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Περίληψη

Tic teleuta—ec dekaet—ec, h anaz thsh enìc ulikoÔ to opo—o Łqei thn dunatìthta

na filoxen sei thn xeqwrist  magnhtik  f�sh gn‚sth wc "kbantikì ugrì spin"
br—sketai sto prosk nio thc fusik c stere�c kat�stashc tìso se jewrhtikì

ìso kai se peiramatikì ep—pedo.
Me afethr—a thn jewrhtik  melŁth tou Alexei Kitaev, sthn sugkekrimŁnh

ergas—a exet�sthke to kat� pìso to sÔsthma Na2Co2TeO6 mpore—, k�tw apì

sugkekrimŁnec sunj kec, na apotelŁsei kbantikì ugrì spin. To er‚thma autì

Łqei apasqol sei dek�dec ereunhtikŁc om�dec kai oi apant seic pou Łqoun do-

je— poik—loun. Sthn ergas—a aut , mŁsa apì metr seic PurhnikoÔ MagnhtikoÔ

SuntonismoÔ (NMR) Stere�c Kat�stashc ston pur na
23Na se magnhtik� ped—a

4.7T kai 9.4T, d—netai mia nŁa optik  gia thn magnhtik  f�sh tou sugkekrimŁ-

nou sust matoc kont� sto jermodunamikì ìrio T → 0 wc miac mikt c f�shc

kbantikoÔ ugroÔ spin kai kbantikoÔ gualioÔ.
Stic pr‚tec duo enìthtec emperiŁqetai mia sÔntomh perigraf  thc jewr—ac

twn kbantik‚n ugr‚n spin kaj‚c kai thc eidik c per—ptwshc twn Kitaev ugr‚n

spin, ìpou mpore— na an kei to sÔsthma Na2Co2TeO6, me anaforŁc se peira-

matikŁc melŁtec pou Łqoun pragmatopoihje— ep— tou jŁmatoc ta prohgoÔmena

qrìnia. Sthn sunŁqeia, anaptÔssontai ta basik� shme—a thc jewr—ac tou NMR
kai perigr�fetai h peiramatik  di�taxh pou qrhsimopoi jhke. AkoloujoÔn ta

peiramatik� apotelŁsmata kai h an�lush aut‚n b�sei thc up�rqousac jewr—ac

en‚ sto teleuta—o kef�laio parajŁtontai ta sumper�smata pou proŁkuyan sta

pla—sia thc ergas—ac aut c.
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1 Εισαγωγή

Ta kbantik� ugr� sp—n (Quantum Spin Liquids) apoteloÔn mia sunarpastik 

kai musthri‚dh f�sh thc Ôlhc. En‚ sta sumbatik� magnhtik� ulik� h me—wsh

thc jermokras—ac sunep�getai to sp�simo twn summetri‚n kai thn aÔxhsh thc

magnhtik c t�xhc, sta kbantik� ugr� sp—n den parathre—tai h an�logh sumper-

ifor� kai to sÔsthma paramŁnei se mia f�sh magnhtik c atax—ac, parousi�zon-

tac mon�qa topikŁc diakum�nseic-diegŁrseic[1]. To fainìmeno autì, d—nei mon�qa

mia diaisjhtik� kal  eikìna twn kbantik‚n ugr‚n sp—n wc proc thn Łnnoia tou

reustoÔ, san mia j�lassa apì tuqa—a sp—n, ìpou oi metaxÔ touc allhlepidr�seic

empod—zoun ton sqhmatismì magnhtik‚n perioq‚n.

Sq ma 1: Sqhmatik  apeikìnish tou parallhlismoÔ an�mesa stic treic basikŁc

katast�seic thc Ôlhc (aŁria, ugr  kai stere�) kai stic magnhtikŁc katast�seic.

ProkeimŁnou na prosdioriste— kalÔtera h fÔsh twn kbantik‚n sp—n ugr‚n,
treic e—nai oi �xonec b�sh twn opo—wn prŁpei na diereunhjoÔn: (i) h parous—a

isquroÔ kbantikoÔ enagkalismoÔ makr�c embŁleiac, dhlad  h autìmath ex apos-

t�sewc «epikoinwn—a» kai allhlep—drash twn diegŁrsewn pou kat� thn dhmiourg—a

touc e—qan suzeugmŁnec kumatosunart seic (ii) h ikanìthta touc na filoxen soun

mh entopismŁnec diegŁrseic mŁsw thc klasmatopo—hshc twn bajm‚n eleujer—ac

twn sp—n kaj‚c kai (iii) oi topologikŁc touc idiìthtec.
Stic paragr�fouc pou akoloujoÔn ja perigrafe— h jewr—a, ìpwc aut  dom jhke

me afethr—a touc magn tec stouc opo—ouc e—nai adÔnaton na ikanopoihjoÔn en-

ergeiak� ìlec oi allhlepidr�seic mŁqri to antike—meno thc paroÔsac diplwmatik c

ergas—ac, ta kbantik� ugr� Kitaev (Kitaev Spin Liquids).

1.1 Μαγνητικά συστήματα με γεωμετρικούς περιορισ-

μούς

Ta magnhtik� sust mata me gewmetrikoÔc periorismoÔc (Frustrated Magnets)
e—nai ulik� sta opo—a ta hlektronik� sp—n e—nai diatetagmŁna me tŁtoio trìpo

pou oi metaxÔ touc dun�meic antallag c droun antagwnistik�. Jewr‚ntac, gia

par�deigma, Łna ant—-sidhromagnhtikì sÔsthma ìpou ta sp—n mporoÔn na br—skon-

tai mon�qa sthn kat�stash ↑   sthn kat�stash ↓ g—netai antilhptì ìti gia

orismŁnec gewmetr—ec, ìpwc h trigwnik  di�taxh tou sq matoc 2, h energeiak�
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bŁltisth kat�stash, dhlad  h antipar�llhlh di�taxh ìlwn twn sp—n me aut� twn

pr‚twn geitìnwn touc, e—nai adÔnaton na epiteuqje—.

Sq ma 2: H basik  arq  enìc magnhtikoÔ sust matoc me gewmetrikoÔc peri-

orismoÔc. Sta ant—-sidhromagnhtik� plŁgmata pou bas—zontai sthn trigwnik 

gewmetr—a e—nai adÔnaton, sthn per—ptwsh diakrit‚n sp—n se ↑   ↓, na ikanopoi-

hjoÔn energeiak� ìlec oi allhlepidr�seic metaxÔ pr‚twn geitìnwn. Efìson ta

sp—n stic jŁseic (1) kai (2) topojethjoÔn antipar�llhla,gia to sp—n sthn jŁsh

(3) den up�rqei bŁltistoc energeiak� prosanatolismìc

A—rontac t‚ra ton periorismì gia tic duo diakritŁc antipar�llhlec dieujÔn-

seic, h qamhlìterh energeiak� kat�stash prokÔptei ìtan to �jroisma twn di-

anusm�twn twn sp—n mhden—zetai. Autì mpore— na epiteuqje— me dÔo trìpouc, oi

opo—oi diaforopoioÔntai mŁsw thc qeiromorf—ac q (Chirality)[2]. Sto sq ma 3
apeikon—zontai oi dÔo gewmetr—ec gia q=1 kai q=-1.

Sq ma 3: Oi energeiak� isodÔnamec basikŁc katast�seic thc trigwnik c ant—-
sidhromagnhtik c di�taxhc. ’Omoia strof  twn tri‚n sp—n diathre— thn qeiromor-

f—a.

Proqwr‚ntac se pio realistik� montŁla, ta trigwnik� plŁgmata apoteloÔn

tic aploÔsterec gewmetr—ec pou uposthr—zoun ton fainìmeno autì. Qrhsimopoi‚n-

tac wc domikì l—jo thn di�taxh tou sq matoc 2 dome—tai, ìtan oi diat�xeic sundŁon-

tai mŁsw twn pleur‚n, to aplì trigwnikì plŁgma en‚, ìtan oi diat�xeic sundŁon-

tai mŁsw twn koruf‚n, to plŁgma Kagome.

Sq ma 4: To aplì trigwnikì plŁgma (arister�) kai to plŁgma Kagome (dexi�).
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1.2 Κλασσικά Υγρά Σπιν

Se sunŁqeia thc suz thshc per— trigwnik‚n plegm�twn, h qamiltonian  twn pleg-

m�twn tou sq matoc 4 e—nai koin  kai mpore— na upologisje— apì thn �jroish thc

suneisfor�c k�je domikoÔ l—jou ∆ wc ex c:

H = J

2
∑
∆

(S1 + S2 + S3)2 + c (1)

, ìpou J h stajer� thc ant—-sidhromagnhtik c sÔzeuxhc kai c stajer  posìthta.
Par� ton koinì telest  enŁrgeiac ta dÔo aut� plŁgmata krÔboun mia ousi-

astik  diafor� gÔrw apì thn posìthta thc qeiromorf—ac q. Sto aplì trigwnikì

plŁgma, an or—soume Łnan domikì l—jo wc arqikì me, gia par�deigma q=1, ìloi oi

geitoniko— domiko— l—joi apoktoÔn upoqrewtik� q=-1, kai to ant—strofo. Kat’

epŁktash h basik  kat�stash tou plŁgmatoc e—nai kal� orismŁnh, me t�xh makr�c

embŁleiac kai mhdenik  entrop—a sto jermodunamikì ìrio (T→0). Ant—jeta, sto

plŁgma Kagome, h qeiromorf—a tou arqikoÔ domikoÔ l—jou den perior—zei thn

qeiromorf—a twn geitonik‚n. Wc apotŁlesma, h basik  kat�stash e—nai ekfulis-

mŁnh kai h entrop—a mh mhdenik  sto jermodunamikì ìrio (T→0).

