (3.7.b). 

 The platform is attached to a linear xy translation stage, with micrometer resolution for precise and 

controllable movement on the OM. The OM data were obtained by means of a LEICA DMRXP (Leica, 

Wetzlar, Germany) and an ORTHOLUX (Leitz, Wetzlar, Germany) in the reflection mode, using a light 

emitting diode (LED) as a light source. The magnification used was x100 (objective lens x10) and thus the 

captured images refer to an area of 300x230 μm
2
. It should be stressed that the use of an objective lens with 

low magnification, such as the x10, was imposed by the available working distance of the platform’s 

dimensions due to the height of the upper-pin electrode. 

Method 

The basic principles of this technique is to record the deformation through the direct comparison of images 

that are taken consecutively upon the variation of dc voltage (that is an external electric field, Eex). The Eex is 

applied along sample’s thickness (that is along the z-axis, Eex,z), while the deformation of the PE sample that 

Figure 3.7: (a), (b) Photos of the home-made platform for the observation of local deformation by means of OM under 

the external application of voltage. (c) Schematic illustration of the method introduced here for the estimation of the 

transverse piezoelectric coefficients. The plexiglass and the aluminum base are excluded from the cartoon and only the 

top and the bottom pins are included. 
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is recorded by an OM, lies along the xy-plane of the sample. This configuration enables only the estimation of 

the transverse piezoelectric coefficients dzx (or else d31) and dzy (or else d32) and not of the longitudinal 

piezoelectric coefficient dzz (or else d33). Due to the local character of the employed technique, the overall 

piezoelectric characterization of PE samples can be accomplished only when specific areas on the surface of 

the samples are examined. Thus, prior to the comparative treatment of the captured OM images, particular 

emphasis is given to specify the areas of interest on the surface of the samples. These areas are chosen by 

following some symmetric strain assumption in respect to the PE sample geometry. 

 To facilitate the study of the symmetric nature of deformation (strain) in PE samples, a Cartesian 

coordinate system has been adopted where the axes have been adjusted suitably with the geometry of the 

samples. By placing the origin O of the Cartesian coordinate system at the geometric center of the sample, the 

x, y axes are lying along the bisector lines of the sides. A representative example of the Cartesian coordinate 

system is depicted schematically in figure (3.7.c), where the origin O is placed below the pin-electrode and 

the axes x, y are shown by the blue-dashed, red-dashed lines, respectively. It should be stressed that the 

positive (negative) direction of axes is at the direction to the right (left) side and to the upper (down) side of 

the sample, as it denoted in figure (3.7.c) by the respective symbols +, - that accompany x, y. 

 In the ideal case of an isotropic rectangular-shaped PE sample, the application of an Eex,z causes the 

PE sample to be deformed equally at any direction. For simplicity reasons, only the case of an expanded 

deformation is examined in the present analysis, but the results can be generalized for any case of 

deformation. So, when an Eex induces tensile strain the PE sample will be expanded equally and 

simultaneously at the positive and at the negative direction of x-axis (blue arrows) and of y-axis (red arrows), 

in respect to the coordinate system. Though each axis exhibits an expansive deformation, the direction of 

expansion is opposite for areas along the same axis but in opposite directions, as it is shown by the thick 

arrows in figure (3.7.c). However, areas that equidistant around the geometric center of the sample (that is the 

origin O of the coordinate system) exhibit opposite direction of expansion but with the same magnitude of 

expansion. The magnitude of expansion depends on the coordinates of the area, since they reflect the distance 

of the area from the center of the sample and it takes higher values near the side ends of the sample. Hence, it 

becomes obvious that the deformation (strain) in areas that are located equidistantly along opposite directions 

of an axis is proportional in magnitude and direction to the coordinate system. This indicates the symmetric 

nature of deformation (strain) in the PE samples. To give an example about the symmetric nature of strain in a 

PE material, the deformation (strain) is examined in four areas that are placed along the x-axis and the y-axis, 

as they are illustrated by the dot-marked areas in figure (3.7.c). As it is shown in figure (3.7.c) an area lying 

along the positive x-axis will be deformed along the same direction (x-axis), since the normal components of 

deformation along the positive and negative y-axis will be equal in magnitude and anti-parallel in direction so 

their net contribution will be zero. The same strain behavior is followed from every area lying along x- or y-

axis. Since the direction of both axes (x- and y-axis) reflects the direction of strain along them, from now on 

these axes will be referred as the symmetric axes of strain (SAs) and they are distinguished into SA along x-

axis (SAx) and SA along y-axis (SAy). 

 Intuitively, one can conclude that the deformation at the center of each sample is negligible owing to 

the symmetric nature of deformation around it. Thus, the geometric center in every rectangular-shaped PE 

sample can be considered also as a point of zero strain. Taking advantage of this, the restrictive parameter of 

the mounting of the sample can be minimized by adjusting simply the mounting point of the sample in its 

geometric center. Accordingly, the boundary condition of zero deformation at the mounting point coincides 

with the point of negligible deformation (that is the geometrical center) and hence it is reasonable to assume 

that the platform accommodates almost non-clamped sample that are free to deform at any direction. 

 Due to the local character of the employed method, it is required to specify particular areas on the 

surface of the PE samples so that when they are explored by the OM the overall piezoelectric characterization 
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of the samples can be obtained. A suitable guide on choosing these areas is the SAs of the sample. 

Specifically, the candidate areas should be placed along the SAs where the direction of strain is known a 

priori, while they should be located outwardly and near the side ends of the sample in order to capture the 

maximum magnitude of strain from the OM. When these conditions are met, then the overall piezoelectric 

characterization can be easily accomplished. The four candidate areas where the optical frame of an OM can 

be centered are presented in figure (3.7.c) by the dot-marked areas. 

 It should be stressed that the study of one sample side characterizes partially the PE sample due to the 

local character of the employed technique. The overall piezoelectric characterization is accomplished after 

obtaining the dzi values from several areas and by considering the contribution of each area to the total 

deformation. Accordingly, the total dzi values (dzi,tot) can be estimated after taken into consideration the 

contribution between areas that lie along the same SA but in opposite direction. The general expression is 

given by the following simple superposition of the individual dzi values, 

zi,tot zi(+) zi(-)d =d + d ,          (3.2) 

where dzi(+) and dzi(-) are the piezoelectric coefficients estimated from areas lying along SAi(+) and SAi(-), 

respectively. Another and simple expression that enables the calculation of the dzi,tot coefficients is given as,  

zi,tot i,tot ex,zd =dS dE ,          (3.3) 

where Si,tot is the total strain that obtained along the SAi and it may be either equal to the summation of the 

individual Si(+) and Si(-) or equal to double of one Si, Si,tot=2·Si. More details about the employed method will 

be discussed in the paragraph 5.1.iii of chapter 5, where two PMN-xPT samples with different composition x 

and crystallographic orientation are examined in respect to their piezoelectric properties. It should be noted 

that the introduced method has been used for the piezoelectric characterization of PZT ceramics that have 

been prepared by solid-state reaction with a systematical variation of the sintering temperature and the results 

have been published in a peer-reviewed journal 
[19]

. 

3.3 Magnetization measurements upon electric field application 

To conduct the magnetization measurements in the artificial structures Nb/PMN-xPT/Nb, a specifically 

modified rod is required. This rod should not only carry the sample, but also it should allow the voltage 

application on sample surface in cryogenic conditions (T<10 K). All the magnetic measurements upon the 

application of an electric field were performed by following standard protocols that are also discussed below. 

i. Sample-rod modification for the magnetic measurements upon electric field application 

In order to perform the magnetic measurements of the artificial structures Nb/PMN-xPT/Nb upon the 

application of an external voltage (that is an electric field) at cryogenic conditions a specially designed 

sample-rod should be constructed. There are a few technical details that should be considered in the design of 

this sample-rod. Firstly, it is important to use a rod that is made of a material that does not contribute 

magnetically to the background signal during SQUID measurements. Secondly, the rod should maintain the 

temperature stability in the cryostat for the whole temperature range and specifically for T close to 2 K. The 

standard Quantum Design rod meets both requirements. Regarding the background magnetic signal, the 

standard Quantum Design rod is made of two materials that are firmly connected and they exhibit low 

magnetic susceptibility. These materials are the aluminum and an alloy of copper (brass). Regarding the 

temperature stability, the standard Quantum Design rod is designed as a hollow cylinder in order to minimize 

the mass that is inserted in the SQUID chamber, while adapters are closing the ends of cylinder. The typical 

dimensions of a standard Quantum Design rod are the following, length 120 cm, outer diameter 3 mm and 
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wall thickness 0.25 mm. The aluminum part has length 100 cm and is the upper part of the sample-rod with its 

end outside the SQUID chamber, while the brass part has length only 20 cm and is the lower part of the 

sample-rod with its end inside the SQUID chamber. 

 The typical Quantum Design sample-rod is modified properly in order to allow the performance of 

magnetic measurements upon voltage application to a mounted sample at cryogenic conditions. Specifically, 

two copper wires should link the sample surfaces with a voltage supplier. Therefore, both ends of the sample-

rod have been cut and the adaptors that close the ends of cylinder have been removed. The total length that 

has been removed from the sample-rod was 2 cm (1 cm from each end) without affecting the required length 

of the sample-rod to transport the sample at the center of the superconducting magnet. Two coated copper 

wires with a polyurethane insulating paste (enameled paint) are twisted along the entire length of sample-rod 

in order to avoid the transfer of noise (e.g. electromagnetic noise) from outside the cryostat to its chamber, 

where the magnetization signal is recorded. Afterwards, an epoxy adhesive has been used to close both ends 

of sample-rod and to avoid the thermal transfer from the upper end (that is in ambient conditions) to the lower 

end (that is maintained at cryogenic conditions). Another crucial parameter for temperature stabilization in 

cryogenic environment is the amount of the inserted mass of copper wires to SQUID chamber. After several 

attempts it was found that copper wires with diameter equal to 0.08 mm (generally for diameters ≤0.1 mm) 

ensure the temperature stability for temperatures below 10 K. It should be stressed that the length of the two 

twisted copper wires is 180 cm and in purposely overcomes the length of sample-rod. This is pursued since 

the sample-rod should move freely for a distance of 12 cm during the centering of the sample and 3 cm during 

the magnetic measurements. Moreover, the spare length of the wires is enough in length in order to replace 

any possible damages at the ends of wires after extensive use. Figure (3.8.a) presents schematically the 

modified sample-rod, while figures (3.8.b-c) show a photo of the upper part of sample-rod that is in ambient 

conditions and a photo of the lower part of sample-rod that is in cryogenic conditions, respectively.  

 The ends of copper wires are stripped from their coated insulating material over a length of 5-8 mm at 

the outer part and over a length of 2-3 mm at the inner part and therefore the short-circuited ends of each wire 

are checked. The two ends of wires that are outside the SQUID chamber are connected to the voltage supplier 

(model IP-32, Heathkit, Heath Co., MI, USA), while the other two ends are attached to sample surfaces by 

L=100 cm L=20 cmUpper part of sample-rod

outside the SQUID chamber

Lower part of sample-rod 

inside the SQUID chamber

L=180 cm

Two copper wires with diameter 0.08 mm are twisted and passing through the interior of sample-rod

Link to 

voltage 

supplier

Attach to 

sample 

surfaces

Both ends of sample-rod are closed with epoxy adhesive

(a) 

(b) (c) 

Figure 3.8: (a) A schematic representation of the sample-rod that has been modified for the purposes of this PhD Thesis. 

Two photos show (b) the upper part and (c) the lower part of the modified sample-rod. In addition, (c) shows a plastic 

straw that is used to mount the sample to the rod. 



Experimental techniques and protocols 

 

- 54 - 

 

using a small amount of silver paste. By using the smallest possible amount of silver paste that is a non-

responsive material to the externally applied magnetic and electric fields, it is ensured that the magnetic signal 

recorded by the sensor of SQUID originates exclusively from the superconducting constituent of the artificial 

structures Nb/PMN-xPT/Nb. Finally, the sample (Nb/PMN-xPT/Nb) should be mounted rigidly to the 

sample-rod, avoiding any extraneous sample motion during the magnetic measurement. To do so, the sample 

is tied carefully within a plastic straw that is connected with the lower part of the sample-rod. It should be 

stressed that the spare length of wires inside the SQUID chamber is placed inside the plastic straw in order to 

avoid the contact with the superconducting magnet.  

 Special attention was paid to define the appropriate range of external voltages that can be applied to 

the artificial structures Nb/PMN-xPT/Nb. Exploratory experiments regarding the temperature stability at T=2 

K when an external voltage is applied to an artificial structure Nb/PMN-xPT/Nb showed that the temperature 

can be stable for voltages that do not exceed 300 Volts (this corresponds to an electric field of approximately 

6 kV/cm). Since both the He atmosphere in SQUID chamber and the insulating behavior of PMN-xPT 

samples at low temperatures remain unknown for DC-voltage application, an amperometer with current 

sensitivity 0.1 μΑ (digital multimeter MY-67, V&A, Shanghai, China) is used to record leakage DC-currents. 

The use of this amperometer has a twofold preventive action. First, is used in order to protect the 

experimental set up from an uncontrolled insulation breakdown that may happen either in the surrounding 

environment of the SQUID chamber or in the PMN-xPT samples. Note that when a leakage DC electric 

current on the order of 1-5 μΑ was recorded, the measurements were immediately abandoned. Second, is used 

in order to ensure the superconducting thin films will not be subjected to an undesired DC electric current. 

This DC electric current may exceed the critical/depairing current of the SC (whether flux lines exist or not, 

depending on the applied magnetic field) or may cause joule overheating of the SC 
[20,21]

. In both cases the SC 

constituent of an artificial structure would mistakenly exhibit suppression of their superconducting properties. 

ii. Measurement protocols 

The measurements protocols employed for the study of the artificial structures Nb/PMN-xPT/Nb upon 

voltage application are divided into two major groups. These groups are distinguished by the parameter of 

superconductivity that is the subject of investigation and these parameters are the TC and the JC. Before the 

performance of the detailed measurements upon voltage application, an isofield m(T) curve is obtained at 

Vapp=0 Volts (or equivalently Eex=0 kV/cm) for the determination of TC. 

 Starting with the first parameters that is the TC, detailed m(T) measurements were performed upon 

voltage application at low magnetic fields (H) varied between 1 to 50 Oe. Based on the experimentally 

determined TC, the detailed m(T) measurements are performed with a small temperature step on the order of 

20 mK in a temperature range of 1 K around TC, namely ±0.5 K above and below TC. This dense step of 

temperature is progressively increased outside this temperature range and the temperature step becomes equal 

to 50 mK and eventually to 100 mK at lower temperatures. The detailed m(T) measurements are recorded 

twice at Eex=0 kV/cm to check their repeatability and to determine the exact value of TC for each H. Exactly 

the same m(T) measurements, which means for the same H with the same steps in temperature, are followed 

for the detailed measurements at various Eex. The measurement protocol of the isofield m(T) curves is as 

follows: starting from T=10 K (that is above TC) with zero H, an Eex is applied and the sample is cooling 

down to 2 K (electric-field cooling process). After measuring the m(T) curves at constant Eex, the sample is 

heating to a temperature above TC (mainly at T=10 K) and by applying the next Eex the same process is 

repeated. The values of Eex are progressively increased up to its maximum positive value, subsequently is 

decreased down to 0 kV/cm and eventually in some cases it takes progressively its maximum negative value. 
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To study the modulation of JC upon voltage application, detailed m(H) measurements were performed 

for temperatures that are placed deep inside the superconducting state (T<<TC: T=TC-2 K, TC-1.5 K and TC-1 

K) and for temperatures that are close to TC (T~TC: T=TC-0.5 K and TC-0.3 K when a sharp superconducting 

transition was obtained). The application of an Eex in these measurements follows the same electric-field 

cooling process, as it was described above. After electric-field cooling with H=0 Oe, the H is varied gradually 

from 0 Oe to a high positive value (that is above HC2) and then gradually decreases to negative values of H. In 

some cases, entire m(H) loops have been obtained. Similarly to the m(T) measurements, the Eex is increased 

progressively up to its maximum positive value and eventually is decreased to 0 Volts. With this 

measurement protocol, the modulation of JC was investigated through the changes in Δm that are induced by 

the increase of Eex. Note that Δm is the width of an m(H) loop at constant H between the ascending and the 

descending branches of H (Δm≡|m(+)-m(-)|), which is proportional to JC. 
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Chapter 4 

Exploratory studies on the piezoelectric modulation of the magnetic properties in 

piezoelectric/ferromagnetic artificial structures 

This chapter summarizes introductory and exploratory studies regarding the piezoelectric modulation of the 

magnetic properties of artificial structures that consist of a PMN-xPT substrate (that is a PE substrate) and 

two ferromagnetic (FM) films of Co that are deposited on both surfaces of PMN-xPT. This planar topology, 

noted here simply as Co/PMN-xPT/Co, is designed to be similar with the artificial structures Nb/PMN-

xPT/Nb that are the subject of this PhD Thesis. The motivation for these exploratory studies is discussed in 

the first paragraph. The experimental results of these exploratory investigations are presented in the second 

paragraph of this chapter and these results have been published in peer-reviewed journals 
[1,2]

. 

4.1 Motivation 

During the last decade, numerous investigations have been focused on the study of artificial structures where 

different order parameters can be coupled directly to each other, leading to a controllable tuning of their 

properties. In general, two classes of such artificial structures can be distinguished, the PE/FM and the PE/SC. 

The first class (i.e. PE/FM) has been studied thoroughly during the last decade due their utilization in the 

several spintronic applications. The second class (i.e. PE/SC) has attracted only minor attention in the 

literature, since there are not any possible applications (known up to now) that could trigger their study. This 

is due to the SC ingredient of the artificial structure that limits strictly the operation of any possible 

application at cryogenic conditions. Additionally to the limited number of publications in these artificial 

structures, there are certain open issues regarding the electro-mechanical ability of the PE substrates at low 

temperatures, which is critical for their utilization in cryogenic devices. 

 The motivation for the study of the artificial structures Co/PMN-xPT/Co was to acquire knowledge 

regarding the piezoelectric effectiveness of the PMN-xPT substrates at low temperatures (T=10 K). These 

artificial structures serve as a suitable system that allows the comparative study of the piezoelectrically 

modulated magnetic properties at various temperatures. Specifically, starting at T=300 K (where the 

piezoelectric properties of PMN-xPT are well known) one can study the piezoelectric modulation of the 

magnetic properties of the Co/PMN-xPT/Co and then to compare them with the respective ones obtained at 

T=10 K. The magnetic properties of Co/PMN-xPT/Co structures that can probe the low temperature 

piezoelectric ability of PMN-xPT are the coercive field (HC), the saturation magnetization (msat) and the 

remanent magnetization (mrem). To investigate these properties two artificial structures FM/PE/FM were 

constructed consisting of Co films with thickness dCo=30 nm deposited on two different PMN-xPT substrates. 

The results of these exploratory studies showed significant changes in the magnetic properties of Co films 

upon the application of Eex at T=10 K, proving experimentally the effectiveness of the induced piezoelectric 

strain in these artificial structures at low temperatures. Finally, the study of Co/PMN-xPT/Co provides 

technical information regarding their operation at low temperatures. Specifically, it was found that at T=10 K 

the maximum voltage that can withstand the artificial structure in the cryogenic conditions of SQUID without 

recording any leakage current is Vapp=300 Volts. 
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4.2 Experimental results 

In the present study two different PMN-xPT substrates are used, one with x=0.29 and another with x=0.31. 

Since the as-received PMN-xPT crystals exhibit extremely rough surfaces, both crystals were subjected to a 

thorough polishing process in order to reduce their surface roughness prior to the depositions of Co films. 

Details about the polishing process will be discussed in paragraph 5.2 of chapter 5. In each artificial structure, 

the Co films have been deposited on both surfaces of the PMN-xPT substrate act not only as the FM 

constituent of the artificial structures but also as electrodes for voltage application. For that reason particular 

attention has been paid to prevent the deposition of Co on the lateral sides of the PMN-xPT crystal in order to 

ensure that the top and bottom Co films are open-circuited. Regarding the growth conditions of Co films, the 

base pressure in sputtering chamber prior depositions was in the range 10
-6

-10
-7

 Torr and the growth of Co 

films has been performed under 30 Watt and at pressure 3·10
-3

 Torr of Ar gas. 

 The thickness of the deposited Co thin films in both artificial structures studied here is dCo=30 nm. 

This thickness has been chosen properly in order to satisfy three certain conditions regarding the effectiveness 

of the artificial structures in the forthcoming experiments. At first, the dCo should be thick enough to ensure 

that the polished surfaces of PMN-xPT substrates are covered with a homogeneous layer of Co. This is of 

great importance for optimizing the performance of PMN-xPT substrates, since the Co films except from their 

ferromagnetic behavior they act as electrodes for delivering the externally applied voltage to the PE substrate. 

Secondly, the dCo should be thin enough in order to be entirely affected by the imposed strain from the PMN-

xPT substrates. Intuitively, one can conclude that as dCo increases the strain affects increasingly less part of 

the entire volume of Co films and thus the modulated magnetic properties can be hardly recognized in thicker 

films. Thirdly, in Co films the thickness is an extrinsic parameter that determines the magnetic anisotropy of 

shape origin. Specifically, for dCo<30-50 nm the in-plane magnetic anisotropy dominates, while for thicker 

films dCo>30-50 nm out-of-plane magnetic anisotropy is established 
[3-5]

. Accordingly, by choosing dCo=30 nm 

any changes in the magnetic anisotropy of shape origin that are caused by the application of Eex in the 

artificial structure, will be reflected directly to the magnetic properties of Co films. 

 The two artificial structures studied here are described as Co(30 nm)/PMN-xPT(0.5 mm)/Co(30 nm), 

where x=0.29 for the first artificial structure (sample #1) and x=0.31 for the second artificial structure (sample 

#2). Both PMN-xPT substrates were remained un-poled before the detailed magnetization measurements 

upon voltage application. The maximum applied voltage to each artificial structure is ±300 Volts corresponds 

to an effective electric field of Eex=±6.0 kV/cm. The magnetization measurements have been performed in a 

commercial SQUID magnetometer by using the homemade sample-rod for the voltage application to the 

artificial structure. It should be noted here that in both artificial structures the magnetic field (H) is applied 

parallel to the structure’s surface (ab-plane), while the electric field (Eex) is applied normal to the respective 

surfaces (c-axis). The results of the piezoelectric modulation of the magnetic properties in the artificial 

structures Co(30 nm)/PMN-xPT(Polished)/Co(30 nm) are presented separately for each artificial structure. 

This presentation of results is due to the fact that each artificial structure (sample #1 and sample #2) has been 

used to investigate different magnetic properties of Co films. The first sample is used to study the variation of 

coercive field (HC) and of saturation magnetization (msat) upon applying Eex and the second sample is used to 

study the variation of the remanent magnetization (mrem) upon applying Eex. 

Sample #1: Co(30 nm)/PMN-0.29PT(Polished)/Co(30 nm) 

The first artificial structure Co(30 nm)/PMN-0.29PT(Polished)/Co(30 nm) has been used to investigate the 

modulation of HC and msat upon the application of Eex at three representative temperatures, T=300 , 150 and 

10 K. The measuring protocol of the isothermal m(H) loops is the following. Starting from T=300 K with 
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H=0 Oe the Eex is applied to the artificial structure. Subsequently, the sample was cooled down to the desired 

temperature (electric-field cooled process). Then the m(H) loops were recorded at constant T and for every 

Eex. From the m(H) loops the msat is defined as the value of magnetization at the highest applied H and the HC 

is defined as the mean value between the decreasing and the increasing branches of H (HC=(HC(+)+|HC(-)|)/2). 

 Figure (4.1) summarizes the m(H) loops obtained at Eex=0.0 kV/cm (black symbols), +4.0 kV/cm (red 

symbols), +6.0 kV/cm (blue symbols) and at T=300 K (figures (4.1.a.i-ii)), 150 K ((figures (4.1.b.i-ii))), 10 K 

(figures (4.1.c.i-ii)). Focusing on the insets of figures (4.1.a-c.i), it becomes apparent that msat is modulated 

slightly upon the variation of Eex at T=300 K, while its modulation is more pronounced as temperature 

decreases down to T=10 K. Regarding the HC, in order to reveal its piezoelectric modification the m(H) loops 
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Figure 4.1: Isothermal m(H) loops obtained at Eex=0.0, +4.0 and +6.0 kV/cm and at (a.i)-(a.ii) T=300 K (open 

symbols), (b.i)-(b.ii) T=150 K (semi filled symbols) and (c.i)-(c.ii) T=10 K (filled symbols). The (i) shows m(H) loops at 

extended magnetic field range, while (ii) focuses in the low magnetic field regime. The insets in (a.i)-(c.i) focuses on msat 

at each temperature. The arrows in (c.ii) indicate the coercive field at the positive increasing branch of H (HC(+)) in the 

m(H) loops obtained at T=10 K. 
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are focused on the low values of magnetic field ranging between +100 Oe and -100 Oe. The respective 

focused m(H) loops are given in the right column of figure (4.1). Similar to the modulation of msat, the HC 

remains unaffected upon the application of Eex at 300 K, while the decrease of temperature down to 10 K 

reveals the modulation of HC upon changing Eex. 

 To facilitate the study of the piezoelectrically modified magnetic properties in Co films, two terms are 

specified that correspond to the Eex modulation of HC and msat. These terms are the relative difference in the 

obtained values of HC and msat at Eex=0.0 kV/cm and at Eex≠0.0 kV/cm and their respective expressions are, 

ΔHC=HC(Eex≠0)-HC(Eex=0) (Oe) and Δmsat=msat(Eex≠0)-msat(Eex=0) (emu). Figures (4.2.a.i-iii) exhibit the 

variation of ΔHC (black-filled symbols) and Δmsat (red-open symbols) as a function of Eex, for T=300 K, 150 

K and 10 K, respectively. For comparison reasons, equivalent value range in the vertical axis has been used in 

figures (4.2.a.i-iii). This presentation confirms that the stronger Eex modulation of HC and msat is obtained at 

low temperatures. More significantly the data of figures (4.2.a.i-iii) reveal a non-monotonic reduction of ΔHC 

which at T=10 K reaches a noticeable reduction on the order of -27.0% between Eex=+4.0 and +6.0 kV/cm. 

This non-monotonic behavior of ΔHC in respect to Eex can be attributed to the alteration of strain behavior of 

PMN-xPT substrates from a compressive strain to a tensile strain or vice versa around the so-called electric 

coercive field (EC). This is reasonable if one considers that the expected range of EC values for the particular 

PMN-0.29PT crystal is below 4 kV/cm and around 2 kV/cm. Figure (4.2.b) shows the percentage modulation 

of ΔHC ([ΔHC/HC(Eex=0 kV/cm)]·100%) and Δmsat ([Δmsat/msat(Eex=0 kV/cm)]·100%) as a function of 

temperature between the strain free state at Eex=0 kV/cm and the strain state at the maximum applied Eex=+6.0 

Figure 4.2: The modulation of ΔHC (black-solid symbols) and Δmsat (red-open symbols) upon the application of various 

Eex, are shown in (a.i-α.iii) at T=300, 150 and 10 K, respectively. (b) The percentage modulation of ΔHC (black spheres) 

and Δmsat (red spheres) between the initial strain-free state at Eex=0.0 kV/cm and the strain state obtained at the 

maximum applied Eex=+6.0 kV/cm. In all cases the lines are guides to the eye. 
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kV/cm of the artificial structure. As it is clearly observed the HC is affected strongly by the Eex only at low 

temperatures (T=10 K) reaching a reduction on the order of -9.4%, while the msat is affected slightly by the 

Eex reaching a reduction on the order of -4.0% but in a wider temperature range, T≤150 K. Combining both 

dependences on temperature, a characteristic temperature (Tch) can be recognized at 150 K. This TCh=150 K 

represents the lower bound of the unaffected HC and simultaneously the upper bound of the maximum 

modification of msat upon the application of the maximum Eex. The Tch signifies the impact of thermal energy 

in the modulation of the magnetic properties. 

 Several candidate mechanisms have been examined for the interpretation of the results. These 

mechanisms are presented separately for the Eex modification of HC and of msat. Referring to the observed 

modulation of HC, two candidate mechanisms can justify its behavior. The first mechanism is related to the 

modulation of the size of magnetic domains. Specifically, if one considers that for the case of Co films the 

magnetic domain size (w) can be expressed as w~dCo
1/2

 then it is easy to conclude that any changes in dCo (due 

to the induced deformation of Co films when Eex is applied) may cause the modulation of magnetic domain 

size accompanied with the modulation in the population of domain walls 
[3-5]

.The second mechanism is related 

to the modification of the pinning forces of magnetic domains in Co films due to the induced strain. In 

particular, the pinning of existing domains can be enhanced either by the surface/interface roughness or by the 

“bulk” static disorder that are motivated by the introduced strain to Co films when Eex increases 
[6-9]

. Referring 

to the msat, the recorded modulation can be ascribed to changes of the magnetic anisotropy due to the change 

of shape anisotropy. As mentioned before, in Co films there is a critical thickness dCo
crit

 at 30-50 nm around of 

which the magnetic configuration of films changes from in-plane (dCo<dCo
crit

) to out-of-plane (dCo>dCo
crit

). 

Thus, by choosing dCo=30 nm such as in the artificial structure studied here, any effect of strain in the 

thickness of Co films may modify the shape origins of magnetic anisotropy. Any modulation in the magnetic 

anisotropy of Co films will result in changes in the msat that is measured along the direction of the applied H. 

It should be stressed that despite the different influence of strain on the parameters HC and msat, they are both 

deteriorated progressively by the increase of temperature. This similarity signifies that there is a common 

origin regarding to their temperature dependence and subsequently reveals the crucial role of the thermal 

energy kβT in these artificial structures. Specifically, the kβT counterbalances progressively and ultimately 

dominates all the other relative energy scales (e.g., the pinning energy of domain walls) as temperature 

increases and hence the degree of influence of strain faints upon the increase of temperature 
[1]

. 

Sample #2: Co(30 nm)/PMN-0.31PT(Polished)/Co(30 nm) 

Continuing with the investigation of the piezoelectric modulation of the magnetic properties in Co films a 

similar artificial structure has been prepared. The particular artificial structure is composed of a PMN-xPT 

substrate with x=0.31. Detailed m(H) measurements at T=300 Κ and 10 K are presented in figures (4.3.a-b), 

respectively. These data document clearly the modulation of HC upon application of Eex at T=10 K, as shown 

in the inset of figure (4.3.b). Similar to sample #1, the sample #2 exhibits a non-monotonic reduction of HC at 

the positive increasing branch of Eex with almost equal percentage modulation that is -34% between +2.5 

kV/cm and the maximum positive value +5.0 kV/cm. However, the purpose of the present study is not to 

verify the results of sample #1, but to investigate the evolution of the remanent ferromagnetic state, mrem, of 

the Co films upon application of Eex to the PMN-0.31PT substrate in the temperature range from 300 K down 

to 10 K. To do so, a specific measuring protocol is employed in order to attain the remanent ferromagnetic 

state in Co films. In particular, starting at T=300 K where no Eex is applied to the artificial structure, the m(H) 

curve is recorded until reaching the positive saturation state and then H decreases progressively to zero field. 

