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Euvyapiotieg

H paro sadiplwmatik ergas-aekpon jhke stoergast rio Purhniko Magn-
htiko Suntonismo tou Instito tou Nanotegnolog-ac kai Nanoepist mhc tou
EKEFE Dhm kritoc, se sunergas-a me th Sqol Efarmosmtnwn Majhmatik ,n
kai Fusik,n Episthm,n tou Ejniko Mets bio Polutegne-ou.

Me to ptrac thc ergas-ac aut ¢, ja jela na eugarist sw louc souc
st rixan aut mou thn prosp jeia kai suntbalan sthn epitug olokl rws thc.

Ja jelaarqgik naekfr sw tic baj tatec eugarist-ec mou ston pr,hn dieu-
junt ereun,n, Dr. Ge,rgio Papabasile-ou, gia thn anekt-mhth kajod ghsh kai
upost rix tou kat th di rkeia thc ekp nhshc the diplwmatik ¢ mou ergas-ac.
O Dr. Papabasile-ou me antimet,pise ap thn pr,th mtra wc sunerg th kai

gi apl wc Foitht , epitrtpont ¢ mou na suneisftrw ousiastik sthn paro sa
meltth kai na apokt sw mia pol kal eik na gia to pwc diex gete h episthmonik
treuna. Taut grona, afitrwse pol gr no sto na mou metaftrei tic gn, seic tou
kai na suzht sei maz- mou sto jtma twn topologik,n ulik,n se ep-pedo upolo-
gism,n, peir matoc all Kkai jewr-ac.

Ep-shc, jJa jelanaeuqgarist swtwndieujunt ereun,n, Dr. Mig 1h Fard ,
gia thn ousiastik bo jeia kai thn pol timh upost rix touid-wc kat thn peira-
matik diadikas-a kaj ,c kai gia ton gr no pou afitrwse gia na mou did xei ta
basik stoige-a thc jewr-ac tou Purhniko Magnhtiko Suntonismo kaj ,c kai
the peiramatik c di taxhc pou grhsimopoi jhke.

Ttloc, Ja jelanaeugarist swthn oikogtneia mou kai thn f-Ih mou, Nikoltta,
gia Ih thn upost rixh kai thn sumpar stash pou mou pare-qan sto di sthma
aut .



ITepirndn

Tic teleuta-ec dekaet-ec, h anaz thshen culiko toopo-otgei thndunat thta
na filoxen sei thn xeqwrist magnhtik ¥ sh gn,sth wc "kbantik ugr spin®
br-sketai sto prosk nio thc fusik c stere c kat stashc t so se jewrhtik

so kai se peiramatik ep-pedo.

Me afethr-a thn jewrhtik meltth tou Alexei Kitaev, sthn sugkekrimtnh
ergas-a exet sthke to kat p so to s sthma Na,Co,TeOg mpore-, k tw ap
sugkekrimtnec sunj kec, na apoteltsei kbantik ugr spin. To er,thma aut
tgei apasqol sei dek dec ereunhtiktc om dec kai oi apant seic pou tqoun do-
je- poik-loun. Sthn ergas-a aut , mtsa ap metr seic Purhniko Magnhtiko
Suntonismo (NMR) Stere ¢ Kat stashc ston pur na >>Na se magnhtik ped-a
4.7T kai 9.4T, dnetai mia nta optik gia thn magnhtik ¥ sh tou sugkekrimt-
nou sust matoc kont sto jermodunamik rio T - 0 wc miac mikt ¢ ¥ shc
kbantiko ugro spin kai kbantiko gualio .

Stic pr,tec duo en thtec emperitgetai mia s ntomh perigraf thc jewr-ac
twn kbantik ,n ugr,n spin kaj , ¢ kai thc eidik ¢ per-ptwshc twn Kitaev ugr,n
spin, pou mpore- na an kei to s sthma Na,Co,TeOg, me anafortc se peira-
matiktc melttec pou tgoun pragmatopoihje- ep- tou jtmatoc ta prohgo mena
gr nia. Sthn suntgeia, anapt ssontai ta basik shme-a thc jewr-ac tou NMR
kai perigr fetai h peiramatik di taxh pou grhsimopoi jhke. Akoloujo n ta
peiramatik apoteltsmata kai h an lush aut,n b sei thc up rgousac jewr-ac
en, sto teleuta-o kef laio parajttontai ta sumper smata pou protkuyan sta
pla-sia thc ergas-ac aut c.
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1 Ewcaywyn

Ta kbantik ugr sp-n (Quantum Spin Liquids) apotelo n mia sunarpastik
kai musthri,dh ¥ sh thc lhc. En, sta sumbatik magnhtik ulik h me-wsh
thc jermokras-ac sunep getai to sp simo twn summetri,n kai thn a xhsh thc
magnhtik ¢ t xhc, sta kbantik ugr sp-n den parathre-tai h an logh sumper-
ifor kai to s sthma paramktnei se mia ¥ sh magnhtik ¢ atax-ac, parousi zon-
tac mon qa topiktc diakum nseic-diegtrseic[1l]. To fain meno aut , d-nei mon ga
mia diaisjhtik kal eik na twn kbantik,n ugr,n sp-n wc proc thn tnnoia tou
reusto , san mia j lassa ap tuga-a sp-n, pou oi metax touc allhlepidr seic
empod-zoun ton sghmatism magnhtik ,n perioq, n.

Sq ma 1: Sghmatik apeik nish tou parallhlismo an mesa stic treic basiktc
katast seic thc lIhc (atria, ugr kai stere ) kai stic magnhtikic katast seic.

Prokeimtnou na prosdioriste- kal tera h £ sh twn kbantik ,n sp-n ugr,n,
treic enai oi xonec b sh twn opo-wn pripei na diereunhjo n: (i) h parous-a
isquro kbantiko enagkalismo makr c embtleiac, dhlad h aut math ex apos-
t sewc «epikoinwn-a» kai al lhlep-drash twn diegtrsewn pou kat thn dhmiourg-a
touc e-qan suzeugmtnec kumatosunart seic (ii) h ikan thta touc na filoxen soun
mh entopismknec diegtrseic mtsw thc klasmatopo-hshc twn bajm,n eleujer-ac
twn sp-n kaj ,c kai (iii) oi topologiktc touc idi thtec.