Sq ma 5: H basik  kat�stash ìtan jewre—tai wc afethr—a domikìc l—joc me q=1
(mple) sto aplì trigwnikì plŁgma (p�nw arister�) kai me q=-1 (p�nw dexi�)
or—zoun austhr� thn qeiromorf—a sto upìloipo plŁgma. Sto plŁgma Kagome
prokÔptoun dÔo dunatŁc basikŁc katast�seic gia arqikì domikì l—jo —diac qeiro-

morf—ac (k�tw arister� kai dexi�).

An sumperilhfje— kai o bajmìc eleujer—ac pou sqet—zetai me to k�jeto wc

proc to plŁgma ep—pedo e—nai dunatìn ta sp—n na talant‚nontai entìc tou epipŁdou

autoÔ me to �jroisma touc se k�je domikì l—jo na paramŁnei mhdenikì. Oi topikŁc

autŁc diegŁrseic onom�zontai "mhdenikŁc" (zero modes) [3] kai e—nai uparktŁc tìso

sthn basik  ìso kai stic diegermŁnec katast�seic.
O ekfulismìc twn katast�sewn kai oi topikŁc diegŁrseic pou parathroÔntai

sta ant—-sidhromagnhtik� plŁgmata Kagome qarakthr—zoun, upì sugkekrimŁnec

jermokrasiakŁc sunj kec, thn f�sh thc Ôlhc gnwst  wc klassikì ugrì sp—n. H
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oikogŁneia AV3Sb5 ( A = K,Rb,Cs) apotele— parade—gmata tŁtoiwn susthm�twn

me efarmogŁc sthn uperagwgimìthta kai touc kbantikoÔc upologistŁc[4].

1.3 Στερεά Δεσμού Σθένους

’Otan to mŁtro twn dianusm�twn twn sp—n apokt� thn tim  1/2 oi "mhdenikŁc"
diegŁrseic g—nontai isqurìterec kai oi kbantikŁc diakum�nseic pou prokaloÔn

dhmiourgoÔn idia—terec f�shc thc Ôlhc oi opo—ec den mporoÔn na perigrafoÔn

klassik�. H qamiltonian  pou perigr�fei thn allhlep—drash metaxÔ dÔo, kban-

tik‚n plŁon, sp—n e—nai, mŁsw twn telest‚n anab—bashc (S+ ≡ ~|+ >< −|) kai

katab—bashc (S− ≡ ~|− >< +|) :

H = J

2
(
S+
i S
−
j + S−i S

+
j

)
+ JSzi S

z
j (2)

kai Łqei tŁsseric idiokatast�seic: tre—c ekfulismŁnec triplŁc katast�seic (triplet
states) kai mia mon  kat�stash (singlet state).

Oi triplŁc katast�seic Łqoun enŁrgeia J/4, tautìshmh me thn enŁrgeia enìc

klassikoÔ ant—-sidhromagnhtikoÔ desmoÔ metaxÔ dÔo sp—n. H mon  kat�stash

Łqei enŁrgeia -3J/4 kai sunep‚c e—nai kur—arqh sto jermodunamikì ìrio (T→0).
E—nai dunatìn loipìn na perigr�youme Łna sÔsthma qrhsimopoi‚ntac apokleis-

tik� monŁc katast�seic me tŁtoio trìpo ‚ste k�je sp—n na summetŁqei se mia

mìno kat�stash. Ta sust mata aut� onom�zontai stere� desmoÔ sjŁnouc (Va-
lence Bond Solids)[5]. An�loga me to plŁgma, h antikat�stash aut  mpore— na

sp�ei, ìpwc fa—netai sto sq ma 6, thn peristrofik  summetr—a kai thn summetr—a

metatìpishc (a) , mon�qa thn summetr—a metatìpishc (b)   kam—a apì tic dÔo

(g). Sta pla—sia thc jewr—ac Landau to sp�simo twn summetri‚n odhge— sthn

dhmiourg—a t�xhc makr�c embŁleiac. Kat’ epŁktash diat�xeic ìpwc oi (a) kai (b)
den ikanopoioÔn tic proôpojŁseic gia thn perigraf  enìc kbantikoÔ ugroÔ sp—n

kai fŁroun thn onomas—a KrÔstalloi Desm‚n SjŁnouc (Valance Bond Crystals).

Sq ma 6: Parade—gmata krust�llwn desmoÔ sjŁnouc. H kionoeid c (Columnar)
(a) kai h Shastry-Sutherland (b) diat�xeic gia to tetragwnikì plŁgma. H di�taxh

"anemìmuloc" (Pinwheel) (g) gia to plŁgma Kagome.

Fusik�, opoiad pote tuqa—a katanom  twn desm‚n qwr—c k�poia periodikìthta,
diathre— tic summetr—ec me ìmoio trìpo me autìn thc di�taxhc (g). PeriodikŁc  

mh, oi diat�xeic autŁc apotŁlesan ton domikì l—jo sta pr‚ta b mata thc jewr—ac

twn kbantik‚n ugr‚n spin.
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1.4 Κβαντικά Υγρά Σπίν

To 1987 dhmiourg jhke apì ton P.W Anderson h jewr—a per— suntonism‚n metaxÔ

twn desm‚n sjŁnouc (Resonating Valance Bond Theory) se mia prosp�jeia

tou na sundŁsei tic kbantikŁc topologikŁc katast�seic me thn uperagwgimìthta

uyhl‚n jermokrasi‚n[6]. E—nai h pr‚th jewr—a gia ta kbantik� ugr� spin kai

paramŁnei ped—o Łntonou ereunhtikoÔ endiafŁrontoc Łwc kai s mera.

1.4.1 Suntonismo— Desm‚n SjŁnouc - H Basik  Kat�stash

Prìkeitai gia Łna montŁlo sto opo—o k�je idiokat�stash |ψi〉 antistoiqe— se

mia di�taxh stereoÔ desmoÔ sjŁnouc, ìpwc autŁc perigr�fhkan sthn prohgoÔ-

menh par�grafo. An sumbol—soume ton k�je desmì sjŁnouc (  alli‚c thn k�je

kat�stash Singlet) metaxÔ duo sp—n Sα kai Sβ wc |SαSβ〉 tìte:

|ψi〉 =
∑
α

|SαSβ〉 α 6= β (3)

Ston formalismì autì, h kumatosun�rthsh |Ψ〉 enìc plŁgmatoc sthn Jewr—a

suntonism‚n desm‚n sjŁnouc e—nai:

|Ψ〉 =
∑
ψi

φ(ψi)|ψi〉 (4)

,ìpou φ mia sun�rthsh katanom c b�rouc thc k�je idiokat�stashc.
Idia—terh shmas—a Łqei to gegonìc ìti sthn jewr—a aut  oi desmo— sjŁnouc

den perior—zontai se autoÔc metaxÔ spin pr‚twn geitìnwn. Wc apotŁlesma oi

kbantikŁc katast�seic |Ψ〉 mporoÔn, me kat�llhlh epilog  twn katanom‚n φ(ψi)
kai me diat�xeic apì desmoÔc sjŁnouc kontin c all� kai makr�c embŁleiac, na

perigr�youn tic basikŁc katast�seic miac f�shc thc Ôlhc me isqur� enagkalis-

mŁna spin kai tic summetr—ec na diathroÔntai. Sto par�deigma tou sq matoc 5
tou plŁgmatoc Kagome, kam—a apì tic idiokatast�seic |ψi〉 den e—nai energeiak�

bŁltisth, up�rqei Łntonoc ekfulismìc, kai h basik  kat�stash enìc kbantikoÔ

ugroÔ spin mpore— na apotele—tai apì thn upŁrjesh twn idiokatast�sewn aut‚n.

Sq ma 7: Sqhmatik  anapar�stash thc basik c kat�stashc wc thn upŁrjesh

twn diaforetik‚n diat�xewn stereoÔ desmoÔ sjŁnouc, sthn jewr—a suntonism‚n

sjŁnouc. Oi idiokatast�seic mporoÔn na apoteloÔntai apì desmoÔc kontin c

all� kai makr�c embŁleiac.
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1.4.2 DiegermŁnec katast�seic

’Eqontac mil sei gia thn basik  kat�stash seir� Łqoun, kai p�li sta pla—sia thc

jewr—ac per— suntonism‚n metaxÔ twn desm‚n sjŁnouc, oi diegermŁnec katast�-

seic. H pio apl  diŁgersh e—nai to sp�simo enìc desmoÔ sjŁnouc, gia par�deigma

apì thn anelastik  skŁdash enìc netron—ou, kat� thn opo—a h mon  kat�stash

all�zei se mia tripl  kat�stash | ↑↑〉 me spin 1 (spin flip). Sta stere� kai

stouc krust�llouc desmoÔ sjŁnouc h diŁgersh aut  e—nai statik  sthn pleg-

matik  jŁsh pou Łspase o desmìc. Me �lla lìgia ta dÔo, par�llhla plŁon, sp—n

den mporoÔn na metakinhjoÔn sto plŁgma (maz—   xeqwrist� to kajŁna) kaj‚c

autì ja apaitoÔse thn anadi�taxh ìlwn twn desm‚n an�mesa sthn arqik  kai thn

telik  jŁsh me uyhlì energeiakì kìstoc. Oi entopismŁnec diegŁrseic me aut� ta

qarakthristik� onom�zontai Magnìnia (Magnons).
Ant—jeta, sta kbantik� ugr� sp—n, e—nai dunatìn h tripl  kat�stash na qwris-

te— se duo xeqwristŁc diegŁrseic me sp—n 1/2 oi opo—ec mporoÔn na diadojoÔn entìc