Eventually, the Co films are in their remanent ferromagnetic state. A representative example of the above 

described process is given in figure (4.4.a). Afterwards, the desired Eex is applied to the structure and the 
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temperature decreases from 300 K down to 10 K at H=0 Oe, while recording the evolution of mrem as a 

function of temperature, mrem(T) curves. 

 Figures (4.4.b.i-iii) show mrem(T) isofield curves at H=0 Oe for Eex=0.0 kV/cm, ±2.5 kV/cm and ±5.0 

kV/cm, respectively. From these data it becomes apparent that in both cases of Eex=0.0 kV/cm (figure 

(4.4.b.i)) that are the initial strain free state (referred as Eex=0.0 kV/cm (1
st
)) and the return to 0.0 kV/cm after 

increasing Eex up to +5.0 kV/cm (referred as Eex=0.0 kV/cm (2
nd

)), the recorded mrem(T) curves exhibit a 

smooth and gradual increase of the magnetic moment as temperature decreases. On contrary, the application 

of Eex≠0.0 kV/cm causes abrupt changes in the obtained mrem(T) at the regime of high temperatures. These 

changes are documented by distinct suppression events in the values of mrem, as shown in the shaded areas of 

figures (4.4.b.i-ii), while it seems that the smooth behavior is recovered below a certain temperature that 

depends on the magnitude of Eex. The degradation of mrem values is ascribed to the appearance of the so-called 

magnetic instabilities (MIs), but since the particular observed MIs are exclusively caused by the externally 

applied Eex they can be re-named here as electric field-induced MIs (EMIs). The EMIs affect the values of 

mrem proportional to the magnitude of the applied Eex that induces respectively low or high values of the 

experienced strain by Co films. For instance, at Eex=+2.5 kV/cm (figure (4.4.b.ii)) an intense EMI at T=200 K 

causes a percentage degradation of mrem on the order of 2.5%, while at Eex=+5.0 kV/cm (figure (4.4.b.iii)) the 

cumulative action of many EMIs at T=170 K produces a much higher percentage degradation on the order of 

16.4%. Although the percentage degradation of mrem possesses lower values for the respective negative values 

of Eex (that are -2.5 kV/cm and -5.0 kV/cm), the characteristic temperatures that signify the cessation of EMIs 

in Co films are independent on this change (T=200 K for Eex=±2.5 kV/cm and T=170 K for Eex=±5.0 kV/cm). 

Hence, the characteristic temperature of 170 K can be ascribed as the temperature of the complete cessation of 

EMIs in Co films, since it correspond to the maximum applied Eex. For that reason from now on this 

characteristic temperature will be noted as Tces (Tces=170 K). 

 For the interpretation of these results both the origins of MIs and the temperature dependence of the 

piezoelectric properties of the PMN-xPT substrates will be discussed. The observation of MIs as distinct 

jumps in the recorded magnetic moment is related to the Brackhaussen effect 
[10]

 that is mainly occurred 

during the reversal of the magnetization, due to the interaction between magnetic domains and magnetic 

domain walls with the disorder of the system. The general term of disorder can be discriminated into two 

categories in respect to its physical origins, the quench disorder and the thermal disorder. The quench disorder 

Figure 4.3: Isothermal m(H) loops obtained at various applied Eex  at (a) T=300 K (open symbols) and (b) T=10 K 

(solid symbols). In both cases, the m(H) loops are focused in the low-field regime. The inset of (a) depicts the modulation 

of HC upon the variation of Eex at T=10 K. 
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describes the structural disorder in thin films (that are the point-like disorder such as atomic vacancies or the 

correlated disorder such as dislocations) and the thermal disorder is reflected directly by the thermal energy. 

The competition between quench and thermal disorder in remanent ferromagnetic state of Co films during the 

electric field cooling process can result in nucleation/reversal of magnetic domains and depinning of magnetic 

domains walls that are free to move 
[11-14]

. Since the MIs in this artificial structure are induced by the 

application of Eex on the PMN-xPT substrate, the appearance of the EMIs should be correlated with the 

temperature dependence of the piezoelectric properties. Recent investigations on the temperature dependence 

of the piezoelectric properties of PMN-xPT from 300 K down to 10 K 
[15-17]

 have evidenced a bimodal 

behavior between the high and low temperature regimes with an inflection point at the temperature Tinf~170 K 
[17]

. Around Tinf, a plateau in the values of the transversal piezoelectric coefficients (d31) in PMN-xPT samples 

is observed and it separates two distinct temperature intervals where d31 decreases abruptly with the decrease 

of temperature 
[17]

. The reduction of d31 in these temperature intervals (above and below Tinf) is associated 

with different mechanisms regarding to the ferroelectric (FE) domain wall motion and thus Tinf is a 

characteristic temperature that signifies the crossover among these mechanisms. In particular, at T>Tinf the 

dominant role of thermal disorder in PMN-xPT favors the motion of the FE domain walls, while at T<Tinf 

their motion becomes unfavored due to the intense collective pinning of FE domains by structural disorder 

that prohibits their motion. 

 The identification of Tces (that refers to Co films) with the Tinf (that refers to the PMN-xPT substrate) 

evidences a coupling behavior in the artificial structure. Specifically, the FE domains of the PMN-xPT 

Figure 4.4: (a) The remanent ferromagnetic state, mrem, of the artificial structure Co(30 nm)/PMN-0.31PT/Co(30 nm). 

The arrows indicate the path of the applied magnetic field, initial increase until positive saturation and then subsequent 

decrease to zero H, in order to attain the remanent ferromagnetic state. (b) The temperature evolution of mrem starting 

from 300 K down to 10 K for (b.i) Eex=0.0 kV/cm, (b.ii) Eex=±2.5 kV/cm and (b.iii) Eex=±5.0 kV/cm. 
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substrate are coupled indirectly to the FM domains of the Co films through the mediated strain that is induced 

when Eex is applied. Under this point of view, where the FE domains are coupled to FM domains two distinct 

regimes in temperature can be recognized (above and below Tinf~Tces) where different processes take places. 

Specifically, at T>Tinf (~Tces) the thermal disorder dominates against the quench disorder which means that in 

Co films the FM domain walls can be easily depinned, while in PMN-0.31PT the FE domains can be easily 

reconfigured (e.g., via partial rotation and/or motion) upon the application of Eex. Thus, the reconfiguration of 

FE domains is able to trigger intense EMIs that are proportional to the strength of the applied Eex. On the 

other hand, at T<Tinf (~Tces) in PMN-xPT the structural disorder dominates over the thermal disorder, which 

means that the reconfiguration of FE domains is energetically unfavoured for the supplied energy in the 

system. Hence, the EMIs are not recorded and a rather smooth and gradual increase of mrem(T) is obtained as 

temperature decreases down to 10 K. The indirect coupling between FE domains with FM domains has been 

reported in other magneto-electric heterostructures in literature 
[18,19]

. 

 Combining the obtained results from both of the artificial structures studied here (sample #1 and 

sample #2) it can be confirmed that the cessation at EMIs at Tinf~170 K in sample #2 coincides with the 

Tch=150 K in sample #1. Considering that both structures are consisted of dCo=30 nm, but with slightly 

different x-composition in their PE compound and with different strength of the maximum applied Eex (that 

are +6 kV/cm for sample #1 and ±5 kV/cm for sample #2), it can be reasonably assumed that Tces coincides 

with the Tch, Tces≈Tch. This assumption interprets nicely the experimental data of both samples. Specifically, at 

T>Tces≈Tch where the thermal energy dominates over the other energy scales, the magnetization relaxes 

rapidly to a state and both of HC and msat are unaffected by the application of Eex. On contrary, at T<Tces≈Tch 

the thermal activation processes weakens in comparison to the raised impact of quench disorder that prohibits 

the domain motion and hence both HC and msat are strongly dependent on Eex. This interpretation agrees nicely 

with the arguments reported in 
[16,17]

 regarding the dielectric relaxation processes of PMN-xPT at cryogenic 

and room temperature conditions. 
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Chapter 5 

Characterization of Nb/PMN-xPT/Nb artificial structures 

This chapter presents detailed experimental results regarding the characterization of the artificial structure 

Nb/PMN-xPT/Nb. In particular, this chapter starts with the structural, morphological and piezoelectric 

characterization of the PMN-xPT samples, continues with the structural and superconducting characterization 

of Nb films deposited on reference Si-substrates and ends with the superconducting characterization of the 

final artificial structures, Nb/PMN-xPT/Nb. 

5.1 Characterization of PMN-xPT piezoelectric substrates 

The PMN-xPT samples used in the present PhD Thesis as piezoelectric substrates can be categorized into two 

groups in respect to their composition x, one with x=0.31 (PMN-0.31PT; with εr≈6100 at 300 K and εr≈420 at 

4.2 K 
[1]

) and one with x=0.27 (PMN-0.27PT; with εr≈4400 at 300 K and εr≈430 at 4.2 K 
[1]

). The composition 

x marks their position in the phase diagram and in respect to the MPB (see paragraph 1.2.ii.b) that is strongly 

related to their piezoelectric properties. In particular, the group of PMN-0.31PT (inside the MPB) is 

characterized as the group of PE samples with optimized piezoelectric properties, while the group of PMN-

0.27PT (outside the MPB) contains PE samples of lower piezoelectric ability. 

 Apart from the categorization of PMN-xPT samples in respect to their electro-mechanical properties, 

the sample can be also categorized regarding their surface roughness (Sa). The PMN-xPT samples in their 

pristine form exhibit rough surfaces with Sa on the order of submicrons. This is an extremely high surface 

roughness if one considers that the thickness of the deposited Nb films will not exceed the 100 nm. To include 

roughness as another experimental variable, some of the PMN-0.31PT samples were remained in their pristine 

and rough form, while all the rest of PMN-0.31PT and all the PMN-0.27PT samples were subjected to a mild 

polishing process that reduces adequately their roughness. Consequently, the available PMN-xPT samples are 

divided into the following groups: (a) PMN-0.31PT of high piezoelectric ability with (a.i) polished, (a.ii) non-

polished surfaces and (b) PMN-0.27PT of low piezoelectric ability with polished surfaces. 

i. Crystallographic characterization 

The PMN-xPT samples were characterized crystallographically by means of XRD. The XRD measurements 

were performed at room temperature in the interval of angles between 15 and 85 degrees with a 2θ step of 

0.03 degrees. Figure (5.1.a) shows the XRD patterns of two representative PMN-xPT samples, one with 

x=0.31 (blue line) and one with x=0.27 (red line). As shown clearly in figure (5.1.a), the PMN-xPT samples 

were cut along different crystallographic orientations. Specifically, the PMN-0.31PT sample was cut along 

the [110] crystallographic direction, while the PMN-0.27PT along the [001] crystallographic direction. Hence, 

the main peaks that appear in the XRD patterns of these samples are, the peaks (110), (220) in the case of 

PMN-0.31PT and the peaks (001), (002), (003) in the case of PMN-0.27PT. Moreover, some secondary peaks 

of low intensity (less than the 1% of the intensity of the main peak) appear in the XRD pattern of these 

samples. Specifically, in the XRD pattern of PMN-0.31PT (blue line in figure (5.1.a)) these secondary peaks 

have been assigned as the peaks (001), (002), (120), (121) of an orthorhombic PMN-xPT, while for the PMN-

0.27PT (red line in figure (5.1.a)) the respective secondary peaks has been assigned as the (110), (220) of a 

rhombohedral PMN-xPT. In order to confirm the orthorhombic phase of PMN-0.31PT and the rhombohedral 
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phase of PMN-0.27PT one can examine the phase diagram (T-x; temperature-composition) of these materials. 

Figure (5.1.b) shows a typical phase diagram of PMN-xPT materials (qualitative reprint of the proposed phase 

diagram presented in 
[2,3]

) and as evidenced the PMN-0.31PT is located inside the MPB (including 

orthorhombic and monoclinic phases), while the PMN-0.27PT is located outside the MPB and towards to the 

rhombohedral side. Finally, the vertical lines in figure (5.1.b) depict the characteristic phase transition 

temperatures for both PMN-xPT samples. Specifically, the PMN-0.27PT sample (red dashed line) has a TCurie 

at 390 K, while the PMN-0.31PT sample (blue dashed line) exhibits two characteristic temperatures, the TCurie 

at 410 K and another that signifies an orthorhombic to tetragonal (TO-T) phase transition at 355 K. 

ii. Morphological surface characterization 

As mentioned in the introduction of the paragraph 5.1, the as-received PMN-xPT samples exhibit rough 

surfaces. Apart from some PMN-0.31PT samples that were remained in their pristine form, all the other 

samples were subjected to a mild polishing process in order to reduce their surface roughness. Due to the 

limited number of the available PMN-xPT samples, the polishing process has been tested initially to tracer 

samples similar to PMN-xPT (πPMN-0.31PT=7.7 g/cm
3
), such as bulk PZT samples (πPZT=7.6 g/cm

3
). The 

macroscopic dimensions (length, width and thickness) of these tracer samples were similar to the dimensions 

of the PMN-xPT samples. Particular attention was given to obtain the same thickness since it reflects, in a 

sense, the fragility of the samples during polishing. It was found that 10 minutes of mild polishing by using 

fine silicon-carbide sandpapers (P2500; with median particle diameter 6.5 μm and mean roughness <Sa>~25 

nm) resulted to a significant reduction of the surface roughness of the tracer PZT samples. Accordingly, this 

successive polishing process is followed to the PMN-xPT samples. It should be noted that after polishing 

process and in order to remove any residues that were remained on the surfaces, each PMN-xPT sample was 

cleaned in an ultrasonic ethanol bath for 5 minutes. 

 In order to include the surface roughness as an experimental variable, some of the PMN-0.31PT 

samples were not subjected to the polishing process (termed as non-polished), while all the rest of PMN-

0.31PT and all the PMN-0.27PT samples were subjected to the mild polishing process (termed as polished). 

The morphological surface characterization of non-polished and polished PMN-xPT samples was realized by 

means of AFM. Figure (5.2) shows representative AFM images of scanning areas 15x15 μm
2
, 5x5 μm

2
 and 

Figure 5.1: (a) The XRD patterns of PMN-xPT with x=0.31 (blue line) and x=0.27 (red line). (b) A typical phase 

diagram of PMN-xPT samples wherein the studied samples are placed in respect to their composition x. The vertical 

dashed lines in panel (b) depict the characteristic phase transition temperatures for each sample. 
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Figure 5.2: Representative AFM images of PMN-xPT samples with (a)-(c) non-polished and (d)-(f) polished surfaces, 

for scanning areas 15x15 μm
2
, 5x5 μm

2
 and 1x1 μm

2
, respectively. Each AFM image is accompanied with the 

corresponding Sa value of the surface. The vertical arrangement of the AFM images facilitates the comparison between 

non-polished and polished surfaces of the same scanning area. Notice the different scale in the z values that is shown in 

the height color bar that accompanies each image. 

(a) Sa=201 nm (b) Sa=147 nm (c) Sa=39 nm 

(f) Sa=3 nm (e) Sa=25 nm (d) Sa=33 nm 

1x1 μm
2
 for non-polished (panels (a)-(c) of figure (5.2)) and polished PMN-xPT samples (panels (d)-(f) of 

figure (5.2)). Aiming to collect adequate statistical data for estimating the mean surface roughness (<Sa>) 

detailed AFM measurements were performed in several areas around the surface of each sample. Table 5.1 

summarizes the values <Sa> obtained for non-polished and polished PMN-xPT sample and it becomes 

apparent that the polishing process succeeded to reduce significantly the Sa of the PMN-xPT samples. 
 

Table 5.1: Values of <Sa> obtained from three different scanning areas (15x15 μm
2
, 5x5 μm

2
 and 1x1 μm

2
) 

and for non-polished and polished PMN-xPT.  

 <Sa>15x15 (nm) <Sa>5x5 (nm) <Sa>1x1 (nm) 

Non-polished PMN-xPT 291±74 167±50 32±20 

Polished PMN-xPT 44±16 24±12 5±3 

* Each Sa was calculated by the software package NOVA 1.0.26 RC1 as Sa=<|z–<z>|>. 

iii. Piezoelectric characterization 

During this PhD study, a new technique has been developed for the piezoelectric characterization of PE 

materials. This technique utilizes a conventional OM for the local observation of the induced deformation of a 

PE material upon the application of an external voltage (Vapp). The operational principles of this technique 

have been discussed in detail in the paragraph 3.2.iv. 

 Here, this local technique has been employed for the piezoelectric characterization of two 

representative PMN-xPT samples, one with x=0.31 and one with x=0.27. Below, a description of the 

employed local technique is given in detail. Finally, in order to check the accuracy of the so-called local 
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technique the results of piezoelectric characterization will be compared directly with the respective results 

coming from another technique that is commonly used for the piezoelectric characterization. 

Sample’s alignment 

The efficiency of this local method that utilizes a conventional OM, is ensured only when specific areas on 

sample’s surface are studied (for more details see paragraph 3.2.iv). The position of these areas is specified by 

sample’s geometry. For the case of a rectangular-shape sample (which is the case of the PMN-xPT samples 

studied here) these areas should be placed along the perpendicular-bisector line of each side. These 

perpendicular-bisector lines coincide with the so-called symmetric axes of strain (SAs; that are the SAX along 

the x-axis of the sample and the SAY along the y-axis of the sample). 

 The study of areas that are lying along the SAs requires the accurate positioning of the optical frame 

of OM in each SA. This can be satisfied only when the sample’s sides are aligned parallel to the optical frame 

sides. To check this alignment one side of the sample is traversed through its whole length with the help of a 

linear xy translation stage and any misalignment was corrected by rotating properly the table of OM. Figures 

(5.3.a-c) show three images that were captured consecutively starting from the left corner and ending to the 

right corner of the upper-side of a sample. 

Measurement procedure of strain hysteresis loop – Si(Eex,z) 

The method employed here for the piezoelectric characterization is based on the direct comparison of images 

captured from the OM upon the application of Vapp. The Vapp is not varied continuously but is divided into 

distinct steps and in each step of the Vapp one image is captured. Starting from 0 Volts, the Vapp is increased 

until its positive maximum value (Vmax=+420 Volts) and subsequently it returns back to 0 volts, while the 

same steps of Vapp have been followed for the respective negative values of Vapp. After this systematic 

variation of Vapp, the captured images enable the direct visualization of deformation of PE samples. 

The objective lens magnification used is x10 and the images captured by OM refer to an area of 

300x230 μm
2
 on sample surface, as shown in figure (5.4.a). This area is large enough if one considers that the 

maximum deformation of PMN-xPT samples will not exceed 10 μm. To enable the tracing of deformations in 

such an order of magnitude, an area within the captured image is chosen (orange-dotted region in figure 

(5.4.a)) and is magnified in a more suitable length scale, as depicted in figure (5.4.b). This focused area has 

been chosen at Vapp=0 Volts and the same area is obtained among all images. After editing similarly all 

images a new set of focused images arises and this set is used to estimate the deformation of the PMN-xPT 

sample. The analysis that allows the quantification of deformation is described below. 

 The induced deformation of a PMN-xPT sample upon the application of Vapp can be visualized by 

choosing a characteristic point (CP) in the edited images and by studying its shift at the consecutive steps of 

Figure 5.3: Three consecutive images that were taken (a) at the upper-left corner, (b), in the middle of the upper side 

and (c) at the upper-right corner of the sample, show the alignment of the sample. The red-dashed line is placed as a 

horizontal-guideline for the eye. 

(a) (b) (c) 
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Vapp. The red vertical arrows in figure (5.4.b) indicate two bright CPs that serve the purposes of a comparative 

analysis among images allowing the direct visualization and the quantitative estimation of deformation. 

Specifically, by taking as the origin O(x=0, y=0) the coordinates of a CP at Vapp=0 Volts, the relative shift 

along the x axis, Δx, (and/or along the y axis, Δy) upon the variation of Vapp ascribes quantitatively the 

respective local deformation of the sample. However, to correlate the displacement of a CP directly to the 

local deformation of the sample (that is Δli where i=x, y), the length scale of displacement should be 

normalized to the respective length scale of the focused area. To do so, a standard grating test TGZ3 (NT-

MDT Co, Moscow, Russia) with known distance of the periodic geometry (3 μm for the particular TGZ3) is 

used. Specifically, a snapshot of the calibration sample was captured by the same objective lens used in the 

experiments of piezoelectric characterization and hence it enables the accurate conversion of the length scales 

of captured images. Figure (5.4.c) shows a snapshot of the calibration sample that has been focused in an 

equivalent surface area with that shown in figure (5.4.b). To minimize the reading error that is significant 

when a single step of 3μm is taken into account a long straight line that encloses the maximum number of 

steps is used for the length scale normalization, as shown by the white lines in figure (5.4.c). 

 A representative example of the employed method used here for the estimation of deformation is 

given in figure (5.5). Figure (5.5.a) illustrates schematically the position of the studied area that lies along the 

SAx (black dotted line) on the surface of a PMN-0.31PT sample, while the dark grey region marks the 

captured area from the OM. The black arrows in figure (5.5.a) indicate the directions of deformation along the 

SAx that can be either an extended (noted as Sx(+) in terms of strain) or a compressive deformation (noted as 

Sx(-) in terms of strain). Figures (5.5.b.i-ii) show two edited images that were captured at Vapp=0 Volts and 

+400 Volts and from their comparison a compressive deformation at x-axis (Δlx) on the order of 3 μm is 

recorded through the respective displacement of the chosen CP (the CP is circulated from a red circle). It 

should be stressed that the figures (5.5.b.i-ii) are placed vertically for presentation reasons, since the 

deformation is expected to be along the x-axis (that is along the SAx). 

 Finally, for the construction of the strain hysteresis loop Si(Eex,z) of the PMN-xPT sample two unit 

conversions are required. The conversion of Vapp into terms of Eex,z and the conversion of deformation into 

terms of dimensionless strain, Si. The first conversion is accomplished through the relationship, Eex,z=Vapp/d 

where d is the thickness of the PMN-xPT sample and the second one through the relationship, Si=Δli/li, where 

Δli and li are the displacement (due to the induced deformation) and the length size of the i-side of the sample 

(i=x, y). The values of Eex,z estimated by the relationship Eex,z=Vapp/d refer to the electric fields generated by 

the free charge carriers between the opposite plates of a capacitor, without considering the presence of a 

dielectric/ferroelectric medium, such as the PMN-xPT. This means that the Eex,z should be corrected to its 

effective value experienced by the dielectric media, through the general relationship Eeff,z=Eex,z/εr(zz), where 

Figure 5.4: (a) A representative OM image that was captured from an objective lens with magnification x10. (b) The 

focused area on the surface that is marked with the orange-dotted region in (a). The vertical red arrows indicate two 

CPs on the surface, whose displacement upon voltage application is used to quantify the deformation. (c) A focused 

image of the sample TGZ3 used for the calibration of length scales. The short white line depicts the characteristic step 

size of the calibration sample TGZ3, while the long white line gives an example of the length scale calibration. 

(c) 

3 μm 

A horizontal line with length 4.5 cm 

corresponds to a length of 57 μm in 

the focused images 

(a) 

60 μm 10 μm 

1
st
 CP 

(b) 

2
nd

 CP 



Characterization of Nb/PMN-xPT/Nb artificial structures 

 

- 70 - 

 

εr(zz) is the relative dielectric permittivity of the material. However, for compatibility reasons and also for the 

direct comparison of strain hysteresis loop Si(Eex,z) with the respective loops in literature we have used the 

Eex,z as the independent variable and not the Eeff,z. It should be noted here that the employed method is able to 

quantify only the transversal response of a PE sample. The longitudinal deformation (that is along z-axis) has 

been evidenced qualitatively in some cases, where the images seem to be defocused upon the increase of Vapp 

and to be focused again by the reduction of Vapp. 

Results 

Having described the method to estimate quantitatively the deformation, this paragraph presents the results of 

the piezoelectric characterization for two representatives PMN-xPT samples. The first sample belongs to the 

group of PMN-0.31PT and the second one to the group of PMN-0.27PT. 

 For the piezoelectric characterization of both PMN-xPT samples, detailed strain hysteresis loops 

Si(Eex,z) were constructed from the comparative analysis of images that were obtained upon the systematic 

variation of Vapp (that is the electric field Eex,z). To check the self-consistency of the applied local method and 

to obtain adequate statistics for the Si(Eex,z) hysteresis loops, three different CPs have been studied in every 

area. Due to the local character of the employed method, the recorded Si(Eex,z) loops refer to a particular area 

of the surface and thus do not describe the overall piezoelectric behavior of the sample. To ascribe a unified 

piezoelectric behavior in each PMN-xPT sample specific areas on the surface should be investigated, since 

the recorded Si(Eex,z) loop reflects only a part of the total strain that is developed in the sample. By taking into 

consideration that the opposite sides of a PMN-xPT sample will be deformed equally (either by compression 

or by expansion) under the application of Eex,z, the total magnitude of strain can be captured if one focuses the 

OM on the two areas lying along the same SA but in opposite directions. An example of the position of those 

two areas is presented schematically by the dark grey regions in figure (5.6.a), while the black arrows indicate 

the direction of strain for a compressive (tensile) deformation and noted as Sx(-) (Sx(+)). Note that similarly to 

Figure 5.5: (a) A schematic illustration of a PMN-0.31PT sample where the captured area from the OM is marked by a 

dark grey region that lies along the SAx (black dotted line). The photos (b.i) and (b.ii) were captured at Vapp=0 and +400 

Volts, respectively. The compressive deformation of the sample on the order of 3 μm was recorded through the respective 

displacement of a CP (red circles). 
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these areas, two other areas lying along the SAy can be also used. This study presents the results of the 

piezoelectric characterization from areas lying along the SAx. The results obtained from SAy were not ignored 

but due to their convergence with those obtained along the SAx are not presented here for simplicity reasons. 

 In each PMN-xPT sample two areas lying along the SAx but in opposite direction, are studied. The 

results showed a uniform behavior of strain upon the application of the consecutive steps of Eex,z. In 

particular, it was observed that both Sx(Eex,z) loops exhibit the same magnitude of compressive (tensile) strain 

at the distinct steps of the applied Eex,z. Accordingly, the total strain hysteresis loop, Sx,tot(Eex,z), that 

characterize the overall strain behavior of each sample, can be given as the sum of the individual Sx(Eex,z) 

loops. The Sx,tot(Eex,z) loops for a PMN-0.31PT and a PMN-0.27PT are shown in figures (5.6.b.i-ii), 

respectively. Each loop includes the values of the coercive electric field (ECx) and of the piezoelectric 

coefficients (|dzx,tot|). The |dzx,tot| values were calculated as the slope |dzx,tot|=|dSx,tot/dEex,z|, of the approximately 

linear parts of the Sx,tot(Eex,z) loops, in the Eex,z field interval between the EC,x (black vertical arrows) and the 

constant Emax (inclined black dashed lines in figures (5.6.b.i-ii)). Thus, these values refer to the maximum 

|dzx,tot| coefficients that can be obtained from the respective Sx,tot(Eex,z) loops. It should be mentioned here that 

the estimated piezoelectric coefficients |dzx,tot| are in perfect accordance with the reported values in literature 

for PMN-xPT samples with composition around MPB. 

 From a qualitative comparison of the Sx,tot(Eex,z) curves between the two samples one can easily see 

that both samples exhibit compressive strain in the regime of high Eex,z (that is for Eex,z>ECx). However, 

certain differences can be discerned regarding to the hysteresis of the obtained loops and to their magnitude of 

compressive strain. Referring to the hysteresis behavior of the samples, the PMN-0.31PT exhibits low 

hysteretic behavior with an almost linear variation of strain upon increasing Eex,z above ECx, while the PMN-

0.27PT exhibits a more pronounced hysteretic behavior with a quadratic variation of strain upon increasing 

z y
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Figure 5.6: (a) A schematic representation of the surface of a sample, where two areas lying along the SAx (marked as 

black-dotted areas) indicate the focusing areas with the OM. (b) The results of the piezoelectric characterization are 

given separately for (b.i) a PMN-0.31PT and (b.ii) a PMN-0.27PT sample. For comparison reasons, the Sx,tot(Eex,z) loops 

of the samples are presented in the same scale of magnitude for both Eex,z and Sx,tot.  
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Eex,z above the respective ECx. The almost quadratic variation of strain in the PMN-0.27PT is ascribed to the 

contribution of electrostrictive effect in addition to the linear piezoelectric effect. Moreover, it should be point 

out here that the more pronounced hysteretic behavior of the PMN-0.27PT is accompanied by the increased 

values of ECx. Notice that due to the unpoled state of both PMN-xPT samples, the ECx is defined as the highest 

field of the strain-free state (the state of zero strain) in the increasing branch of positive Eex,z, while in the 

increasing branch of negative Eex,z is manifested by a peak of positive strain in the respective loops. Referring 

to the magnitude of the compressive strain, a reduction on the order of 40% in the maximum value of strain is 

observed in the PMN-0.27PT. This reduction is attributed mainly to their composition difference, since the 

lower PT-content places the PMN-0.27PT outside the MPB, while the PMN-0.31PT is placed well inside the 

MPB, which signifies the optimization of the piezoelectric properties. 

 For the direct comparison between the PMN-xPT samples, the mean values of ECx (<ECx>=|ECx
(+)

-

ECx
(-)

|/2), the mean values of the maximum Sx,tot (<Sx,tot>=(|Sx,tot
(+)

|+|Sx,tot
(-)

|)/2) and the mean values of the 

|dzx,tot| coefficients (<|dzx,tot|>=(|dzx,tot
(+)

|+|dzx,tot
(-)

|)/2) are combined and listed in Table 5.2. It appears that 

despite the differences in <Sx,tot> and <ECx> among the samples, the <|dzx,tot|> are almost equal. However, one 

should be careful when attributes the <|dzx,tot|> as a comparative factor among different samples, since they are 

not always as high as the magnitude of strain is. Specifically, the different values of the ECx among the PMN-

xPT samples change respectively the range in the domain values of the Eex,z in the Sx,tot(Eex,z) loops involved 

in the slope calculation |dzx,tot|=|dSx,tot/dEex,z|. For this reason, the discrimination of the PMN-xPT samples is 

based on the values of <Sx,tot> and <ECx>. Eventually, the PMN-0.31PT samples are characterized by high 

strain values with low ECx and the PMN-0.27PT samples are characterized by low strain values with high ECx. 

Table 5.2: Mean values of ECx, Sx,tot, and |dzx,tot| for both a PMN-0.31PT and a PMN-0.27PT. 

 <ECx> (kV/cm) <Sx,tot> (%) <|dzx,tot|> (pm/V) 

PMN-0.31PT 2.00±0.00 0.11±0.02 1645±18 

PMN-0.27PT 4.60±0.00 0.06±0.01 1685±128 

Comparison with global techniques 

The more reliable way to check the accuracy of the employed method is to compare the Sx,tot(Eex,z) curves of 

the above described local technique, with the respective curves obtained from well-established and commonly 

used techniques 
[3]

. These techniques are called here as global techniques, since they are able to measure the 

overall magnitude of strain along a direction of the sample (that are x(1), y(2) and z(3)). Two standard global 

techniques were employed for the estimation of the Sx,tot(Eex,z) curves of a PMN-0.31PT and a PMN-0.27PT. 