Stic paragr fouc pou akoloujo n japerigrafe-h jewr-a, pwcaut dom jhke
me afethr-a touc magn tec stouc opo-ouc e-nai ad naton na ikanopoihjo n en-
ergeiak lec oi allhlepidr seic mtqri to antike-meno thc paro sac diplwmatik c
ergas-ac, ta kbantik ugr Kitaev (Kitaev Spin Liquids).

1.1 Moy vnTtixd CUCTHULATA IE YEWUETPIXOVS TEQLOPLO-
nolg

Ta magnhtik sust mata me gewmetriko ¢ periorismo ¢ (Frustrated Magnets)

enai ulik sta opo-a ta hlektronik sp-n enai diatetagmtna me tttoio tr po

pou oi metax touc dun meic antallag ¢ droun antagwnistik . Jewr ,ntac, gia

par deigma, tna ant--sidhromagnhtik s sthma pou ta sp-n mporo n na br-skon-

tai mon ga sthn kat stash t sthn kat stash | gnetai antilhpt ti gia
orismktnec gewmetr-ec, pwc h trigwnik di taxh tou sq matoc 2, h energeiak



btItisth kat stash, dnlad h antipar Ilhlhdi taxh Iwn twn sp-n me aut twn
pr,twn geit nwn touc, ehai ad naton na epiteugje-.

?l

Sq ma 2: H basik arg en c magnhtiko sust matoc me gewmetriko c peri-
orismo c. Sta ant-sidhromagnhtik pltgmata pou bas-zontai sthn trigwnik
gewmetr-a enai ad naton, sthn per-ptwsh diakrit,n sp-n se t |, na ikanopoi-
hjo n energeiak lec oi allhlepidr seic metax pr,twn geit nwn. Ef son ta
sp-n stic jtseic (1) kai (2) topojethjo n antipar Ilhla,gia to sp-n sthn jtsh
(3) den up rgei btltistoc energeiak prosanatolism ¢

A-rontac t,ra ton periorism gia tic duo diakrittc antipar Ilhlec dieuj n-
seic, h gamhl terh energeiak kat stash prok ptei tan to jroisma twn di-
anusm twn twn sp-n mhden-zetai. Aut mpore- na epiteugqje- me d o tr pouc, oi
opo-oi diaforopoio ntai mtsw thc geiromorf-ac g (Chirality)[2]. Sto sq ma 3
apeikon-zontai oi d o gewmetr-ec gia g=1 kai gq=-1.

X=1 X=-1

N

Sq ma 3: Oi energeiak isod namec basikic katast seic thc trigwnik ¢ ant-
sidhromagnhtik c di taxhc. 'Omoia strof twn tri,n sp-n diathre- thn geiromor-
T-a.

Progwr ,ntac se pio realistik monttla, ta trigwnik pltgmata apotelo n
ticaplo sterec gewmetr-ec pou uposthr-zoun ton fain meno aut . Qrhsimopoi, n-
tac wec domik I-jo thndi taxh tou sq matoc 2 dome-tai, tan oidiat xeic sundton-
tai mksw twn pleur ,n, to apl trigwnik pltgmaen,, tan oidiat xeic sundton-
tai mksw twn koruf,n, to pltgma Kagome.

Sq ma 4: To apl trigwnik pltgma (arister ) kai to pltgma Kagome (dexi ).



1.2 KAlacowd YTypd Xmy

Se suntgeia thc suz thshc per- trigwnik ,n plegm twn, h gamiltonian twn pleg-
m twn tou sq matoc 4 e-nai koin kai mpore- na upologisje-ap thn jroish thc
suneisfor ¢ k je domiko I-jou A wc ex c:

g €1 5
H=§ (S1+S,+S3) +¢ ()]
JAN

, pou J h stajer thc ant--sidhromagnhtik ¢ s zeuxhc kai ¢ stajer pos thta.

Par ton koin telest entrgeiac ta d o aut pligmata kr boun mia ousi-
astik diafor g rwap thnpos thta thc geiromorf-ac . Sto apl trigwnik
pltgma, an or-soume tnan domik 1-jo wc argik me, gia par deigma q=1, loi oi
geitoniko- domiko- I-joi apokto n upogrewtik g=-1, kai to ant-strofo. Kat'
eptktash h basik kat stash tou pltgmatoc e-nai kal orismtnh, me t xh makr c
embt leiac kai mhdenik entrop-a sto jermodunamik  rio (T - 0). Ant-jeta, sto
pltgma Kagome, h geiromorf-a tou argiko domiko [I-jou den perior-zei thn
geiromorf-a twn geitonik ,n. Wc apottlesma, h basik kat stash e-nai ekfulis-
mtnh kai h entrop-a mh mhdenik sto jermodunamik  rio (T - 0).

Sq ma5: Hbasik kat stash tan jewre-tai wc afethr-a domik c I-joc me q=1
(mple) sto apl trigwnik pligma (p nw arister ) kai me q=-1 (p nw dexi )
or-zoun austhr thn qgeiromorf-a sto up loipo pltgma. Sto pltgma Kagome
prok ptoun d o dunattc basiktc katast seic gia argik domik I-jo -diac geiro-
morf-ac (k tw arister Kai dexi ).

An sumperilhfje- kai o bajm ¢ eleujer-ac pou sget-zetai me to k jeto wc
proc to pltgma ep-pedo e-nai dunat n ta sp-n na talant,nontai ent c tou epiptdou
auto meto jroismatouc sek jedomik 1-jo na paramtnei mhdenik . Oi topiktc
auttc diegtrseic onom zontai "mhdeniktc" (zero modes) [3] kai e-nai uparkttc t so
sthn basik  so kai stic diegermtnec katast seic.

O ekfulism ¢ twn katast sewn kai oi topiktc diegtrseic pou parathro ntai
sta ant--sidhromagnhtik pligmata Kagome garakthr-zoun, up sugkekrimtnec
Jermokrasiaktc sunj kec, thn ¥ sh thc Ihc gnwst wc klassik ugr sp-n. H



oikogtneia AV3Sbs ( A = K, Rb, Cs) apotele- parade-gmata tttoiwn susthm twn
me efarmogtc sthn uperagwgim thta kai touc kbantiko c¢ upologisttc[4].