tou plŁgmatoc. Kaj‚c h basik  kat�stash apotele—tai apì thn upŁrjesh poll‚n

diat�xewn desmoÔ sjŁnouc, h k—nhsh twn diegŁrsewn den apaite— thn anadi�taxh

twn gÔrw desm‚n sjŁnouc all� mpore— na g—nei me thn anakatanom , mŁsw twn

sunart sewn φ, olìklhrwn twn diat�xewn desmoÔ sjŁnouc[1][7].
Diaisjhtik�, sta stŁrea kai stouc krust�llouc desmoÔ sjŁnouc prokeimŁnou

na diadoje— h diŁgersh prŁpei na ano—xei Łna "monop�ti" me thn anadi�taxh ìlwn

twn desm‚n, en‚ sta kbantik� ugr� sp—n to "monop�ti" up�rqei  dh se mia apì

tic idiokatast�seic wc desmìc makr�c embŁleiac o opo—oc apaite—, akrib‚c epeid 

e—nai makr�c embŁleiac, el�qisth enŁrgeia gia na sp�sei .
Oi diegŁrseic autŁc onom�zontai Spinìnia (Spinons) kai suqn� qarakthr—zon-

tai wc "klasmatopoihmŁnec" (fractionalized) sthn bibliograf—a akrib‚c epeid 

fŁroun Łnan "kl�sma" thc arqik c tripl c kat�stashc. Ep—shc, mpore— na e—nai

diegŁrseic energeiakoÔ q�smatoc (gapped excitations)   suneqoÔc energeiak c

katanom c (gapless excitations) kai na akoloujoÔn statistik  mpozon—wn, fermio-
n—wn  , ìtan prìkeitai gia disdi�sta sust mata, anion—wn, dhlad  swmatid—wn pou

ìpwc ja fane— parak�tw den akoloujoÔn tetrimmŁnh statistik  sthn sqetik 

touc k—nhsh.
E—nai loipìn xek�jaro ìti to montŁlo tou P.W Anderson mpore—, an�loga me

thn fÔsh twn diegŁrsewn na perigr�yei poll� diaforetik� kbantik� ugr� spin.
Oi dÔo basikŁc kathgor—ec e—nai ta kbantik� ugr� sp—n energeiakoÔ q�smatoc

(gapped spin liquid states) kai ta kbantik� ugr� spin suneqoÔc energeiakoÔ

f�smatoc (gapless spin liquid states) . Sta pr‚ta oi diat�xeic desmoÔ sjŁ-

nouc apoteloÔntai, ex’ olokl rou   sthn pleioyhf—a touc, apì desmoÔc kon-

tin c embŁleiac kai opoiad pote diŁgersh proôpojŁtei thn eisagwg  peperasmŁnhc

enŁrgeiac sto sÔsthma me sunŁpeia oi energeiakŁc katast�seic na e—nai diakritŁc.
Ant—jeta, ta kbantik� ugr� spin suneqoÔc energeiakoÔ f�smatoc diŁpontai apì

desmoÔc makr�c embŁleiac kai to energeiakì kìstoc twn diegŁrsewn e—nai mh-

daminì[7].
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1.4.3 TopologikŁc Idiìthtec - O Torikìc K‚dikac

’Eqontac mil sei gia ton isqurì kbantikì enagkalismì makr�c embŁleiac kai tic

mh entopismŁnec diegŁrseic lìgw thc upŁrjeshc diaforetik‚n idiokatast�sewn

seir� Łqoun oi topologikŁc idiìthtec.
Ta kbantik� ugr� sp—n an koun sthn kathgor—a twn susthm�twn ta opo—a

qarakthr—zontai apì thn eponomazìmenh f�sh topologik c t�xhc (topologicaly
ordered phase). Sta sust mata aut� h sqetik  k—nhsh metaxÔ twn mh entopis-

mŁnwn diegŁrsewn, pou lìgo thc klasmatopo—hshc akoloujoÔn koin  statistik ,
prosd—dei stic kumatosunart seic touc mia gewmetrik  f�sh gnwst  wc f�sh

Berry. O Torikìc k‚dikac (Toric code) tou Alexei Kitaev apotele— qarakthris-

tikì par�deigma topologik c t�xhc kai Łqei idia—terh shmas—a kaj‚c se autìn

an�gontai oi basikŁc arqŁc pou aforoÔn tic diegŁrseic twn kbantik‚n ugr‚n

sp—n Kitaev (Kitaev Spin Liquids)[8]. Ston Torikì k‚dika ta sp—n (↑   ↓) topo-

jetoÔntai sta mŁsa twn pleur‚n enìc disdi�statou tetragwnikoÔ plŁgmatoc kai

h qamiltonian  ekfr�zetai mŁsw twn ginomŁnwn twn telest‚n σz stic pleurŁc

enìc tetrag‚nou p kai twn σx stic pleurŁc gÔrw apì mia plegmatik  jŁsh s.
Sumbol—zontac ta pr‚ta Pp =

∏
i∈p σ

z
kai ta deÔtera Ss =

∏
i∈s σ

x, h qamilto-

nian  or—zetai wc:

H = −K
∑
p

Pp −K ′
∑
s

Ss (5)

ìpou K kai K’ adi�statec stajerŁc. Efìson oi p—nakec Pauli metat—jentai me

ton eautì touc ([σi, σi] = 0) to —dio isqÔei kai gia ta ginìmena touc Pp kai Ss.
Ligìtero profanŁc e—nai to ìti ta Pp kai Ss metat—jentai kai metaxÔ touc. Pr�g-

mati, ìtan up�rqei epik�luyh twn s kai p o arijmìc twn pleur‚n pou e—nai koinìc

e—nai p�nta �rtioc kai �ra oi metajŁseic [σx, σz] kai [σz, σx] allhloanairoÔntai.
Sunep‚c h diagwniopo—hsh thc qamiltonian c e—nai tetrimmŁnh kai h basik  kat�s-

tash prokÔptei ìtan Pp=Ss=1. Parìla aut� oi p—nakec Pauli den metat—jentai

me thn qamiltonian  (5) kai sunep‚c k�je memonwmŁno spin den Łqei kal� ka-

jorismŁnh tim  kai talant‚netai metaxÔ twn katast�sewn ↑   ↓.

Sq ma 8: Ta upoplŁgmata s kai p twn telest‚n Pp kai Ss ston Torikì k‚dika.

Mia diŁgersh, sto sugkekrimŁno montŁlo, antistoiqe— sthn parab—ash miac ek
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twn sunjhk‚n Pp=Ss=1. Gia tic s diat�xeic prokÔptei, an Ss=-1, Łna swmat—dio

onìmati e, en‚ gia tic p diat�xeic, an Pp=-1, Łna swmat—dio onìmati m. Autì

pragmatopoie—tai me thn dr�sh twn telest‚n σ se k�poio apì ta sp—n. ’Opwc

fa—netai sto sq ma 9, h dr�sh, gia par�deigma, tou telest  σz sto spin thc

pleur�c x0 ja all�xei to ginìmeno Ss dÔo geitonik‚n diat�xewn s se -1, kaj‚c

ta sp—n k�je pleur�c tou tetragwnikoÔ plŁgmatoc an koun upoqrewtik� se dÔo

diat�xeic s, kai ja dhmiourg sei dÔo diegŁrseic e. To —dio isqÔei gia tic diat�x-

eic p sta ginìmena Pp kai tic diegŁrseic m. Me �lla lìgia e—nai adÔnato na

dhmiourghje— mia xeqwrist  diŁgersh par� mìno Łna zeug�ri aut‚n.
PeraitŁrw dr�sh tou telest  σz se m—a ap tic �llec pleurŁc miac ek twn duo

diegŁrsewn e, sthn pleur� x1 gia par�deigma, Łqei wc apotŁlesma thn katastrof 

thc arqik c diŁgershc kai thn dhmiourg—a miac nŁac. Enallaktik�, h dr�sh tou

telest  σz mpore— na metakin sei mia diŁgersh, kai na thn apomakrÔnei apì to

"zeug�ri" thc.

Sq ma 9: H dr�sh tou telest  σz sto sp—n thc pleur�c x0 gia thn dhmiourg—a

dÔo diegŁrsewn e (arister�). H dr�sh tou telest  σz sto sp—n thc pleur�c x1
gia thn metak—nhsh thc miac ek twn arqik‚n diegŁrsewn (dexi�).

En gŁnei, h dr�sh tou telest  σz metakine— tic diegŁrseic e, en‚ h dr�sh tou

telest  σx metakine— tic diegŁrseic m. ’Estw, loipìn, mia kat�stash ìpou Łqei

dhmiourghje— Łna zeÔgoc e kai m diegŁrsewn se mia peperasmŁnh apìstas . E—-

nai dunatìn, me thn pollapl  dr�sh tou telest  σz stic kat�llhlec pleurŁc, na

kinhje— mia ap tic diegŁrseic e gÔrw apì mia ek twn dÔo diegŁrsewn m dhmiourg‚n-

tac Łnan kleistì brìgqo L me embadìn A (Sq ma 10a) . H nŁa kumatosun�rthsh

|ψfin〉 thc diŁgershc e, sunart sei thc arqik c |ψ0〉, ja e—nai:

|ψfin〉 =
∏
i∈L

σzi |ψ0〉 (6)

Axiopoi‚ntac to diakritì an�logo tou Jewr matoc Stokes, o telest c
∏
i∈L σ

z
i

sthn kleist  diadrom  L mpore— na antikatastaje— apì ton telest 
∏
p∈A Pp

sthn epif�neia A. Efìson ìmwc entìc thc epif�neiac A up�rqei mia diŁgersh m,
akrib‚c Łna apì ta Pp ja e—nai arnhtikì kai sunep‚c:

|ψfin〉 = − |ψ0〉 (7)

H k—nhsh, loipìn, thc diŁgershc e ephre�zetai apì thn Ôparxh thc diŁger-

shc m qwr—c autŁc na susqet—zontai me k�poio trìpo kai apokt� mia epiplŁon
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f�sh π, thn f�sh Berry. H f�sh aut  mpore— na l�bei opoiad pote tim  ka-

j‚c h per—ptwsh thc kleist c diadrom c (Sq ma 10-a) den e—nai h monadik  all�

epilŁqthke q�rin majhmatik c aplìthtac. DiegŁrseic ìpwc oi e kai m qarak-

thr—zontai wc yeudoswmat—dia mh-tetrimmŁnhc koin c statistik c kai apoteloÔn

qarakthristikì par�deigma anion—wn (anyons), dhlad  yeudoswmatid—wn pou h

sqetik  touc k—nhsh prosd—dei mia opoiad pote (any) f�sh stic kumatosunart -

seic touc. .
Ektìc ìmwc apì thn f�sh Berry, mŁsw tou torikoÔ k‚dika anadeiknÔetai kai

mia deÔterh topologik  idiìthta pou afor� thn basik  kat�stash twn kbantik‚n

ugr‚n spin. To epìmeno b ma e—nai h efarmog  periodik‚n sunoriak‚n sunjhk‚n

kai to pŁrasma apì to ep—pedo sthn gewmetr—a tou tìrou.