In particular, for measurements in the regime of low Eex,z, the resonance and antiresonance frequencies were 

measured using a HP4194A Impedance Analyzer [Palo Alto, CA, USA]. On the other hand, for high Eex,z, the 

displacement was measured along the x-axis by a homemade Linear Variable Differential Transducer 

technique. I should mention that the global Sx,tot(Eex,z) measurements were performed by Prof. S. J. Zhang 

from PennState University of USA. 

 For comparison reasons, the same PMN-xPT samples (composition and crystallographic orientation) 

have been studied under the same conditions (unpoled PMN-xPT samples, the Eex,z was applied along their 

thickness and the measurements were performed at room temperature) by both techniques (local and global). 

Figures (5.7.a-b) show the Sx,tot(Eex,z) curves along the positive increasing branch of Eex,z for a PMN-0.31PT 

and a PMN-0.27PT, respectively, and each panel comprises the results obtained from the local (solid 

symbols) and the global (open circles) technique. In both cases of composition x, the Sx,tot(Eex.z) results from 
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global techniques confirm qualitatively and quantitatively the respective results obtained from the local 

technique. Qualitatively, it is confirmed that the increase of Eex,z induces a compressive strain to samples. 

Quantitatively, the same order of magnitude in the values of the compressive strain proves the consistency of 

the employed local technique for the accurate estimation of deformation in the PMN-xPT samples. 

 Noticeable differences can be recognized between the Sx,tot(Eex,z) curves of both samples that were 

recorded by the local and global techniques. Specifically, in both samples and in the regime of low Eex,z the 

local technique does not record strain (Sx,tot~0), while the global technique records strain of finite values 

(Sx,tot≠0). However, in the regime of high Eex,z the different values of strain between the two employed 

techniques converge progressively, leading to a relative difference on the order of 30% for the PMN-0.31PT 

sample (figure (5.7.a)) and to identical strain values for the PMN-0.27PT sample (as shown in the inset of 

figure (5.7.b)). This difference of the Sx,tot(Eex,z) curves obtained from those techniques in the regime of low 

Eex,z (that is up to 2 kV/cm for the PMN-0.31PT and up to 4 kV/cm for the PMN-0.27PT) is probably 

motivated by an electric-field induced rhombohedral to orthorhombic phase transition and is strongly related 

to the ability of each technique to record the particular piezoelectric activity. It is known that the PMN-xPT 

solid solution suffers from compositional inhomogeneity that is mainly attributed to the Ti segregation (or 

else PT content) 
[4,5]

. Accordingly, a small Eex,z can induce large strain in specific areas of each sample that 

exhibit higher PT content, since these areas are closer to the rhombohedral/orthorhombic MPB where the free 

energy of the two ferroelectric phases is very small and thus a relatively small Eex,z is able to induce this phase 

transition. Hence, the local variation of PT content motivates inhomogeneous processes that alter the 

piezoelectric activity of the PMN-xPT samples. This piezoelectric activity of the PMN-xPT samples due to 

inhomogeneous processes can be distinguished or not depending on the employed technique. In particular, the 

global technique records the average piezoelectric response over the entire sample surface and provides 

smooth Sx,tot(Eex,z) curves, since the electric-field induced phase transition of areas with higher PT content is 

obscured from unresponsive areas of relatively lower PT content. On the other hand the local technique that 

captures the partial activity of a specific area on sample’s surface investigated each time, is able to reveal this 

piezoelectric activity with drastic changes in the slope of Sx,tot(Eex,z) curves. This basic difference between the 

two techniques employed here for the piezoelectric characterization justifies fully the observed differences in 

the Sx,tot(Eex,z) curves obtained by these techniques for both the PMN-0.31PT and the PMN-0.27PT. 

 

Figure 5.7: Comparison between the Sx,tot(Eex,z) curves along the positive increasing branch of Eex,z that were obtained 

from a local (solid symbols) and from a global (open symbols) technique for (a) PMN-0.31PT and (b) PMN-0.27PT. The 

inset of (b) focuses in the Eex,z regime where both techniques recorded the same values of strain. 
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Constitutive models of Sx,tot(Eex,z) 

Here, the efficiency of the constitutive models of piezoelectricity (discussed in paragraph 1.2.iii) is examined 

by using the experimental results of the global piezoelectric characterization. This is of great importance in 

this PhD study, since the fitting parameters of the constitutive models will be introduced later to another 

model that aims to describe the piezoelectric modification of the superconducting properties in the artificial 

structures, Nb/PMN-xPT/Nb. Since the parameters in the constitutive models should link the results of 

independent experiments, it has been chosen intentionally to fit the experimental data of the global 

piezoelectric technique for compatibility reasons with the experimental data of SQUID that can be 

characterized as a global technique of magnetization. 

 Given the fact that the constitutive models fail to reproduce any hysteretic behavior, only the 

increasing and positive branch of Eex,z is studied. Additionally, this study is focused on the values of Eex,z 

below the +6 kV/cm which is maximum Eex,z applied to the artificial structures Nb/PMN-xPT/Nb at low 

temperatures. Figures (5.8.a-b) show the fitting coverage results of a linear constitutive (black-dashed lines) 

and of a quadratic constitutive (black-solid lines) model referring to a PMN-0.31PT and to a PMN-0.27PT 

sample, respectively. The mathematical description of the employed models is recalled here for presentation 

reasons. The linear and the quadratic cases of the constitutive model are expressed respectively as,  

x,tot ex,z 0 1 ex,zS (E )=A +A E     and         2
x,tot ex,z 0 1 ex,z 2 ex,zS (E )=A +A E +A E   (5.1.a-b) 

where A0 is a dimensionless strain parameter, A1 is proportional to the respective transversal piezoelectric 

coefficient dzx and A2 is proportional to the respective electrostrictive coefficient μzx. It should be noted here 

that polynomials with higher order than the quadratic can be also used, but the purpose of this analysis is to 

check the reproducibility of the Sx,tot(Eex,z) curves with the minimum quantity of parameters and to avoid 

introducing parameters without any physical meaning. 

 For the PMN-0.31PT sample, only the quadratic case of constitutive models can reproduce fairly the 

experimental data, since their curvature indicates the great impact of electrostrictive effect in the sample, as it 

depicted in figure (5.8.a). On the contrary, the Sx,tot(Eex,z) curve of the PMN-0.27PT sample can be reproduced 

nicely only by using a linear constitutive model, while a quadratic constitutive model doesn’t show any 

drastic improvement in the coverage of experimental data points. The fitting parameters of the employed 

models and for each studied sample are summarized in Table 5.3. Note that the parameter A0 were kept three 

Figure 5.8: Constitutive models of Sx,tot(Eex,z) that describe the experimental data coming from the global technique of 

characterization and for the interval of Eex,z between 0 and 6 kV/cm, for (a) PMN-0.31PT and (b) PMN-0.27PT. The 

dashed (solid) black lines refer to the linear (quadratic) case of constitutive models.  
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orders of magnitude lower than A1 in order to take into account any possible offset of the initial and strain 

free state of samples, but also not to contribute significantly to the estimated values of the other parameters. 

 It should be stressed that the values of A1 and A2 shown in Table 5.3, are coming from strain 

measurements performed at room temperature. At reduced temperatures, it is expected that the piezoelectric 

properties are degraded and in particular the values of Sx,tot are lowered by almost an order of magnitude. This 

means that the values of A1 and A2 that are included in Table 5.3, cannot be overcome when one studies the 

piezoelectric properties at low temperatures. This is a key condition for the implementation of the model that 

will be discussed in 6
th
 chapter, in order to maintain the physical meaning of interrelated parameters. 

Table 5.3: Fitting parameters used to reproduce the data of Sx,tot(Eex,z) shown in figure (5.8.a-b). 

  A0 A1 (dzx at pm/V) A2 (μzx at pm
2
/V

2
) 

PMN-0.31PT 

Linear case -5.0·10
-7

 -2.0·10
-4

 (-2000) # # # 

Quadratic case -5.0·10
-7

 -2.8·10
-4

 (-2800) -1.5·10
-5

 (-1.5·10
-9

 ) 

PMN-0.27PT 

Linear case -5.0·10
-7

 -7.4·10
-5

 (-740) # # # 

Quadratic case -5.0·10
-7

 -7.1·10
-5

 (-710) -6.8·10
-7

 (-6.8·10
-11

) 

5.2 Characterization of Nb thin films 

Niobium (Nb) has been the subject of many investigations in the field of thin films superconductivity, since it 

possesses the highest TC among the other elemental low-TC superconductors. In our research group, Nb films 

are investigated continuously for more than 10 years and their properties have been studied by using Nb films 

either as a stand-alone unit (film) 
[6,7]

, or as an intermediate layer in hybrid trilayers structures consisting of 

two ferromagnetic thin films 
[8-13]

. In this PhD Thesis, Nb films will be used as the SC compound in a new 

class of hybrids consisting of two Nb thin films deposited on both sides of a PMN-xPT substrate. As 

mentioned in the previous paragraph and in particularly in the morphological characterization of the PMN-

xPT samples, some of them were remained in their pristine form and hence exhibiting an extremely rough 

surface landscape. Thus, prior to the final depositions of Nb films on top of these “inhospitable” and rough 

substrates, detailed Nb depositions have been performed on atomically flat Si-substrate (<Sa>~0.1 nm; Si 

wafers made by Montco Silicon Technologies, Inc) in order to study their superconducting properties when 

the influence of Sa is excluded. In particular, we have used the Si/Nb(nm) structures as reference structures 

aiming to examine the influence of the extrinsic parameter Sa on the superconducting properties of Nb thin 

films in the final Nb/PMN-xPT/Nb structures. 

 Specific attention has been paid to achieve the best superconducting quality of Nb films by employing 

a rigorous deposition protocol. This protocol optimizes the vacuum conditions in the chamber before starting 

depositions and is based on the external cryo-cooling of the chamber (referred simply as cryotrap protocol). 

The cryotrap protocol has been described in detail in the paragraph 3.1.ii.b and its influence in the 

superconducting properties of Nb films will be discussed in this paragraph. To serve the purposes of this 

exploratory study regarding the superconducting characterization of Nb films, a sample series of Si/Nb(nm) 

with the systematic variation of Nb thickness (dNb) has been prepared under the optimum chamber conditions. 

X-ray reflectivity measurements were performed for the thickness calibration of Nb films in earlier and 
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comprehensive depositions conducted in the same sputtering unit by Prof. D. Stamopoulos and Dr. E. Manios. 

Considering that dNb films is linearly related to the duration of deposition, the systematic sample series of 

Si/Nb(nm) was fabricated by varying the duration of deposition. Consequently, this paragraph summarizes the 

detailed characterization of Nb thin films deposited on Si substrates and the results will be used as reference 

for the respective results of characterization of Nb thin films deposited on PMN-xPT substrates. 

i. Crystallographic characterization 

For the crystallographic characterization of Nb films deposited on Si substrates, XRD measurements were 

performed in the interval of angles between 30 and 90 degrees with a 2θ step of 0.03 degrees. Figure (5.9.a) 

shows representative θ-2θ XRD scans of Nb films with dNb varied in the range from 10 to 100 nm. In all XRD 

patterns the peak of maximum intensity at 68.9 degrees belongs to the Si substrate (100), while the primary 

peak of Nb films is found at 38.32 degrees and is assigned as the (110) peak of a typical body-centered cubic 

(bcc) structure. The increased dNb above 40 nm (dNb≥40nm) is accompanied with the progressive appearance 

of a second peak at 81.7 degrees, which is identified as the (220) peak of the bcc Nb. 

 Focusing on the primary peak of Nb (110), two significant inferences can be extracted. The first 

conclusion refers to the progressive increased intensity of the primary (110) peak of Nb as dNb increases, 

which is due to the increased amount of Nb in thicker films. This increasing trend of the (110) peak of Nb is 

shown in figure (5.9.b), where the ratio INb
(110)

/ISi
(100)

 is plotted as a function of dNb. It should be noted that the 

use of this ratio is needed in a comparative study among different Nb films, since it normalizes the recorded 

counts per second that may vary significantly between independent XRD measurements (owing to the 

radiation source conditions). The second conclusion refers to the crystalline quality of Nb films. From a closer 

look in the main (110) peak of Nb films, it was found that the peak does not shift with the increase of dNb. 

Specifically, the maximum recorded shift is 0.09 degrees which lies within the accuracy of the XRD 

measurements (the 2θ step is 0.03 degrees). This un-shifted behavior of the primary Nb peak indicates that the 

growth of thicker films is not accompanied with any size-induced expansion (or compression) of the unit cell. 

Moreover, it is worth noting that there are no indications of any impurity phases, e.g. Niobium oxides, in the 

XRD pattern of Nb films down to dNb=10 nm. However, it is reasonable to assume that a very thin layer of 

Figure 5.9: (a) XRD patterns of Si/Nb(nm) samples. The vertical offset of the XRD patterns allows the direct comparison 

of them in respect to dNb that is varied between 10 nm to 100 nm. (b) The relative intensity of the (110) peak of Nb is 

plotted as a function of dNb. The red line is a guide to the eye. 
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amorphous oxide (with thickness ≤ 2 nm) is formed on top of the deposited Nb films when they are exposed 

into ambient conditions, but it cannot be revealed from the particular XRD measurements. 

ii. Superconducting characterization of low-TC Nb films deposited on Si-substrates 

The superconducting properties of Nb films deposited on Si substrates have been studied extensively, since 

they provide important information for the forthcoming depositions of Nb on PMN-xPT substrates. The main 

purpose of this study is to acquire insights for the superconducting properties of Nb films when the side 

effects that could arise from the substrate, such as the surface roughness, are excluded. This study is of 

fundamental interest, since it enables the comparative study of the superconducting properties of Nb films that 

have been deposited on different substrates. Moreover, the structure Si/Nb(nm) constitutes a suitable system 

for the theoretical exploitation of the results and enables the estimation of the microscopic parameters of 

superconductivity in Nb films. 

 For the comprehensive study of the superconducting properties, a sample series of Si/Nb(nm) have 

been prepared by varying systematically the dNb from 3 to 100 nm in order to cover a wide thickness range. 

Prior to the detailed investigation of the superconducting properties of Nb films, great attention was paid to 

obtain the best superconducting quality of Nb films by optimizing the growth conditions. 

Superconducting quality of Nb films in respect to the growth conditions 

The superconducting properties of Nb films are extremely sensitive to growth conditions 
[14-16]

, such are the 

temperature of the substrate (Tsub), the pressure of the Ar-gas during deposition (PAr), the deposition rate 

(Rdep) and the vacuum of the chamber before starting the deposition (Pdep). Since the depositions of Nb films 

on Si substrates are considered as exploratory depositions, the growth conditions have been adapted properly 

as to be implemented in the forthcoming depositions on PMN-xPT substrates. Hence, in all cases the Tsub was 

kept constant at room temperature during depositions, since in the case of PMN-xPT substrates the increased 

Tsub may degrade their piezoelectric properties. Additionally, the growth parameters PAr and Rdep were kept 

constant at the values 3·10
-3

 Torr and 0.17 nm/sec (when applying a dc power of 46 Watt), respectively. 

These conditions ensure a uniform deposition of Nb on a surface area that is almost four times greater than the 

covered area of each PMN-xPT substrate (with a surface area equal to 30 mm
2
). 

Figure 5.10: (a) Daily evolution of the TC values for Nb films with dNb=5 nm that were deposited on Si substrates and by 

employing different protocols. (b) The variation of the TC values of Nb films with dNb=5 nm in respect to the vacuum 

improvement (ΔP=|Pdep-P0|) of the sputtering chamber. 
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 In the present study, the optimization in the superconducting quality of Nb films is examined in 

respect to the parameter Pdep, while all the other growth parameters (Tsub, PAr, Rdep) were remained constant in 

all depositions. As mentioned in the paragraph 3.1.ii.b, the Pdep can be significally improved by employing the 

cryotrap protocol during the depositions. To reveal the influence of Pdep on the superconductive quality of Nb 

films, a detailed sample series of Nb films with constant dNb was prepared by performing or not of the 

cryotrap protocol. Considering that TC is a reliable experimental parameter that indicates the superconducting 

quality of Nb films, the variation of TC is investigated in respect to the values of Pdep. Obviously, the TC is not 

the only parameter of superconductivity that reflects the quality of Nb films, since the modified length scales 

of superconductivity in thin films affect also other macroscopic properties such are HC2 and JC. However, Nb 

films with constant dNb in the limit where superconductivity is suppressed (between 3 and 5 nm) constitute a 

suitable system to ascribe the values of TC directly to their superconducting quality, since in this thickness 

regime the TC values exhibit abrupt changes. Thus, a simple criterion can be employed to characterize the 

superconducting quality of Nb films regarding the TC values. This criterion states that the optimum 

superconducting quality corresponds to Nb films with the highest TC values. For that reason repetitive 

depositions of Nb films with dNb=5 nm have been performed under different conditions and their TC values 

are correlated directly to the deposition conditions. 

 To study the influence of Pdep on the superconducting quality of Nb films, repeated depositions of 

dNb=5 nm have been performed by following two different pre-deposition protocols. The first protocol is a 

simple pre-sputtering protocol (without the cryocooling of chamber) that lasts 3 hours, while the second one 

employs the cryotrap protocol during the 3-hours of pre-sputtering. These two protocols have been employed 

sequentially over the period of one month for the deposition of Nb films with dNb=5 nm and the daily 

evolution of TC values is shown in figure (5.10.a). Starting without applying the cryotrap protocol it can be 

seen that the first three days of deposition resulted in Nb films without TC, while during the next 6 days the TC 

reaches a plateau at TC=3.4 K. The application of the cryotrap protocol causes the rapid increase of TC at 4.7 

K, while its cessation causes a progressive decrease of TC at 4 K. It should be noted that the values of TC after 

the cessation of the cryotrap protocol are lower than the TC values obtained when the cryotrap protocol was 

employed, but still is higher than the TC obtained at the first days of depositions. This suggests that the 

vacuum in sputtering chamber is improved after some days of consecutive depositions. 

 The degree of vacuum improvement can be quantified by calculating the absolute difference 

ΔP=|Pdep-P0|, where P0 is the base pressure after pumping of 18 hours in daily depositions. The vacuum in 

chamber tends to be improved when a pre-sputtering protocol is employed. Specifically, when a simple pre-

sputtering protocol is employed the P0 is decreased slightly, while when the cryotrap protocol is employed the 

P0 is decreased abruptly. Figure (5.10.b) shows the variation of the mean TC values as they are grouped at 

quantized ΔP on the order of 1·10
-7

 Torr. It is worth noting that the ΔP values are dependent not only to the 

achieved Pdep after each pre-sputtering protocol, but also to the P0. Commonly, the P0 was ranging from 

1.5·10
-7

 Torr to 3·10
-7

 Torr, while significant improved of P0 was recorded after many days of depositions. In 

the histogram of figure (5.10.b) three distinct and successive regions can be distinguished in respect to the 

degree of ΔP improvement. These regions are called as regions of low, moderate and high ΔP improvement 

and correspond to the following ranges of ΔP values (0-1)·10
-7

, (1-5)·10
-7

 and (5-6)·10
-7

 Torr, respectively. 

Here, it should be stressed that the range of ΔP (4-6)·10
-7

 Torr is achieved exclusively only when the cryotrap 

protocol is employed, while the range of ΔP (3-4)·10
-7

 Torr can be achieved after consecutive days of 

deposition. This implies that Nb films can be prepared in optimized quality when the sputtering chamber is 

dedicated to the depositions of Nb. This is reasonable if one considers that after many days of consecutive 

depositions the degassing rate of the surrounding materials inside the chamber is significantly decreased. 

Conclusively, to obtain the optimal superconducting quality of Nb films the deposition were 

performed after some days of the so-called “dummy” depositions that reduce the degassing rate of chamber 
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and only when Pdep varied inside the order of 10
-8

 Torr (or when ΔP varied in the range (5-6)·10
-7

 Torr), which 

is achieved by applying the cryotrap protocol. This procedure is followed in the forthcoming depositions of 

Nb films on PMN-xPT substrates and ensures the optimum properties of the Nb films even when they are 

deposited on rough substrates. This will be discussed in paragraph 5.3. 

Size effect of TC in Nb films 

The lowering of TC with the thickness reduction in Nb films has been studied in depth both experimentally 
[17-

31]
 and theoretically 

[32-36]
 in the literature. As discussed in the paragraph 1.1.v, several theoretical approaches 

have been proposed to explain the size effect of TC. These approaches differ from each other in respect to the 

involved physical mechanisms that are emerged upon thickness reduction such are the localized effects 
[32,33]

, 

the modification of superconducting order parameter 
[34]

 and the proximity effect 
[35,36]

. 

 To investigate the size effect of TC in Nb films, a sample series of Si/Nb(dNb) have been prepared 

under the optimum growth conditions, where dNb is varied systematically between 3 and 100 nm. The TC 

values for all Si/Nb(dNb) samples have been determined inductively from dc magnetization measurements that 

were obtained from a SQUID magnetometer and for a parallel applied magnetic field H of low magnitude 

(typically between 2 to 50 Oe). In particular, the TC was defined as the temperature that signifies the onset of 

the paramagnetic response along the zero field branch (ZFC) in the m(T) curves. Since the magnetic method 

for determining the TC does not give any information regarding the sheet resistance (R□) of Nb films, the 

theoretical models that interpret the size effect of TC in terms of the modified R□ are excluded from the 

present study. Hence, the size effect of TC in Nb films is investigated here in respect to both the Simonin 

model 
[34]

 and the modified McMillan model (Cooper expression) 
[35,36]

. The mathematical expressions of the 

Simonin model and the modified McMillan model are recalled here for consistency of presentation and they 

are given by the following expressions, respectively, 

2

C C0

Nb

2Cξ (0)
T =T 1

d

 
  
 

 and    
 

NM
C C0

Nb NM

2d
T =T exp

N(0)V d 2d

 
     

  (5.2.a-b) 

where in both expressions the TC0 is the bulk value of TC in Nb. In the expression (5.2.a) C is a constant 

whose microscopic origin is related to the electron-phonon coupling strength and density of states in the bulk 

Figure 5.11: Variation of TC (black-solid spheres) (a) as a function of 1/dNb in semi-logarithmic scale and (b) as a 

function of dNb in linear scale. (a) The data are fitted by using the Simonin model (red-dashed line) and the Cooper 

expression of the McMillan model (blue-solid line), where TC0 and the thickness terms dm, dNM are left free to vary. (b) 

The experimental data are fitted by the Cooper expression and the inset focuses in the thickness range where 

superconductivity is suppressed. 
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Nb, while the product of C and ξ
2
(0) is defined as the critical thickness, dm≡2Cξ

2
(0), at which the 

superconductivity is totally suppressed. In the expression (5.2.b)  is the mean-free electron path, N(0)V is 

the interaction potential of the SC which is equal to 0.32 for the case of Nb and dNM the thickness of the 

formed normal metal (NM) layer on top of Nb film. 

The experimental results show that TC is almost constant at 7.8 K for dNb≥20 nm, while an abrupt 

drop in the TC values is observed as dNb decreases below 15 nm. Given the fact that even for ultra-thin Nb 

films of dNb=3 nm a superconducting transition has been detected at TC=2.9 K, the two theoretical models are 

assessed in respect to their fitting coverage in the thickness range below 15 nm. Thus, in figure (5.11.a) the TC 

values are plotted purposely in a semi-logarithmic scale and as a function of the reciprocal space, which is 

given by 1/dNb. By varying the parameters, TC0 and dm in expression (5.2.a), and dNM in expression (5.2.b) free 

to vary, the experimental data have been fitted according to the Simonin model (red-dashed line) and to the 

Cooper expression (blue-solid line). Under the condition of optimal fitting, these parameters are equal to 

TC0=8.3 K, dm=2.2 nm for the case of Simonin model and to TC0=8.7 K, dNM≅1 nm for the case of Cooper 

expression. From figure (5.11.a) it becomes apparent that the Simonin model fails to reproduce the 

experimental data of TC in the regime of thinner Nb films, while the Cooper expression shows a higher level 

of confidence into reproducing the experimental data of TC for all thicknesses. Since Cooper expression is the 

best fitting function, the experimental data of TC vs dNb are presented in linear scale in figure (5.11.b). From 

this linear representation it can be seen that the TC values of relatively thick films (dNb≥40 nm) never reach the 

bulk value TC0. This degradation of TC in thick films is interpreted by the proximity effect that is the physical 

origin of the Cooper expression of McMillan model. The inset of figure (5.11.b) focuses in the range of low 

dNb (dNb≤20 nm) and shows that superconductivity is suppressed totally at the critical thickness dcrit≅2 nm. 

Please note that the dcrit≅2 nm, found here for our Nb thin films, coincides with the respective value reported 

in literature for Nb thin films 
[26-31]

. 

According to the McMillan model (applied at the “Cooper” limit), the physical origin of the size 

effect of TC is attributed to the proximity effect and its contribution becomes more significant as film 

thickness reduces. When one studies the proximity effect, it is required to refer to a specific structure that is 

consisting of a superconducting layer which is in contact with a normal metal (non-superconducting) layer. 

This scenario seems not to befit with the single-layer depositions of Nb films on Si substrates. However, this 

scenario becomes reasonable if one considers that a thin layer of niobium oxide (that is non-superconducting) 

is formed either at the interface between the Nb film with the Si substrate or on the outer layer of Nb when 

films are exposed in ambient conditions. It should be stressed here that Si substrates were not treated properly 

prior the depositions in order to eliminate their thin layer of SiO2.Thus, at the interface of Si with Nb an inter-

diffusion oxidized layer could have been created, where the oxygen atoms migrates from the Si substrate to 

the first wetting layers of Nb. Consequently, the deposition of a single layer of Nb on Si substrates can be 

considered as the following structure Si/NM(dNM)/SC(dNb)/NM(dNM). 

The fitting results indicate that dNM is approximately equal to 1 nm. This is a reasonable value, since it 

falls well inside the thickness range of the studied Nb films. Moreover, it is in nice agreement with the XRD 

data of Nb films, where there is not any indication of an oxide layer. Eventually, it is reasonable to assume 

that proximity effect is the responsible mechanism that interprets the lowering of TC in Nb thin films. 

Size effect of HC2 in Nb films 

In this paragraph the dependence of HC2 on thickness dNb will be investigated. Prior to the study regarding the 

size effect of HC2, it should be determined whether the Nb films are Type-I or Type-II SCs. Ordinarily, bulk 

Nb is a typical Type-I SC, but when Nb is studied in the form of thin film the crossover from Type-I to Type-

II superconducting behavior is fundamental and occurs due to the significant modification of the characteristic 

length scales of superconductivity. This alteration in the superconductive behavior of thin films has been 
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predicted theoretically 
[37-39]

 and confirmed experimentally 
[40,41]

 for typical Type-I materials, such as Pb, Sn 

and In. The Nb films studied here are quite thin with thicknesses dNb≤100 nm and they behave as Type-II SCs. 

Therefore, the variation of TC in m(T) curves obtained at various H describes the HC2(T) line. 

 Analytical m(T) measurements at various H (applied parallel to film’s surface) were performed for 

Nb films with thicknesses, dNb=10, 15, 20, 30, 50 and 100 nm. As expected, in every case of dNb, the TC shifts 

towards to lower temperatures when increasing the magnitude of H. By collecting the values of TC upon 

increasing H, the HC2(T) line is obtained for each Nb film. Due to the different TC values among Nb films 

with different dNb, the obtained HC2(T) lines are presented in reduced temperatures (T/TC) and hence all the 

Nb films can be included in the same graph, as it is shown in figure (5.12.a). Furthermore, the experimental 

data of HC2 in each dNb have been fitted by the general expression of the upper-critical field line HC2(T) that is 

HC2(T)=HC2(0)·(1-T/TC)
n
, as shown in figure (5.12.a) by the dotted lines. From figure (5.12.a) two conclusions 

emerge regarding the HC2(T) lines. The first is that the HC2(T) lines are shifted downwardly when increasing 

the dNb and the second is that the curvature of the HC2(T) lines changes progressively from the standard 

square-root law ∝(1-T/TC)
0.5

 at dNb<50 nm to the linear law ∝(1-T/TC) at dNb≥50 nm. The lowering of HC2(T) 

lines with the increase of dNb is presented more clearly in figure (5.12.b), where the extrapolated values of 

each HC2(T) line at T=0 K (referred as HC2(0)) are given as a function of dNb. From figure (5.12.b), it becomes 

apparent that HC2(0) is a thickness dependent parameter of superconductivity in Nb thin films and specifically 

it is inverse proportional to dNb. 

Figure 5.12: (a) Variation of HC2 in reduced temperature units (T/TC) in order to incorporate Nb films with different dNb. 

The dotted lines represents the fitted HC2(T) lines. (b) The dependence of HC2(0) and ξ(0) on dNb. (c) Representative 

examples of temperature induced 2D-3D dimensional crossover, which is marked by the terms (T*, H*). (d) Thickness 

variation of T*/TC and H*, while the delimited black lines signifies the thickness regimes of 2D and 3D behavior. 

0.5 0.6 0.7 0.8 0.9 1.0
0

1

2

3

4

5

6

7

8

T* =0.95T
C

T* =0.75T
C

Si/Nb(d
Nb

) for d
Nb

 equal to:

 10 nm,

 20 nm,

 50 nm.

 

H
C

2 (
T

)

T/T
C

T* =0.71T
C

0 10 20 30 40 50 60 70 80 90 100
0.6

0.7

0.8

0.9

1.0

0

1

2

3

4

5

6

3D behavior

T
*/

T
C

d
Nb

 (nm)

2D behavior

H
* (T

)

 

(c) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

1

2

3

4

5

6

7

8

9

10

11
Si/Nb(d

Nb
) for d

Nb
 equal to:

 10 nm,  15 nm,

 20 nm,  30 nm,

 50 nm,  100 nm

 

 

H
C

2 (
T

)

T/T
C

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

8

9

10

11

H
C

2
(0

) 
(T

)

d
Nb

 (nm)

(a) (b) 

(d) 



Characterization of Nb/PMN-xPT/Nb artificial structures 

 

- 82 - 

 

Moreover, the HC2(0) enables the direct estimation of ξ(0) through well-established theoretical 

expressions that depend on the dimensional behavior (2D or 3D) of each film. The expressions of HC2(T) (and 

thus the extrapolated values at T=0 K) in respect to the dimensionality of Nb films and for a parallel applied 

Hex are the followings, 

 
 

2D 0
C2

0 Nb

12Φ 1
H T =

2πμ d ξ T
               and             

 
3D 0
C2 2

0

Φ 1
H T =

2πμ ξ T
  (5.3.a-b) 

where ξ
2
(Τ) term in the expression (5.3.b) is actually the product of the ξ//(Τ) with ξ+(Τ) (see paragraph 

1.1.iv), but due to isotropic behavior of Nb those terms are equal. The dimensionality of each film is strongly 

related to the second conclusion mentioned before (dependence of HC2(T) curvature on dNb), since the change 

in the curvature of HC2(T) lines is attributed to the dimensional crossover from a 2D SC when ξeff>dNb, to a 3D 

SC when ξeff<dNb. Note that in both cases ξeff is the intrinsic effective coherence length and is given by the 

expression ξeff≡(ξ0·l)/(ξ0+l). As the magnetic measurements do not provide any indications of l in the Nb films 

and thus of the ξeff, it is needed to find another qualitative criterion that reflects the dimensional. To do so, one 

should consider the temperature dependence of ξ (ξ(Τ)). It is well known that ξ(T) obtains a constant value at 

low temperatures (T≪TC), while it diverges to infinite when approaching TC (T~TC). Thus, it is rational to 

consider that there is a characteristic temperature (noted here as T* and T*<TC) where ξ(Τ) becomes equal to 

dNb. This means that at relative low temperatures (T<T*) ξ(T)<dNb the film behaves as a 3D SC, while at 

relative high temperatures (T>T*) ξ(T)>dNb the film behaves as a 2D SC. Therefore, T* indicates an inherent 

crossover from a 3D behavior to a 2D behavior by increasing T that can be used as a criterion to ascribe 

qualitatively the overall dimensionality of a Nb thin film. In particular, for T* close to TC a 3D behavior is 

ascribed, while for T* considerable lower than TC a 2D behavior is ascribed for the thin film. 