1.3 Xrteped Acsopol 3dévoug

‘Otan to mttro twn dianusm twn twn sp-n apokt thn tim 1/2 oi "mhdenikkc”
diegtrseic g-nontai isqur terec kai oi kbantikic diakum nseic pou prokalo n
dhmiourgo n idia-terec ¥ shc thc lIhc oi opo-ec den mporo n na perigrafo n
klassik . H gamiltonian pou perigr fei thn allhlep-drash metax d o, kban-

tik ,n plton, sp-n enai, mtsw twn telest,n anab-bashc (S* = ~|+ >< —|) kai
katab-bashc (S™ =~|—>< +|) :
ol _o
HZE SISy +S;S;” +JS{sf )

kai Lgei ttsseric idiokatast seic: tre-c ekfulismktnec triplic katast seic (triplet
states) kai mia mon kat stash (singlet state).

Oi tripltc katast seic tqoun entrgeia J/4, taut shmh me thn entrgeia en c
klassiko ant--sidhromagnhtiko desmo metax d o sp-n. H mon kat stash
tgei entrgeia -33/4 kai sunep,c enai kur-argh sto jermodunamik rio (T -0).
E-nai dunat n loip n na perigr youme tna s sthma grhsimopoi,ntac apokleis-
tik monkc katast seic me tttoio tr po ,ste k je sp-n na summettgei se mia
m no kat stash. Ta sust mata aut onom zontai stere desmo sjtnouc (Va-
lence Bond Solids)[5]. An loga me to pltgma, h antikat stash aut mpore- na
sp ei, pwc fanetai sto sq ma 6, thn peristrofik summetr-a kai thn summetr-a
metat pishc (a) , mon ga thn summetr-a metat pishc (b) kam-a ap tic d o
(g). Sta pla-sia thc jewr-ac Landau to sp simo twn summetri,n odhge- sthn
dhmiourg-a t xhc makr c embtleiac. Kat' eptktash diat xeic pwc oi (a) kai (b)
den ikanopoio n tic pro pojtseic gia thn perigraf en c kbantiko ugro sp-n
kai ftroun thn onomas-a Kr stalloi Desm,n Sjtnouc (Valance Bond Crystals).

() (B) (v)

@ - (1) - |11)

—_—

~—

Sq ma 6: Parade-gmata krust Ilwn desmo sjtnouc. H kionoeid ¢ (Columnar)
(a) kai h Shastry-Sutherland (b) diat xeic gia to tetragwnik pltgma. H di taxh
"anem muloc" (Pinwheel) (g) gia to pltgma Kagome.

Fusik , opoiad pote tuga-a katanom twndesm,n gwr-c k poia periodik thta,
diathre- tic summetr-ec me moio tr po me aut n thc di taxhc (g). Periodiktc
mh, oi diat xeic auttc apottlesan ton domik 1-jo sta pr,tab mata thc jewr-ac
twn kbantik ,n ugr,n spin.



1.4 KBavtxd Yypd Xniv

To 1987 dhmiourg jhke ap ton P.W Anderson h jewr-a per- suntonism,n metax
twn desm,n sjtnouc (Resonating Valance Bond Theory) se mia prosp jeia
tou na sundtsei tic kbantikic topologiktc katast seic me thn uperagwgim thta
uyhl ,n jermokrasi,n[6]. Enai h pr,th jewr-a gia ta kbantik ugr spin kai
paramtnei ped-o tntonou ereunhtiko endiaftrontoc twc kai s mera.

1.4.1 Suntonismo- Desm,n Sjtnouc - H Basik Kat stash

Pr keitai gia tna monttlo sto opo-o k je idiokat stash |y;[CAntistoige- se
mia di taxh stereo desmo sjktnouc, pwc autkc perigr fhkan sthn prohgo -
menh par grafo. An sumbol-soume ton k je desm sjtnouc ( alli,c thn k je
kat stash Singlet) metax duo sp-n Sy kai Sg we [SqSpt te:
1
Wil [SqSgd aEP ©)
o
Ston formalism aut , h kumatosun rthsh |W[@n c¢ pltgmatoc sthn Jewr-a
suntonism,n desm,n sjtnouc e-nai:
1
YEE o(i)wild 4
i

, pou @ mia sun rthsh katanom c b rouc thc k je idiokat stashc.

Idia-terh shmas-a tqgei to gegon ¢ ti sthn jewr-a aut oi desmo- sjtnouc
den perior-zontai se auto ¢ metax spin pr,twn geit nwn. Wc apottlesma oi
kbantiktc katast seic |WCmporo n, me kat Ilhlh epilog twn katanom,n @(y;)
kai me diat xeic ap desmo ¢ sjtnouc kontin ¢ all kai makr c embtleiac, na
perigr youn tic basiktc katast seic miac ¥ shc thc Ihc me isqur enagkalis-
mtna spin kai tic summetr-ec na diathro ntai. Sto par deigma tou sq matoc 5
tou pligmatoc Kagome, kam-a ap tic idiokatast seic |jCden e-nai energeiak
btItisth, up rgei tntonoc ekFfulism c, kai h basik kat stash en ¢ kbantiko
ugro spin mpore- na apotele-tai ap thn uptrjesh twn idiokatast sewn aut,n.

Sq ma 7: Sghmatik anapar stash thc basik ¢ kat stashc wc thn uptrjesh
twn diaforetik , n diat xewn stereo desmo sjtnouc, sthn jewr-a suntonism,n
sjtnouc. Oi idiokatast seic mporo n na apotelo ntai ap desmo ¢ kontin ¢
all kai makr c embtleiac.