Sq ma 10: a) H kleist  diadrom  miac diŁgershc e gÔrw apì mia statik  k—nhsh

m. b)Oi kleistŁc diadromŁc twn diegŁrsewn e (mple) kai m (mwb) k�tw apì thn

dr�sh twn telest‚n brìgqwn Xi kai Yi .

Sthn nŁa aut  gewmetr—a e—nai efiktì oi telestŁc σz kai σx dr‚ntac mon�qa

p�nw se mia dieÔjunsh na katastrŁyoun tic arqikŁc diegŁrseic e kai m ant—stoiqa

ektel‚ntac kleistŁc kuklikŁc diadromŁc sto orizìntio   ston katakìrufo �xona

tou tìrou. Ta ginìmena aut� Xi kai Yi (i = e,m) onom�zontai telestŁc brìgqou

kai metat—jentai me thn qamiltonian  (5). ’Opwc fa—netai sto sq ma 10b, k�je

brìgqoc Xi Łqei upoqrewtik� Łna koinì shme—o me ton brìgqo Yi thc �llhc

diŁgershc me apotŁlesma h met�jesh [σx, σz] na emfan—zetai mon�qa mia for� kai

ta megŁjh na anti-metat—jentai ({Ye,m,Xm,e} = 0).
Ant—jeta, oi telestŁc brìgqou thc —diac dieÔjunshc all� diaforetik‚n diegŁrsewn

den Łqoun kanŁnan koinì shme—o kai sunep‚c isqÔoun oi metajŁseic [Ye,Ym] = 0
kai [Xe,Xm] = 0. EpilŁgontac, gia par�deigma thn pr‚th apì tic dÔo, se sund-

uasmì me tic metajŁseic [Ye, H] = 0 kai [Ym, H] = 0, e—nai dunat  h tautìqronh

diagwniopo—hsh (dhlad  me koinì p—naka diagwnopo—hshc) twn Ye , Ym kai miac

basik c kat�stashc |a, b〉, ìpou a kai b oi pijanŁc idiotimŁc (1   -1) twn telest‚n

Ye kai Ym ant—stoiqa. Me �lla lìgia, h dr�sh twn Ye   Ym sthn |a, b〉, en‚

fainomenik� to mìno pou k�nei e—nai na dhmiourge— dÔo diegŁrseic na tic kine—

perimetrik� thc ant—stoiqhc dieÔjunshc tou tìrou kai met� na tic katastrŁfei,
sthn pragmatikìthta par�gei, lìgw thc f�shc Berry pou "mazeÔoun" oi diegŁrseic

kat� thn k—nhsh touc, dÔo nŁec basikŁc katast�seic :
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Ye|a, b〉 = a|a, b〉 Ym|a, b〉 = b|a, b〉 (8)

ApomŁnei, sto —dio par�deigma, na apodeiqje— ìti oi basikŁc katast�seic

Xi|a, b〉 diafŁroun tìso apì thn |a, b〉 ìso kai apì tic Ye|a, b〉, Ym|a, b〉. Pr�g-

mati, dr‚ntac ton telest  Ye sthn kat�stash Xm|a, b〉 prokÔptei:

Ye (Xm|a, b〉) = −XmYe|a, b〉 = −a (Xm|a, b〉) ≡ | − a, b〉 (9)

ìpou axiopoi jhke h anti-met�jesh {Ye,m,Xm,e} = 0. Me ìmoio trìpo prokÔptei

ìti Xe|a, b〉 ≡ |a,−b〉. To fainìmeno autì onom�zetai topologikìc ekfulis-

mìc thc basik c kat�stashc kai prosd—dei Łna epiplŁon ekfulismì stic basikŁc

katast�seic twn kbantik‚n ugr‚n sp—n o opo—oc den mpore— na arje— apì topikŁc

diataraqŁc.
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2 Kitaev Υγρά Σπίν
To 2006 oi jewrhtiko— upologismo— tou Alexei Kitaev periŁgrayan Łna exag-

wnikì plŁgma apì allhlepidr‚nta kbantik� spin 1/2 to opo—o  tan akrib‚c

epilÔsimo[9]. Arqik�, den up rqe h prooptik  gia thn ulopo—hsh enìc prag-

matikoÔ sust matoc b�sh tou montŁlou autoÔ kai qrhsimopoi jhke wc jewrhtikì

ergale—o gia thn melŁth twn klasmatopoihmŁnwn diegŁrsewn kai twn topologik‚n

idiot twn twn kbantik‚n ugr‚n spin. Autì �llaxe to 2009 me thn prìbleyh thc

Ôparxhc monwt‚n Mott apì touc Khaliullin kai Jackeli, oi opo—oi ef�rmosan to

montŁlo se di�fora oxe—dia tou irid—ou kai sto qlwrioÔqo rouj nio[10]. ’Ektote,
Łqoun protaje— poll� sust mat� pou mporoÔn endeqomŁnwc na apotelŁsoun Ki-
taev ugr� spin kai up�rqei polÔ uyhlì ereunhtikì endiafŁron gÔrw apì aut�

kaj‚c mporoÔn na ano—xoun ton drìmo gia thn dhmiourg—a topologik‚n kban-

tik‚n upologist‚n.
Sto parìn kef�laio ja suzhthje— h jewr—a twn Kitaev ugr‚n spin, oi idiìthtec

twn ulik‚n pou mporoÔn na ta filoxen soun kaj‚c kai to sÔsthma Na2Co2TeO6.

2.1 Το Εξαγωνικό Μοντέλο

O Kitaev periŁgraye, ìpwc anafŁrjhke, Łna sÔsthma apì allhlepidr‚nta spin

1/2 topojethmŁna sto disdi�stato exagwnikì plŁgma. Oi allhlepidr�seic e—nai

paremfere—c me autŁc tou protÔpou Ising, uf—stantai metaxÔ pr‚twn geitìnwn

kai exart‚ntai �mesa apì thn dieÔjunsh tou ek�stote desmoÔ, me apotŁlesma na

up�rqoun eggene—c gewmetriko— periorismo— parìmoioi me autoÔc tou plŁgmatoc

Kagome thc paragr�fou 1.1.
H qamiltonian  tou montŁlou perigr�fetai apì thn sqŁsh:

HKitaev = −Kx

∑
x-δεσμοί

σxj σ
x
k −Ky

∑
y-δεσμοί

σyj σ
y
k −Kz

∑
z-δεσμοί

σzjσ
z
k (10)

mŁsw twn pin�kwn Pauli:

σx =
(

0 1
1 0

)
σy =

(
0 −i
i 0

)
σz =

(
1 0
0 −1

)
me ta ajro—smata e—nai metaxÔ pr‚twn geitìnwn (j,k) kai k�je desmì na

sunupolog—zetai akrib‚c mia for� gia k�je Łnan apì touc tre—c diaforetikoÔc

prosanatolismoÔc x,y kai z. Oi stajerŁc K or—zontai sidhromagnhtikŁc (K>0).
To pr‚to b ma gia thn ep—lush tou montŁlou e—nai h tautopo—hsh diathr simwn

posot twn. Gia k�je ex�gwno h tou plŁgmatoc mpore— na orisje— to ginìmeno

me anti-wrologiak  for� twn spin pou br—skontai p�nw se aut  thn kleist 

diadrom  wc:

Wp = σx1σ
y
2σ

z
3σ

x
4σ

y
5σ

z
6 (11)

Parìmoia me to par�deigma tou TorikoÔ k‚dika, oi telestŁc Wp metat—jentai

me thn qamiltonian  (10) all� kai metaxÔ touc kai Łqoun dÔo idiotimŁc 1 kai -
1. Se Łna sÔsthma N monadia—wn kuyel—dwn up�rqoun, efarmìzontac periodikŁc
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Sq ma 11: Oi telestŁc Wp kai h antikat�stash enìc spin apì touc telestŁc

Majorana (arister�). Ta upoplŁgmata A kai B, ta dianÔsmata b�shc α1 kai α2
kai h monadia—a kuyel—da sto exagwnikì plŁgma (dexi�).

sunoriakŁc sunj kec, N ex�gwna kai sunep‚c 2N idiotimŁc. Wc apotŁlesma h

di�stash tou q‚rou Hilbert mei‚netai se ∼ 22N/2N ∼ 2N kai to prìblhma Łqei

aplopoihje— shmantik� all� ìqi arket�.