 Figure (5.12.c) shows three representative examples of this inherent crossover behavior for Nb films 

with dNb=10, 20 and 50 nm and the respective characteristic point on the HC2(T) lines is given by the 

coordinates (T*,H*). To determine the position of the characteristic point on each HC2(T), a straight line is 

designed and placed in the regime of low temperatures where the 3D behavior is expected (linear behavior of 

HC2(T), expression (5.3.b)). The point on each HC2(T) that deviates from the designed line is attributed as the 

characteristic point (T*, H*). Figure (5.12.d) summarizes the overall evolution of both the T* and the H* in 

respect to dNb and it shows that T* is shifted towards TC (or approaches the 1 in the normalized temperature 

scale of the figure) and H* is decreased significantly with increasing dNb. As it was expected the 3D behavior 

is dominant in thicker films (i.e. at dNb=50 and 100 nm T* is equal to 0.95·TC and to TC, while in both cases 

H*<1 T). One can intuitively consider that a qualitative criterion for the 3D behavior in Nb films is met when 

T*≥0.9·TC and for H*<1 T. By taking into account these two prerequisites for the 3D behavior, it becomes 

apparent that Nb films with dNb>40 nm behave as 3D SCs while Nb films with dNb<40 nm behave as 2D SCs 

(see the respective delimited lines in figure (5.12.d)). Although the characterization of the dimensionality in 

Nb thin films was based on conjectures for the range values of T* and H*, it can be also confirmed 

qualitatively by considering that ξeff is limited below ξ0, which is equal to 38 nm for Nb. Thus, in the extreme 

case of considering ξeff, the dimensionality of Nb thin films in respect to dNb becomes the same. 

 Having attributed the dimensional behavior of each Nb film, the ξ(0) is estimated by fitting the 

experimental data of HC2(T) with the appropriate expression (expressions (5.3.a-b)). Table 5.4 summarizes the 

values of TC, T*, H*, HC2(0) and ξ(0) for dNb between 10 to 100 nm. It should be noted that the T* values in 

Table 5.4 have been transformed into their actual values of temperature by including the respective values of 

TC for each thickness of Nb films. Finally, it is necessary to investigate if these Nb films can enter the mixed 

state. It is well known that under a parallel Hex a SC film enters the mixed state only when dSC (that is dNb) is 

greater than the characteristic thickness dch≈1.84·ξ(0) 
[42,43]

. From the estimated values of ξ(0)≈10 nm shown 

in Table 5.4 it becomes apparent that this condition is satisfied only in Nb thin films with dNb≥20 nm. 
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5.3 Superconducting characterization of Nb/PMN-xPT/Nb artificial structures 

After the thorough characterization of the individual parts that constitute the final artificial structure, the next 

step is to study the superconducting properties of the final Nb/PMN-xPT/Nb structures. To do so, a sample 

series of Nb/PMN-xPT/Nb have been prepared by varying systematically the dNb, while also the <Sa> of 

polished and non-polished PMN-xPT substrates is included as another experimental variable. Intuitively, it is 

anticipated that the non-zero <Sa> is a detrimental parameter for the preservation of superconductivity in thin 

films, especially for thicknesses that are well below the measured <Sa> values. To understand how the <Sa> 

affects the preservation of superconductivity in Nb films, other extrinsic parameters that can affect the 

superconducting properties should be excluded from the present study. As mentioned before, Nb films are 

extremely sensitive on the deposition conditions and their superconducting properties may vary from 

deposition-to-deposition. Thus, to maintain the same conditions in each deposition (that is for each dNb) and 

for every substrate, the depositions were performed for a group of substrates that includes PMN-xPT 

substrates with polished and non-polished surfaces, and also a Si substrate of practically zero <Sa>. 

Therefore, the results of their superconducting characterization are directly comparable, while the main 

experimental variable among them is the <Sa>. It should be noted here that the values of <Sa> that are used in 

the present study are those shown in table 5.1 for a scanning area 15x15 μm
2
 (<Sa>15x15). 

 Figure (5.13.a) shows the variation of TC in respect to dNb for Nb films deposited on Si substrates 

(green filled circles) and on PMN-xPT substrates with polished (red semi-filled rhombus) and non-polished 

surfaces (blue non-filled squares). As it was anticipated, the non-zero <Sa> degrades the TC of Nb films with 

the same dNb and this degradation follows consistently the increasing <Sa> of the substrates. In particular, in 

the regime of thicker films that is for dNb≥50 nm the TC is lowered by almost 0.7 K once the <Sa> becomes 

non-zero and without any relative variation of TC among PMN-xPT substrates with polished and non-polished 

surfaces. However, the impact of <Sa> on TC becomes more pronounced in the regime of thinner films that is 

for dNb≤20 nm, where the increased values of <Sa> among the substrates causes the respective degradation of 

the TC values. A representative example of this, is given in figure (5.13.a) for dNb=10 nm. By considering that 

the TC=6.7 K of the deposited Nb film on Si substrate (<Sa>15x15~0 nm) is a reference value, it can be seen 

that TC is reduced by 1.5 K (TC=5.2 K) for a PMN-xPT substrates with polished (<Sa>15x15=44 nm) surfaces 

and by 2.7 K (TC=4.0 K) for a PMN-xPT substrate with non-polished (<Sa>15x15=291 nm) surfaces. This 

progressive degradation of TC at dNb≤20 nm among substrates with different <Sa> leads to the suppression of 

Table 5.4: Variation of TC, T*, H*, HC2(0) and ξ(0) in a descending ranking with respect to dNb. 

dNb (nm) TC (K) T
*
 (K) H

*
 (T) HC2(0) (T) ξ(0) (nm) 

100 7.8 7.8 0.0 34.5±0.02 9.8 

50 7.6 7.2 0.45 36.2±0.06 9.5 

30 7.6 6.5 1.1 40.2±0.07 9.4 

20 7.2 5.4 2.7 61.2±0.09 9.3 

15 7 5 3.8 76.5±0.15 9.9 

10 6.7 4.7 5.3 101.7±0.29 11.2 
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superconductivity in thicker Nb films when deposited on rough substrates. This is depicted in the inset of 

figure (5.13.a), which shows that superconductivity is suppressed at dcrit=2 nm when using Si substrates and at 

dcrit=4-6 nm when using PMN-xPT substrates. It is worth noting that the lines in figure (5.13.a) serve as 

guides to the eye and they are not fitting curves of any TC(dNb) expression. Although it seems that the curves 

follow the Cooper expression of TC(dNb), is wrong to interpret the degradation of TC among different 

substrates to the enhanced influence of proximity effect in these structure. Owing to the unique morphology 

of the substrates which consists a complicated problem for their mathematical formulation, the results will be 

discussed qualitatively avoiding any fitting function to describe them. Under the aspect of a comparative and 

qualitative study another parameter of superconductivity in Nb films that is strongly affected by the <Sa> is 

examined. This parameter is the transition width ΔTC of Nb films deposited on different substrates. Figure 

(5.13.b) shows three ZFC m(T) curves obtained at H=5 Oe that correspond to Nb films with dNb=20 nm 

deposited on Si substrate (green filled circles) and on PMN-xPT substrates with polished (red semi-filled 

rhombs) and with non-polished (blue non-filled squares) surfaces. Focusing on a temperature window 

between 5 to 9 K, it is obvious that the increased <Sa> gives rise to a wider ΔΤC. Since ΔΤC consists a 

parameter that is related to the superconducting quality (the lowest ΔTC indicates the best superconducting 

quality), is safe to report that the increased <Sa> of the substrate not only causes the degradation of the TC 

values, but also it deteriorates superconductivity in Nb films. 

 Continuing with the influence of substrate’s morphology in the superconducting properties of the 

deposited Nb films, the HC2(T) line at constant dNb is examined as a function of <Sa>. Figure (5.14.a) shows 

the HC2(T) lines for Nb films with dNb=15 (solid symbols) and 20 nm (open symbols) deposited on Si 

substrates (green circles) and on PMN-xPT substrates with polished (red rhombs) and non-polished (blue 

squares) surfaces. It can be seen that for constant dNb the HC2(T) lines are shifted downwardly when increasing 

the <Sa> of the substrate. Specifically, the HC2(T) lines of Nb films deposited on PMN-xPT substrates with 

polished surfaces lies quite close to the respective HC2(T) lines when using Si substrates and only the HC2(T) 

lines of Nb films deposited on PMN-xPT substrates with non-polished surfaces are diverged significantly. 

Clearly, HC2 exhibits a monotonic reduction with the increase of <Sa> and this reduction becomes more 

pronounced for thinner Nb films (that is dNb=15 nm). To quantify this reduction, the values of HC2 at a 

specific temperature and for the same dNb are plotted as a function of <Sa>15x15, as shown in figure (5.14.b). 

Figure 5.13: (a) Thickness dependence of TC for Nb films deposited on substrates with different <Sa>, that are Si-

substrates (green filled circles) and PMN-xPT substrates with polished surfaces (red semi-filled rhombs) and non-

polished surfaces (blue non-filled squares). The lines serve as guides to the eye. The inset focuses on the range of dNb 

where TC sharply decreases to zero. (b) Raw mZFC(T) curves for H=5 Oe applied parallel to ab-plane and for Nb film with 

dNb=20 nm that is deposited on the respective substrates (data shown by using the respective symbols). 
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Avoiding to use any of the standard HC2(T) expressions to fit the particular experimental results, due to the 

unknown contribution of roughness in the parameters that are included in these expressions, the obtained HC2 

values do not originate from the extrapolation to zero temperature. Instead, it was chosen to obtain the HC2 

values at T=3 K, since this temperature is included in the experimental data points of each HC2(T) line. Figure 

(5.14.b) shows that for dNb=15 nm (20 nm) the percentage reduction of the HC2(T=3 K) is 11% (7%) when 

using PMN-xPT substrate with polished surfaces and 24% (12%) for PMN-xPT substrate with non-polished 

surfaces. This suggests that the influence of <Sa> on HC2 fades out progressively when dNb increases and 

eventually at thicker Nb films (for dNb≥50 nm) the HC2(T) lines coincide for all substrates. 

 Having shown experimentally that the substrate’s <Sa> influences strongly the superconducting 

properties of the deposited Nb films, the next step is to interpret these results. For the qualitative 

interpretation of these results a toy model is presented and is based on (i) the thickness (dNb) modulation of 

the deposited Nb film on the rough surfaces of substrates and (ii) the effective parallel-to-normal 

reconfiguration between the surface of a Nb film and the magnetic field. Both are related to the morphological 

landscape of the surface of the substrates. Focusing on the first case, it is reasonable to consider that the 

thickness of the deposited Nb films (dNb) will not be constant across the entire surface of the substrates due to 

morphological corrugations of the PMN-xPT substrates. To illustrate schematically this issue, figure (5.15) 

shows at the left panel two representative AFM images at a scanning area 900x900 nm
2
 for PMN-xPT 

substrates with polished (figure(5.15.a.i)) and with non-polished (figure(5.15.b.i)) surfaces, while the right 

panel presents the z-axis profile along the specific scans shown in the left panel with the black lines. It should 

be noted that in figures (5.15.a-b.ii) the values of horizontal axis that is actually the z-axis values, are the 

realistic values for both substrate roughness and Nb film thickness (that is equal to 20 nm and is shown by the 

grey zone). From this representation it can be seen that the nominal value of Nb film thickness (dnom) is 

preserved only on the top of corrugations for the case of a polished PMN-xPT substrate or on top of grains for 

the case of a non-polished PMN-xPT substrate, while for the ideal case of a Si substrate the dnom is preserved 

across the entire surface. By using simple algebraic calculations it is easy to prove that the effective thickness, 

deff of the Nb film deposited at the lateral surface of corrugations or grains actually decreases from the dnom 

according to the expression deff=dnom·cosθ. Obviously, the angle θ is depending strongly on the surface 

morphology and it is equal to 0 degrees for Si substrates and approximately equal to 35 degrees for polished 

PMN-xPT and 70 degrees for non-polished PMN-xPT substrate. Consequently, the deff decreases close to dcrit 

Figure 5.14: (a) Variation of HC2 with temperature (at reduced units of temperature, T/TC) for Nb film with dNb=15 

(solid symbols) and 20 nm (open symbols) as deposited on Si substrate (green circles) and on PMN-xPT substrates with 

polished (red rhombs) and non-polished (blue squares) surfaces. (b) Variation of HC2(T=3 K) with <Sa> imposed to Nb 

films with dNb=15 (orange spheres) and 20 nm (magenta filled squares) by using substrates of different <Sa>. 
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Figure 5.15: The left panel (a.i)-(b.i) shows two representative AFM image of a scanning area 900x900 nm
2
 for a PMN-

xPT substrate with polished and non-polished surfaces, respectively. In each AFM image the black line denotes a 

specific scan and its height profile is presented in the right panel (a.ii)-(b.ii). The grey zone in (a.ii)-(b.ii) represents a 

Nb film of thickness 20 nm deposited on the top of each studied substrate, such are (a.ii) a Si substrate and a polished 

PMN-xPT substrates, and (b.ii) a non-polished PMN-xPT substrate. The dashed black double-arrows indicate the 

thickness of Nb film that is either equal to deff at the lateral side of morphological peaks or to dnom on the top of surface 

peaks, while the solid black arrows marks the direction of Hex and its respective components, Hnorm and Hpar. For 

presentation reasons both (a.ii) and (b.ii) are presented at the same scale of z-axis that is the horizontal axis of plots. 
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value of thickness so that superconductivity can be suppressed more strongly, when compared to the top areas 

that preserve the dnom. A quantitative test can be performed by recalling the experimental data of figure 

(5.13.a) that provide dcrit≈2 nm when using Si-substrates (deff=dnom) and dcrit≈4-6 nm when using PMN-xPT 

substrates with polished and non-polished surfaces (deff<dnom). It should be noted here that from the study of 

several AFM images the angle θ formed between the lateral surface of morphological peaks and the 

horizontal plane ranges within 20
ο
<θ<40

ο
 for polished PMN-xPT substrates and within 50

ο
<θ<80

ο
 for non-

polished PMN-xPT substrates. Furthermore and regarding the second case, the Nb film that is deposited at the 

lateral surfaces of substrate corrugations or peaks experiences the Hex as being both normal and parallel since 

it is applied at an intermediate angle (which is equal to θ) and its parallel component (Hpar) can be given as 

Hpar=Hex·cosθ. The experience of Hpar (Hpar<Hex) from areas of Nb film with deff<dnom, results to the reduction 

of HC2 values when <Sa> increases, as shown in figures (5.14.a-b). The self-consistency of the combined data 

shown in figures (5.13), (5.14) and (5.15) makes the scenario discussed above both reasonable and attractive. 
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 In conclusion, the study of superconductivity in Nb films deposited onto rough substrates shows that 

the increased values of <Sa> weakens superconductivity but is not a restrictive parameter that suppresses 

superconductivity totally. To include the <Sa> as an experimental variable and to examine its impact into the 

modification of superconductivity upon application of Eex to the artificial structures, some of the PMN-xPT 

samples were remained in their pristine and rough form. In order to avoid the multiple parameterizations of 

the forthcoming experiments in the artificial structures Nb/PMN-xPT/Nb, it was chosen to introduce the 

parameter of <Sa> only in artificial structures composed with PMN-0.31PT samples. The reason for that 

choice is to reveal the impact of <Sa> in artificial structures with optimized piezoelectric properties and not to 

speculate its influence when using PMN-0.27PT with lowered piezoelectric properties where minor changes 

in the superconducting are expected upon application of Eex. Note that in artificial structures Nb/PMN-

xPT/Nb the dNb is of great importance and especially the lower boundary of it, since the use of Nb films is 

twofold. First, the Nb films are the SC compound of the artificial structure and second they serve as 

electrodes for the application of voltage to the PE substrate. This means that in the lower boundary of dNb the 

Nb films should satisfy the following conditions, they should be thin enough in order to be more susceptible 

in the induced strain and simultaneously thick enough to ensure the uniform coverage of PMN-xPT 

substrates. The uniform coverage of both surfaces of PMN-xPT substrates with Nb films plays an important 

role, since it ensures that the applied voltage will be delivered equally across the surface and hence the PMN-

xPT will be deformed equally upon the voltage application. In the present PhD Thesis extremely thin Nb 

films with thicknesses dNb≤10 nm have not studied upon voltage application to Nb/PMN-xPT/Nb artificial 

structures. In particular, the thinnest Nb films that are deposited on PMN-xPT substrates for their detail 

investigation upon the voltage application have thickness dNb=15 nm when using polished PMN-xPT and 

dNb=20 nm when using non-polished PMN-xPT. 
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Chapter 6 

Piezoelectric modification of the superconducting properties of Nb/PMN-xPT/Nb 

artificial structures: theoretical framework 

This chapter presents the theoretical framework used in this PhD Thesis to investigate the piezoelectric 

modification of the superconducting properties (TC and JC) of Nb/PMN-xPT/Nb artificial structures. The 

theoretical analysis aims to complement our knowledge regarding the modified superconducting properties in 

terms of the involved microscopic parameters of superconductivity and eventually to provide the appropriate 

expressions of both TC and JC that can be used to fit the experimental data. To do so, a phenomenological 

model is proposed in order to include the specific characteristics of both Nb films and PMN-xPT ingredients 

of the artificial structures. Specifically, based on well-established theoretical relationships of TC and JC the 

phenomenological model suggests some trial functions that introduce strain S into the strain sensitive terms of 

TC and JC, leading to the expressions of TC(S) and JC(S). By incorporating these expressions with the 

constitutive relations S(Eex) that reproduce the electro-mechanical properties of PMN-xPT, the final function 

of TC(Eex) and JC(Eex) resulted in a suitable form that can be employed to fit the experimental data. The 

mathematical formulation of TC(Eex) and JC(Eex) will be discussed separately in the following paragraphs. 

6.1 Piezoelectric dependence of critical temperature–Phenomenological approach of TC(Eex) 

This paragraph describes the theoretical framework regarding the piezoelectric dependence of TC in the 

Nb/PMN-xPT/Nb artificial structures. The desirable phenomenological approach of TC(Eex) results after 

introducing the constitutive model S(Eex) into the strain dependent function of TC (that is the TC(S)) These 

two steps are discussed separately in the following paragraphs. 

i. Dependence of the microscopic parameters on strain 

In order to find the function TC(S), one should consider how the microscopic parameters of superconductivity 

in Nb films depend on strain S. The expression of TC for Nb films that belong to the coupling regime of 

intermediate-coupled SCs is given by the McMillan expression 
[1]

 (for more details see paragraph 1.1.v). The 

McMillan expression of TC with kB=ћ=1 (in order to have the energy E, the frequency ω and the temperature 

T with the same units) is the following, 

 

 
C ln *

1.04 1
T ω exp

1 0.62
a



  

 
   

   

 
 
 

       (6.1) 

where a is the constant that originates from the fraction a=kB/(1.2·ћ) and here (assuming the unit system of 

kB=ћ=1) it serves as the fitting constant that conserves the expected values of TC. From expression (6.1) it 

becomes apparent that TC depends on both the mean phonons frequency ωln (pre-exponential factor of (6.1)) 

and the interaction potential (exponential factor of (6.1) that includes the opposite influence of the attractive 

interaction λ and the repulsive Coulomb interaction μ
*
. Accordingly, the function TC(S) is derived from the 

strain dependence of the microscopic parameters ωln, λ and μ
*
. Particular attention has been paid to find the 

appropriate trial functions of ωln(S), λ(S) and μ
*
(S) in order to form simple expressions that follow the 

physical limitations of their parent quantity at zero strain. 
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 The pre-exponential factor ωln of the expression (6.1) is strongly related to the Debye temperature of 

the SC material (ΘD; for Nb ΘD=275 K) and is a material dependent parameter. This implies that the ωln(S) 

function should be a smooth function of strain with values that varied around the typical value of ωln that 

corresponds to the ΘD of Nb. Thus, the appropriate trial function of ωln(S) is either a linear function or a 

quadratic function of S and their respective expressions are, 

 ln ln,0 ln,1
ω S =ω +ω S  and   2

ln ln,0 ln,1 ln,2
ω S =ω +ω S+ω S       (6.2.a-b) 

where ωln,0 refers to the un-perturbed mean phonons frequency (S=0) and ωln,1, ωln,2 determine the magnitude 

of the perturbation onto the phonon branches due to the distortion of the crystal lattice, thus termed distortion 

coefficients. Moreover, the distortion coefficients ωln,1, ωln,2 have no inherent predisposition on strain S and 

thus both stiffening and softening of the phonon branches 
[2,3]

 can be taken into account. It should be noted 

that the expressions (6.2.a) and (6.2.b) will be referred as the linear and the quadratic case, respectively. 

 The exponential factor of the expression (6.1) includes the terms λ and μ
*
. In the framework of 

intermediate-coupled SCs these terms are allowed to vary only within a specifically narrow range, usually 

0.5<λ<2.0 and 0.1<μ
*
<0.2 

[1,4-8]
 and superconductivity is suppressed rapidly upon small deviations of λ and μ

*
 

outside these well-defined ranges. The contribution of λ and μ
*
 in the TC values is more significant than the 

ωln, since a small distortion of the crystal lattice of Nb will affect initially the Cooper-pair creating/destroying 

mechanism and afterwards the frequency of phonons 
[1]

. Thus, it is rational to assume that the strain 

dependence of λ and μ
*
 should be expressed by steep exponential functions of strain S, since small changes in 

their values is accompanied with an abrupt change in TC. However, the influence of strain to the attractive 

potential λ is different from that of the repulsive potential μ
*
. For instance, when a SC is subjected to a tensile 

strain (S>0) the attractive potential λ should decrease, while the repulsive potential μ
*
 should increase (e.g. in 

a SC thin film the tensile strain increases the disorder promoting the destroying mechanism of Cooper-pairs). 

In order to include this behavior in the strain functions λ(S) and μ
*
(S), the exponential factors have opposite 

sign and eventually their expressions are given by the following, 

   
0 1

S exp S       and    0 1

* * *
S exp S         (6.3.a-b) 

where λ0 and μ0
*
 refer to the un-perturbed attractive and repulsive potentials of the undistorted crystal lattice 

(S=0), while exponents λ1 and μ1
*
 determine the magnitude of the distortion imposed to the crystal lattice, thus 

termed as distortion coefficients. The distortion coefficients λ1 and μ1
*
 are positive in order to satisfy the 

physical requisites regarding the variation of λ and μ
*
 with strain S. Finally, by introducing each of the 

proposed strain functions (ωln(S), λ(S) and μ
*
(S)) in the expression (6.1) the desired function TC(S) for the 

linear and quadratic case is given by the following expressions, respectively. 

   
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  (6.4.a) 

and 
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C ln,0 ln,1 ln,2

0 1 0 1 0 1

* *

1 exp S
T S ω +ω S+ω S exp
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b
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 (6.4.b) 

ii. Derivation of the phenomenological approach TC(Eex) 

In order to facilitate the direct comparison of the experimental data of TC vs Eex with the proposed model of 

TC(S), the strain S should be replaced with the experimental variable that is the electric field Eex. To do so, 

one should comprise the constitutive equations of piezoelectricity, S(Eex), with the TC(S) functions. The 

constitutive equation of piezoelectricity can be either a linear or a quadratic function of strain S on the 
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applied Eex (see expression (1.34) and (1.37) in paragraph 1.2.iii). The combination of T(S) with S(Eex) results 

to four different expressions of TC(Eex) owing to the two trial functions of ωln(S) and to the two constitutive 

equations S(Eex). To distinguish the different expressions of TC(Eex), each one of them carries the names of 

the ωln(S) expression (linear, quadratic) and the S(Eex) expression (linear, quadratic) that were used to obtain 

the final TC(Eex). Specifically, in the name of each TC(Eex) expression the first compound word refers to the 

ωln(S) expression and the second compound word refers to the S(Eex) expression. Thus, the TC(Eex) expression 

for the linear–linear case is, 

 

 

 

            (6.5.a) 

and for the linear–quadratic case is, 

 

 

 

 

            (6.5.b) 

where the primed ω
/
ln,0=ωln,0+ωln,1A0, λ

/
0=λ0·exp(-λ1Α0), μ

/
0
*
=μ0

*
·exp(μ1

*
A0), ω

/
ln,i=ωln,iAi, λ

/
i=λ1Αi and 

μ
/
i
*
=μ1

*
Ai for i=1, 2. The TC(Eex) expression for the quadratic–linear case is, 

            (6.5.c) 

and for the quadratic–quadratic case is, 

            (6.5.d) 

where the primed ω
/
ln,0=ωln,0+ωln,1A0+ωln,2A0

2
, ω

/
ln,1=ωln,1A1+ωln,22A0A1, ω

/
ln,2=ωln,1A2+ωln,2A1

2
+ωln,22A0A2, 

ω
/
ln,3=ωln,22A0A1, ω

/
ln,4=ωln,2A2

2
, λ

/
0=λ0·exp(-λ1Α0), λ

/
1=λ1Α1, λ

/
2=λ1Α2, μ

/
0
*
=μ0

*
·exp(μ1

*
A0), μ

/
1

*
=μ1

*
A1 and 

μ
/
2

*
=μ1

*
A2. 

6.2 Piezoelectric dependence of critical current density–Phenomenological approach of JC(Eex) 

This paragraph describes the theoretical framework regarding the piezoelectric dependence of JC in the 

Nb/PMN-xPT/Nb artificial structures. The desirable phenomenological approach of JC(Eex) results after 

introducing the constitutive model S(Eex) into the strain dependent function of JC (that is the JC(S)). The JC(S) 

used here is based on an empirical expression that has been proposed in 
[9-13]

. In principle, the strain 
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dependence of JC after isolating the functional contribution of temperature and magnetic field, is given by the 

following expression, 

   C C0

n
u

C0J S =J 1-c S-S          (6.6) 

where SC0 is an initial value of strain that is not imposed from the PMN-xPT substrate to Nb films, but it 

represents a pre-existing and intrinsic strain in Nb films. The term c is a strain sensitive parameter, while the 

exponent terms u and n are fitting parameters that usually takes the values 2.2 and 1, respectively. Finally the 

pre-factor JC0 is the value of critical current density when S=SC0. Assuming that the JC0 is the maximum value 

of JC, it is reasonable to consider that strain influences additionally this maximum value in the form,  

 C0 C0

2

ex C0
exJ E =J exp

E -E
0.5

w


  
     

        (6.7) 

The final expressions of JC(Eex) in respect to the employed constitutive expression of S(Eex) are presented 

summarily below within one expression, 

   C C0

n
u2 m

/ / iex C0
ex 0 i ex

i=1

J E =J exp
E -E

0.5 1 c A A E
w


   

              
     (6.8) 

where A
/
0=A0–SC0 and m run for either 1 or 2, in respect to the employed constitutive S(Eex) model. 

 The great advantage of the employed phenomenological models of TC(Eex) and JC(Eex) is that they are 

able to deal with parameters that originate from totally independent experiments and their expressions are 

given in a suitable form that allows the direct fitting of the respective experimental data. Regarding the fitting 

procedure, it should be noted that prior to the fitting of the experimental data of TC (or JC) vs Eex we fit the 

detailed experimental data S(Eex) coming from the global technique of piezoelectric characterization (since TC 

and JC originates from global magnetization measurements, as well). This fixes the multiplying factors that 

are introduced in the non-primed parameters of TC(Eex) and JC(Eex) expressions to transform them to the 

primed ones. Thus, TC(Eex) and JC(Eex) expressions describe the experimental points under two restrictions 

that are fulfilled simultaneously: by using parameters that are compatible with basic knowledge, while they 

carry the already imprinted information of the S(Eex) experimental data. 
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Chapter 7 

Piezoelectric modification of the superconducting properties of Nb/PMN-xPT/Nb 

artificial structures: experimental results 

This chapter presents the experimental results of the piezoelectric modification of the superconducting 

properties in Nb/PMN-xPT/Nb artificial structures. Both TC and JC of Nb films are investigated in these 

artificial structures and their piezoelectric modification is expressed as function of the applied electric field 

Eex. This is a suitable form that facilitates not only the direct comparison of different artificial structures but 

also their theoretical exploitation through the phenomenological models introduced in Chapter 6. Regarding 

the piezoelectric modification of TC two parameters are examined. The first parameter is the magnitude of 

piezoelectric coefficients and the second one is the thickness of Nb films. Regarding the piezoelectric 

modification of JC, two artificial structures that exhibit minor changes in their TC values upon applying Eex are 

investigated. Finally, the impact of substrate’s surface morphology on the piezoelectric modification of both 

TC and JC is also investigated, which is realized by using PMN-xPT substrates with non-polished surfaces. 

7.1 Dependence of critical temperature on the magnitude of piezoelectric coefficients 

In order to investigate experimentally the effectiveness of the magnitude of the piezoelectric strain 

coefficients to modify the TC values of Nb films two different artificial structures will be examined here. 

Focusing on the regime of relatively thin Nb films (that is for dNb=15 nm and 20 nm), two different artificial 

structures have been prepared for each dNb. These artificial structures consist of polished PMN-xPT substrates 

with different composition x. The first artificial structure is composed of PMN-0.31PT and the second one of 

PMN-0.27PT. The piezoelectric characterization of these PMN-xPT samples (presented in paragraph 5.1.iii) 

showed that they exhibit significant differences in their Eex induced strain values. In particular, the PMN-

0.31PT exhibits high strain values, while the PMN-0.27PT exhibits lower strain values upon applying the 

same Eex. This meets the required condition for a comparative study where the only experimental variable is 

strain. Furthermore, it is important to preserve the same superconducting quality in Nb films among the 

artificial structures of the same dNb. For that reason the depositions of Nb films have been performed in a 

group of substrates that includes two substrates, one PMN-0.31PT and one PMN-0.27PT, in order to obtain 

the same growth conditions in each dNb and thus almost the same superconducting quality. 