1.4.2 Diegermtnec katast seic

'Eqgontac mil sei gia thn basik kat stash seir tqoun, kai p li sta pla-sia thc
Jjewr-ac per- suntonism,n metax twn desm,n sjtnouc, oi diegermknec katast -
seic. H pio apl ditgersh e-nai to sp simo en ¢ desmo sjtnouc, gia par deigma
ap thn anelastik sktdash en c¢ netron-ou, kat thn opo-a h mon kat stash
all zei se mia tripl kat stash | t11e spin 1 (spin flip). Sta stere Kkai
stouc krust llouc desmo sjtnouc h ditgersh aut enai statik sthn pleg-
matik Jtsh pou tspase o desm ¢c. Me l1lal giatad o, par Ilhla plton, spn
den mporo n na metakinhjo n sto pltgma (maz- xeqwrist to kajtna) kaj,c
aut jaapaito se thnanadi taxh Iwn twn desm,n an mesa sthn arqgik kai thn
telik jtsh me uyhl energeiak k stoc. Oi entopismtnec diegtrseic me aut ta
garakthristik onom zontai Magn nia (Magnons).

Ant-jeta, sta kbantik ugr sp-n, enaidunat nh tripl kat stash na qwris-
te- se duo xeqwristtc diegtrseic me sp-n 1/2 oi opo-ec mporo nnadiadojo nent c
tou pltgmatoc. Kaj ,c hbasik kat stash apotele-taiap thnuptrjeshpoll,,n
diat xewn desmo sjtnouc, h k-nhsh twn diegtrsewn den apaite- thn anadi taxh
twn g rw desm,n sjtnouc all mpore- na g-nei me thn anakatanom , mksw twn
sunart sewn @, ol klhrwn twn diat xewn desmo sjtnouc[1][7].

Diaisjhtik , sta sttrea kai stouc krust llouc desmo sjtnouc prokeimtnou
na diadoje- h ditgersh pripei na ano-xei tna "monop ti" me thn anadi taxh lIwn
twn desm,n, en, sta kbantik ugr sp-n to "monop ti" up rgei dh se mia ap
tic idiokatast seic wc desm ¢ makr c embtleiac o opo-oc apaite-, akrib, ¢ epeid
e-nai makr c embtleiac, el gisth entrgeia gia na sp sei .

Oi diegtrseic auttc onom zontai Spin nia (Spinons) kai sugn qarakthr-zon-
tai we "klasmatopoihminec” (fractionalized) sthn bibliograf-a akrib,c epeid
fLroun knan "kl sma" thc arqik c tripl ¢ kat stashc. Ep-shc, mpore- na e-ai
diegtrseic energeiako q smatoc (gapped excitations) suneqo ¢ energeiak ¢
katanom c (gapless excitations) kai na akoloujo n statistik mpozon-wn, fermio-
n-wn , tanpr Keitai giadisdi sta sust mata, anion-wn, dhlad swmatid-wn pou

pwc ja fane- parak tw den akoloujo n tetrimmtnh statistik sthn sgetik
touc k-nhsh.

E-nai loip n xek jaro ti to monttlo tou P.W Anderson mpore-, an loga me
thn £ sh twn diegtrsewn na perigr yei poll diaforetik kbantik ugr spin.
Oi d o basikic kathgor-ec enai ta kbantik ugr sp-n energeiako g smatoc
(gapped spin liquid states) kai ta kbantik ugr spin suneqo ¢ energeiako
T smatoc (gapless spin liquid states) . Sta pr,ta oi diat xeic desmo sjt-
nouc apotelo ntai, ex' olokl rou sthn pleioyhf-a touc, ap desmo c¢ kon-
tin c embtleiac kai opoiad pote ditgersh pro pojttei thneisagwg peperasmtnhc
entrgeiac sto s sthma me suntpeia oi energeiaktc katast seic na e-nai diakrittc.
Ant-jeta, ta kbantik ugr spin suneqo c energeiako f smatoc ditpontai ap
desmo c makr c embtleiac kai to energeiak k stoc twn diegtrsewn e-nai mh-
damin [7].
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1.4.3 Topologiktc Idi thtec - O Torik c K,dikac

'Eqontac mil sei gia ton isqur kbantik enagkalism makr c embtleiac kai tic
mh entopismtnec diegtrseic I gw thc uptrjeshc diaforetik ,n idiokatast sewn
seir tqoun oi topologiktc idi thtec.

Ta kbantik ugr sp-n an koun sthn kathgor-a twn susthm twn ta opo-a
garakthr-zontai ap thn eponomaz menh F sh topologik ¢ t xhc (topologicaly
ordered phase). Sta sust mata aut h sgetik k-nhsh metax twn mh entopis-
mtnwn diegtrsewn, pou I go thc klasmatopo-hshc akoloujo n koin statistik ,
prosd-dei stic kumatosunart seic touc mia gewmetrik ¥ sh gnwst wc F sh
Berry. O Torik c k,dikac (Toric code) tou Alexei Kitaev apotele- garakthris-
tik par deigma topologik ¢ t xhc kai tqgei idia-terh shmas-a kaj ,c se aut n
an gontai oi basiktc argtc pou aforo n tic diegtrseic twn kbantik,n ugr,n
sp-n Kitaev (Kitaev Spin Liquids)[8]. Ston Torik k,dika ta sp-n (1 1) topo-
jeto ntai sta mtsa twn pleur,nen c disdi statou tetragwniko pltgmatoc kai
h gamiltonian ekfr zetai mtsw twn ginomtnwn twn telest,n ¢ stic pleurtc
en ¢ tetrag,nou p kai twn oxls_ml! pleurtc g rw ap mia Mﬁatik Jtsh s.
Sumbol-zontac ta pr,ta P, = ;;0* kai tade tera Ss = ;¢ h qamilto-
nian or-zetai wc:

| I | L1
H=-K P,—K"” S (5)
] S
pou K kai K' adi statec stajertc. EFf son oi pnhakec Pauli metat-jentai me
ton eaut touc ([o;, 0i] = 0) to -dio isq ei kai gia ta gin mena touc P, kai Ss.
Lig tero profantc enai to ti ta Py kai S metat-jentai kai metax touc. Pr g-
mati, tan up rqei epik luyh twns kai p o arijm c twn pleur,n pou e-nai koin ¢
enai p nta rtioc kai ra oi metajtseic [0k, 0,] kai [02,0x] allhloanairo ntai.
Sunep, ¢ h diagwniopo-hsh thc gamiltonian c¢ emnai tetrimmknh kai h basik kat s-
tash prok ptei tan P,=Ss=1. Par la aut oi pnakec Pauli den metat-jentai
me thn qamiltonian (5) kai sunep,c k je memonwmkno spin den tgei kal ka-
jorismtnh tim kai talant,netai metax twn katast sewn t |.