2.2 Τελεστές Majorana
H fÔsh twn allhlepidr�sewn epitrŁpei thn peraitŁrw me—wsh tou upìqwrou tou

probl matoc mŁsw thc klasmatopo—hshc twn spin. Gia ton skopì autì k�je spin

anaparist�tai apì 4 fermiìnia Majorana wc σ̃αj = ibαj cj (a=x,y,z) ta opo—a e—nai

ermitiano— telestŁc me idiotimŁc 1, -1 kai anti- metat—jentai me to eautì touc.
H antikat�stash aut  en‚ diathre— tic idiìthtec met�jeshc twn pin�kwn Pauli
(
{
σ̃αj , σ̃

β
j

}
= 2δαβ kai

[
σ̃αj , σ̃

β
k

]
= 0), diplasi�zei thn di�stash tou upìqwrou

kaj‚c aux�nei touc bajmoÔc eleujer—ac tou k�je spin apì 2 se 4. ProkeimŁnou na

epanafŁrei to sÔsthma stouc 2 fusikoÔc bajmoÔc eleujer—ac o Kitaev ìrise ton

telest  Dj ≡ −iσ̃xj σ̃
y
j σ̃

z
j = bxj b

y
j b
z
j c=1 wc periorismì gia thn k�je plegmatik 

jŁsh o opo—oc, wc ginìmeno twn telest‚n Majorana, e—nai ep—shc ermitianìc. Sto

pla—sio autì h qamiltonian  gr�fetai pleon wc:

HM = i
∑
〈j,k〉α

Kαc
†
j ûjkck (12)

,ìpou o telest c ûjk = −ûkj = ibαj b
α
k Łqei idiotimŁc 1,-1 kai anaparist� twn

desmì metaxÔ duo spin sthn ek�stote dieÔjunsh a. Stic perissìterec peript‚-

seic qamiltonianŁc ìpwc h (12) apaitoÔn k�poia prosŁggish mŁsou ped—ou gia na

epilujoÔn. H idiaiterìthta pou kajist� to montŁlo autì akrib‚c epilÔsimo e—nai

ìti oi telestŁc ûjk metat—jentai tìso metaxÔ touc ìso kai me thn qamiltonian .
An�loga, oi diathr simec posìthtec gr�fontai, gia k�je ex�gwno p ∈ [1, N ], wc:

Wp = −i|p|
∏
〈j,k〉∈p

iûjk (13)

Oi telestŁc cj den allhlepidroÔn kbantik� metaxÔ touc par� mìno mŁsw twn

posot twn ûjk kai sunep‚c h qamiltonian  (12) ston upìqwro 2N mpore—, ‚ste
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na diagwnopoihje—, na aplopoihje— sto �jroisma twn upoq‚rwn twn 2N/2 di-

at�xewn Wp. En tŁlei h di�stash mei‚netai se 2N/2N/2 = 2N/2 kai h basik 

kat�stash mpore— na luje— sugkr—nontac tic enŁrgeiec se k�je ex�gwno oi opo—ec

mporoÔn na brejoÔn eÔkola kaj‚c prìkeitai gia mh allhlepidr‚nta fermiìnia.

2.3 Βασικές Καταστάσεις

H eÔresh thc qamhlìterhc energeiak� kat�stashc d—netai mŁsw tou jewr ma-

toc tou Lieb[11]. Sto sugkekrimŁno prìblhma to je‚rhma efarmìzetai mìno

sthn per—ptwsh pou dÔo ek twn tri‚n suntelest‚n Kγ e—nai —soi. Prìkeitai gia

thn kat�stash sthn opo—a ìloi oi suntelestŁc Wp Łqoun thn idiotim  1. Me

b�sh autì to pìrisma e—nai dunatìn na apodeiqje—, sugkr—nontac tic enŁrgeiec

gia diaforetikŁc diat�xeic twn Wp ìti autì isqÔei kai gia tic mh summetrikŁc

peript‚seic twn paramŁtrwn Kγ .
ProkeimŁnou t‚ra na exaqje— to energeiakì f�sma prŁpei oi telestŁc Majo-

rana na ekfrasjoÔn ston q‚ro twn orm‚n k. Autì g—netai mŁsw enìc metasqh-

matismoÔ Fourier wc ex c:

cj(k) = 1√
2N

∑
r

e−ik·rcj(r)

bαj (k) = 1√
2N

∑
r

e−ik·rbαj (r)
(14)

,ìpou h �jroish e—nai se ìlec tic N monadia—ec kuyel—dec.
H qamiltonian , sto q‚ro twn orm‚n k, gr�fetai loipìn wc:

Hk =
∑

k

(c1(−k) c2(−k))
(

0 if(k)
−if∗(k) 0

)(
c1(k)
c2(k)

)
(15)

,ìpou

f(k) = Kxe
ik·a1 +Kye

ik·a2 +Kz (16)
me idiotimŁc ε(k) = ±|f(k)|.
To energeiakì f�sma ε(k) e—nai suneqŁc ìtan oi stajerŁc Kγ ikanopoioÔn tic

trigwnikŁc anisìthtec:

|Kx| ≤ |Ky|+ |Kz| , |Ky| ≤ |Kz|+ |Kx| , |Kz| ≤ |Kx|+ |Ky| (17)

H basik  kat�stash qarakthr—zetai wc ugrì spin suneqoÔc energeiakoÔ f�s-

matoc (gapless spin liquid) me touc qarakthristikoÔc k‚nouc Dirac sta shme—a

uyhl c summetr—ac K kai K’ thc z‚nhc Brillouin. Ant—jeta, an oi stajerŁc Kγ

Łqoun uyhl  anisotrop—a to energeiakì f�sma parousi�zei q�sma.

2.4 Διεγέρσεις

H qamiltonian  (15) faner‚nei pwc h fÔsh tou energeiakoÔ f�smatoc exart�tai

mon�qa apì touc telestŁc Majorana cj kaj‚c oi telestŁc ûjk Łqoun apaleife—. Oi
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pr‚toi kaloÔntai periferìmena Majorana (Itinerant Majoranas) kai apoteloÔn

klasmatopoihmŁnec diegŁrseic, kaj‚c fŁroun Łna kl�sma tou arqikoÔ spin, sta

Kitaev ugr� spin. Prìkeitai gia mh allhlepidr‚nta fermiìnia pou mporoÔn na

kinhjoÔn sto exagwnikì plŁgma metaphd‚ntac an�mesa se plhsiŁsterouc ge—-

tonec. ’Otan to energeiakì f�sma twn diegŁrsewn aut‚n e—nai suneqŁc tìte kai

h f�sh ugroÔ spin den parousi�zei q�sma kai ant—strofa. Ax—zei na shmeiwje—

ìti kai stic duo peript‚seic up�rqoun diegŁrseic me energeiakì q�sma mŁsw twn

posot twn Wp pou ìmwc, lìgw tou mikrìterou sugkritik� pl�touc tou q�sma-

toc, den kajor—zoun thn f�sh[12].

Sq ma 12: Di�gramma tou energeiakoÔ q�smatoc twn periferomŁnwn Majo-
rana san sun�rthsh twn stajer‚n Kγ . Sthn maÔrh perioq  to q�sma mh-

den—zetai kai h f�sh qarakthr—zetai wc ugrì spin suneqoÔc energeiakoÔ f�s-

matoc(arister�).Di�gramma twn stajer‚n Kγ sunart sei tou energeiakoÔ q�s-

matoc ∆f twn diegŁrsewn Wp. An kai Łqoun p�nta q�sma to eÔroc tou den e—nai

arketì gia na qarakthr—sei thn f�sh (dexi�). Phg  diagr�mmatoc:[12]

H qamhlìterh energeiak� diŁgersh Wp prokÔptei me thn enallag  thc idi-

otim c enìc telest  ûjk. Kaj‚c k�je desmìc moir�zetai apì dÔo ex�gwna oi

diegŁrseic Wp dhmiourgoÔntai p�ntote se zeug�ria kai h sumperifor� touc e—-

nai an�logh me aut  twn anion—wn e kai m tou TorikoÔ k‚dika. Autì g—netai

katanohtì an melet soume, gia par�deigma, thn k—nhsh miac diŁgershc W0 gÔrw

apì mia deÔterh statik  diŁgersh Wstatic. Gia na kinhje— loipìn h diŁgersh W0
proc Łna geitonikì ex�gwno p = 1, Łstw proc thn dieÔjunsh z, prŁpei na all�xei

to prìshmo tou û01 = ibz0b
z
1 thc koin c pleur�c twn dÔo ex�gwnwn. H k—nhsh

aut , h kalÔtera h antistrof  W0=-1→ 1 kai W1 = 1 → −1, pragmatopoie—tai

mŁsw thc dr�shc tou telest  σz kaj‚c isqÔei h anti-met�jesh {û01, σ
z
1}.Gia na

oloklhrwje— mia kleist  diadrom , perimetrik� thc Wstatic, prŁpei sunolik� na

dr�soun 6 telestŁc kat�llhlwn dieujÔnsewn. Oi 6 auto— telestŁc e—nai ousi-

astik� to telestikì ginìmeno Wstatic kai afoÔ h idiotim  tou e—nai -1, h f�sh

thc diŁgershc W0, ìtan epistrŁyei sthn arqik  thc jŁsh, Łqei metablhje— kat�

π. H idiaiterìthta tou exagwnikoÔ plŁgmatoc se sqŁsh me to tetragwnikì e—nai

ìti oi diegŁrseic Wp den mporoÔn na diakrijoÔn exarq c se e kai m aniìnia ìpwc

ston Torikì k‚dika all� parousi�zoun thn —dia statistik  stic sqetikŁc touc

kin seic kai apoteloÔn phg  topologik‚n idiot twn, ìpwc autŁc suzht jhkan

18



sthn par�grafo 1.4.3, gia ta Kitaev ugr� spin.