 For the determination of TC analytical isofield magnetization curves (m(T)) at low magnetic fields 

have been recorded upon the systematic variation of Eex. It should be noted here that the error bars in the 

experimental data of TC vs Eex are equal to the uncertainty of defining the exact value of TC and thus they are 

equal either to the temperature step or to an integer multiple of it. Starting at Eex=0.0 kV/cm the two artificial 

structures of the same dNb have been explored within the same interval of Eex and with the same step of 

variation of Eex, so a quantitative comparison among them can be accessed directly.  

i. Study of artificial structures Nb(dNb)/PMN-xPT/Nb(dNb) with dNb=15 nm 

Figures (7.1.a-b) present the experimental results regarding the modification of TC upon applying Eex in two 

artificial structures consisting of Nb films with thickness dNb=15 nm and of polished PMN-xPT substrates 

with different piezoelectric properties that are the PMN-0.31PT and the PMN-0.27PT, respectively. For both 

artificial structures detailed m(T) measurements have been obtained at H=5 Oe with a temperature step that is 
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equal to 20 mK and for various Eex. To facilitate the direct comparison of the experimental results, similar 

measurements are arranged vertically with respect to the artificial structure. In particular, panels (i) and (ii) of 

figures (7.1.a-b) show in a reduced temperature range around TC the ZFC and FC branches of the m(T) 

curves, respectively, while the m(T) curves obtained under different applied Eex are shifted vertically for 

presentation reasons. The solid vertical arrows in panels (i) and (ii) indicate the value of TC for every Eex. It 

should be noted here that the observed paramagnetic behavior along the FC branch of Nb(15 nm)/PMN-

0.31PT(Polished)/Nb(15 nm) is a well-known effect that appears in both low-TC SC films and superlattices of 

a SC with normal metals when the SC is adequately thin 
[1-5]

. This paramagnetic behavior is ascribed either to 

the inhomogeneously trapped flux or the surface granularity effects that are reasonably applicable here due to 

the non-zero <Sa> values of the polished PMN-xPT substrates. 

 By comparing the same branches of the m(T) curves among the two artificial structures it becomes 

apparent that in both cases TC shifts to lower temperatures upon increasing Eex. However, the maximum 

reduction of TC differs significantly among the artificial structures. In particular, the TC is reduced strongly in 

the artificial structure composed of the PMN-0.31PT and slightly in the artificial structure composed of the 

PMN-0.27PT. This behavior is shown more clearly in panels (iii) of figures (7.1.a-b) where the variation of 

TC with Eex is summarized for each artificial structure and the experimental data of both artificial structures 

are presented by using the same range in the vertical axis of temperature (that is 500 mK) and in the 

horizontal axis of Eex (that is 4.0 kV/cm). More specifically, for the case of PMN-0.31PT the overall decrease 

Figure 7.1: Two artificial structures Nb(15 nm)/PMN-xPT(Polished)/Nb(15 nm) consisting of polished PMN-xPT 

substrates with (a) x=0.31 and (b) x=0.27, are examined here. Panels (i) and (ii) show m(T) curves that were obtained at 

H=5 Oe for various applied Eex along the ZFC and the FC branch, respectively. Panels (iii) summarize the variation of 

TC in respect to Eex for both the ZFC (solid symbols) and the FC (open symbols) branches. The blue solid and the red 

dashed lines in panels (iii) and (iii) are guides to the eye. 

5.8 6.0 6.2 6.4 6.6 6.8

1.05

1.08

1.11

1.14

H=5 Oe 

 

 

m
 (

1
0

-5
 e

m
u

)

T (K)

ZFC 

T
C
(E

ex
=0)

T
C
(E

ex
=2.86)

T
C
(E

ex
=2.86)

T
C
(E

ex
=3.86)

5.8 6.0 6.2 6.4 6.6 6.8

1.05

1.08

1.11

1.14

H=5 Oe 

T
C
(E

ex
=0)

T
C
(E

ex
=2.86)

T
C
(E

ex
=2.86)

 

m
 (

1
0

-5
 e

m
u
)

T (K)

 

T
C
(E

ex
=3.86)

FC 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

6.1

6.2

6.3

6.4

6.5

 ZFC,  FC; H=5 Oe

 

 

T
C
 (

K
)

E
ex

 (kV/cm)

(a) Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

(a.i) (a.ii) (a.iii) 

5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4
-0.1

0.0

0.1

0.2

0.3

0.4

H=5 Oe 

T
C
(E

ex
=4.00)

 

 

m
 (

1
0

-5
 e

m
u

)

T (K)

T
C
(E

ex
=0)

T
C
(E

ex
=1.00)

T
C
(E

ex
=2.00)

T
C
(E

ex
=3.00)

ZFC 

5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4
-0.1

0.0

0.1

0.2

0.3

0.4

H=5 Oe 

T
C
(E

ex
=4.00)

 

 

m
 (

1
0

-5
 e

m
u

)

T (K)

T
C
(E

ex
=0)

T
C
(E

ex
=1.00)

T
C
(E

ex
=2.00)

T
C
(E

ex
=3.00)

FC 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

5.7

5.8

5.9

6.0

6.1

 ZFC,  FC; H=5 Oe

 

 

T
C
 (

K
)

E
ex

 (kV/cm)

(b) Nb(15 nm)/PMN-0.27PT(Polished)/Nb(15 nm) 

(b.i) (b.ii) (b.iii) 

TC(Eex=1.43) TC(Eex=1.43) 



 

Chapter 7 

 

- 95 - 

 

of TC upon the application of Eex(max)≈+4.0 kV/cm is 320 mK along ZFC branches and 380 mK along FC 

branches. On the contrary, for the case of PMN-0.27PT the application of Eex(max)=+4.0 kV/cm causes a minor 

decrease of TC. Particularly, the overall decrease of TC upon the application of Eex(max)=+4.0 kV/cm is 140 mK 

along ZFC branches and 80 mK along FC branches or 140 mK if one takes into account the non-monotonic 

decrease of TC and estimate the TC reduction between Eex=+1.0 kV/cm (local maximum) and Eex(max)=+4.0 

kV/cm. Finally, the experimental data of these artificial structures demonstrate that the piezoelectric 

modification of TC follows tightly the electro-mechanical ability of the employed PMN-xPT substrate. The 

optimized piezoelectric properties of PMN-0.31PT resulted to a stronger TC modification than the respective 

modification caused from the less piezoelectrically active substrate PMN-0.27PT. 

ii. Study of artificial structures Nb(dNb)/PMN-xPT/Nb(dNb) with dNb=20 nm 

In order to verify the previous results regarding the dependence of the piezoelectric modification of TC on the 

magnitude of the piezoelectric coefficients, another two artificial structures (one with PMN-0.31PT and 

another one with PMN-0.27PT) have been prepared. Both artificial structures are consisting of slightly thicker 

Nb films with thickness dNb=20 nm. By following the same presentation of data as before, figure (7.2) is 

grouped into two sets in respect to the PMN-xPT substrate, therefore the figures (7.2.a.i-iii) refer to the PMN-

0.31PT and the figures (7.2.b.i-iii) refer to the PMN-0.27PT. Panels (i) and (ii) of figures (7.2.a-b) show in a 
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Figure 7.2: Two artificial structures Nb(20 nm)/PMN-xPT(Polished)/Nb(20 nm) consisting of polished PMN-xPT 

substrates with (a) x=0.31 and (b) x=0.27, are examined here. Panels (i) and (ii) show m(T) curves that were obtained at 

H=2 Oe for various applied Eex along the ZFC and the FC branch, respectively. Panels (iii) summarize the variation of 

TC in respect to Eex for both the ZFC (solid symbols) and the FC (open symbols) branches. The blue solid and the red 

dashed lines in panels (iii) and (iii) are guides to the eye. 
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reduced temperature range around TC the ZFC and FC branches of the m(T) curves obtained at H=2 Oe and 

for various Eex. Finally, panels (iii) of figures (7.2.a-b) summarize the experimental data of TC vs Eex in 

respect to the artificial structure and by using the same range in the vertical axis of temperature (that is 500 

mK) and in the horizontal axis of Eex (that is 5.0 kV/cm) for both artificial structures. 

 Although both artificial structures show a progressive reduction of TC upon increasing Eex, the 

maximum reduction of TC differs significantly among the artificial structures. Particularly, in the case of 

PMN-0.31PT the overall decrease of TC upon the application of Eex(max)=+5.0 kV/cm is 180 mK along ZFC 

branches and 200 mK along FC branches. On the contrary, in the case of PMN-0.27PT the application of 

Eex(max)=+5.0 kV/cm causes a minor decrease of TC that is almost 2 times lower than the one observed in the 

artificial structure that employs the PMN-0.31PT substrate. Specifically, the overall decrease of TC upon the 

application of Eex(max)=+5.0 kV/cm is 80 mK along ZFC branches and 100 mK along FC branches. Finally, the 

experimental data of TC vs Eex in these artificial structures confirm the consistent modification of TC in respect 

to the electro-mechanical ability of the employed PMN-xPT substrate, which is similar to the one reported in 

the artificial structures studied in the previous paragraph. 

iii. Comparative study in respect to Nb film thickness 

This paragraph focuses on the influence of the thickness of Nb film dNb in the modification of TC. To reveal 

this influence of dNb the experimental data of TC vs Eex that have been presented in paragraphs 7.1.i and 7.1.ii, 

should be combined appropriately. In particular, these experimental data are grouped in respect to both the 

composition x of PMN-xPT substrates and to the m(T) branches. Moreover, in order to enable this 

comparative study in respect to thickness dNb is required to normalize the TC values, since Nb films of 

different thicknesses dNb have different values of TC. To do so, the modification of TC is now expressed 

through using the dimensionless term (ΔTC/TC0)∙100 % called as the percentage modification of TC. Figure 

(7.3) shows the variation of (ΔTC/TC0)∙100 % as a function of Eex for Nb films with dNb=15 nm (solid 

symbols), 20 nm (open symbols) and is divided horizontally in respect to the employed PMN-xPT substrate 

and vertically in respect to the m(T) branches. Specifically, figures (7.3.a) (figures (7.3.b)) presents the data 

coming from artificial structures employing PMN-0.31PT (PMN-0.27PT), while panels (i) and (ii) refer to 

ZFC and to FC branches, respectively. Note that the error bars that accompanies the experimental data 

resulted by the standard expression of error propagation. 

 As it is expected, Nb films with dNb=15 nm exhibit larger percentage modification of TC than the 

thicker Nb films with dNb=20 nm for every PMN-xPT substrate. Specifically, from the data obtained along 

ZFC (FC) branches the maximum percentage modification of TC in artificial structures consisting of PMN-

0.31PT is equal to -4.9 % (-5.9 %) when dNb=15 nm and equal to -2.9 % (-3.2 %) when dNb=20 nm. The 

respective values of the maximum percentage modification of TC in artificial structures consisting of PMN-

0.27PT are equal to -2.3 % (-2.3 %) when dNb=15 nm and equal to -1.2 % (-1.4 %) when dNb=20 nm. It should 

be stressed here that owing to the non-monotonic decrease of TC upon increasing Eex in the data obtained 

along the FC branch of the artificial structure Nb(15 mn)/PMN-0.27PT(Polished)/Nb(15 nm) the maximum 

percentage modification of TC is estimated between the local maximum of TC at Eex=+1.0 kV/cm and the TC 

at Eex(max)=+5.0 kV/cm, as indicated by the blue vertical double arrow in figure (7.3.b.ii). 

 From this comparative study one can easily observe that for each employed PMN-xPT substrate the 

coefficients of the percentage modification of TC in artificial structures with dNb=20 nm are two times lower 

than the respective ones calculated for dNb=15 nm. This degradation in the TC modification upon increasing 

dNb is reasonable if one considers that the induced strain into the deposited Nb films has a finite penetration 

depth over which strain is not able to deform the outer layers of Nb. This finite penetration depth of strain in 
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Nb films depends not only on the maximum value of the induced strain but also on the elasticity of Nb. 

Hence, under certain conditions that are the Eex(max) (equivalent to the maximum strain value, Smax) and the 

elasticity of Nb films, the increase of thickness dNb will lead to the progressive saturation of the TC 

modification, until Nb films become thick enough and TC remains unaffected upon applying Eex. 

7.2 The influence of Nb film thickness on the piezoelectric modification of critical temperature 

The main purpose of this paragraph is to examine what is the influence of Nb film thickness, dNb, on the 

piezoelectric modification of TC. To do so, a systematic series of artificial structures consisting of similar 

PMN-xPT substrates but of different dNb have been prepared. In particular, the PMN-xPT substrates that are 

used here are the PMN-0.31PT with polished surfaces and dNb obtains the values 15, 20, 50 and 100 nm. As 

proved experimentally in paragraph 7.1 the optimum piezoelectric properties of PMN-0.31PT when compared 

with the PMN-0.27PT resulted to the stronger piezoelectric modification of TC in Nb films with dNb=15 and 

20 nm. This is the reason of choosing PMN-0.31PT substrates here, since the progressive increase of dNb is 

(a) Nb(dNb)/PMN-0.31PT(Polished)/Nb(dNb) 
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Figure 7.3: (ΔTC/TC0)∙100 % vs Eex in respect to dNb and for artificial structures composed of polished PMN-xPT 

substrates with (a) x=0.31 and (b) x=0.27. Each of the panels (i) and (ii) refers to the percentage modification of TC 

from data obtained along ZFC and FC branches, respectively. The solid symbols refer to artificial structures with 

dNb=15 nm and the open symbols those with dNb=20 nm. In every case the solid lines are guides to the eye. 
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expected to degrade gradually the piezoelectric modification of TC. To facilitate the comparison of the 

experimental results coming from different artificial structures, two coefficients are defined in order to 

express the piezoelectric modification of TC upon increasing Eex. The first coefficient is called the 

modification coefficient of TC and is determined by the ratio ΔΤC(max)/Eex(max) (K/kV/cm), where ΔΤC≡TC-TC0 

with TC≡TC(Eex≠0) and with TC0≡TC(Eex=0) that simply refers to the TC value obtained at the initial and strain 

free state of Nb films. The second coefficient is the dimensionless factor of the percentage modification of TC 

and is determined by the ratio (ΔΤC(max)/ΤC0)∙100 %. Note that the index max in Eex(max) and ΔΤC(max) states for 

the maximum applied Eex to the artificial structure and for the maximum recorded shift of TC (that is ΔTC) 

between Eex=0 and the Eex=Eex(max), respectively. 

 Additionally, in every artificial structure the experimental data of TC vs Eex are fitted by using the 

proposed theoretical-phenomenological model introduced in paragraph 6.1. The theoretical exploitation of the 

experimental data enables the interpretation of the results in terms of the microscopic parameters of 

superconductivity (and of their Eex modification) that are involved in the piezoelectric modification of TC. 

This will be discussed in the last section of this paragraph. 

i. Study of artificial structures Nb(dNb)/PMN-0.31PT/Nb(dNb) with dNb=15 nm  

Starting with the case of thinnest Nb films (dNb=15 nm) three different artificial structures will be examined 

here. All these artificial structures consist of the same sample series of PMN-0.31PT with polished surfaces. 

Sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

The first artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is actually the one presented in 

paragraph 7.1.i and thus the isofield m(T) curves are not presented here. Figures (7.4.a-b) summarizes the 

experimental data of TC vs Eex obtained at H=5 Oe along the ZFC and the FC branches, respectively, together 

with the TC(Eex) fitting curves. For presentation reason the coefficients of the piezoelectric modification of TC 

will be recalled here. The overall decrease of TC upon application of Eex(max)≈4.0 kV/cm is equal to 320 mK 

(380 mK) along ZFC (FC) branches. This decrease of TC corresponds to a modification coefficient 

(percentage) of -0.080 K/kV/cm (-4.9%) along ZFC branch and -0.095 K/kV/cm (-5.9%) along FC branch. 

 Proceeding to the theoretical exploitation of these results and aiming to find the optimal TC(Eex) 

expression with the minimum number of terms, it is appropriate to start with the simplest case and to increase 

progressively the involved terms. A safe quantitative criterion that describes the reproducibility of the 

Figure 7.4: Summary of TC vs Eex experimental data of sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

obtained at H=5 Oe and along the (a) ZFC and the (b) FC branch, at various Eex. In both graphs the experimental data 

are presented together with two fitting functions that are examined here. 
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experimental data from each TC(Eex) expression can be given by the numerical parameter called adjusted R
2
. 

Starting with the simplest case where strain (S) is a linear function of Eex and ωln is a linear function of S, it 

was found that the fitting expression (6.5.a) provides a low coverage of the experimental data TC(Eex) 

(adjusted R
2
~94.1% for ZFC and 89.5% for FC), as shown by the dashed lines in figures (7.4.a-b). Failing to 

reproduce precisely the experimental data of TC vs Eex by using the simple expression (6.5.a) the next step is 

to examine a more complicated expression TC(Eex). This is the expression (6.5.b) wherein S remains a linear 

function of Eex but ωln is a quadratic function of S. As shown by the blue and red solid lines in figures (7.4.a-

b), respectively, the expression (6.5.b) reproduces nicely the data of TC vs Eex (adjusted R
2
~99.9% for ZFC 

and 99.7% for FC). The procedure of finding the optimal fitting function stops here, since more complicated 

expressions will not increase the fitting coverage. The obtained values of the primed parameters included in 

the optimal fitting function TC(Eex) (that is the expression (6.5.b) here) are summarized in Table 7.1. 

Table 7.1: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of TC vs Eex 

obtained at H=5 Oe along ZFC (FC) branches of sample #1: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=57.506±0.000 (57.214±0.000) λ0

/
=1.503±0.000 (1.503±0.000) μ0

*/
=0.103±0.000 (0.103±0.000) 

ωln,1
/
=4.953±0.021 (5.528±0.042) λ1

/
= -0.112±8∙10

-4
 (-0.125±2∙10

-4
) μ1

*/
=0.026±0.002 (0.037±0.003) 

ωln,2
/
=1.555±0.031 (2.106±0.008)   

 

Note that the decrease of TC upon increasing Eex is similar between the data obtained along ZFC and 

FC branches. This is reasonable if one considers that TC (and thus its Eex modification) does not depend on the 

branch of the m(T) curves. Apart from the monotonous decrease of TC, a crossover behavior is evident at the 

characteristic field Eex
cros

 ≈2.0 kV/cm, as it is marked by the vertical arrows in figures (7.4.a-b). 

Sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

The second artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is examined in order to verify 

the decrease of TC upon increasing Eex and also to confirm the crossover behavior at Eex
cros

 ≈2.0 kV/cm. For 

that reason a more detailed study has been realized by varying systematically the Eex from 0 to 4.5 kV/cm 

with a step of 0.5 kV/cm. Given the fact that the experimental data of TC vs Eex are similar between the ZFC 

and the FC branch, figures (7.5.a-b.i) show representative m(T) curves at different Eex obtained along the FC 

branches but for two different applied magnetic fields H=5 and 10 Oe, respectively. The m(T) curves in 

figures (7.5.a-b.i) are presented in a reduced temperature window close to TC and the vertical arrows indicate 

the TC value in each Eex. These experimental data confirm that TC shifts to lower values with increasing Eex. 

Figures (7.5.a-b.ii) summarize the variation of TC with Eex together with the TC(Eex) fitting curves for H=5 and 

10 Oe, respectively. The overall decrease of TC upon the application of Eex(max)=4.5 kV/cm is equal to 300 mK 

(340 mK) at H=5 Oe (10 Oe). This decrease of TC corresponds to a modification coefficient (percentage) of -

0.067 K/kV/cm (-5.1%) at H=5 Oe and -0.075 K/kV/cm (-5.8%) at H=10 Oe. Note that the experimental data 

obtained at H=5 Oe show a monotonic decrease of TC, while in the experimental data obtained at H=10 Oe a 

non-monotonic decrease is observed with a local maximum at Eex=2.0 kV/cm. 

 Regarding the theoretical investigation of these results and starting with the simplest case given by 

the expression (6.5.a), it is obvious that this expression fails to reproduce the experimental data in both cases 

of H=5 and 10 Oe, as shown by the black dashed lines in figures (7.5.a-b.ii). Proceeding to the next 

expression of TC(Eex) where ωln is a quadratic function S (that is given by the expression (6.5.b)), an accurate 

description of the experimental data in figure (7.5.a.ii) is obtained with R
2
~93.1%. However, this expression 

fails to reproduce accurately the experimental data of TC vs Eex obtained at H=10 Oe (R
2
~90.3%), as shown 

by the green dotted line in figure (7.5.b.ii). This is due to the non-monotonic reduction of TC with increasing 
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Eex. To describe this non-monotonic reduction of TC the next fitting functions are based on a more accurate 

description of the electro-mechanical response of PMN-0.31PT. So, now strain S is a quadratic function of Eex 

and ωln is either a linear or a quadratic function of S. The respective mathematical expressions of TC(Eex) are 

given by the expressions (6.5.c) and (6.5.d). After testing both expressions, it was found that only the 

expression (6.5.d) succeed to reproduce the non-monotonic reduction of TC with a relatively high level of 

confidence (R
2
~94.8%). The obtained values of the primed parameters included in the optimal fitting function 

TC(Eex) for each case are summarized in Table 7.2. 
 

Table 7.2: Primed fitting parameter of expression (6.5.b) (expression (6.5.d)) used to reproduce the data of 

TC vs Eex obtained at H=5 Oe (10 Oe) of sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=51.716±0.000 (55.236±0.000) λ0

/
=1.503±0.000 (1.492±0.000) μ0

*/
=0.103±0.000 (0.123±0.000) 

ωln,1
/
=3.662±0.138 (5.327±0.853) λ1

/
= -0.092±0.011 (-0.137±0.005) μ1

*/
=0.041±0.016 (0.056±0.004) 

ωln,2
/
=1.128±0.205 (5.749±0.544) λ2

/
=0.000±0.000 (-9.12∙10

-5
±0.000) μ2

*/
=0.000±0.000 (6.32∙10

-4
±0.000) 

ωln,3
/
=0.000±0.000 (-1.572±0.189)   

ωln,4
/
=0.000±0.000 (0.316±0.000)   

 

Figure 7.5: Representative isofield m(T) curves of sample #2: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) along FC 

branch obtained at (a.i) H=5 Oe and (b.i) H=10 Oe and at various Eex. The m(T) curves are presented in a reduced 

temperature range that is close to TC, while they are vertically shifted for clarity. Summary of TC vs Eex experimental 

data obtained at (a.ii) H=5 Oe and (b.ii) H=10 Oe. In both graphs (a-b.ii) the experimental data are presented together 

with the fitting functions that are examined here. 
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 It is noticeable that the characteristic electric field evident the crossover behavior of TC(Eex) in sample 

#1, appears also in sample #2. In particular, at H=5 Oe the TC(Eex) fitting curve exhibit a clear crossover 

behavior at the characteristic field Eex
cros

 ≈2.2 kV/cm, while at H=10 Oe the crossover behavior is evolved to a 

non-monotonic reduction of TC that exhibits a weak peak around the characteristic field Eex ≈1.7 kV/cm. 

These characteristics electric fields in sample #2 (marked by the solid vertical arrows in figures (7.5.a-b.ii)) 

are almost equal to the characteristic fields reported in sample #1. 

Sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

The third artificial structure Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) is examined here by varying 

systematically the Eex between 0 and 4.5 kV/cm with a step of 0.5 kV/cm and the purpose of its study is to 

verify the results coming from the two previous samples. Figures (7.6.a-b) summarize the experimental data 

of TC vs Eex obtained at H=5 and 10 Oe along the FC branches, respectively, and they are accompanied with 

several TC(Eex) fitting curves. The experimental data of TC vs Eex indicate that the overall decrease of TC upon 

the application of Eex(max)=4.5 kV/cm is equal to 360 mK (320 mK) at H=5 Oe (10 Oe). This decrease of TC 

corresponds to a modification coefficient (percentage) of -0.080 K/kV/cm (-6.8%) at H=5 Oe and -0.071 

K/kV/cm (-6.2%) at H=10 Oe. Note that the experimental data of TC vs Eex exhibit a non-monotonic decrease 

of TC. Specifically, at H=5 Oe a local maximum is observed at Eex≈1.7 kV/cm, while at H=10 Oe the 

respective local maximum is observed at Eex≈2.5 kV/cm. 

 Regarding the theoretical investigation of these results, several expressions of TC(Eex) have been 

tested in respect to their reproducibility of the experimental data. Starting with the simplest expression of 

TC(Eex) (expression (6.5.a)) and progressively proceeding to the most complicated expression (expression 

(6.5.d))) it was found that only the latter is able to reproduce the experimental data of TC vs Eex with 

R
2
~96.1% at H=5 Oe (solid blue line in figure (7.6.a)) and with 95.2 % at H=10 Oe (solid red line in figure 

(7.6.b)). This happens due to the non-monotonic reduction of TC, since as it was stated in sample #2 the non-

monotonic reduction of TC requires the most complicated expression of TC(Eex) (that is the expression (6.5.d)) 

in order to reproduce accurately this behavior. The obtained values of the primed parameters included in the 

optimal fitting function TC(Eex) are summarized in Table 7.3. 

  The characteristic electric fields that evidence the crossover behavior of the TC(Eex) curves in samples 

#1, #2 and the non-monotonic behavior of the TC(Eex) curve in sample #2, coincide with the characteristic 

Figure 7.6: Summary of TC vs Eex experimental data of sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm) 

obtained along FC branch at (a) H=5 Oe and at (b) H=10 Oe. In both graphs the experimental data are presented 

together with the fitting functions that are examined here. 
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electric fields that mark the non-monotonic reduction of TC in sample #3. In particular, these characteristic 

electric fields in sample #3 are located at a weak peak of TC observed at Eex ≈1.7 kV/cm when H=5 Oe (blue 

vertical arrow in figure (7.6.a)) and at Eex ≈2.5 kV/cm when H=10 Oe (red vertical arrow in figure (7.6.a)). 

Finally, it should be stressed that the magnitude of piezoelectric modification of TC (as given by ΔTC(max) and 

the coefficients of TC modification) is approximately equal among the three artificial structures studied here. 

Table 7.3: Primed fitting parameter of expression (6.5.d) used to reproduce the experimental data of TC vs Eex 

along FC branches obtained at H=5 Oe (10 Oe) of sample #3: Nb(15 nm)/PMN-0.31PT(Polished)/Nb(15 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=50.55±0.000 (48.906±0.000) λ0

/
=1.503±0.000 (1.490±0.000) μ0

*/
=0.129±0.000 (0.121±0.000) 

ωln,1
/
=2.853±0.528 (0.190±0.000) λ1

/
= -0.051±0.009 (-0.058±0.008) μ1

*/
=0.094±0.009 (0.064±0.001) 

ωln,2
/
=2.878±0.371 (3.360±0.270) λ2

/
= -4.667∙10

-4
±0 (-5.2∙10

-4
±0) μ2

*/
=2.235∙10

-4
±0 (1.12∙10

-4
±0) 

ωln,3
/
=-0.859±0.061 (-0.729±0.011)   

ωln,4
/
=0.109±0.000 (0.062±0.004)   

 

ii. Study of artificial structures Nb(dNb)/PMN-0.31PT/Nb(dNb) with dNb=20 nm  

Continuing with thicker Nb films two different artificial structures with dNb=20 nm will be examined here. All 

the artificial structures consist of the same sample series of PMN-0.31PT with polished surfaces. 

Sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) 

The first artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) is actually the one presented in 

paragraph 7.1 and thus the isofield m(T) curves are not presented here. Figures (7.7.a-b) summarizes the 

experimental data of TC vs Eex obtained at H=2 Oe along the ZFC and the FC branches, respectively, together 

with two TC(Eex) fitting curve. These experimental data indicate that the overall decrease of TC upon 

application of Eex(max)=5.0 kV/cm is equal to 180 mK (200 mK) along ZFC (FC) branch. This decrease of TC 

corresponds to a modification coefficient (percentage) of -0.036 K/kV/cm (-2.9%) along ZFC branches and -

0.040 K/kV/cm (-3.2%) along FC branches. 

 Regarding the theoretical investigation of these results, two expressions of TC(Eex) are tested here. 

The first TC(Eex) expression is the expression (6.5.a) and it provides low reproducibility of the experimental 

Figure 7.7: Summary of TC vs Eex experimental data of sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) 

obtained at H=2 Oe and along the (a) ZFC and the (b) FC branches. In both graphs the experimental data are presented 

together with two fitting functions that are examined here. 
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data obtained along the ZFC branches. The second TC(Eex) expression is the expression (6.5.b) and it results to 

the optimum fitting coverage of the experimental data obtained along both the ZFC and the FC branches with 

R
2
~99.4%. The obtained values of the primed parameters included in the optimal fitting function TC(Eex) 

(expression (6.5.b)) are summarized in Table 7.4.  

Table 7.4: Primed fitting parameter of relation (6.5.b) used to reproduce the experimental data of TC vs Eex 

along ZFC (FC) branches obtained at H=2 Oe of sample #1: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=55.152±0.000 (55.764±0.000) λ0

/
=1.502±0.000 (1.499±0.000) μ0

*/
=0.103±0.000 (0.102±0.000) 

ωln,1
/
=2.833±0.418 (2.749±0.308) λ1

/
= -0.060±0.009 (-0.051±0.007) μ1

*/
=0.038±0.010 (0.029±0.004) 

ωln,2
/
=0.554±0.078 (0.269±0.084)   

 

 Similar to the TC(Eex) data obtained from the artificial structures consisting of dNb=15 nm, a crossover 

behavior is also observed here. This crossover behavior is evident at Eex
cros

 ≈2.2 kV/cm along ZFC branches 

and at Eex
cros

 ≈2.0 kV/cm along FC branches, as marked by the solid vertical arrows in figures (7.7.a-b). 

Sample #2: Nb(20 nm)/PMN-0.31PT/Nb(20 nm) 

Continuing with the study of artificial structures consisting of dNb=20 nm, figures (7.8.a-b.i) show 

representative m(T) curves obtained at H=20 Oe along the ZFC and the FC branches, respectively. All the 

m(T) curves are presented in a reduced temperature window close to TC and each m(T) curve is shifted 

vertically for the sake of presentation reason. The arrows indicate the TC value in each Eex. Figures (7.8.a-b.ii) 

summarizes the experimental data of TC vs Eex obtained along ZFC and FC branches, together with the 

TC(Eex) fitting curves. These experimental data indicate that the overall decrease of TC upon application of 

Eex(max)=4.0 kV/cm is equal to 100 mK (140 mK) along the ZFC (FC) branches. This decrease of TC 

corresponds to a modification coefficient (percentage) of -0.025 K/kV/cm (-1.7%) at H=5 Oe and -0.035 

K/kV/cm (-2.3%) at H=10 Oe. 

 Regarding the theoretical investigation of these results, two expressions of TC(Eex) are tested here. 

Due to the absence of any non-monotonic decrease of TC, these expressions are characterized by the linear 

dependence of S on Eex. Thus, the two mathematical expressions of TC(Eex) that are used here, are given by 

the expressions (6.5.a) and (6.5.b). From the fitting coverage of the experimental data it becomes obvious that 

only the expression (6.5.b) can reproduce precisely the variation of TC with Eex in both the ZFC and the FC 

branches with R
2
~98.8% and 99.6%, respectively. The obtained values of the primed parameters included in 

the optimal fitting function TC(Eex) (given by the expression (6.6.b)) are summarized in Table 7.5. 

 Exactly the same crossover behavior reported in sample #1 is observed in sample #2. In particular, the 

crossover behavior of TC(Eex) in this artificial structure is evident at Eex
cros

 ≈2.0 kV/cm along ZFC branch and 

at Eex
cros

 ≈2.0 kV/cm along FC branch, as marked by the solid vertical arrows in figures (7.9.a-b.ii). Finally, it 

should be stressed that the magnitude of piezoelectric modification of TC (as given by ΔTC(max) and the 

coefficients of TC modification) is approximately equal among the two artificial structures studied here. 