Y, Y ]_

Sq ma 8: Ta upopltgmata s kai p twn telest,n Py kai S ston Torik Kk, dika.

Mia ditgersh, sto sugkekrimtno monttlo, antistoige- sthn parab-ash miac ek
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twn sunjhk ,n P,=Ss=1. Gia tic s diat xeic prok ptei, an Ss=-1, tna swmat-dio
on mati e, en, gia tic p diat xeic, an Pp=-1, tna swmat-dio on mati m. Aut
pragmatopoie-tai me thn dr sh twn telest,n o se k poio ap ta sp-n. 'Opwc
fanetai sto sq ma 9, h dr sh, gia par deigma, tou telest o% sto spin thc
pleur ¢ Xo ja all xei to gin meno Sg d o geitonik,n diat xewn s se -1, kaj ,c
ta sp-n k je pleur c tou tetragwniko pltgmatoc an koun upoqrewtik se d o
diat xeic s, kai ja dhmiourg sei d o diegtrseic e. To -dio isq ei gia tic diat x-
eic p sta gin mena P, kai tic diegtrseic m. Me [Ila I gia enai ad nato na
dhmiourghje- mia xeqwrist ditgersh par m no tna zeug ri aut,n.

Peraittrw dr sh tou telest o% se m-a ap tic llec pleurtc miac ek twn duo
diegtrsewn e, sthnpleur Xx; giapar deigma, Lgei wc apottlesma thn katastrof
the arqgik c ditgershc kai thn dhmiourg-a miac ntac. Enallaktik , h dr sh tou
telest ¢* mpore- na metakin sei mia ditgersh, kai na thn apomakr nei ap to
"zeug ri" thc.

o> ® o2

Xo T X1

Sq ma 9: H dr sh tou telest o% sto sp-n the pleur ¢ Xo gia thn dhmiourg-a
d o diegtrsewn e (arister ). H dr sh tou telest o¢* sto sp-n thc pleur ¢ x;
gia thn metak-nhsh thc miac ek twn arqik,n diegtrsewn (dexi ).

En gtnei, h dr sh tou telest o©* metakine- tic diegtrseic e, en, h dr sh tou
telest o metakine- tic diegtrseic m. 'Estw, loip n, mia kat stash pou tgei
dhmiourghje- tna ze goc e kai m diegkrsewn se mia peperasmtnh ap stas . E--
nai dunat n, me thn pollapl dr sh tou telest o7 stic kat 1lhlec pleurtc, na
kinhje- mia ap tic diegtrseice g rwap miaek twnd o diegtrsewn m dhmiourg, n-
tac tnan kleist br gqo L me embad n A (Sq ma 10a) . H nta kumatosun rthsh
|Wein Cthe ditgershe e, sunart sei the argik ¢ |YoL1ja enai:

L1
Wrin(F o7 Yo (6)
i 1
Axiopoi, ntac to diakrit an logo tou Jewr matoc Stokes, o telest c IEI:piz
sthn kleist diadrom L mpore- na antikatastaje- ap ton telest p AP
sthn epif neia A. EF son mwc ent ¢ thc epif neiac A up rgei mia ditgersh m,
akrib,c tna ap ta P, jae-nai arnhtik kai sunep,c:

[Wrin F — Yo @)

H k-nhsh, loip n, thc ditgershc e ephre zetai ap thn parxh thc ditger-
shc m qwr-c auttc na susqet-zontai me k poio tr po kai apokt mia epiplton
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f sh m, thn £ sh Berry. H ¥ sh aut mpore- na | bei opoiad pote tim ka-
J »C h per-ptwsh thc kleist c diadrom ¢ (Sq ma 10-a) den e-nai h monadik all
epiltgthke g rin majhmatik ¢ apl thtac. Diegtrseic pwc oi e kai m garak-
thr-zontai wc yeudoswmat-dia mh-tetrimmtnhc koin ¢ statistik c kai apotelo n
garakthristik par deigma anion-wn (anyons), dhlad yeudoswmatid-wn pou h
sgetik touc k-nhsh prosd-dei mia opoiad pote (any) ¥ sh stic kumatosunart -
seic touc. .

Ekt ¢ mwc ap thn F sh Berry, mtsw tou toriko k,dika anadeikn etai kai
mia de terh topologik idi thta pou afor thnbasik kat stash twn kbantik ,n
ugr,n spin. Toep meno b ma e-nai h efarmog periodik,n sunoriak ,n sunjhk,n
kai to ptrasma ap to ep-pedo sthn gewmetr-a tou t rou.

a B

Sq ma 10: a) H kleist diadrom miac ditgershc e g rw ap mia statik k-nhsh
m. b)Oi kleisttc diadromtc twn diegtrsewn e (mple) kai m (nwb) k tw ap thn
dr sh twn telest,n br ggwn X; kai Y; .

Sthn nta aut gewmetr-a e-nai efikt oi telesttc % kai ¢* dr,ntac mon ga
p nw se mia die junsh na katastrtyoun tic argikLc diegtrseic e kai m ant-stoiga
ektel ,ntac kleisttc kuklikic diadromtc sto oriz ntio ston katak rufo xona
tou t rou. Tagin menaaut X; kai Y; (i =e, m) onom zontai telesttc br gqou
kai metat-jentai me thn gamiltonian (5). 'Opwc Fa-netai sto sq ma 10b, k je
br ggoc X; tgei upoqrewtik tna koin shme-o me ton br ggo Y; thc Ilhc
ditgershc me apottlesma h met jesh [ox, 02] na emfFan-zetai mon ga mia for Kkai
ta megt.jh na anti-metat-jentai ({Ye,m, Xm.,e} = 0).