2.5 Εφαρμογή Εξωτερικού Μαγνητικού Πεδίου

Kaj‚c h peiramatik  melŁth thc paroÔsac diplwmatik c ergas—ac pragmatopoie—-

tai mŁsw thc fasmatoskop—ac purhnikoÔ magnhtikoÔ suntonismoÔ (NMR), Łqei

idia—terh shmas—a h jewrhtik  skiagr�fhsh thc ep—drash enìc exwterikoÔ magn-

htikoÔ ped—ou sta Kitaev ugr� spin.

2.5.1 Jewr—a Diataraq‚n

Jewr‚ntac exwterikì magnhtikì ped—o h = (hx, hy, hz) kai to exagwnikì montŁlo

sthn basik  kat�stash (Wp = 1 ∀p) h sÔzeuxh tou me ta spin eisag�gete sthn

qamiltonian  wc:

Hext = HM −
∑
j

h · σj (18)

Sthn sugkekrimŁnh per—ptwsh Łqei jewrhje— pwc to sÔsthma br—sketai sthn

f�sh ugroÔ spin suneqoÔc energeiakoÔ f�smatoc kai sugkekrimŁna sto isotropikì

shme—o Kγ=K=1 all� to prìblhma mpore— na genikeuje— gia k�je per—ptwsh.
H efarmog  tou exwterikoÔ ped—ou katastrŁfei thn akrib  epilusimìthta tou

arqikoÔ probl matoc. Wc apotŁlesma e—nai apara—thth h qr sh k�poiac proseg-

gistik c mejìdou, mia ex’ aut‚n e—nai h Jewr—a Diataraq‚n. Sunupolog—zontac

ìrouc mŁqri kai thc tr—thc t�xhc prokÔptei:

Hext = HM + Π̂0

(
V̂ + V̂ Ĝ′0 (E0) V̂ + V̂ Ĝ′0 (E0) V̂ Ĝ′0 (E0) V̂

)
Π̂0 (19)

,ìpou Π̂0 ≡ 1−
∣∣n(0) >< n(0)

∣∣ o probolikìc telest c o opo—oc matai‚nei to

endeqìmeno na up�rqei dexi� twn diorjwtik‚n ìrwn n epik—ndunh gia thn diag-

wniopo—hsh kat�stash |n(0) >, V̂ o ermitianìc p—nakac pou or—zei thn diataraq 

(V̂ = −
∑
j h · σj) kai Ĝ′0 (E0) h sun�rthsh Green thc adiat�rakthc qamilto-

nian c[9][13]. O ìroc pr‚thc t�xhc Łqei mhdenik  suneisfor� sthn diataraq .
O ìroc deÔterhc t�xhc en‚ Łqei mh mhdenik  suneisfor� diathre— ìlec tic sum-

metr—ec kai ousiastik� epanakanonikopoie— to eÔroc tou energeiakoÔ q�smatoc

twn periodeuìntwn Majorana. O ìroc tr—thc t�xhc emperiŁqei ìrouc thc morf c

σxi σ
y
j σ

z
k kai epitrŁpei sta periferìmena Majorana na metaphdoÔn kai se deÔterouc

ge—tonec! Energeiak�, h k—nhsh aut  sundŁetai me to mŁgejoc tou ped—ou h mŁsw

thc stajer�c κ ≈ 6 hxhyhz
(0.27K)2 P—sw ston formalismì twn telest‚n Majorana mia

tŁtoia dunamik  anapar—statai mŁsw telest‚n apì tŁsseric plegmatikŁc jŁseic

kai o diataraktikìc ìroc 3hc t�xhc gr�fetai:

H3 =
∑

(i,j,k)

iεxyzD̂lûliûlj ûlkcicjckcl (20)

To epìmeno b ma e—nai kai p�li oi kat�llhloi metasqhmatismo— Fourier kai

telik� h Qamiltonian  lamb�nei thn morf :
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Hext =
(

∆̇(k) if(k)
−if∗(k) −∆(k)

)
(21)

,ìpou

f(k) = 2K
(
eik·a1 + eik·a2 + 1

)
(22)

kai

∆(k) = 4κ (sin (k · a1)− sin (k · a2) + sin (k · (a1 − a2))) (23)

H suneisfor� tou ∆(k) sto energeiakì f�sma ε(k) = ±
√
|f(k)|2 + |∆(k)|2

Łqei wc �mesh sunŁpeia thn dhmiourg—a energeiakoÔ q�smatoc an�logou tou exw-

terikoÔ ped—ou mŁsw thc stajer�c κ.

Sq ma 13: Grafik  anapar�stash twn ìrwn thc diataraq c tr—thc t�xhc sto

formalismì twn σxi σ
y
j σ

z
k (arister�).Grafik  anapar�stash twn ìrwn thc di-

ataraq c tr—thc t�xhc sto formalismì twn telest‚n Majorana (dexi�). H di-

ataraq  epitrŁpei thn k—nhsh twn diegŁrsewn se deÔterouc ge—tonec (mwb bŁlh).

2.5.2 Jermikì Fainìmeno Hall

H qamiltonian  (19) perigr�fei mia diegermŁnh kat�stash, me thn proôpìjesh ìti

oi diegŁrseic proŁrqontai mon�qa apì ta periodeÔonta fermiìnia Majorana. ’Opwc

anafŁrjhke sthn eisagwg , h k—nhsh tŁtoiwn diegŁrsewn ston fusikì q‚ro pros-

d—dei sthn kumatosun�rthsh thn gewmetrik  f�sh Berry. Kat� to pŁrasma apì

ton fusikì q‚ro ston q‚ro twn orm‚n h f�sh aut  q�netai   kalÔtera den e—nai

dunatìn na apotupwje— me mia enia—a majhmatik  diatÔpwsh par� mìno tmhmatik�.
Diaisjhtik�, h duskol—a aut  e—nai parìmoia me thn adunam—a apotÔpwshc enìc

pagkìsmiou q�rth apì thn udrìgeio sto disdi�stato ep—pedo. Mpore— na sumbe—

all� apaitoÔntai tomŁc kai paramorf‚seic kai o q�rthc e—nai swstìc mìno tmh-

matik�. Sthn fusik  stere�c kat�stashc autì ekfr�zetai mŁsw miac topologik c

metablht c, tou arijmoÔ Chern. O arijmìc Chern, sto sugkekrimŁno pla—sio,
taut—zetai me ton arijmì periŁlixhc (winding number) tou dianÔsmatoc Ā pou

metasqhmat—zei ton fusikì q‚ro ston q‚ro twn orm‚n[14]. Eidikìtera, o ari-

jmìc Chern or—zetai wc :

C = 1
2πi

∫
BZ

Tr(Π̂±dΠ̂± ∧ dΠ̂±) (24)
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Oi proboliko— telestŁc Π̂± twn katast�sewn me jetikŁc kai arnhtikŁc enŁrgeiec

ant—stoiqa kajor—zoun ton arijmì Chern gia to f�sma ε(k) = ±
√
|f(k)|2 + |∆(k)|2.

ProkÔptei C = 1 gia to jetikì mŁroc kai C = −1 gia to arnhtikì mŁroc.

Sq ma 14: To energeiakì q�sma parous—a exwterikoÔ magnhtikoÔ ped—o e—nai

an�logo thc paramŁtrou k. H jetik  energeiak  kat�stash Łqei C=1 en‚ h

arnhtik  C=-1 .

O arijmìc Chern qarakthr—zei topologik� to energeiakì f�sma kai den mpore—

na all�xei adiabatik�. Sunep‚c diataraqŁc pou paramorf‚noun to energeiakì

f�sma, qwr—c na kle—noun to energeiakì q�sma, den prokaloÔn k�poia topologik 

metabol . AntijŁtwc, an Łqoume Łna mh tetrimmŁno topologikì ulikì (C 6= 0)
kai Łna ulikì diaforetik c topologik c kl�shc (p.q to kenì C = 0) tìte sthn

diepif�neia touc up�rqoun upoqrewtik� katast�seic mhdenikoÔ energeiakoÔ q�s-

matoc. To fainìmeno autì apotele— thn basik  arq  twn topologik‚n monwt‚n.
’Estw ,loipìn , Łna peperasmŁno sÔsthma pou perigr�fetai apì thn qamiltoni-

an  (21)(ìpou ta periferìmena Majorana mporoÔn na metaphd soun se deÔterouc

ge—tonec) kai Łqei pl rwc kateilhmmŁnec ìlec tic arnhtikŁc energeiakŁc katast�-

seic. Parous—a tou exwterikoÔ ped—ou h = (hx, hy, hz), ta periferìmena Majo-
rana den mporoÔn na diasq—soun to epagìmeno energeiakì q�sma kai parousi�-

zoun mon�qa qamhl  kinhtikìthta entìc twn kateilhmmŁnwn katast�sewn. ’Otan

ìmwc to sÔsthma melethje— sthn diepif�neia tou me to kenì (  opoiod pote

�llo monwt  me C=0) parathroÔntai katast�seic mhdenikoÔ energeiakoÔ q�sma-

toc stic opo—ec h sqŁsh diaspor�c g—netai grammik  kai ta Majorana kinoÔntai

eleÔjera me anti-wrologiak  for� (an�logh tou arijmoÔ Chern ston ìgko tou

sust matoc) sthn per—metro tou sust matoc. Me thn allag  tou prìshmou miac

ek twn sunistws‚n hx, hy, hz prokÔptei C=1 kai h for� all�zei se wrologiak .
Sthn k—nhsh aut  sthr—zetai h pr‚th peiramatik  Łndeixh thc parous—ac twn

fermion—wn Majorana. Prìkeitai gia k�ti an�logo me to kbantikì fainìmeno Hall
me thn diafor� ìti t‚ra kinoÔntai fermiìnia Majorana kai ìqi fort—a kai sunep‚c

den mpore— na aniqneuje— apì hlektromagnhtikŁc metr seic. Parìla aut�, e—nai

dunatì na aniqneuje— to jermikì apotÔpwma twn fermion—wn Majorana kai gia

ton lìgo autì to fainìmeno onom�zetai jermikì fainìmeno Hall.
SugkekrimŁna, parous—a miac jermokrasiak c bajm—dac sthn k�jeth dieÔjunsh

y enìc hm—-�peirou sust matoc me ta qarakthristik� pou anafŁrjhkan parap�nw,
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aniqneÔetai auxhmŁnh ro  jermìthtac kat� thn "�peirh" dieÔjunsh x sthn jer-

mìterh pleur� (kaj‚c diege—rontai perissìtera Majorana) kai qamhlìterh ro 

sthn yuqrìterh pleur�.
H ro  jermìthtac d—netai apì thn sqŁsh :

Ix = κxy∆Ty (25)

,ìpou κxy = cπk2
BT

6ℏ h jermik  agwgimìthta. Upì sugkekrimŁnec sunj kec

jermokras—ac kai exwterikoÔ ped—ou h stajer� c pa—rnei thn tim  1/2 kai h

posìthta κxy/T e—nai hmi-akŁraia kbantismŁnh. To gegonìc autì jewre—tai wc

apìdeixh thn parous—a twn fermion—wn Majorana wc klasmatik‚n diegŁrsewn,
pou fŁroun dhlad  touc 1/2 bajmoÔc eleujer—ac twn arqik‚n hlektron—wn[15].