Table 7.5: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of TC vs Eex 

along ZFC (FC) branch obtained at H=20 Oe of sample #2:Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=53.89±0.000 (54.603±0.000) λ0

/
=1.503±0.000 (1.503±0.000) μ0

*/
=0.103±0.000 (0.103±0.000) 

ωln,1
/
=3.591±0.264 (1.936±0.442) λ1

/
= -0.073±0.007 (-0.063±0.009) μ1

*/
=0.032±0.001 (0.027±0.012) 

ωln,2
/
=0.599±0.121 (0.469±0.019)   
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iii. Study of the artificial structure Nb(dNb)/PMN-0.31PT/Nb(dNb) with dNb=50 nm  

Continuing with the investigation regarding the thickness dependence of the piezoelectric modification of TC, 

an artificial structure consisting of thicker Nb films with dNb=50 nm is examined. Figure (7.9.a) shows 

representative m(T) curves at a reduced temperature window around TC that were obtained along ZFC 

branches and at H=10 Oe. Figure (7.9.b) summarizes the experimental data of TC vs Eex together with the 

TC(Eex) fitting curves. As it is expected the increased dNb resulted to a minor reduction of the TC values upon 

increasing Eex. In particular, the overall reduction of TC upon applying Eex(max)=4.0 kV/cm is on the order of 

60 mK, while by considering a non-monotonic decrease of TC the reduction becomes equal to 100 mK 

between Eex=1.0 and 4.0 kV/cm. By keeping the overall reduction as the main comparative parameter 

between different artificial structures, it can be concluded that the overall decrease of TC corresponds to a 

modification coefficient (percentage) of -0.015 K/kV/cm (-0.8%). 

 Due to the non-monotonic slight decrease of TC with increasing Eex it was found the appropriate 

mathematical expression of TC(Eex) that satisfies the optimum fitting coverage of the experimental data is 

Figure 7.8: Representative isofield m(T) curves of sample #2: Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm)obtained at 

H=20 Oe along (a.i) ZFC and (b.i) FC branches, at various Eex. The m(T) curves are presented in a reduced 

temperature range that is close to TC, while also they are vertically shifted for clarity. Summary of TC vs Eex 

experimental data obtained at (a.ii) ZFC and (b.ii) FC. In both (a-b.ii) graphs the experimental data are presented 

together with the fitting functions that are examined here. 
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given by the expressions (6.5.d), with R
2
~92.2 %. The obtained values of the primed parameters included in 

the optimal fitting function TC(Eex) (given by the expression (6.5.b)) are summarized in Table 7.6. 

Table 7.6: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of TC vs Eex 

along the FC branches obtained at H=10 Oe of the sample Nb(50 nm)/PMN-0.31PT(Polished)/Nb(50 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=68.775±0.000 λ0

/
=1.492±0.000 μ0

*/
=0.103±0.000 

ωln,1
/
=8.203±0.151 λ1

/
=-0.101±0.003 μ1

*/
=0.032±0.004 

ωln,2
/
=1.252±0.176 λ2

/
= -0.912∙10

-4
±0.000 μ2

*/
=6.32∙10

-4
±0.000 

ωln,3
/
=-0.142±0.000   

ωln,4
/
=0.065±0.000   

 

 Though no crossover behavior is observed in the optimum TC(Eex) curve, one can easily recognize the 

Eex=2.0 kV/cm as a characteristic field that indicates the reduction of TC in values below TC0 when Eex 

exceeds 2.0 kV/cm. This characteristic field coincides qualitatively with the respective characteristic electric 

fields that evident the crossover or/and the non-monotonic behavior of TC(Eex) curves in artificial structures 

with thinner Nb films (that are for dNb=15 and 20 nm). 

iv. Study of the artificial structure Nb(dNb)/PMN-0.31PT/Nb(dNb) with dNb=100 nm 

To complete the investigation regarding the thickness dependence of the piezoelectric modification of TC, the 

last artificial structure is consisting of relatively thick Nb films with thickness dNb=100 nm. Figure (7.10.a) 

shows representative m(T) curves at a reduced temperature window around TC that were obtained along ZFC 

branches and at H=10 Oe. Figure (7.10.b) summarizes the experimental data of TC vs Eex together with the 

TC(Eex) fitting curves. As it is expected, the increased dNb resulted to a minor reduction of the TC values upon 

increasing Eex. In particular, the overall reduction of TC between Eex=0.0 and 4.0 kV/cm is zero but if one 

considers a non-monotonic decrease of TC due to the initial increase of TC the reduction becomes equal to 60 

mK between the Eex=2.0 and 4.0 kV/cm. By keeping the variation of TC between the strain free state and the 

Figure 7.9: (a) Representative isofield m(T) curves of sample Nb(50 nm)/PMN-0.31PT(Polished)/Nb(50 nm)obtained at 

H=10 Oe along the ZFC branches and at various Eex. The m(T) curves are presented in a reduced temperature range 

that is close to TC, while also they are vertically shifted for clarity. (b) Summary of TC vs Eex experimental data together 

with the fitting functions that are examined here. 
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strain state at the maximum applied Eex(max) as the main comparative parameter among the artificial structures, 

it can be concluded that the overall decrease of TC corresponds to zero modification coefficient (percentage). 

 Due to the non-monotonic decrease of TC with increasing Eex it was found that regarding the 

theoretical investigation of these results the appropriate mathematical expression of TC(Eex) that satisfies the 

optimum fitting coverage of the experimental data is given by the expressions (6.5.d). The obtained values of 

the primed parameters included in the optimal fitting function TC(Eex) are summarized in Table 7.7. 

Table 7.7: Primed fitting parameter of expression (6.5.b) used to reproduce the experimental data of TC vs Eex 

along ZFC branches obtained at H=10 Oe of the sample Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=66.96±0.000 λ0

/
=1.492±0.000 μ0

*/
=0.103±0.000 

ωln,1
/
=9.568±0.226 λ1

/
=-0.106±0.002 μ1

*/
=0.0056±0.011 

ωln,2
/
=1.170±0.051 λ2

/
=-0.912∙10

-4
±0.000 μ2

*/
=6.32∙10

-4
±0.000 

ωln,3
/
=0.026±0.004   

ωln,4
/
=0.069±0.000   

 

 Despite the fact that this artificial structure exhibits a slight increase in TC at low Eex, there is a 

common feature when comparing with the others artificial structures. Specifically, as Eex becomes non-zero 

the TC is slightly increased (+20 mK) and remained at a higher value until Eex=2.0 kV/cm is reached. Beyond 

this characteristic field the TC starts to decrease and hence one can easily recognize a qualitative coincide with 

the characteristic field of TC(Eex) curves at Eex ≈2.0 kV/cm reported in the previous artificial structures. 

v. Comparative study of the artificial structures in respect to dNb 

In this paragraph the results of piezoelectric modification of TC in all the artificial structures Nb(dNb)/PMN-

0.31PT(Polished)/Nb(dNb) is examined in respect to dNb. In this comparative study two parameters will be 

studied in respect to dNb. The first parameter is the magnitude of the TC modification and the second 

parameter is the characteristic electric field of the TC(Eex) curves. 

Figure 7.10: (a) Representative isofield m(T) curves of sample Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm)obtained 

at H=10 Oe along the ZFC branches and at various Eex. The m(T) curves are presented in a reduced temperature range 

that is close to TC, while also they are vertically shifted for clarity. (b) Summary of TCvs Eex experimental data together 

with the fitting functions that are examined here.  
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 Starting with the first parameter, figure (7.11.a) summarizes representative results of the TC 

modification upon applying Eex in artificial structures with different dNb. In order to facilitate this comparative 

study the TC modification is expressed by the coefficient of percentage modification ((ΔΤC/TC0)∙100 %), since 

Nb films of different dNb exhibit different TC. Note that the lines in figure (7.11.a) refer to the optimum 

TC(Eex) fitting function for each artificial structure. It becomes apparent that as dNb increases progressively, 

the maximum percentage modification of TC is gradually degraded. For the quantitative comparison among 

these artificial structures Table 7.8 summarizes the mean values of the ΔΤC(max), the TC modification 

coefficient and the percentage modification of TC in every dNb. By comparing these values one can conclude 

that the increase of dNb up to 50 nm reduces their values by a factor that is approximately equal to 2.5, while 

when dNb becomes 100 nm TC is unaffected upon applying Eex(max) and the respective coefficients are zero. 

This behavior is attributed to the finite penetration depth of the induced strain within Nb films. In particular, 

as thickness dNb increases the induced strain affects less part of the entire volume of Nb films leading to the 

progressive deterioration in the magnitude of the TC modification. Eventually, it is safe to conclude that the 

magnitude of TC modification depends strongly on dNb. 

Table 7.8: Mean values of the ΔTC(max), the TC modification coefficient and the percentage modification of TC 

in respect to the dNb for Nb(dNb)/PMN-0.31PT(Polished)/Nb(dNb) artificial structures. 

Nb(dNb)/PMN-0.31PT(Polished)/Nb(dNb) ΔTC(max) (mK) 
TC modification 

coefficient (K/kV/cm) 

percentage  

modification of TC 

dNb=15 nm -336.7±29.4 -0.078±0.009 -5.8±0.7 

dNb=20 nm -155.1±44.3 -0.034±0.006 -2.5±0.6 

dNb=50 nm -60.0±0.0 -0.015±0.000 -0.8±0.0 

dNb=100 nm 0±0.0 0±0.000 0±0.0 

 

 Regarding the second parameter that is the characteristic field Eex≈2.0 kV/cm, a careful examination 

of the detailed results presented in paragraphs 7.2.i-vi reveals that this field appears in all artificial structures 

(a) (b) 

Figure 7.11: (a) Representative results of (ΔTC/TC0)∙100 % vs Eex for Nb(dNb)/PMN-0.31PT(Polished)/Nb(dNb) artificial 

structures with dNb equal to 15 (black filled circles), 20 (red open squares), 50 (blue semi-filled rhombs) and 100 nm 

(orange open trapezoids). The respective lines refer to the optimum TC(Eex) fitting functions for each case. (b) 

Experimental data of Sx vs Eex for a PMN-0.31PT substrate, obtained via the local technique. These data are focused in 

the regime of low Eex for the sake of comparison with the respective data of TC vs Eex. The blue solid vertical arrow 

points the characteristic field at Eex=2.0 kV/cm. 
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independently to the behavior of their TC(Eex) curves. In particular, artificial structures consist of Nb films 

with dNb≤20 nm exhibit a crossover behavior that is manifested by the change in the curvature of TC(Eex) 

curves around Eex
cros

 ≈2.0 kV/cm, while in some artificial structures with dNb=15 nm this crossover behavior is 

evolved to a non-monotonic behavior of TC(Eex) that exhibit a local maximum at Eex≈2.0 kV/cm. In artificial 

structures consist of Nb films with dNb≥50 nm this behavior of TC(Eex) fitting curves (crossover or/and non-

monotonic behavior) is absent, but the electric field Eex≈2.0 kV/cm is a characteristic field that signifies the 

reduction of TC when Eex exceeds it. This qualitative coincidence among all artificial structures at Eex≈2.0 

kV/cm indicates that this electric field is a characteristic field that should be related to the piezoelectric 

substrate PMN-0.31PT. Accordingly, it is appropriate to recall the results of piezoelectric characterization of 

these substrates. Figure (7.11.b) shows the experimental data of the in-plane strain S (or else Sx) vs Eex that 

were obtained with the local technique (for more details see paragraph 5.1.iii) and these data are presented in 

the regime of low Eex for the sake of comparison with the respective data of TC vs Eex. The experimental data 

of Sx vs Eex show that the electric field Eex=2.0 kV/cm is a characteristic field of PMN-0.31PT substrates that 

signifies the return of strain Sx at zero value after a slight increase, while the gradual increase of Eex above 2.0 

kV/cm results to the development of an increased compressive strain. This justifies the fact that at Eex≈2.0 

kV/cm the artificial structures with dNb≤20 nm exhibit a plateau (when the crossover behavior is observed) or 

a local maximum (when the non-monotonic behavior is observed) in the values of TC(Eex) curves, while at 

Eex>2.0 kV/cm all artificial structures show a progressive reduction of TC(Eex) curves. 

 The main disadvantage of these strain measurements is that they have been performed at T=300 K, 

which is far above the operating temperature of the artificial structures. It is well known that the magnitude of 

strain is degraded (up to an order of magnitude) when PMN-xPT materials operate at cryogenic conditions 
[6-

9]
. However, the characteristic features observed systematically in the curves TC(Eex) and Sx(Eex) at the same 

Eex values cannot be a simple coincidence. To confirm this similarity among different measurements and also 

to have a qualitative estimation of the imposed strain to the superconducting properties at low temperatures 

another parameter of superconductivity is also studied as a function of the applied Eex. This parameter is the 

magnetic moment of the Nb films in Meissner state. Figure (7.12.a) shows the ZFC m(T) curves of the 

artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm) that were obtained at various Eex. From 

this presentation it becomes obvious that there are significant changes in the magnetic moment at low 

temperatures upon the variation of Eex. Figure (7.12.b) shows the variation of Δm/m(Eex=0.0), where 

Δm≡m(Eex≠0.0)-m(Eex=0.0), of this artificial structure, taken at H=5 Oe and for three different temperatures 

as a function of Eex. The curve represented the modulation of Δm/m(Eex=0.0) vs Eex reminisces the half of a 

typical strain butterfly loop. This indicates indirectly that strain is transferred from PMN-0.31PT into the Nb 

films is the driving force in these artificial structures. Interestingly, the Δm/m(Eex=0.0) vs Eex curve shows an  

hysteretic behavior up to Eex=4.0 kV/cm, in contrast to the non-hysteretic (and almost negligible) variation of 

TC in this artificial structure. The vertical solid arrows in figure (7.12.b) indicate two characteristic points of 

the Δm/m(Eex=0.0) curves, one at Eex=1.0 kV/cm which indicates a local maximum and another at Eex=2.0 

kV/cm which indicates the return at the initial value of Δm/m(Eex=0.0). The first characteristic Eex coincides 

with a weak positive of strain, blue-dashed arrow in figure (7.11.b), due to the local character of the particular 

measurements and this is reflected in SQUID measurements (figure (7.12.b)) as an intense positive peak due 

to the global character of these measurements (average result among several areas that exhibit similar 

behavior). The lateral characteristic Eex coincides with the Eex where Sx≈0 (figure (7.11.b)) and with the 

crossover behavior that has been reported around it. Accordingly, the recorded modulation of TC(Eex) is 

motivated by the applied Eex through the imposed strain, S despite the fact that this is reduced due to the low 

operating temperatures. Eventually, these combined data prove that the modification of TC in the artificial 

structures Nb/PMN-0.31PT/Nb depends exclusively on the in-plane strain Sx of the PMN-0.31PT substrates. 
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vi. Study of the piezoelectric modification of microscopic parameters with respect to Nb thickness 

This paragraph presents the results of the piezoelectric modification of the microscopic parameters involved 

in the TC(Eex) expressions that were used to reproduce the experimental data of TC vs Eex in the artificial 

structures Nb(dNb)/PMN-0.31PT(Polished)/Nb(dNb) with different thicknesses dNb. It should be noted that in 

the present study only the optimum TC(Eex) fitting functions are examined for each dNb, while in the cases of 

dNb=15 and 20 nm a mean variation of the microscopic parameters has been estimated among the different 

samples. By keeping the Eex as the main experimental variable, the piezoelectric modification of microscopic 

parameters is expressed in terms of Eex. This means that in every case the appropriate constitutive equation 

S(Eex) has been introduced to the trial functions of the microscopic parameters thus leading to the expressions 

λ(Eex) for the attractive potential, μ
*
(Eex) for the repulsive Coulomb potential and ωln(Eex) for the mean 

phonon frequency. In addition to these parameters, another potential parameter is studied also here. This is the 

interaction potential N(0)V and its Eex dependence can be derived easily through the general relationship 

N(0)V≡(λ-μ
*
)/(1+λ) and by including the respective Eex dependence of λ and μ

*
. 

 Figures (7.13.a-d) show the variation of λ, μ
*
, N(0)V, ωln as a function of dNb and upon the application 

of Eex that ranges between 0.0 and +4.5 kV/cm, respectively. In every panel the delimited shadowed areas 

represent the error around mean variation of the microscopic parameters, while in panel (d) and for artificial 

structures with dNb=20 and 100 nm the errors are not included for presentation reasons. Moreover, the green 

solid vertical arrows in all panels indicate the increase of dNb. From an overall and qualitative observation of 

these results one can recognize that the variation of the microscopic parameters upon increasing Eex follows 

the same trend for all thicknesses of Nb thin films. For instance, the increase of Eex causes the decrease of λ, 

the increase of μ
*
, the decrease of N(0)V and the increase of ωln for all dNb. The variation trend of each 

microscopic parameter justifies fully the reduction of TC upon increasing Eex. Now regarding to their 

thickness dependence, the results show a sensible behavior. Specifically, in relatively thin Nb films (such as 

dNb=15 nm) all the microscopic parameters λ, μ
*
, N(0)V and ωln are more sensitive upon applying Eex leading 

Figure 7.12: (a) m(T) curves of the artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm) obtained along 

the ZFC branches at H=5 Oe and for various Eex. The vertical arrows indicate the trajectory of the magnetic moment 

modulation upon the application of Eex.(b) The modulation of the magnetic moment obtained at constant magnetic field 

H=5 Oe for three different temperatures, T=5 (red solid circles), 5.5 (green open rhombs) and 6 K (blue semi-filled 

trapezoids) as a function of Eex. The vertical arrows indicate two characteristic electric fields, Eex. 
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to a strong modification of them, which progressively becomes less sensitive as dNb increases. This justifies 

the progressive degradation of the magnitude of TC modification as dNb increases. 

 The self-consistency of the phenomenological approach and thus of the employed trial functions of λ, 

μ
*
 and ωln, can be revealed by studying the values of the fitting parameters (see Tables 7.1-7) that were used 

to reproduce the data of TC vs Eex for all artificial structures. Starting with the initial values of λ, μ
*
 and ωln, 

that are the λ0
/
, μ0

*/
 and ωln,0

/
 (unperturbed fitting parameters), two inferences emerge. The first is that the 

values of these parameters are reasonable and almost equal to respective values reported in literature 
[10-13]

. 

The second is that the potential parameters λ0
/
, μ0

*/
 (and thus N(0)V) are thickness independent and their 

values are λ0
/
≈1.5, μ0

*/
≈0.103 (and N(0)V≈0.56). However, it seems that the latter is not valid for ωln,0

/
. This is 

due to the fact that the artificial structures consisting of Nb thin films with different dNb exhibit different 
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Figure 7.14: The variation of (a) attractive potential λ, (b) repulsive potential μ
*
, (c) interaction potential N(0)V and (d) 

mean frequency of phonons ωln as a function of Eex and in respect to dNb. The variation of the microscopic parameters 

are presented in the range of Eex, 0 kV/cm≤Eex≤4.5 kV/cm, where the experimental data of TC(Eex) lie. The shadowed 

areas that accompany the variation curves of the microscopic parameters represent the error of each curve. Moreover in 

every panel the green arrows indicate the increase of dNb. The inset of (d) focuses close to Eex=0 kV/cm in order to show 

that different ωln,0
/
 values are proportional to the TC values at the initial and strain-free state of Nb thin films. 
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values of TC, which is proportional to value of ωln,0
/
. This is depicted in the inset of figure (7.13.d), where it is 

clear that the lower TC values at Eex=0 kV/cm correspond to lower ωln,0
/
. Now regarding the rest and distortion 

fitting parameters that are the λi
/
, μi

*/
 and ωln,i

/
, their values lead to a reasonable variation of the microscopic 

parameters upon applying Eex. Even in the case of the artificial structures consisting of dNb=15 nm where the 

maximum reduction of TC was observed, the variation of λ, μ
*
, N(0)V and ωln lies within reasonable limits. 

For instance in the particular artificial structures, λ varies from 1.5 to 1.0, μ
*
 varies from 0.103 to 0.124, 

N(0)V varies from 0.56 to 0.43 and ωln varies from 52 to 93 upon the progressive increase of Eex up to 4.5 

kV/cm. Conclusively, all of the microscopic parameters exhibit a reasonable behavior in the entire range of 

Eex where the experimental data of TC vs Eex lie and also a sensible behavior in respect to thickness dNb. 

7.3 Piezoelectric modification of critical current density in Nb/PMN-0.31PT/Nb artificial structures 

This paragraph focuses on the piezoelectric modification of JC in Nb/PMN-0.31PT/Nb artificial structures. 

Since the application of Eex in these artificial structures causes the reduction of TC (as it was shown in the 

previous paragraphs of this chapter), it was chosen purposely to study two artificial structures that exhibit 

minor changes in their TC values upon applying Eex in order to isolate the influence of piezoelectric strain on 

JC. These artificial structures consist of relatively thick Nb films with thicknesses dNb=50 and 100 nm. In this 

study the piezoelectric modification of JC is estimated inductively from m(H) loops obtained at various Eex 

through the analogy JC∝Δm 
[14,15]

 (where Δm is the width of an m(H) loop at a certain magnetic field, H). 

 Starting with the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm), figures (7.14.a-b) show 

m(H) loops obtained at T=6 K (that is at T=TC-1.3 K) and at T=5 K (that is at T=TC-2.3 K), respectively, for 

three representative electric fields Eex. At the strain free state of the artificial structure (for Eex=0.0 kV/cm) 

and at T=6 K a smooth m(H) loop has been recorded (figure (7.14.a.i)), while at T=5 K pronounced thermo-

magnetic instabilities (TMIs) can be recognized in the m(H) loop (figure (7.14.b.i)). These TMIs are observed 

both upon increasing and decreasing the applied magnetic field, H. Along the ascending branch of H weak 

magnetization jumps can be seen for H just above HC1 and in particular at the fields of first jump, Hfj, and of 

second jump, Hsj (black vertical arrows) that refer to the penetration of new vortices after zero-field cooling. 

Along the descending branch of H more intense magnetization jumps can be seen (purple vertical arrows) and 

these jumps are concentrated closer to the regime of low magnetic fields, H. This is a brief description of the 

properties of Nb films at the initial and strain free state of the artificial structure. The application of Eex 

induced strain which in turns modifies both the values of JC at T=6 K (figures (7.14.a.i-ii)), 5 K (figures 

(7.14.b.i-ii)) and the number of TMIs events at T=5 K (insets of figures (7.14.b.i-ii)). 

kOe and finally -15.8 % (-24.8 %) for H=1.5 kOe. 

 Figure (7.15) summarizes the piezoelectric modification of JC upon Eex application at T=6 K (figure 

(7.15.a)), T=5 K (figure (7.15.b)) for various values of the magnetic field H. For comparison reasons between 

the JC values at various H, the JC is normalized in respect to its initial value obtained at Eex=0.0 kV/cm (JC0) 

through the ratio JC/JC0. It should be noted here that the values of JC/JC0 at T=5 K refer to regime of relatively 

high magnetic fields, located outside the regime where TMIs events have been recorded. The variation of 

JC/JC0 at T=6 K upon increasing Eex (figure (7.15.a)) show a non-monotonic reduction. In particular, at Eex=2.0 

kV/cm the JC/JC0 reaches an improvement on the order of +1.3 % for H=150 Oe, +2.5 % for H=300 Oe and +4 

% for H=500 Oe (as depicted in the inset of figure (7.15.a)). After returning to lower values (approximately 

equal to JC0) at Eex=3.0-4.0 kV/cm, the JC/JC0 is decreased abruptly at Eex=5.0 kV/cm. The reduction of JC/JC0 

between Eex=0.0 kV/cm and Eex(max)=5.0 kV/cm is on the order of -13 % for H=150 Oe, -12 % for H=300 Oe 

and -14 % for H=500 Oe. By taking into account the non-monotonic behavior of JC/JC0 the respective values 

of reduction between Eex=2.0 kV/cm and Eex(max)=5.0 kV/cm are equal to -14.3 % for H=150 Oe, to -14.5 %  
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for H=300 Oe and finally to -18 % for H=500 Oe. The variation of JC/JC0 at T=5 K upon increasing Eex (figure 

(7.15.b)) show similar behavior, which is accompanied with more pronounced changes in the values of JC/JC0. 

Specifically, the improvement of JC/JC0 at Eex=2.0 kV/cm is on the order of +4.5 % for H=800 Oe, +6.0 % for 

H=1.2 kOe and +9.0 % for H=1.5 kOe (as depicted in the inset of figure (7.15.b)). In this case, the reduction 

of JC/JC0 between Eex=0.0 kV/cm (or Eex=2.0 kV/cm when taking into account the non-monotonic variation of 
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Figure 7.14: Representative m(H) loops of the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) obtained at (a) 

T=6 K (T=TC-1.3) and (b) T=5 K (T=TC-2.3), under the application of Eex equal to (i) 0.0, (ii) +2.0 and (iii) +5.0 kV/cm. 

Note that the black thick lines refer to the initial and strain free state of the artificial structure obtained at Eex=0.0 kV/cm 

and is placed in the background of the following m(H) loops obtained at Eex≠0.0 kV/cm as a reference. The insets of 

(b.ii) and (b.iii) focus on the magnetic field regime where TMIs have been recorded. The vertical magenta arrows 

indicate the TMIs occurrences. 
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JC/JC0) and Eex(max)=5.0 kV/cm is on the order of -14.5 % (-19 %) for H=800 Oe, -13.0 % (-19 %) for H=1.2 

kOe and finally -15.8 % (-24.8 %) for H=1.5 kOe. 

 The data presented in figures (7.15.a-b) suggest the effective piezoelectric modification of JC in the 

artificial structure  Nb(50 nm)/PMN-0.31PT/Nb(50 nm),  with increased magnitude of modification at  higher 

magnetic fields. This dependence of the magnitude of JC/JC0 modification on magnetic field H is a reasonable 

result if one considers that the modification of JC is driven from an external cause with finite influence against 

the pinning forces in Nb films. In particular, this external cause is the induced reconfigurable strain imposed 

to Nb films through the deformation of PMN-0.31PT substrate. The induced strain is able to overcome more 

easily the weak pinning forces (that are manifested at high magnetic field H) and not the strength of stronger 

pinning forces in Nb films (that are manifested at low magnetic field H). This justifies the fact that the 

magnitude of JC reduction is more intense at high magnetic fields and less intense at lower magnetic fields. 

 In the m(H) loops obtained at T=5 K the modification of JC upon applying Eex is accompanied with 

the appearance of pronounced TMIs along the descending branch of H. Figure (7.16.a) shows the evolution of 

the number of TMIs in respect to Eex and it becomes apparent that the number of TMIs follows a non-

monotonic variation with the increase of Eex. In this non-monotonic variation of TMIs events a local 

maximum is observed at Eex=2.0 kV/cm (as depicted by the vertical arrow in figure (7.16.a)), which coincides 

with the local maximization of JC, as reported previously. Thus, it is appropriate to correlate the variation of 

TMIs with the respective variation of JC (in normalized terms, JC/JC0). For this reason figure (7.16.b) presents 

the variation of JC/JC0 upon Eex obtained at T=5 K and for magnetic fields that are inside (H=0 and 200 Oe; 

solid symbols in figure (7.17.b)) and outside (H=800 and 1500 Oe; semi-filled symbols in figure (7.16.b)) the 

regime of TMIs (that is for H<600 Oe). From a careful examination of figure (7.16.b) one can disclose the 

origins of the non-monotonic variation of TMIs. The maximization of JC at Eex=2.0 kV/cm for relatively high 

magnetic fields (H=800 and 1500 Oe) means that Nb films support the flow of a JC that exceeds JC0. As 

magnetic field decreases along the descending branch of H the JC is further increased (due to the dependence 

of JC on H) and hence at Eex=2.0 kV/cm the local maximization of JC leads to even higher values of JC. 

Evidently, Nb films cannot support the flow of this enhanced JC and thus the number of TMIs is maximized at 

Eex=2.0 kV/cm. This local maximization of the number of TMIs at Eex=2.0 kV/cm results to the local 

minimization of JC/JC0 obtained at low magnetic fields. The further increase of Eex up to 4.0 kV/cm causes the 

return of JC to its initial value JC0 (either by increasing at low H or by decreasing at high H) and this behavior  

Figure 7.15: Variation of the normalized JC (in respect to the JC0 of the strain free state) as a function of Eex in the 

artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm), from data obtained at (a) T=6 K and (b) T=5 K for various 

applied magnetic fields H. In each graph the inset focuses on the regime of low Eex where the improvement of JC values 

is observed. In every case the lines serve as guides to the eye. 
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of JC justifies fully the decrease of TMIs in this range of Eex. Finally, at Eex(max)=5.0 kV/cm the flow of a 

degraded JC can be supported by Nb films and thus the TMIs events remain at a minimum level. 

 The theoretical exploitation of the experimental data of JC vs Eex is based on the models presented in 

paragraph 6.2. The desired relation JC(Eex) results after introducing the constitutive equation S(Eex) into a 

well-defined JC(S) expression that have been proposed in 
[16]

 and used as a fitting function in 
[17-20]

. The non-

monotonic reduction of JC upon increasing Eex (figures (7.15.a-b)) indicates that the appropriate constitutive 

equation that describes the electro-mechanical ability of PMN-0.31PT substrates should be given by a 

quadratic expression of S(Eex). This means that the final expression of JC(Eex) (given by the expression (6.8)) 

involves two terms inside the summation of expression (6.8) that are the A1
/
 and the A2

/
. Figures (7.17.a-b) 

show the non-normalized experimental data of JC vs Eex (symbols) for various magnetic fields at T=6 and 5 K, 

respectively, together with their optimum fitting curve JC(Eex) (solid lines). It should be noted that in the 

fitting procedure the parameters A0
/
, A1

/
, A2

/
 u and n are fixed to certain values, while the parameters JC0, EC0, 

w and c are free to vary. Specifically, the fixed parameters that are related to the PMN-0.31PT substrate, are 

Figure 7.16: Variation of both (a) the TMIs events and (b) the normalized JC, in respect to Eex for the artificial structure 

Nb(50 nm)/PMN-0.31PT/Nb(50 nm). In figure (b) the solid (semi-filled) symbols refer to the data obtained at magnetic 

fields H that are inside (outside) the regime where TMIs events have been recorded. In every case the lines serve as 

guide to the eye. 
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Figure 7.17: Variation of JC on Eex of the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) (a) for H=150, 300 
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each figure (a) and (b) the symbols refer to the raw data and the lines are the optimum fitting curves of JC(Eex). 
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A0
/
=7∙10

-6
, A1

/
=1.5∙10

-5
, A2

/
=-2.6∙10

-5
 and they are one order of magnitude lower than the respective values of 

them obtained at room temperature (see Table 5.3 of Chapter 5). The fixed parameters u and n are equal to 2.2 

and 1, respectively 
[16-20]

. Finally, one can easily conclude that the expression (6.8)  reproduces accurately the 

experimental data with R
2
 > 93 %. The values of the free parameters are summarized below in Table 7.9. 

Table 7.9: Fitting parameters of expression (6.18) used to reproduce the experimental data of JC vs Eex 

obtained at T=6 K (T=5 K) for various H in the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm). 