Ant-jeta, oi telesttc br gqou thc -diac die junshc all diaforetik,n diegtrsewn
den tgoun kantnan koin shme-o kai sunep,c isq oun oi metajtseic [Ye, Ym] =0
kai [Xe, Xm] = 0. Epiltgontac, gia par deigma thn pr,th ap tic d o, se sund-
uasm me tic metajtseic [Ye, H] = 0 kai [Ym, H] =0, enai dunat h taut gronh
diagwniopo-hsh (dhlad me koin p-aka diagwnopo-hshc) twn Ye , Y, kai miac
basik c kat stashc |a,b[] pou a kai b oi pijantc idiotimtc (1 -1) twn telest,n
Yo kai Y, ant-stoiga. Me 1la 1 gia, h dr sh twn Y, Y., sthn |a,b[Jen,
fainomenik to m no pou k nei enai na dhmiourge- d o diegtrseic na tic kine-
perimetrik thc ant-stoighc die junshc tou t rou kai met na tic katastrtfei,
sthn pragmatik thtapar gei, I gw thc ¥ shc Berry pou "maze oun" oi diegtrseic
kat thn k-nhsh touc, d o ntec basikic katast seic :
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Yela, b ala, b Yy|a, b= bla, b (8)

Apomtnei, sto -dio par deigma, na apodeigje- ti oi basikic katast seic
Xila,bCdiaftroun t so ap thn |a,bJso kai ap tic Yela,bC1Ym|a, blIPr g-
mati, dr ,ntac ton telest Y, sthn kat stash Xy |a, bCprok ptei:

Ye Xmla, bDl= —XmYela, b[(F —a(Xm|a, bDI= | —a, b 9)

pou axiopoi jhke h anti-met jesh {Ye m, Xm,e} = 0. Me moio tr po prok ptei

ti X¢|la, b= |a,—bld To fain meno aut onom zetai topologik ¢ ekfulis-
m ¢ thc basik ¢ kat stashc kai prosd-dei tna epiplton ekfulism stic basiktc
katast seic twn kbantik ,n ugr,n sp-n 0 opo-oc den mpore- na arje-ap topiktc
diataragtc.
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2 Kitaev Typd Xmniv

To 2006 oi jewrhtiko- upologismo- tou Alexei Kitaev peritgrayan tna exag-
wnik pltgma ap allhlepidr,nta kbantik spin 1/2 to opo-o tan akrib,c
epil simo[9]. Argik , den up rge h prooptik gia thn ulopo-hsh en c prag-
matiko sust matoc b sh tou monttlou auto kaiqrhsimopoi jhke wc jewrhtik
ergale-o gia thn meltth twn klasmatopoihmtnwn diegtrsewn kai twn topologik ,n
idiot twn twn kbantik ,n ugr,n spin. Aut Ilaxe to 2009 me thn pr bleyh thc
parxhc monwt,n Mott ap touc Khaliullin kai Jackeli, oi opo-oi ef rmosan to
monttlo se di fora oxe-dia tou irid-ou kai sto qlwrio qo rouj nio[10]. 'Ektote,
tgoun protaje- poll sust mat pou mporo n endeqomtnwc na apoteltsoun Ki-
taev ugr spin kai up rqei pol uyhl ereunhtik endiaftron g rw ap aut
kaj ,c mporo n na ano-xoun ton dr mo gia thn dhmiourg-a topologik,n kban-
tik,,n upologist,n.
Stopar nkef laio ja suzhthje-h jewr-a twn Kitaev ugr,n spin, oi idi thtec
twn ulik ,n pou mporo nnata filoxen sounkaj ,ckaitos sthma Na,Co,TeOs.

2.1 To EEaywvixdé Movtélo

O Kitaev peritgraye, pwc anaftrjhke, tha s sthma ap allhlepidr,nta spin
1/2 topojethmtna sto disdi stato exagwnik pltgma. Oi allhlepidr seic e-nai
paremfere-c me auttc tou prot pou lIsing, uf-stantai metax pr,twn geit nwn
kai exart,ntai mesa ap thndie junsh tou ek stote desmo , me apottlesma na
up rgoun eggene-c gewmetriko- periorismo- par moioi me auto ¢ tou pltgmatoc
Kagome thc paragr fou 1.1.

H gamiltonian tou monttlou perigr fetai ap thn sgtsh:

L 1 c_—1 L1

X-deopol y-decpol z-deopol

mksw twn pin kwn Pauli:

1 1 —1 . 3 | 1
X — 01 y _ 0 —i z 1 0
= oY = .
10 i 0 0 -1

me ta ajro-smata enai metax pr,twn geit nwn (j,k) kai k je desm na
sunupolog-zetai akrib,c mia for gia k je tnan ap touc trec diaforetiko c
prosanatolismo ¢ X,y kai z. Oi stajertc K or-zontai sidhromagnhtiktc (K=0).

To pr,tob magia thn ep-lush tou monttlou enai h tautopo-hsh diathr simwn
posot twn. Gia k je ex gwno h tou pltgmatoc mpore- na orisje- to gin meno
me anti-wrologiak for twn spin pou br-skontai p nw se aut thn kleist
diadrom wc:

W, = 0305030 0L0% (11)
Par moia me to par deigma tou Toriko k,dika, oi telesttc W, metat-jentai

me thn gamiltonian (10) all kai metax touc kai tqoun d o idiotimtc 1 Kai -
1. Se tna s sthma N monadia-wn kuyel-dwn up rgoun, efarm zontac periodiktc
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Sq ma 11: Oi telesttc W, kai h antikat stash en c spin ap touc telesttc
Majorana (arister ). Ta upopltgmata A kai B, ta dian smata b shc oy kai a,
kai h monadia-a kuyel-da sto exagwnik pltgma (dexi ).

sunoriaktc sunj kec, N ex gwna kai sunep,c 2N idiotimtc. Wc apottlesma h
di stash tou q,rou Hilbert mei,netai se [23V/2N 2% kai to pr blhma tgei
aplopoihje- shmantik all qi arket .