Sq ma 15: Sqhmatik  anapar�stash tou jermikoÔ fainìmenou Hall. H mh- tetrim-

mŁnh topolog—a se sunduasmì me thn ikanìthta metap dhshc se deÔterouc ge—-

tonec twn fermion—wn Majorana dhmiourgoÔn ro  jermìthtac sthn diepif�neia

tou sust matoc. H jermokrasiak  bajm—da epitrŁpei thn peiramatik  exakr—b-

wsh tou fainomŁnou diege—rontac perissìtera fermiìnia sthn jermìterh pleur�

kai kat’ epŁktash aux�nontac thn ro  jermìthtac.

2.6 Υλοποίηση του Μοντέλου

Apì jewrhtik c pleur�c, h Ôparxh akriboÔc lÔshc thc basik c kat�stashc tou

montŁlou Kitaev, Łqei dieukolÔnei shmantik� sthn katanìhsh tou, me shmantik 

prìodo sthn perigraf  twn dunamik‚n kai twn topologik‚n idiot twn. Apì

thn peiramatik  optik  gwn—a, h sqetik  aplìthta tou montŁlou Łqei empneÔ-

sei th dunatìthta ulopo—hs c tou se pragmatik� ulik�. Pr�gmati, l—ga qrìnia

met� thn ergas—a tou Kitaev, oi Jackeli kai Khaliullin prìteinan thn qr sh tou

montŁlou Kitaev gia thn perigraf  thc sumperifor�c sugkekrimŁnwn monwt‚n

Mott metabatik‚n met�llwn me isqur  sÔzeuxh spin-troqiak‚n[10]. Eidikìtera,
prìteinan ìti ta sust mata A2MO3, ìpou ta A kai ta M e—nai alkalik� kai

metabatik� mŁtalla ant—stoiqa, ja mporoÔsan na ulopoi soun tic allhlepidr�-

seic Kitaev metaxÔ twn spin gia mia sugkekrimŁnh di�taxh twn iìntwn oxugìnou.
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’Opwc e—nai gnwstì,h kat�stash enìc hlektron—ou se Łna apomonwmŁno �tomo

  iìn qarakthr—zetai apì ton kÔrio kbantikì arijmì n = 1, 2, . . ., ton azimoujiakì

kbantikì arijmì l = 0, 1, . . . , n − 1, ton ant—stoiqo magnhtikì kbantikì arijmì

ml ∈ {−l,−l+ 1, . . . , l} kai to hlektroniakì spin ms = ±1. O kÔrioc kbantikìc

arijmìc n kajor—zei ton basikì floiì, dhlad  thn qwrik  Łktash thc kumato-

sun�rthshc me tic megalÔterec timŁc na antistoiqoÔn se ligìtero entopismŁna

hlektrìnia. Oi arijmo— l kai ml kajor—zoun ton upofloiì (s,p,d,f...) kai to tro-

qiakì ant—stoiqa d—nontac Łna sugkekrimŁno sq ma sthn kumatosun�rthsh. Gia

k�je upofloiì up�rqoun 2 × (2l + 1) ekfulismŁnec katast�seic pou mporoÔn

na katal�boun ta hlektrìnia. Kat� thn �rsh twn ekfulism‚n dhmiourgoÔn-

tai oi apara—thtec, gia tic allhlepidr�seic Kitaev, katast�seic

∣∣j1/2〉 . Sthn

sugkekrimŁnh enìthta ja analujoÔn oi mhqanismo— pou a—roun touc ekfulismoÔc

autoÔc mŁsa apì to par�deigma tou Sr2IrO4, ìpou sthr—qthke kai h ergas—a twn

Jackeli kai Khaliullin.

Sq ma 16: H �rsh tou ekfulismoÔ twn katast�sewn tou upofloioÔ 5d arqik�

apì to krustallikì ped—o kai sthn sunŁqeia apì thn sÔzeuxh spin-troqiak‚n.

2.6.1 Krustallikì Ped—o

Sto Sr2IrO4, k�je katiìn Ir4+
br—sketai sto eswterikì enìc oktaŁdrou apì

oxugìna, ta opo—a dhmiourgoÔn Łna hlektrikì ped—o me kubik  summetr—a. Wc

apotŁlesma, h allhlep—drash twn hlektron—wn tou upofloioÔ 5d, twn katiìntwn

Ir4+, me to ped—o autì e—nai kubik� anisotropik . Oi katast�seic dz2 kai dx2−y2

onom�zontai troqiak� eg kai epwfeloÔntai energeiak� Łnanti twn katast�sewn

dxy,dyz kai dzx pou onom�zontai troqiak� t2g[16] .∣∣z2〉 = |2, 0〉∣∣x2 − y2〉 = 1√
2 (|2, 2〉+ |2,−2〉)

}
eg

|xy〉 = − i√
2 (|2, 2〉 − |2,−2〉)

|yz〉 = i√
2 (|2, 1〉+ |2,−1〉)

|zx〉 = − 1√
2 (|2, 1〉 − |2,−1〉)

 t2g
(26)

Autì g—netai eÔkola antilhptì apì thn gewmetr—a twn troqiak‚n twn dÔo en-

ergeiak‚n om�dwn. Sta troqiak� eg oi "lobo—" twn kumatosunart sewn prosana-
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tol—zontai proc tic gwn—ec tou oktaŁdrou, eke— dhlad  pou br—skontai ta �toma

tou oxugìnou en‚, sta troqiak� t2g prosanatol—zontai proc to mŁso twn ak-

m‚n tou oktaŁdrou kai sunep‚c br—skontai se megalÔterh apìstash apì ta

oxugìna. Wc apotŁlesma, tìso oi dun�meic Coulomb ìso kai oi dun�meic pou

anaptÔssontai lìgo ubridismoÔ e—nai isqurìterec sta troqiak� eg. Istorik�, to

energeiakì q�sma metaxÔ twn dÔo om�dwn sumbol—zetai wc 10Dq kai e—nai per—pou

2− 3eV[17][18].

2.6.2 SÔzeuxh Spin-Troqiak‚n

Me thn energopo—hsh thc allhlep—drashc HSOC = λL̂ · Ŝ, lìgo thc sÔzeuxhc

spin-troqiak‚n, oi kbantiko— arijmo— l kai ml paÔoun na e—nai kal� orismŁnoi kai

sunupolog—zontai mŁsw tou telest  olik c stroform c Ĵ = L̂ + Ŝ. O nŁoc

kbantikìc arijmìc e—nai h sunolik  stroform  j ∈ {|l − s|, |l − s|+ 1, . . . , l + s}
kai h probol  thc sto �xona z mj ∈ {−j,−j + 1, . . . , j}.

Kaj‚c ta troqiak� t2g br—skontai se qamhlìterh enŁrgeia ta 5 hlektrìnia

twn Ir4+
topojetoÔntai se aut� b�sh twn kanìnwn tou Hund. E—nai qr simo,

prokeimŁnou na prosdioristoÔn oi kumatosunart seic, na problhjoÔn ston upì-
qwro twn t2g, oi dianusmatikŁc sunist‚sec tou telest  L. ProkÔptei:

Lxt2g = i√
2

 0 1 0
−1 0 1
0 −1 0

 Lyt2g = 1√
2

 0 1 0
1 0 1
0 1 0


Lzt2g =

 −1 0 0
0 0 0
0 0 1

 (27)

Diagwnopoi‚ntac sthn b�sh tou Lzt2g prokÔptoun oi idiokatast�seic gia thn

Lz thc tripl c kat�stashc t2g:

∣∣j1/2〉 =
{

1√
3 (−|xy, ↑〉 − i|xz, ↓〉 − |yz, ↓〉)

(
mj = + 1

2
)

1√
3 (|xy, ↓〉+ i|xz, ↑〉 − |yz, ↑〉)

(
mj = − 1

2
)

∣∣j3/2〉 =


1√
2 (−i|xz, ↑〉 − |yz, ↑〉)

(
mj = + 3

2
)

1√
6 (2|xy, ↑〉 − i|xz, ↓〉 − |yz, ↓〉)

(
mj = + 1

2
)

1√
6 (2|xy, ↓〉 − i|xz, ↑〉+ |yz, ↑〉)

(
mj = − 1

2
)

1√
2 (−i|xz, ↓〉+ |yz, ↓〉)

(
mj = − 3

2
) (28)

To energeiakì q�sma metaxÔ thc kat�stashc

∣∣j1/2〉, kateilhmmŁnh apì Łna

hlektrìnio kai thc dipl c kat�stashc

∣∣j3/2〉, me sunolik� 4 hlektrìnia, e—nai

3λ/2. Gia ta katiìnta Ir4+
to λ Łqei thn tim  380meV[19].