H (Oe) JC0 (a.u; 10
-4

 emu) EC0 (kV/cm) w (kV/cm) c (∙10
6) 

150 (800) 1.54 (3.33) 4.98 (5.75) 20.35 (17.78) 1.83 (2.09) 

300 (1200) 1.38 (2.27) 4.98 (5.33) 20.35 (18.24) 1.83 (7.25) 

500 (1500) 1.11 (1.61) 5.91 (2.86) 18.36 (7.82) 2.06 (8.01) 

 

 Referring to the artificial structure composed of thicker Nb films that is the Nb(100 nm)/PMN-0.31PT 

/Nb(100 nm), the detailed m(H) measurements at T=6 and 5 K upon applying Eex does not show any changes 

in the m(H) loops. In particular, the maximum recorded modification of JC (at Eex(max)=5.0 kV/cm) at relatively 

high magnetic fields is on the order of -2 %, while at low magnetic fields the respective modification of JC is 

negligible. These results are attributed to the influence of the increased thickness of Nb films (dNb), since as 

thickness dNb increases the induced strain affects less part of the entire volume of Nb films leading to the 

progressive deterioration in the magnitude of the JC modification. As stated in paragraph 7.2.v, Nb films with 

dNb=100 nm are thick enough and the superconducting properties (TC and JC) are maintained constant within 

the interval of Eex applied to this artificial structure. These data are not presented here. 

7.4 The role of substrate’s surface morphology in the piezoelectric modification of the superconducting 

properties 

In the previous paragraphs of this chapter the piezoelectric modification of TC and JC has been studied 

intensively in artificial structures Nb(dNb)/PMN-xPT/Nb(dNb) consisting of PMN-xPT with polished surfaces. 

The present paragraph shows how the surface roughness of non-polished PMN-xPT that is fully transferred to 

the deposited Nb films, affects the piezoelectric modification of TC and JC in Nb films. 

 The artificial structure that is studied here is the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) 

and it has been chosen for the following reasons. First, the PMN-0.31PT substrate is employed here due to its 

effectiveness to modify strongly the superconducting properties of the deposited Nb films when compared 

with the PMN-0.27PT substrate. Second, Nb films with dNb=20 nm are thin enough in respect to the 

preservation of superconductivity in Nb films deposited on rough surfaces and also susceptible to modify 

their properties when applying Eex to the artificial structure. 

i. Piezoelectric modification of the critical temperature in non-polished substrates  

This paragraph focuses on the impact of surface roughness (Sa) on the piezoelectric modification of TC. For 

this study detailed isofield m(T) curves have been obtained along the FC branches at H=10 Oe and upon the 

systematic variation of Eex in the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). 

Figure (7.18.a) shows representative m(T) curves presented in a reduced temperature range around TC. Figure 

(7.18.b) summarizes the experimental data of TC vs Eex (red spheres) together with the optimum TC(Eex) fitting 

function (red solid line). The overall decrease of TC upon the application of the maximum applied Eex (that is 

Eex(max)=4.0 kV/cm), is approximately equal to 400 mK, which corresponds to a modification coefficient 

(percentage) of -0.100 K/kV/cm (-6.0%). 
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  Regarding the theoretical investigation of these results, it is obvious that due to the non-monotonic 

reduction of TC the optimum TC(Eex) fitting function should be given by the expression (6.5.d). This 

expression succeeded to reproduce the non-monotonic reduction of TC with a relatively high level of 

confidence (R
2
~88.1%). The obtained values of the primed parameters included in the optimal fitting function 

TC(Eex) for each case are summarized in Table 7.10. The TC(Eex) fitting curve unveils two characteristic 

electric field, one at Eex
dip 

≈1.2 kV/cm that evidence a pronounced dip of TC and another one at Eex
 
≈2.5 

kV/cm that evidence an upturn of TC at higher value (which is lower than TC0). 

 

 By comparing the data of TC(Eex) of this artificial structure with the respective ones obtained in 

artificial structures consisting of polished PMN-0.31PT a safe conclusions can be drawn. Specifically, the 

overall modification of TC by Eex is not seriously affected by the surface roughness of the PMN-0.31PT 

substrate. Though, someone could invoke that the extrinsic factor of surface roughness motivates the 

development of the weak crossover, observed in artificial structures with polished PMN-0.31PT and of the 

pronounced dip observed in the artificial structure with non-polished PMN-0.31PT. Both features reflect an 

intrinsic property of PMN-0.31PT substrates originating from their electro-mechanical response upon 

application of Eex and the high <Sa> can probably promote this feature. For that reason the Sx(Eex) curves of a 

PMN-0.31PT obtained from a global and a local technique are recalled and presented in figures (7.19.a-b), 

respectively. Both techniques reveal an anomaly in the Sx(Eex) curves. In particular, a change in concavity is 

evidenced at Eex
inf

≈1.4 kV/cm in the data coming from the global technique (figure (7.19.a)) and a peak is 

also observed at Eex
peak

 ≈1.25 kV/cm in the local data (figure (7.19.b). Clearly, both points fall well inside the 

Table 7.10: Primed fitting parameter of expression (6.6.d) used to reproduce the experimental data of 

TC(Eex) along FC branches obtained at H=10 Oe of the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). 

ωln(Eex) λ(Eex) μ
*
(Εex) 

ωln,0
/
=62.852±0.000 λ0

/
=1.480±0.000 μ0

*/
=0.085±0.000 

ωln,1
/
= -7.911±0.183 λ1

/
=0.119±0.013 μ1

*/
=0.025±0.009 

ωln,2
/
=1.629±0.068 λ2

/
= -0.013±0.003 μ2

*/
=0.004±0.000 

ωln,3
/
=0.103±0.000   

ωln,4
/
=-0.053±0.000   
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Figure 7.18: (a) Representative isofield m(T) curves obtained at H=10 Oe along FC branch and at various Eex, for the 

artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). The m(T) curves are presented in a reduced 

temperature range that is close to TC, while also they are vertically shifted for clarity. Summary of TC(Eex) experimental 

data together with the optimum TC(Eex) fitting function that is able to reproduce accurately the experimental data. 
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regime where the dip has been observed in the experimental of TC vs Eex. These combined data prove 

unambiguously that the modification of TC depends strongly on the in-plane strain of the PMN-0.31PT. 

 

 

ii. Piezoelectric degradation of the critical current density in non-polished substrates  

This paragraph focuses on the impact of surface roughness (Sa) on the piezoelectric modification of JC in Nb 

films. For this study, two artificial structures Nb/PMN-0.31PT/Nb with dNb=20 nm have been prepared, the 

first is consisting of a PMN-0.31PT with polished surfaces (low surface roughness; on the order of few tenths 

of nm) and the second of a PMN-0.31PT with non-polished surfaces (high surface roughness; on the order of 

a few hundreds of nm). 

 Figure (7.20) presents representative experimental results in a vertical arrangement for two artificial 

structures Nb(20 nm)/PMN-0.31PT/Nb(20 nm) with different surface morphology. Each column of figure 

(7.20) combines an AFM image (of a scanning area 20x10 μm
2
) with the respective m(H) loops obtained at 

Eex=0, 1, 2 and 3.5 (or 3.3) kV/cm for each artificial structure. Specifically, the left column of figure (7.20) 

(figures (7.20.a.i-iv)) refers to the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) with 

<Sa>≈44 nm (Sa=25 nm in figure (7.20.a)) and TC=7 K, while the right one (figures (7.20.b.i-iv)) refers to the 

artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) with <Sa>≈290 nm (Sa=216 nm in 

figure (7.20.b)) and TC=6.6 K. It should be stressed that due to the different TC of these artificial structures, 

the m(H) loops were obtained at different temperatures (T<TC) conforming to a simple temperature condition 

that allows the comparison of the m(H) loops between them. In particular, the m(H) measurements were 

performed at temperature T=TC-2 K ensuring that Nb films in both artificial structures are deep in the 

superconducting state, regardless to their TC and transition width. The experimental data presented in figure 

(7.20) suggest that the increase of Eex has a quite different impact on the m(H) loops of these artificial 

structures. Specifically, as shown in figures (7.20.a.i-iv) the m(H) loops of the artificial structure Nb(20 

Figure 7.19: Sx(Eex) experimental data for a PMN-0.31PT focused at the low values of Eex, obtained via (a) a global and 

(b) a local technique (see paragraph 5.1.iii).(a)The black vertical solid arrow indicates a weak infection point observed 

at Eex
inf

≈1.4 kV/cm, which is also highlighted by the divergence of the green-dashed curves that serve as guides to the 

eye. Magenta solid line refers to the linear fitting of Sx(Eex) revealing also the inflection point at 1.4 kV/cm. (b) A more 

pronounced change in the slope is observed at Eex=2.0 kV/cm as indicated by the red solid vertical arrow. Moreover, at 

Eex=1.25 kV/cm indicated by the black dashed arrow an anomaly of positive strain is observed at the same point where 

the weak inflection point was reported in the global Sx(Eex) data. 
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nm)/PMN-0.31PT(Polished)/Nb(20 nm) remain unaffected upon the increase of Eex. On the other hand, as 

shown in figure (7.20.b.i-iv) the increase of Eex in the artificial structure Nb(20 nm)/PMN-0.31PT(Non-

polished)/Nb(20 nm) induces significant changes in the m(H) loops. Focusing on the latter, one can easily 

observe that the smooth and almost noiseless m(H) loop at Eex=0.0 kV/cm (that corresponds to the strain free 

state of the artificial structure) turns into noisy m(H) loops where irregular jumps in magnetization are 

induced by the increase of Eex (that corresponds to the strain states of the artificial structure). These 

magnetization jumps are flux jumps resulting from the development of TMIs in Nb films. 

 Aiming to examine the evolution of TMI occurrences as Eex increases, three different criteria have 

been used in order to record the number of TMIs in the m(H) loop at each applied Eex. A representative 

example of each criterion is presented in figure (7.21.a), which shows the m(H) loop obtained at the 

Figure 7.20: (a)-(b) Representative AFM images (20x10 μm
2
) of PMN-0.31PT substrates with (a) polished and (b) non-

polished surfaces. The mean surface roughness, Sa, of the particular areas is (a) Sa=25 nm and (b) Sa=216 nm. Notice 

the different scale in the z values that is shown in the height color bar that accompanies each image. (a.i)-(a.iv), (b.i)-

(b.iv) Representative m(H) loops obtained at various Eex for the samples (a.i)-(a.iv) Nb(20nm)/PMN-0.31PT(Polished) 

/Nb(20nm) and (b.i)-(b.iv) Nb(20nm)/PMN-0.31PT(Non-polished)/Nb(20nm). 
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maximum applied field Eex=+3.3 kV/cm. Apart from the raw data of the particular m(H) loop (green filled 

squares in figure (7.21.a)) we have also included the respective smooth m(H) curve (gray open squares in 

figure (7.21.a)) that was calculated by using the adjacent-averaging method of 5 data points from raw data, 

offered from the Origin software package [OriginPro 8.5, OriginLab Corporation, Northampton, MA, USA]. 

Furthermore, by taking into consideration that the accuracy level of our SQUID magnetometer to record a 

magnetic moment is on the order of 10
-7

 emu, an error zone of ±5·10
-7

 emu (grey lines) is placed around the 

smoothed m(H) curve. According to the first criterion, a TMI event is ascribed at each distinct point of raw 

data that is placed outside this error zone, as depicted by the black vertical arrow in figure (7.21.a). These 

TMIs are termed here as microscopic TMIs (micro TMIs). Now, exclusively from the smoothed m(H) curves, 

the second criterion ascribes a TMI event at the part of m(H) smoothed curves where the magnetic moment of 

consecutive points is decreased progressively by approaching lower magnetization value, as depicted by the 

red vertical arrow in figure (7.21.a). These TMIs are termed here as macroscopic TMIs (macro TMIs). 

Finally, without taking into account the smoothed m(H) curves, we have used a strict mathematical criterion 

that ascribes a TMI event directly from the raw data. This is the third criterion and it counts a TMI event 

whenever the variation of magnetization during a flux jump (δm=|mi+1-mi|) meets the condition δm>0.5mi 

(where mi is the initial value of magnetization when a TMI is triggered and mi+1 is the final value of 

magnetization when a TMI is completed). A representative example of a TMI according to the third criterion 

is depicted by the blue-dashed inclined arrows in figure (7.21.a). 

 All three criteria have been used to count the TMI occurrences in both the ascending (1
st
 quadrant) 

and the descending (2
nd

 quadrant) branches of the magnetic field in the m(H) loop obtained at each Eex. Figure 

(7.21.b) shows the evolution of the number of TMIs that were recorded from each employed criterion in 

respect to Eex. For the sake of presentation, the number of macro TMIs are scaled up by a factor of 8 and the 

number of TMIs according to third criterion (δm>0.5mi) are scaled up by a factor of 4, since each criterion 

Figure 7.21: (a) A representative example of the three different criteria employed here to ascribe the occurrence of a 

TMI in the m(H) loop obtained at +3.33 kV/cm. The green solid trapezoids refer to the raw data of m(H), while the light 

gray open squares refer to the smoothed m(H) curve. The black vertical arrow show a micro TMI that is placed outside 

the error zone of 5∙10
-7

 emu of the smoothed m(H) curve (marked by the black-dotted circle), the red vertical arrow show 

a macro TMI that exist in the smoothed m(H) curve (marked by the red-dotted circle) and the incline blue dashed arrows 

show a TMIs that occurs in successive data points (blue vertical arrow-heads) of the raw m(H) curves based on a 

criterion δm=|mi+1-mi|>0.5mi. (b) Number of TMIs counted in the ascending and the descending branches of H based on 

three different procedures: spheres refer to micro TMIs, triangles refer to macro TMIs and squares refer to TMIs 

recorded by using the criterion δm=|mi+1-mi|>0.5mi. Lines serve as guide to the eye. Triangles data and squares data 

are multiplied by a factor of 8 and 4, respectively, for the sake of presentation in the same vertical scale. 
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Figure 7.22: Variation of the normalized JC (in respect to the JC0) as a function of Eex for H=0, 150 and 400 Oe for (a) 

Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (open symbols)and (b) Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 

nm) (filled symbols). In both (a) and (b) the axis are the same in order to facilitate the direct comparison of the 

experimental data. In every case the lines serve as guides to the eye. 
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results to a different number of the counted TMIs. From figure (7.21.b) it becomes apparent that for every 

employed criterion, the number of TMIs follows the same non-monotonic variation with the increase of Eex. 

In this non-monotonic variation of the number of TMIs two characteristic Eex can be recognized. The first 

characteristic Eex (Ech,1) is located around 1.3 kV/cm and corresponds to a local maximum in the number of 

TMIs, while the second one (Ech,2) is located around 2.0 kV/cm where all criteria have recorded a local 

minimum in the number of TMIs that signifies the partial cessation of TMIs. Finally, at Eex=2.7 kV/cm all 

criteria show the maximization of TMIs that are saturated in this maximum value for Eex≥2.7 kV/cm. 

 It is worth noting that the TMIs are observed and recorded in the regime of relatively high magnetic 

fields in m(H) loops, unlike to their expected appearance in the lower part of m(H) loops where JC obtains 

high values. This suggests that the TMIs are stimulated by an external cause with finite influence against the 

pinning forces in Nb films. In particular, this external cause is able to overcome only the weak pinning forces 

that are manifested by the low values of JC and not the strength of stronger pinning forces in Nb films. Before 

examining the origins of this external cause, it is appropriate to study the variation of JC in respect to Eex. In 

the present study, the values of JC is considered to be proportional to the absolute difference of the magnetic 

moments (Δm) obtained along the ascending branch and the descending branch of m(H) loops for constant 

magnetic field (JC ∝ Δm≡|masc(H)-mdesc(H)|). 

 Figures (7.22.a-b) show the modification of the normalized values of JC (defined as JC/JC0, where JC0 

is the value JC at Eex=0.0 kV/cm) obtained at H=0 Oe (black circles), 150 Oe (blue squares) and 400 Oe (red 

rhombs) as a function of Eex for the raw data of both the Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (open 

symbols) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (solid symbols). As it is shown in 

figure (7.22.a), the fact that the m(H) loops of the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/ 

/Nb(20 nm) remained unaffected upon the application of Eex (figures (7.20.a.i-iv)) is reflected to the 

negligible modification of the normalized JC. On the contrary, the appearance of TMIs in the m(H) loops of 

the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) and their variation upon increasing 

Eex results to a respective modification in the normalized values of JC. Figure (7.22.b) shows that the non-

monotonic variation of the normalized JC obtained at H=150 and 400 Oe is in perfect accordance with the 

respective variation of TMIs shown in figure (7.21.b). Specifically, at the Ech,1≈1.3 kV/cm where TMIs are 
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maximized locally the JC obtains a local minimum value and at the Ech,2≈2.0 kV/cm where TMIs are 

minimized the JC obtains a maximum value that is equal to JC0. Moreover, the increased number of TMIs at 

Eex>Ech,2 results to a progressive degradation in the normalized JC. 

 This study continues with the investigation of the physical quantities related to the PMN-0.31PT 

substrate of these artificial structures that could motivate the variation of TMIs and therefore the consistent 

degradation of JC upon increasing Eex in Nb films. As it is expected the application of Eex in these artificial 

structures causes primarily the macroscopic deformation of PMN-0.31PT substrates, which is delivered to the 

deposited Nb films causing the respective deformation of them. In order to estimate the induced deformation 

that is experienced from Nb films, it is appropriate to recall the strain-electric field curve Sx(Eex) of the PMN-

0.31PT. Figure (7.23.a) presents the Sx(Eex) curve that was obtained along the x macroscopic axis of a PMN-

0.31PT crystal by the progressive increase of Eex from 0 up to 3.5 kV/cm. As it is shown in figure (7.23.a), at 

Eex=Ech,1 (≈1.3 kV/cm) the Sx exhibits a small peak of positive strain corresponding to a weak tensile strain 

(upward arrow), at Eex=Ech,2 (=2.0 kV/cm) the strain returns to zero value (downward arrow), while for 

Eex>2.0 kV/cm the magnitude of the compressive strain is increased progressively. Using these data one could 

interpret the appearance of TMIs in terms of strain, since the non-monotonic variation of the number of TMIs 

(and thus of JC) upon increasing Eex seems to coincide with the behavior of the Sx(Eex) curve. In particular, the 

peak of tensile strain (Sx>0) at Eex=Ech,1 coincides with the local maximization of TMIs (local minimization of 

JC), the return of Sx to zero value at Eex=Ech,2 coincides with the partial cessation of TMIs occurrences (local 

maximization of JC) and eventually the increased magnitude of compressive strain (Sx<0) at Eex> Ech,2 

coincides with the respective increase in the number of TMIs (progressive degradation of JC). Although it 

seems that the strain motivates the non-monotonic variation of TMIs and JC, it can explain only partially our 

data, since the artificial structure that consists of a polished PMN-0.31PT does not exhibit any changes in the 

m(H) loops upon applying Eex. This significant difference between the two artificial structures suggests that 

the appearance of TMIs and therefore the degradation of JC are related mostly to the surface morphological 

landscape of the non-polished PMN-0.31PT, which is fully transferred to the deposited Nb films. 

 To understand the influence of the morphological landscape of PMN-0.31PT on the appearance of 

TMIs it is appropriate to examine how the surface morphology (given by <Sa>) is modified by the increase of 

Eex. Figure (7.23.b) shows the evolution of <Sa> in respect to the applied Eex for both the Nb(20 nm)/PMN-

0.31PT(Polished)/Nb(20 nm) (blue open squares) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) 

(red spheres). At this point it should be stressed that a special protocol has been employed for these 

measurements, since the AFM measurements cannot be conducted with a biased Eex due to the strong 

electrostatic interaction between the AFM tip and the accumulated charges on the surface of the sample. In 

particular, starting at a safe distance (≈1 mm) between the sample surface and the AFM tip a dc voltage was 

applied constantly for 1 minute, after zeroing the applied voltage the sample surface approaches the AFM tip 

(landing procedure) and finally an AFM image is obtained. After scanning the same area upon the consecutive 

increase of Eex with the step of 0.25 kV/cm, one can estimate the evolution of <Sa> in respect to Eex, where 

<Sa> refers to the mean value of Sa among three neighboring areas of 10x10 μm
2
. As it is evident in figure 

(7.23.b) the <Sa> remain almost constant upon the application of Eex in the Nb(20 nm)/PMN-0.31PT 

(Polished)/Nb(20 nm), while on the contrary significant changes of <Sa> are recorded in the Nb(20 nm)/ 

/PMN-0.31PT(Non-polished)/Nb(20 nm). Particularly in the latter case, starting from Eex=0.0 kV/cm the 

increase of Eex causes the progressive reduction of <Sa> passing through a weak step at Eex=1.30 kV/cm (as 

shown between the two black dashed lines in figure (7.23.b)) and reaches a minimum value at Eex=2.00 

kV/cm, while the further increase of Eex results to the increase of <Sa> that becomes equal to the initial <Sa> 

value at Eex=3.00 kV/cm. Interestingly, the variation <Sa> (obtained from local AFM measurements) in 

respect to Eex follows closely the behavior of Sx(Eex) curve obtained from the local technique of piezoelectric 
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characterization. In particular, the fact that both Ech,1 and Ech,2 in the Sx(Eex) curve (figure (7.23.a)) coincide 

with the respective characteristic values of Eex in the variation of <Sa> (orang solid rhombs in figure (7.23.b)) 

confirms that the modification of surface morphology is totally driven by the induced strain. It should be 

noted here that the local AFM measurements provide only qualitative proofs regarding the tendency of the 

modification of <Sa> and it is reasonable to consider that the magnitude of the respective changes of <Sa> 

when the Eex is biased to the artificial structure are greater than these shown in figure (7.23.b). 

 To visualize how <Sa> changes upon the variation of Eex on the artificial structure Nb(20 nm)/PMN-

0.31PT(Non-polished)/Nb(20 nm), figure (7.24) presents both quantitative (figures (7.24.a.i)-(7.24.a.ii)) and 

qualitative (figures (7.24.b.i)-(7.24.b.iii)) results coming from AFM measurements. Figure (7.24.a.i) shows an 

AFM image of an area 10x10 μm
2
 that was obtained at Eex=0.0 kV/cm. To quantify the surface modification, 

we have placed a straight horizontal line along a specific value, xo=4.3 μm, of the x-axis in figure (7.24.a.i) 

(white thick line) and the height profile (z-axis) obtained across this line is presented in figure (7.24.a.ii) for 

three representative values of Eex, that are Eex=0.0 (solid black line), 1.25 (dashed blue line) and 2.0 (short-

dashed red line) kV/cm. The data of figure (7.24.a.ii) prove that the application of Eex motivates the 

development of strain in the entire volume of the PE material that, as expected, is accompanied by changes on 

the surface. Accordingly, upon application of Eex, change of surface roughness is expected, as well. The 

surface modification upon the application of Eex is presented qualitatively in figures (7.24.b.i)-(7.24.b.iii), 

where the AFM images refer to the 6x6 μm
2
 subarea of figure (7.24.a.i) (white dotted square) and they have 

been obtained at Eex=0.0, 1.25 and 2.0 kV/cm, respectively. All figures (7.24.b.i)-(7.24.b.iii) exhibit the same 

height scale along the measured z-axis (see the colorbar that accompanies each of figure; zmax~1.6 μm). From 

these data becomes apparent that the increase of Eex causes a clear surface modification. For instance, 

focusing on the upper right side of figure (7.24.b.i) we see that upon increasing Eex the area of low height 

(area with blue color) is progressively shifted at higher levels, figures (7.24.b.ii)-(7.24.b.iii), thus it gradually 

shrinks. This behavior justifies the observed reduction of <Sa> of the PMN-0.31PT(Non-polished) in figure 

(7.23.b). Given the fact that the morphological landscape of the PMN-0.31PT(Non-polished) is fully 

transferred to the deposited thin film of Nb with thickness 20 nm, it is reasonable to consider that the induced 

changes of Sa upon increasing Eex are also experienced by the deposited Nb films. 
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Figure 7.23: (a) Sx(Eex) curve obtained from the local technique along the x dimension of a PMN-0.31PT sample. (b) 

The evolution of <Sa> in respect to the applied Eex for both the Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (blue 

open squares) and the Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (purple solid rhombs). The <Sa> is obtained 

as the mean value of Sa among three neighboring areas of 10x10 μm
2
. For comparison reasons, equivalent value range 

for the <Sa> are set before and after the break in the vertical axis. 
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 Before proceeding to discuss the mechanism that motivates/promotes the appearance of TMIs and 

their non-monotonic variation upon increasing Eex, let us first consider more closely the initial strain-free 

state, in respect to the application of Eex, (Eex=0.0 kV/cm) of the artificial structure Nb(20 nm)/PMN-

0.31PT(Non-polished)/Nb(20 nm) and especially the influence of Sa on the current-carrying capability of Nb 

thin films. The knowledge of the initial strain-free state of Nb thin films is important, since this state is 

delivered to the upcoming strain states of the artificial structure as Eex increases and consequently it lays the 

foundation for understanding the origins of TMIs. It is well known that in thin SC films the distribution of the 

supercurrent differs drastically for the case of perfectly planar 
[21-25]

 and relatively rough 
[26-30]

 ones. 

Specifically, earlier studies in planar SC thin films have shown that the Sa may affect JC in several ways, such 

are through the spatial variation of flux lines around the surface 
[26,27]

, the thickness dSC modulation 
[28,29]

 and 

the enhanced contribution of the surface pinning against the volume pinning 
[27,30]

. It should be noted that in 

these studies 
[26-30]

 the Sa is referred to SC thin films deposited on atomically flat substrates, meaning that the 

values of Sa are lower than their thickness dSC. In the case of a SC thin film with extremely high <Sa> the 

flow of supercurrent across its surface is more difficult to be estimated and even in some cases there is not a 

continuous network to support the supercurrent flow all over its surface. Moreover, as mentioned in paragraph 

5.3, the high Sa has two significant results on Nb thin film. The first is the thickness modulation of Nb thin 

film from its nominal value (dnom) preserved on top of surface peaks to an effective value of thickness (deff) at 

Eex=0.0 kV/cm 

0 

(b.i) 

0
 

Eex=1.25 kV/cm 

(b.ii) 

Eex=2.0 kV/cm 

0
 

0 

(b.iii) 

(a.i) Eex=0.0 kV/cm 

0 1 2 3 4 5 6 7 8 9 10
0.0

0.4

0.8

1.2

1.6

2.0
 E

ex
=0.0 kV/cm,

 E
ex

=1.25 kV/cm,

 E
ex

=2.0 kV/cm

 

 

H
e
ig

h
t 

p
ro

fi
le

 (


m
)

x-axis (m)

(a.ii) 

Figure 7.24: AFM data of the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). (a.i) Representative 

AFM image 10x10 μm
2
 obtained at Eex=0.0 kV/cm. (a.ii) The height profile along the white horizontal line in (a.i) for 

three representative values of the electric field, Eex=0.0 (solid black line), 1.25 (dashed blue line) and 2.0 (short-dashed 

red line) kV/cm. (b.i)-(b.iii) Three AFM images 6x6 μm
2
 that refer to the subarea of (a.i) marked by the white dotted 

square and they have been obtained at Eex=0.0, 1.25 and 2.0 kV/cm, respectively. The rectangular white shapes placed at 

the right side of panels (b.i)-(b.iii), serve as guides showing the modification of the morphological landscape. 
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the lateral sides of morphological peaks and the second is the local redirection of the applied magnetic field 

(H) that has a nonzero perpendicular component (Hnorm) at these parts of Nb thin film, which weakens the 

strength of the parallel magnetic field (Hpar). Accordingly, the required surface conditions that promote either 

the pinning or the nucleation of flux lines can be satisfied at different areas across the surface of Nb thin 

films. This leads to the heterogeneous distribution of flux lines that accumulate at locations of the surface 

where the minimization of their free energy is ensured, creating flux spots (bundles of flux lines) 
[26]

. Finally, 

one can easily conclude that the extremely high <Sa> suppresses the current-carrying capability of Nb, even 

when no Eex is applied to the artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm). 

 Apart from the low current-carrying capability of Nb thin films in the artificial structure Nb(20 

nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) no TMIs have been recorded at Eex=0.0 kV/cm, irrespectively of 

the value of the magnetic field, H. This means that the TMIs are triggered exclusively upon the application of 

Eex. As we have shown experimentally in figure (7.23.b) the increase of Eex changes the <Sa>, which reflects 

respective changes in the morphological landscape of Nb thin films as shown in figures (7.24.b.i)-(7.24.b.iii). 

This means that both the effective thickness (deff=dnom·cosθ) and the strength of the local magnetic field 

Hpar=H·cosθ are modified upon applying Eex and thus the pinning conditions are also changed around the 

surface of Nb thin films. So, in terms of flux spots the application of Eex is accompanied with the respective 

motion of flux spots to alternative positions that ensure the minimization of their free energy. The energy 

dissipation from the motion of flux spots releases a noticeable amount of thermal energy, which is absorbed 

by the Nb thin films and increases their temperature. This increase of temperature initiates a sequence that 

motivates and/or promotes the creation mechanism of TMIs (see details in paragraph 1.1.vi). Studies on the 

development of TMIs in Nb thin films that are based on magneto-optical measurements 
[31,32]

, have shown that 

TMIs are triggered and/or promoted at different sites across the surface of the SC and for different values of 

H. Hence, it is reasonable to consider that TMIs exhibit a clear local character and so their appearance can be 

justified consistently by experimental data originated from local techniques of characterization, such as in our 

case the measurements of strain and surface roughness upon applying Eex. 

 Although the modification of the surface morphology upon applying Eex may justify the appearance 

of TMIs, it cannot explain the non-monotonic variation of them as Eex increases progressively. For the 

interpretation of the non-monotonic variation of TMIs (and thus of the non-monotonic modification of JC) it 

should not be ignored the two-fold action of Eex in Nb thin films, since the changes in <Sa> are primarily 

caused by the Eex induced strain to the deposited Nb thin films. Hence, the appearance of TMIs (and thus the 

degradation of JC) should be interpreted in terms of the combined variation of both strain and roughness that 

are tuned through Eex. In this context, we distinguish three successive intervals in the entire range of Eex, the 

first is for Eex≤Ech,1, the second is for Ech,1<Eex≤Ech,2 and the third is for Eex>Ech,2. In the first interval and as 

Eex increases, the magnitude of the induced volume strain is almost zero while <Sa> is decreased 

progressively (figure (7.23.b)) and thus the appearance of TMIs is caused by the modification of the surface 

morphology of Nb thin films. At Eex=Ech,1 the appearance of a weak tensile strain (Sx>0 in figure (7.23.a)) 

leads to the local maximization of the number of TMIs at this field. Continuing with the increase of Eex in the 

second interval, the induced volume strain returns to zero at Ech,2, while the surface modification becomes 

more pronounced. Thus, the variation of the TMIs depends exclusively on the variation of <Sa>. Under this 

light, the minimization of <Sa> at Ech,2≈2.00 kV/cm diminishes the influence of surface morphology on both 

deff and Hpar and this is accompanied with the minimization of the recorded TMIs (maximization of JC), but 

not with the complete cessation of them. As Eex increases above the characteristic field Ech,2 the magnitude of 

the induced compressive volume strain obtains progressively higher values as also the <Sa> increase. So, in 

the third interval of Eex the influence of strain (Sx) dominates the impact of <Sa>, leading to the increase of 

TMIs (decrease of JC) that seems to be saturated at Eex=2.70 kV/cm (JC becomes zero at Eex=3.30 kV/cm). 
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Chapter 8 

Perspectives for applications 

During the last decades great effort has been paid to optimize the performance of advanced nonvolatile 

memory devices 
[1-3]

. One of the competitive performances in memory technologies has been realized by 

magnetic random access memory (MRAM) devices 
[4]

 that utilize the switchable relative orientation of the 

magnetization among two ferromagnetic (FM) layers separated by an insulating nonmagnetic layer. The 

configuration of such MRAM devices are based on magnetic tunnel junctions artificial structures. In 

particular, the first generation of MRAM is based on a magnetic-field writing process, known as 

Magnetoresistive-RAM devices that are relatively slow and power consuming devices 
[5]

. The second 

generation of MRAM is based on a spin-injection writing process, known as Spin Transfer Torque-RAM 

devices that succeeded to reduce the power consumption of the artificial structures, but their operation 

requires a relatively high threshold current density 
[6]

. Aiming to reduce the energy that is needed in order to 

switch the orientation of magnetization of a FM layer, other materials such as multiferroics and 

magnetoelectric materials have been investigated 
[7-10]

 that enable the electric-field control of magnetization. 