2.2 Teleotéc Majorana

H £ sh twn allhlepidr sewn epitrtpei thn peraittrw me-wsh tou up gwrou tou
probl matoc mtsw thc klasmatopo-hshc twn spin. Gia ton skop aut k je spin
anaparist tai ap 4 fermi nia Majorana wc 6§ = ibj'cj (a=x,y,z) ta opo-a e-nai
ermitiano- telesttc me idiotimtc 1, -1 kai anti- metat-jentai me to eaut touc.
H-antikag-—sfash aut gny diaghie- tic idi thtec met jeshc twn pin kwn Pauli
( 69‘,6}5 = 20qp kai 6}1,65 = 0), diplasi zei thn di stash tou up gqwrou
kaj ,caux neitoucbajmo celeujer-actouk jespinap 2 se4. Prokeimtnouna
epanaftrei to s sthma stouc 2 fusiko ¢ bajmo c eleujer-ac o Kitaev rise ton
telest Dj = —i5)5)67 = bibbfc=1 wc periorism gia thn k je plegmatik
Jtsh o opo-oc, we gin meno twn telest,n Majorana, e-nai ep-shc ermitian ¢. Sto
pla-sio aut h gamiltonian gr fetai pleon wc:

1
HM =i KO(CJ- ﬁjka (12)
Ikl
, pou o telest ¢ Ujk = —Uyx; = ibjby taei idiotimtc 1,-1 kai anaparist twn

desm metax duo spin sthn ek stote die junsh a. Stic periss terec peript,-
seic gamiltoniantc pwc h (12) apaito n k poia prostggish mtsou ped-ou gia na
epilujo n. Hidiaiter thta pou kajist to monttlo aut akrib,c epil simo e-nai

ti oi telesttc Gj metat-jentai t so metax touc so kai me thn gamiltonian .
An loga, oi diathr simec pos thtec gr fontai, giak je ex gwno p 1, N], wc:

L1
W, = —ilPl i0jk (13)
OJkp1

Oi telesttc c; den allhlepidro n kbantik metax touc par m no mksw twn
posot twn GUjk kai sunep,c h gamiltonian (12) ston up qwro 2N mpore-, ,ste
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na diagwnopoihje-, na aplopoihje- sto jroisma twn upog,rwn twn 2N/2 di-
at xewn Wp. En ttlei h di stash mei,netai se 2N/2N/2 = 2N/2 kaj h basik
kat stash mpore- na luje- sugkrnontac tic entrgeiec se k je ex gwno oi opo-ec
mporo n na brejo ne kola kaj,c pr keitai gia mh allhlepidr ,nta fermi nia.

2.3 Baowiéc Kataotdoelc

H e resh thc gamhl terhc energeiak kat stashc dnetai mtsw tou jewr ma-
toc tou Lieb[11l]. Sto sugkekrimtno pr blhma to je,rhma efarm zetai m no
sthn per-ptwsh pou d o ek twn tri n suntelest,n K, enai -soi. Pr keitai gia
thn kat stash sthn opo-a loi oi suntelesttc Wy tgoun thn idiotin 1. Me
b sh aut to p risma enai dunat n na apodeigje-, sugkrnontac tic entrgeiec
gia diaforetiktc diat xeic twn W, ti aut isq ei kai gia tic mh summetriktc
peript, seic twn paramttrwn K.

Prokeimtnou t,ra na exagje- to energeiak  sma pripei oi telesttc Majo-
rana na ekfrasjo n ston q,ro twn orm,n k. Aut g-netai mtsw en ¢ metasgh-
matismo Fourier wc ex c:

1
cj(k) = xﬁ e cj(r)
R (14)
a — —lk-r
b{'(k) = xﬁ e b{*(r)
, pou h jroish e-nai se lec tic N monadia-ec kuyel-dec.
H gamiltonian , sto g, ro twn orm,n k, gr fetai loip n wc:

1 [
_ =1 _ 0 ifk)  a®k)
Hk - . (Cl( k) CZ( k)) —If I%k) 0 Cz(k) (15)
, pou ) )
f(K) = Kye'* 2 + Kye'* 22 + K, (16)

me idiotimtc [(k) = x|F(k)].
To energeiak T sma [(k) e-nai suneqgtc tan oi stajertc K, ikanopoio n tic
trigwniktc anis thtec:

IKx| = [Ky[ + Kz, [Ky] = [Kz[ + Ky, [Ke| = [Ky| + [Ky] (17

H basik kat stash garakthr-zetai wc ugr spin suneqo c energeiako F s-
matoc (gapless spin liquid) me touc garakthristiko ¢ k,nouc Dirac sta shme-a
uyhl ¢ summetr-ac K kai K’ thc z,nhc Brillouin. Ant-jeta, an oi stajertc K,
tgoun uyhl anisotrop-a to energeiak f sma parousi zei g sma.

2.4 Aeyépoeig

H gamiltonian (15) faner,nei pwc h £ sh tou energeiako F smatoc exart tai
mon gaap touc telesttc Majoranac; kaj ,c oi telesttc Gjx tgoun apaleife-. Oi
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pr,toi kalo ntai perifer mena Majorana (Itinerant Majoranas) kai apotelo n
klasmatopoihmtnec diegtrseic, kaj ,¢ fLroun tna kl sma tou argiko spin, sta
Kitaev ugr spin. Pr keitai gia mh allhlepidr,nta fermi nia pou mporo n na
kinhjo n sto exagwnik pltgma metaphd,ntac an mesa se plhsitsterouc ge--
tonec. 'Otan to energeiak F sma twn diegtrsewn aut,n enai sunegtc t te kai
h £ sh ugro spin den parousi zei q sma kai ant-strofa. Ax-zei na shmeiwje-
ti kai stic duo peript, seic up rgoun diegtrseic me energeiak q sma mtsw twn
posot twn W, pou mwc, I gw tou mikr terou sugkritik pl touc tou q sma-
toc, den kajor-zoun thn f sh[12].