H energeiak  aut  diafor� twn dÔo katast�sewn, lìgo tou krustallikoÔ

ped—ou kai thc sÔzeuxhc spin-troqiak‚n, onom�zetai q�sma Mott kai ta ulik�

pou to uposthr—zoun monwtŁc Mott . Ta ulik� aut� fŁroun touc legìmenouc

"spin-1/2 bajmoÔc eleujer—ac" pou prwtagwnistoÔn sto montŁlo tou Kitaev.
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2.6.3 Allhlep—drash Kitaev

O emfan c mhqanismìc allhlep—drashc , sto sÔsthma Sr2IrO4, e—nai h met�bash

enìc hlektron—ou apì mia kat�stash

∣∣j1/2〉 enìc Ir4+
se mia �llh enìc geitonikoÔ

Ir4+. H met�bash aut  den g—netai apeuje—ac par� mìno mŁso twn troqiak‚n p
twn oxugìnwn kai perior—zetai lìgw thc �pwshc Coulomb se Łna hlektrìnio thn

for�. Gia par�deigma, Łna hlektrìnio tou troqiakoÔ dzx mpore— na metabe— se Łna

troqiakì dyz mŁsw twn troqiak‚n pz twn oxugìnwn kai ant—strofa.

Sq ma 17: DÔo diaforetikŁc metab�seic hlektron—wn apì Łna Ir4+
se Łna

geitonikì mŁsw twn troqiak‚n p twn oxugìnwn.

H allhlep—drash aut  metaxÔ twn dÔo katast�sewn

∣∣j1/2〉 e—nai antisidhro-

magnhtik  kai ekfr�zetai sthn qamiltonian  mŁsa apì ton ìro JSi · Sj . H sta-

jer� Heisenberg J e—nai an�logh thc posìthtac t4pd/U
2
d , ìpou tpd e—nai to pl�toc

met�bashc apì to troqiakì d twn Ir4+
sta troqiak� p twn oxugìnwn kai Ud e—nai

h �pwsh Coulomb. Oi Jackeli kai Khaliullin Łdeixan ìti telik� h suneisfor� apì

autŁc thc allhlepidr�seic e—nai mhdenik , kaj‚c gia k�je met�bash up�rqei mia

"suzug c" pou thn anaire—, ìpwc sumba—nei gia par�deigma me tic dÔo metab�seic

tou sq matoc 17.
Seir� Łqei loipìn h melŁth thc deÔterhc pijan c met�bashc tou sust matoc,

apì mia kat�stash

∣∣j3/2〉 se mia geitonik 

∣∣j1/2〉. SugkekrimŁna, to hlektrìnio

metaba—nei apì mia kat�stash
∣∣j3/2,mj = ±3/2

〉
se mia kat�stash

∣∣j1/2〉 kai sthn

sunŁqeia apodiege—retai p—sw sthn

∣∣j3/2,mj = ±3/2
〉
.

Sq ma 18: H met�bash enìc hlektron—ou apì mia kat�stash

∣∣j3/2,mj = ±3/2
〉

sthn

∣∣j1/2〉 kai sthn sunŁqeia p—sw sthn

∣∣j3/2,mj = ±3/2
〉
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H diadikas—a aut  en tŁlei den ephre�zei thn qwrik  di�taxh twn spin kai genn�

thn sidhromagnhtik  allhlep—drash −KSγi S
γ
j , ìpou K ∼ t4pdJH/U2

d . H stajer�

JH onom�zetai sÔzeuxh Hund thc kat�stashc

∣∣j1/2〉 kai thc diegermŁnhc

∣∣j3/2〉.
’Opwc kai prin h allhlep—drash pragmatopoie—tai mŁsw twn oxugìnwn, me thn

diafor� ìti t‚ra h qwrik  di�taxh twn kumatosunart sewn

∣∣j3/2,mj = ±3/2
〉

mpore— na allhlepidr�sei mon�qa me ta troqiak� pγ , kajor—zetai dhlad  apì

thn dieÔjunsh γ tou desmoÔ kai gia autì �llwste anaparist�tai mŁsa apì to

ginìmeno Sγi S
γ
j [20].

Sta pla—sia twn parap�nw jewr sewn, oi Jackeli kai Khaliullin, periŁgrayan

Łna exagwnikì sÔsthma sto opo—o k�je Ir4+
allhlepidr� me treic plhsiŁsterouc

ge—tonec apokleistik� mŁsw tri‚n diaforetik‚n metab�sewn. H qamiltonian  gia

to sÔsthma Sr2IrO4 e—nai telik�:

H = −K
∑
〈i,j〉γ

Sγi S
γ
j (29)

,dhlad  h qamiltonian  Kitaev.

2.6.4 EpiplŁon Allhlepidr�seic

Pern‚ntac se pio realistik� sust mata prŁpei na lhfjoÔn upìyh epiplŁon mhqanis-

mo— allhlepidr�sewn. Arqik�, sta metabatik� mŁtalla thc 4d kai 5d e—nai pi-

janìn na up�rqei epik�luyh twn troqiak‚n geitonik‚n atìmwn. Sthn par�grafo

2.6.3 agno jhkan �mesec metab�seic metaxÔ twn troqiak‚n d kaj‚c kai h pi-

janìthta tautìqronhc diŁgershc 2 hlektron—wn sto troqiakì p twn oxugìnwn,
ìmwc t‚ra prŁpei na sunupologistoÔn. Oi �mesec metab�seic eisag�goun ton

anti-sidhromagnhtikì ìro Heisenberg JSi · Sj en‚ h tautìqronh diŁgersh dra

enisqutik� wc pro autìn, all� kai wc proc thn allhlep—drash Kitaev. En gŁnei,
oi �mesec metab�seic mpore— na prokÔyoun metaxÔ opoiod pote troqiak‚n d kai

eisag�goun peraitŁrw asjenŁsterouc mh-diag‚niouc anisotropikoÔc ìrouc. H

qamiltonian  enìc tŁtoiou sust matoc perigr�fetai apì thn sqŁsh:

H =
∑
〈i,j〉γ
α,β 6=γ

(
JijSi · Sj +KijS

γ
i S

γ
j + Γij

(
Sαi S

β
j + Sβi S

α
j

)

+Γ′ij
(
Sγi S

α
j + Sγi S

β
j + Sαi S

γ
j + Sβi S

γ
j

)) (30)

,ìpou Γij h stajer� twn mh-diag‚niwn anisotropik‚n ìrwn kai Γ′ij h stajer� pou

perigr�fei thn apìklish tou sust matoc apì thn tŁleia kubik  summetr—a[20][21][22].
Spaniìtera, up�rqei kai h allhlep—drash Dzyaloshinskii-Moriya D · (Si × Sj)
pou afor� allhlepidr�seic metaxÔ deÔterwn geitìnwn all� kai orismŁnec pr‚twn

geitìnwn se trisdi�stata sust mata[23].
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2.7 Το Σύστημα Na2Co2TeO6

SÔmfwna me thn qamiltonian  (30), ta upoy fia sust mata Kitaev prŁpei na

Łqoun ìso to dunatìn asjenŁsterec deutereÔontec allhlepidr�seic. ’Opwc anafŁr-

jhke parap�nw oi allhlepidr�seic J kai G aforoÔn metab�seic pou ofe—lon-

tai sthn qwrik  Łktash twn kumatosunart sewn kai sunep‚c e—nai fusikì h

anaz thsh na kinhje— se upofloioÔc ìpou aut  e—nai mikrìterh. Ta metabatik� mŁ-

talla tou upofloioÔ 3d plhroÔn thn proôpìjes  aut , t—jetai ìmwc to er‚thma

an h apara—thth, gia ta Kitaev ugr� spin, sÔzeuxh spin-troqiak‚n e—nai arket�

isqur .

2.7.1 Dom 

’Ena tŁtoio sÔsthma e—nai to Na2Co2TeO6, to opo—o apotele— kai to antike—meno

melŁthc thc paroÔsac diplwmatik c ergas—ac. Sto sugkekrimŁno sÔsthma ta

iìnta Co2+, me hlektroniak  di�taxh 3d7
domoÔn dÔo par�llhla mh isodÔnama

exagwnik� ep—peda ta opo—a diaforopoioÔntai metaxÔ touc mŁsw twn dom‚n pou

sqhmat—zoun ta Na an�mesa sta dÔo ep—peda. Ta Te topojetoÔntai entìc tou

epipŁdou twn Co2+
ep—shc se exagwnik  di�taxh. TŁloc, ta O dhmiourgoÔn ok-

t�edra gÔrw apì ta Co2+
kai ta Te, ìpwc akrib‚c kai sto montŁlo twn Jackeli

kai Khaliullin, kai h hlektroniak  di�taxh 3d7
pa—rnei kai p�li thn morf  t52ge

2
g .

Sq ma 19: Sqhmatik  anapar�stash tou sust matoc Na2Co2TeO6

2.7.2 Allhlepidr�seic Metabatik‚n MŁtallwn thc 3d

En‚ h qamiltonian  tou sust matoc e—nai h —dia me thn (30), h proŁleush twn

paramŁtrwn J,K,G kai G’ sta metabatik� mŁtalla thc 3d diafŁrei. T‚ra, oi

katast�seic eg pou prokÔptoun apì thn �rsh tou ekfulismoÔ apì to krustallikì

ped—o, e—nai kateilhmmŁnec apì 2 hlektrìnia kai kat’ epŁktash eisag�goun sto
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