Since natural multiferroics (i.e. BiFeO3) are either limited by weak ferromagnetism at room temperature 
[11]

 or 

are effective only at low temperatures 
[12]

, one promising approach involves the magnetoelectric coupling 

through a strain-mediated coupling in PE/FM artificial structures 
[13-15]

. 

 In the ideal case, the PE/FM artificial structures should exhibit a switchable behavior of the 

orientation of magnetization upon applying Eex at room temperature. As mentioned in Chapter 4, the PE/FM 

artificial structures offer the unique opportunity to examine the piezoelectric modulation of the magnetic 

properties in the interval of temperatures between 300 K and 10 K. However, if one focuses on possible 

technological applications that can be used at cryogenic conditions, the more suitable artificial structures (that 

are closely related to the PE/FM) are the ones consisting of a SC layer instead of a FM layer. 

 The systematic experimental and theoretical investigations of Nb/PMN-xPT/Nb artificial structures 

(expressed generally as PE/SC) studied in this PhD Thesis shed light to perspectives for possible practical 

applications. More specifically, the phenomenological model of TC(Eex) has a predictive worth that can be 

used for the appropriate design of relevant artificial structures to operate as sensor devices at cryogenic 

conditions. In practical terms, the TC(Eex) model can be used to estimate the threshold values of the three 

parameters, voltage (Vapp), electric field (Eex) and strain (Sy or Sx), necessary to quench superconductivity (i.e. 

100% modification of TC). This is presented in figure (8.1) for two artificial structures having the general 

planar topology SC/PE/SC studied here, as schematically illustrated in the satellite cartoons, figures (8.1.b.i) 

and (8.1.c.i). Specifically, figures (8.1.b.i) presents a SC/PE/SC artificial structure developed on a bulk PE 

substrate of thickness, dPE≈0.5 mm (as the ones studied here), while figures (8.1.c.i) shows the case where the 

PE building unit is a comparatively thin film with thickness dPE≈1 μm. The Eex and relevant strain, Sy(Eex) 

necessary to quench superconductivity through the lattice distortion of the SC building units (schematically 

presented in figure (8.1.a.i) for low Eex, |Sy| and in figure (8.1.a.ii) for high Eex, |Sy| can be estimated from the 

extrapolation of relation TC(Eex) and from the Sy(Eex) global data obtained for the same PMN-xPT substrate 

with x=0.31, respectively. These are shown in the relevant upper (Eex) and lower (|Sy|) scales of figure (8.1.a). 

The estimated values are Eex≈12.0 kV/cm and |Sy|≈0.144 %. These values should be the same for both 

artificial structures of figures (8.1.b.i) and (8.1.c.i), given that the underlying physical mechanism does not 

depend on the thickness of the PE bulk/film building unit. However, the relevant value of Vapp needed to 

quench superconductivity depends strongly on the specific structure and dimensions of the SC/PE/SC 

artificial structure. For the planar SC/PE/SC topology discussed here, the reduction of the thickness of the PE 
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building unit changes drastically Vex, as shown in the respective satellite scales, figures (8.1.b.ii) and 

(8.1.c.ii). While for the case of a bulk PE crystal (figures (8.1.b.i)) it corresponds to the unpractical value 

Vapp≈600.0 V (figures (8.1.b.ii)), for the case of the comparatively thin PE film (figures (8.1.c.i)) it decreases 

by three orders of magnitude to Vapp≈1.2 V (figures (8.1.c.ii)), that practically is easily achievable. 

 Other issues of practical importance are the response of TC at low H and the reversible/irreversible 

response of TC upon removal/reversal of Eex. Depending on the specific character of each application, 

operation at low magnetic fields and the reversible/irreversible response on electric fields can be 

advantageous 
[16-19]

. The operation of the artificial structures PE/SC at low magnetic fields H has been already 

presented in Chapter 7. Referring to their reversible/irreversible response of TC on Eex, figures (8.2.a-b) 

present comparative experimental data of TC vs Eex for two artificial structures Nb(20 nm)/PMN-

xPT(Polished)/Nb(20 nm), one with x=0.31 (high dij; red lines and symbols) and one x=0.27 (low dij; blue 

lines and symbols). In order to investigate the reversible/irreversible response of TC these two artificial 

structures were used to study the evolution of TC when the biased Eex on different PMN-xPT substrates is 

inversed and increased at higher negative values. Specifically, figure (8.2.a) show data obtained along the 

ZFC branches at H=2 Oe, while figure (8.2.b) show data obtained along the FC branches at H=5 Oe. These 

experimental data prove that PMN-xPT substrates with different piezoelectric ability have different impact on 

TC upon removing or inversing Eex. In particular, the PMN-0.31PT with high dij imposes the irreversibility of 

the Sy(Eex) response on the TC(Eex) of the outer Nb films. This irreversible response of TC can be quantified by 

the relative difference of TC (ΔTC) between the two states obtained at Eex=0 kV/cm, the initial state at Eex=0 

kV/cm and the state after removing Eex. The irreversible response of TC (vertical black arrows in figures 

(8.2.a-b)) in artificial structures composed of PMN-0.31PT is on the order of 300 mK (220 mK) from the data 

obtained along ZFC (FC) branches, as shown in figure (8.2.a) (figure (8.2.b)). It should be noted that the 

Figure 8.1: Estimation of the Eex, Sy and Vapp needed to safely quench superconductivity in SC/PE/SC artificial 

structures. (a) Extrapolation of the TC(Eex) relation used in the fitting of the experimental data of sample #1: Nb(15 

nm)/PMN-0.31PT(Polished)/Nb(15 nm) (see paragraph 7.2 for more details) at high values of Eex (upper scale) and 

strain Sy (lower scale) that are based on (b.i) a bulk PE substrate with thickness dPE≈0.5 mm and (c.i) a comparatively 

thin PE layer with thickness dPE≈1.0 μm. (α.i-ii) Schematic illustration of the lattice distortion at low and at high values 

of Eex. (b-c.i) and (b-c.ii) the relevant Vapp differs drastically,(b.ii) Vapp≈600.0 V for the artificial structure shown in (b.i), 

while (c.ii) Vapp≈1.2 V for the one shown in (c.i). 
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increase of Eex at higher negative values increases progressively the TC that ultimately approaches the TC0 

value at Eex=-4.0 kV/cm. This increase of TC can be justified by the opposite behavior of the induced strain in 

Nb films between the two branches of Eex. In particular, the induced strain along the positive branch of Eex is 

characterized as a compressive strain causing the reduction of TC, while along the negative branch of Eex the 

induced strain is characterized as tensile strain justifying the increase of TC. On the contrary, artificial 

structures composed of PMN-0.27PT substrates with low dij exhibit negligible irreversibility in their TC(Eex). 

 Another possible application can be emerged if one utilizes the Nb/PMN-xPT/Nb artificial structures 

in a reverse way, that is, towards to the examination of piezoelectricity in PMN-xPT materials. Due to the 

limited experimental studies regarding the behavior of PMN-xPT materials at low temperatures, the artificial 

structures Nb/PMN-xPT/Nb consists a suitable system to investigate fundamental issues of piezoelectricity at 

cryogenic conditions. The results of this PhD Thesis indicate both qualitatively and quantitatively that the 

modification of the macroscopic superconducting properties is driven from the induced piezoelectric strain in 

Nb films upon the variation of Eex applied on the artificial structures. Qualitatively, the characteristic points in 

the S(Eex) curves of the piezoelectric constituents are accurately imprinted on the respective TC(Eex) curves of 

the superconducting constituent and quantitatively the magnitude of the piezoelectric modification of TC 

follows tightly the piezoelectric ability of the PMN-xPT. Hence, one can safely use the experimental data of 

TC vs Eex to estimate indirectly the in-plane piezoelectric coefficient dzx (or equivalently dzy) of the PMN-xPT 

material at low temperatures (below 10 K). Figures (8.3.a-b) show representative results regarding the 

variation of the normalized values of TC (using the dimensionless term ΔTC/TC0, where ΔTC≡TC-TC0) upon 

applying Eex in two artificial structures that are consisting of Nb films with thickness 15 nm and of PMN-xPT 

substrates with x=0.31 and x=0.27, respectively. It should be noted that the choice of the dimensionless term 

ΔTC/TC0 to express the piezoelectric modification of TC was made purposely, since in this representation of 

data the units of the linear slope can be easily transformed into pm/V that is the unit system of the 

piezoelectric strain coefficients dij. Obviously, the linear slope of the TC vs Eex data points reflects directly the 

degree of the piezoelectric modification of TC and thus the use of a substrate PMN-0.31PT (PMN-0.27PT) is 

accompanied with a linear fit of relatively high (low) slope. In particular, the linear slope of the TC vs Eex data 

that refer to the artificial structure composed of a PMN-0.31PT (PMN-0.27PT) is equal to -111.42∙10
3
 pm/V 

(-60.47∙10
3
 pm/V), as shown by the red dashed line in figure (8.3.a) (blue dashed line in figure (8.3.b)). 
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Figure 8.2: Comparative experimental data of TC vs Eex for two Nb(20 nm)/PMN-xPT(Polished)/Nb(20 nm) artificial 

structures composed of PMN-xPT substrates with x=0.31 and with x=0.27. The experimental data were obtained along 

(a) the ZFC branches for H=2 Oe and (b) the FC branches for H=5 Oe. The vertical black arrows indicate the degree of 

hysteresis in the values of TC between the two states obtained at Eex=0 kV/cm. In both (a) and (b) the scale before and 

after brake is the same, while the lines are guides to the eye. 
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According to the literature (see details in paragraph 1.2.iv and references within) the piezoelectric strain 

coefficient at low temperatures (T=10 K) is reduced by an order of magnitude, thus the expected value of dzx 

of a PMN-0.31PT (PMN-0.27PT) should be around -150 pm/V (-70 pm/V). Assuming that this indirect 

method for the piezoelectric characterization influences the estimation of dzx by a factor of 1000, we observe 

that the calculated values of dzx are approximately equal to the expected ones in each PMN-xPT sample. 

 The systematic experimental study and the phenomenological modeling approach used in this PhD 

Thesis is generic and paves the way for understanding the underlying physical mechanisms in any SC/PE 

artificial structure. Given that many questions are currently open in SC/PE hybrids, this work can assist to 

resolve them, ultimately promoting the development of relevant cryogenic devices. 
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Figure 8.3: Representative experimental data of TC vs Eex of two Nb(15 nm)/PMN-xPT/Nb(15 nm) artificial structures 

composed of a (a) PMN-0.31PT and (b) PMN-0.27PT. The red dotted line in (a) and the blue dotted line in (b) are the 

linear fit of the respective experimental data. 
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Chapter 9 

Conclusions 

The basic goal of this PhD Thesis is to investigate the piezoelectric modification of superconductivity in 

artificial structures that combine two Nb films (that are the superconducting constituents) with a bulk PMN-

xPT substrate (that is the piezoelectric constituent) and thus they are denoted as Nb/PMN-xPT/Nb. Prior to 

the detailed study of these artificial structures special emphasis was paid on the thorough characterization of 

them and of the building blocks that compose them. Moreover, similar artificial structures consisting of a 

PMN-xPT substrate and of two ferromagnetic films of Co have been studied upon the application of Eex. The 

main conclusions drawn from this PhD Thesis are presented below in detail. 

I. Piezoelectric modulation of the magnetic properties of Co/PMN-xPT/Co artificial structures 

Motivated by the lack of knowledge regarding the piezoelectric ability of PMN-xPT substrates at low 

temperatures, introductory and exploratory experiments have been performed in artificial structures Co/PMN-

xPT/Co consisting of Co films with thickness dCo=30 nm upon applying electric field (Eex). 

 The first artificial structure Co(30 nm)/PMN-0.29PT/Co(30 nm) has been used to investigate the 

modulation of HC and msat upon the increase of Eex at three representative temperatures, T=300, 150 and 10 K. 

Detailed m(H) measurements for various Eex demonstrated that HC is affected strongly only at T=10 K 

reaching a reduction on the order of -9.4%, while msat is affected slightly at T≤150 K reaching a reduction on 

the order of -4.0%. Two mechanisms can justify qualitatively the modulation of HC. The first mechanism is 

related to the modulation of magnetic domains, since the induced deformation to Co films may change dCo, 

which subsequently affects the size and the population of magnetic domains. The second mechanism is 

related to the modification of the pinning forces of magnetic domains that are affected from the induced strain 

in Co films. Regarding the modulation of msat the recorded modulation can be ascribed to changes of the 

magnetic anisotropy due to shape anisotropy, since the induced deformation of Co films may change the 

magnetic anisotropy from in-plane (dCo<30-50 nm) to out-of-plane (dCo>30-50 nm) or vice versa. Moreover, 

these experimental data evidence that the degree of HC and msat modulation faints as temperature increases, 

proving that the thermal energy dominates all other relevant energy scales. 

 The second artificial structure Co(30 nm)/PMN-0.31PT/Co(30 nm) has been used to investigate the 

modulation of mrem upon applying Eex in the whole temperature range from 300 K down to 10 K. The 

experimental data revealed that mrem is degraded through the occurrence of magnetic instabilities that appear 

only at Eex≠0 kV/cm and are facilitated as Eex increases. However, these magnetic instabilities are completely 

ceased below the characteristic temperature Tces≈170 K even for the maximum applied field |Eex|=5 kV/cm. 

The comparison between the temperature evolutions of both the mrem and the piezoelectric properties of PMN-

xPT substrate, indicates that the magnetic instabilities are motivated by the coupling of the magnetic domains 

of the Co films with the ferroelectric domains of the PMN-xPT substrate. Finally, the study of both artificial 

structures indicates that PMN-xPT can operate effectively as piezoelectric substrates at low temperatures. 

II. Characterization of PMN-xPT samples 

The PMN-xPT samples used in this PhD Thesis as the PE constituents, are categorized into two main groups, 

the first group contains PMN-xPT with x=0.31 (PMN-0.31PT) and the second with x=0.27 (PMN-0.27PT). 

 The crystallographic characterization obtained by means of XRD, shows that the PMN-0.31PT 

samples were cut along the [110] crystallographic direction, while the PMN-0.27PT samples were cut along 
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the [001] crystallographic direction. The morphological characterization of these samples obtained by means 

of AFM, shows that the <Sa> value of PMN-xPT with non-polished (polished) surfaces is equal to 291 nm 

(44 nm). Regarding the piezoelectric characterization of the PMN-xPT samples a new technique that utilizes a 

conventional optical microscope for the local observation of deformation, has been employed in order to 

record the strain-electric field curves, S(Eex). The experimental results coming from this local technique show 

that the maximum obtained value of strain at Eex=8.5 kV/cm along the x-axis of a PMN-0.31PT sample is 

equal to 0.11 %, while the respective value of strain for a PMN-0.27PT sample was approximately two times 

lower and equal to 0.06 %. This difference indicates the different electro-mechanical ability of these samples 

and is fully ascribed to their composition x, since PMN-0.31PT (PMN-0.31PT) is placed inside (outside) the 

morphotropic phase boundary wherein the electro-mechanical properties are optimum. These results were 

confirmed by obtaining the respective S(Eex) curves from another technique of piezoelectric characterization. 

III. Characterization of Nb films deposited on Si substrates 

Τhe depositions of Nb films on Si substrates were intended to clarify two issues. The first issue is to 

investigate the influence of deposition conditions on the superconductive quality of Nb films and the second 

issue is to study the superconducting properties of Nb films deposited on atomically flat substrates. 

 Regarding the deposition conditions, the implementation of the cryotrapping protocol succeeded to 

optimize the pressure inside the chamber before starting depositions (Pdep~7·10
-8

 Torr) for almost an order of 

magnitude when compared with the respective pressure where no external cryo-cooling was used (Pdep~5·10
-7

 

Torr). In order to investigate the influence of deposition conditions on the superconducting properties of Nb 

films a sample series Si/Nb(dNb) have been constructed after the repeated depositions of Nb films with 

thickness dNb=5 nm under different vacuum conditions during one month. By examining the values of TC in 

respect to Pdep and to vacuum improvement ΔP=|Pdep-P0| (P0 is the base pressure of chamber) it was concluded 

that the implementation of cryotrapping protocol optimizes the superconductive quality of Nb films. 

 Regarding the investigation of the superconducting properties of Nb films, a sample series of 

Si/Nb(dNb) have been prepared by employing the cryotrapping protocol for the depositions and by varying 

systematically the thickness dNb between 3 and 100 nm. The crystallographic characterization indicates the 

optimum crystalline quality of Nb films that are oriented along the [110] crystallographic directions. The 

experimental data of TC versus dNb (size effect of TC) confirm the expected reduction of TC upon the decrease 

of dNb and it was found that the size effect of TC can be described theoretically from the modified McMillan 

model. It is worth noting that the optimization of vacuum conditions leads to the preservation of 

superconductivity in extremely thin Nb films, for instance Nb films with dNb=3 nm exhibit TC=2.9±0.4 K. 

From the study of HC2(T) versus dNb (size effect of HC2(T)) two conclusions have been emerged. The first is 

that the HC2(T) lines are shifted downwardly when dNb increases and the second one is that the curvature of 

the HC2(T) lines changes progressively from the standard square-root law ∝(1-T/TC)
0.5

 at dNb<50 nm to the 

linear law ∝(1-T/TC) at dNb≥50 nm. The estimated values of ξ(0) through the extrapolation of the appropriate 

HC2(T) expression at T=0 K are in excellent agreement with the values reported in the literature. 

IV. Superconducting characterization of Nb films deposited on PMN-xPT substrates 

For the preparation of the final artificial structures studied in this PhD Thesis, Nb films with the same 

thickness dNb have been deposited on both surfaces of each PMN-xPT substrate. Since the surface 

morphology of PMN-xPT substrates is expected to affect the superconducting properties, the superconducting 

characterization of the Nb/PMN-xPT/Nb is crucial before performing the measurements upon applying Eex. 

 For the investigation of the superconducting properties of Nb films deposited on PMN-xPT substrates 

with different <Sa>, a sample series of Nb/PMN-xPT/Nb has been prepared by employing the cryotrapping 
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protocol for the depositions and by varying systematically the thickness dNb between 3 and 100 nm. The 

depositions of Nb films have been performed on Si substrates (zero <Sa>) and on PMN-xPT substrates of 

polished (exhibiting relatively low <Sa>) and non-polished (exhibiting relatively high <Sa>) surfaces. This 

study shows that in general the increased <Sa> weakens superconductivity. However, the increased <Sa> is 

not a restrictive parameter that suppresses superconductivity totally. More specifically, three parameters of 

superconductivity have been examined as a function of <Sa>, the TC, the transition width ΔΤC and the HC2(T) 

line. As it is anticipated, the non-zero <Sa> degrades the TC of Nb films of the same dNb and this degradation 

follows consistently the increasing <Sa> of substrates. In particular, superconductivity in Nb films is 

suppressed at dcrit≅2 nm when using Si substrates and at dcrit≅4-6 nm when using PMN-xPT substrates with 

polished and non-polished surfaces. Regarding the transition width ΔΤC that is related to the quality of Nb 

films, the experimental data show that the increased <Sa> (imposed to Nb films through using PMN-xPT 

substrate with non-polished surfaces) results to a wider ΔΤC which indicates the lowering of the 

superconducting quality in Nb films. Moreover, the increased <Sa> result to the reduction of HC2(T) line and 

this reduction becomes more pronounced at thinner Nb films (i.e. dNb=15 nm). These results were interpreted 

by a toy model that explains qualitatively the influence of <Sa> on the superconducting properties. This toy 

model is based on: (i) the thickness modulation of Nb films deposited on substrates with rough surfaces from 

the nominal value of thickness to an effective lower value of thickness at the lateral sides of morphological 

heights and (ii) the local parallel-to-normal reconfiguration of magnetic field that has a nonzero perpendicular 

component at the parts of Nb films deposited at the lateral sides of morphological heights. 

V. Piezoelectric modification of TC in Nb/PMN-xPT/Nb artificial structures 

The piezoelectric modification of TC in Nb/PMN-xPT/Nb artificial structures has been examined in respect to 

the variation of two parameters, the magnitude of piezoelectric strain coefficients of PMN-xPT and the 

thickness of Nb films. In the latter case, the experimental results are further investigated by the theoretical 

model TC(Eex) that allows the study of the modified microscopic parameters of superconductivity. 

The influence of the magnitude of piezoelectric coefficients 

To reveal the influence of the magnitude of piezoelectric strain coefficients in the modification of TC in Nb 

films, two Nb/PMN-xPT/Nb artificial structures consist of PMN-xPT samples with different piezoelectric 

ability have been prepared. These PMN-xPT samples are the PMN-0.31PT and the PMN-0.27PT and they 

were used as substrates for the deposition of Nb films with thicknesses dNb=15 and 20 nm. The experimental 

results of these artificial structures demonstrated that the piezoelectric modification of TC follows tightly the 

electro-mechanical ability of the employed PMN-xPT substrate. In particular, for each thickness of Nb films 

the optimized piezoelectric properties of PMN-0.31PT resulted to a stronger TC modification than the 

respective modification caused from the less piezoelectrically active substrate PMN-0.27PT. Specifically, 

from the data obtained along ZFC (FC) branches the maximum percentage modification of TC in artificial 

structures consisting of PMN-0.31PT is equal to -4.9 % (-5.9 %) when dNb=15 nm and to -2.9 % (-3.2 %) 

when dNb=20 nm. The values of the maximum percentage modification of TC in artificial structures consisting 

of PMN-0.27PT are equal to -2.3 % (-2.3 %) when dNb=15 nm and to -1.2 % (-1.4 %) when dNb=20 nm. 

The influence of Nb film thickness 

To reveal the influence of Nb film thickness dNb in the modification of TC, a series of Nb/PMN-xPT/Nb 

artificial structures consist of PMN-0.31PT substrates and of Nb films with thickness dNb=15, 20, 50 and 100 

nm have been prepared. From this study two major inferences have been drawn. The first conclusion refers to 

the dependence of the magnitude of TC modification on thickness dNb. It was found that as thickness dNb 

increases the induced strain from PMN-0.31PT affects less part of the entire volume of Nb films and thus the 

magnitude of TC modification is degraded progressively. Specifically, the maximum recorded reduction of TC 
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(percentage modification of TC) is equal to 337 mK (-5.8 %) for dNb=15 nm, to 155 mK (-2.5 %) for dNb=20 

nm, to 60 mK (-0.8 %) for dNb=50 nm and finally to zero for dNb=100 nm. Moreover, this dependence of the 

magnitude of TC modification on the thickness dNb influences the range of Eex wherein superconductivity of 

Nb films is preserved. In particular, it was found that artificial structures consisting of relatively thin Nb films 

are more sensitive into modifying TC upon applying a small Eex and this behavior is progressively fade out 

when dNb increases. The second conclusion refers to the characteristic electric field at Eex≈2.0 kV/cm that 

appears to the TC(Eex) curves of all artificial structures. Specifically, in the artificial structures with dNb≤20 nm 

this characteristic field evidences the crossover (and/or non-monotonic) behavior of TC(Eex) curves and in the 

artificial structures with dNb≥50 nm the TC is reduced when the applied Eex exceeds this characteristic field. It 

was found that this characteristic Eex originates from the PMN-0.31PT and this finding proves that the 

modification of TC in these artificial structures depends exclusively on the in-plane strain of the PMN-0.31PT. 

Theoretical exploitation of the experimental data TC versus Eex 

For the theoretical exploitation of the experimental data of TC versus Eex a phenomenological approach has 

been proposed. This phenomenological approach emerges after taking into account the appropriate strain 

dependence of the microscopic parameters of superconductivity (involved in the TC expression) and by 

introducing the constitutive equations S(Eex) of piezoelectricity to these trial functions. The phenomenological 

approach TC(Eex) succeeded to reproduce accurately (with R
2
>92 %) the experimental data of all Nb/PMN-

0.31PT/Nb artificial structures. Regarding the piezoelectric modification of the microscopic parameters of 

superconductivity in Nb films it was found that the increase of Eex causes the decrease of the attractive 

potential λ, the increase of the repulsive potential μ
*
, the decrease of the interaction potential N(0)V and the 

increase of mean phonon frequency ωln for all dNb. Qualitatively the modification of these microscopic 

parameters justifies fully the reduction of TC in the artificial structures upon increasing Eex, while 

quantitatively the variation of their values lies within reasonable limits (1.0≤λ≤1.5, 0.103≤μ
*
≤0.124, 

0.43≤N(0)V≤0.56 and 51≤ωln≤91). Furthermore, the modification of the microscopic parameters exhibits a 

sensible behavior in respect to thickness dNb, which means that in relatively thin Nb films they are modified 

strongly upon applying Eex and this behavior fades out as dNb increases. 

VI. Piezoelectric modification of JC in Nb/PMN-0.31PT/Nb artificial structures 

In order to isolate the influence of the induced piezoelectric strain only on JC two artificial structures that 

exhibit only minor changes in TC upon applying Eex, have been investigated. These artificial structures are 

consisting of Nb films with thicknesses dNb=50 and 100 nm. 

 Starting with the artificial structure composed of Nb films with thickness dNb=100 nm, the detailed 

study of m(H) loops obtained upon increasing the Eex up to +5 kV/cm shows minor changes. In particular, the 

piezoelectric modification of JC at relatively high magnetic fields is on the order of -2 %, while at low 

magnetic fields the respective modification of JC is negligible. The results of JC versus Eex are similar to the 

respective results of TC versus Eex of this artificial structure Nb(100 nm)/PMN-0.31PT(Polished)/Nb(100 nm) 

and thus the unaffected JC upon increasing Eex is attributed to the increased thickness of Nb films. On the 

other hand, the artificial structure Nb(50 nm)/PMN-0.31PT/Nb(50 nm) exhibit considerable changes in the 

m(H) loops obtained upon increasing Eex up to +5 kV/cm. The data obtained at T=6 K (T=TC-1.3 K) and at 

T=5 K (T=TC-2.3 K) show that the piezoelectric modification of JC follows a non-monotonic reduction. 

Within this non-monotonic variation, the JC exhibits an improvement in its values (local maximum) at Eex=2.0 

kV/cm that exceeds initial value JC0, while after passing through JC0 at Eex=3.0-4.0 kV/cm the JC is reduced 

approximately to the 15 % of JC0 at Eex(max)=5.0 kV/cm. The local maximum of JC at Eex=2.0 kV/cm is more 

pronounced in the data obtained at T=5 K, while also the respective m(H) loops obtained at T=5 K are 

accompanied with the appearance of TMIs along the descending branch of H. The variation of the number of 
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TMIs upon increasing Eex exhibits a local maximum at 2.0 kV/cm, which is ascribed to the flow of an 

enhanced JC (due to the local maximization of JC at 2.0 kV/cm) that cannot be supported by Nb films. Both 

the return of JC at JC0 when Eex=3.0-4.0 kV/cm and its reduction at Eex(max)=5.0 kV/cm are reflected directly by 

the number of TMIs that remained at a minimum level in this range of Eex, meaning that these reduced values 

of JC can be supported from Nb films. For the theoretical exploitation of these results a phenomenological 

approach that combines the constitutive equations S(Eex) with a well-defined expression of JC(S) has been 

used. The phenomenological approach of JC(Eex) succeeded to reproduce accurately the experimental results. 

VII. The impact of substrate’s surface morphology on the piezoelectric modification of the 

superconducting properties in Nb/PMN-0.31PT/Nb artificial structures 

In order to disclose the impact of substrate’s surface roughness (Sa) on the piezoelectric modification of both 

the TC and the JC, the results of the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (PMN-

0.31P with low Sa) are compared directly to the respective results of the artificial structure Nb(20 nm)/PMN-

0.31PT(Non-polished)/Nb(20 nm) (PMN-0.31P with high Sa). 

Experimental results of TC(Eex) 

The overall reduction of TC (percentage modification of TC) upon the application of Eex(max)=4.0 kV/cm to the 

artificial structure Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) is equal to 400 mK (-6.0%). Although 

it seems that the piezoelectric modification of TC is not seriously affected by the increased Sa of the PMN-

0.31PT substrate, the high Sa reveals an intense non-monotonic variation of TC. The optimum TC(Eex) fitting 

curve (that combines the quadratic expressions of both the S(Eex) and the ωln(S)) unveils two characteristic 

electric field, one at Eex
dip 

≈1.5 kV/cm that evidence a pronounced dip of TC and another one at Eex≈2.5 kV/cm 

that evidence an upturn of TC at higher value. It was confirmed experimentally that these characteristic fields 

of the TC(Eex) curve originate exclusively from the PMN-0.31PT substrate (by using data coming from both 

the local and the global technique of strain measurements) and eventually one could invoke that the extrinsic 

factor of Sa motivates the intense non-monotonic variation of TC. 

Experimental results of JC(Eex) 

The Sa of the PMN-0.31PT substrate plays crucial role in the piezoelectric modification of JC. In particular, 

the artificial structure Nb(20 nm)/PMN-0.31PT(Polished)/Nb(20 nm) (PMN-0.31PT with low Sa; <Sa>≈44 

nm) shows no indications of JC modification upon applying Eex, while on the contrary the artificial structure 

Nb(20 nm)/PMN-0.31PT(Non-polished)/Nb(20 nm) (PMN-0.31PT with high Sa; <Sa>≈290 nm) exhibits a 

significant degradation of JC through the development of TMIs in Nb thin films upon increasing Eex. The 

variation of TMIs exhibits a non-monotonic increase on Eex, thus causing the respective non-monotonic 

degradation of JC. In order to explain this non-monotonic variation we studied the evolution of the physical 

quantities related to the PMN-0.31PT with Eex. These quantities are the volume strain and the <Sa> that are 

experienced by the deposited Nb thin films and they are tuned through applying Eex. Finally, based on the 

reduced current-carrying capability of Nb thin films deposited on a rough PMN-0.31PT crystal, we ascribe the 

appearance of TMIs to the modified <Sa> that promotes the creating mechanism of TMIs and we interpret the 

non-monotonic variation of TMIs and thus of JC by considering the combined variation of both volume strain 

and modified <Sa> in Nb thin films. 
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