1Kz [=3, [Ke|=]Ky]=0 [Kz1=3, |K|=]K/|=0

_________________ 1073 o~
0.6
0.4 10
02
I T v 0.0 |, _,  A— 10-5
1Kx1=3, [Ky[=]K,|=0 [Kyl=3, [Kel =Ko 120 7 [Ky|=3, [Ky[=]K,] =0 IKy1=3, [Ke|=]K|=0

Sq ma 12: Di gramma tou energeiako g smatoc twn periferomtnwn Majo-
rana san sun rthsh twn stajer,n K,. Sthn ma rh periog to g sma mh-
den-zetai kai h ¥ sh garakthr-zetai wc ugr spin suneqo c¢ energeiako F s-
matoc(arister ).Di gramma twn stajer,n K, sunart sei tou energeiako g s-
matoc Af twn diegtrsewn Wy. An kai tgoun p nta g sma to e roc tou den e-nai
arket gia na qarakthr-sei thn ¥ sh (dexi ). Phg diagr mmatoc:[12]

H gamhl terh energeiak ditgersh W, prok ptei me thn enallag thc idi-
otim c en c telest Gjx. Kaj.c k je desm ¢ moir zetai ap d 0 ex gwna oi
diegtrseic W, dhmiourgo ntai p ntote se zeug ria kai h sumperifor touc e-
nai an logh me aut twn anion-wn e kai m tou Toriko k,dika. Aut gnetai
katanoht an melet soume, gia par deigma, thn k-nhsh miac ditgershc Wo g rw
ap mia de terh statik ditgersh Wsatic. Gia na kinhje- loip n h ditgersh Wy
proc tna geitonik ex gwno p = 1, tstw proc thn die junsh z, prtpei na all xei
to pr shmo tou Tp; = ibghf thc koin ¢ pleur ¢ twn d o ex gwnwn. H k-nhsh
aut , h kal tera h antistrof Wgy=-1- 1 kai W; =1 - —1, pragmatopoie-tai
mksw the dr shc tou telest o* kaj ,c isq ei h anti-met jesh {Uo1, 07}.Gia na
oloklhrwje- mia kleist diadrom , perimetrik thc Wstatic, prtpei sunolik na
dr soun 6 telesttc kat Ilhlwn dieuj nsewn. Oi 6 auto- telesttc enai ousi-
astik to telestik gin meno Wseatic kai afo h idiotim tou enai -1, h f sh
thec ditgershc Wy, tan epistrtyei sthn argik thc jtsh, tgei metablhje- kat
m. H idiaiter thta tou exagwniko pligmatoc se sgtsh me to tetragwnik e-ai

ti oi diegtrseic Wy den mporo n na diakrijo nexarq c se e kai m ani nia pwc
ston Torik k,dika all parousi zoun thn -dia statistik stic sqetikkLc touc
kin seic kai apotelo n phg topologik,n idiot twn, pwc auttc suzht jhkan
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sthn par grafo 1.4.3, gia ta Kitaev ugr spin.

2.5 Egappoyr E€wtepixod Mayvntixol I1ediou

Kaj ,c h peiramatik meltth thc paro sac diplwmatik ¢ ergas-ac pragmatopoie--
tai mtsw thc fasmatoskop-ac purhniko magnhtiko suntonismo (NMR), tgei
idia-terh shmas-a h jewrhtik skiagr fhsh thc ep-drash en ¢ exwteriko magn-
htiko ped-ou sta Kitaev ugr spin.

2.5.1 Jewr-a Diatarag,n

Jewr , ntac exwterik magnhtik ped-o h = (hy, hy, h;) kai to exagwnik monttlo
sthn basik kat stash (W, =1 [p)hs zeuxh tou me ta spin eisag gete sthn
gamiltonian wc:
1
Hext = Hum — h - gj (18)
i

Sthn sugkekrimknh per-ptwsh Lgei jewrhje- pwc to s sthma br-sketai sthn
T shugro spinsuneqo cenergeiako f smatoc kai sugkekrimtna sto isotropik
shme-o Ky=K=1 all to pr blhma mpore- na genikeuje- gia k je per-ptwsh.

H efarmog tou exwteriko ped-ou katastrtfei thn akrib epilusim thta tou
argiko probl matoc. Wc apottlesma e-nai apara-thth h qr sh k poiac proseg-
gistik ¢ mej dou, mia ex’ aut,n enai h Jewr-a Diataraq,n. Sunupolog-zontac

rouc mkqri kai thc tr-thc t xhc prok ptei:

1 1
Hext = Hm + Mo V +VGG(Eo)V +V G(Eo)VGG(Eo)V Mo (19)

,pouly=1-— 5(0) >< n(O)B) probolik c telest ¢ o opo-oc matai,nei to
endeq meno na up rqei dexi twn diorjwtik,n rwn n epikndunh gia thn diag-
wniopo-hsh-kag stash [n@ >, V o ermitian ¢ p-nakac pou or-zei thn diataraq
v =- i h™ oj) kai G§'(Eo) h sun rthsh Green thc adiat rakthc gamilto-
nian c[9][13]. O roc pr,thc t xhc tqgei mhdenik suneisfor sthn diataraq .
O roc de terhc t xhc en, tgei mh mhdenik suneisfor diathre- lec tic sum-
metr-ec kai ousiastik epanakanonikopoie- to e roc tou energeiako g smatoc
twn periodeu ntwn Majorana. O roc tr-thc t xhc emperitgei rouc thc morf c
oi‘ojyoﬁ kai epitrtpei sta perifer mena Majorana na metaphdo n kai se de terouc
ge-tonec! Energeiak , h k-nhsh aut sundtetai me to mtgejoc tou ped-ou h mksw
thc stajer c k= 6% P-sw ston formalism twn telest,n Majorana mia
titoia dunamik anapar-statai mtsw telest,n ap ttsseric plegmatikic jtseic
kai o diataraktik ¢ roc 3hc t xhc gr fetai:

1 _
Hs = ilﬁzDH’J\"GU 0|kCiCj CkCi (20)
(i.J.k)

To ep meno b ma e-nai kai p li oi kat Ilhloi metasghmatismo- Fourier Kai

telik h Qamiltonian lamb nei thn morf :
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1.
AK)  if(K)

Hext = —if I%k) —A(K) (21)
,» pou ] . (|
f(k) = 2K e +elkaz 4 (22)
kai
AK) =4k (sin(k-ap) —sin(k - ap) +sin(k - (a1 — ap))) (23)
—1

H suneisfor tou A(k) sto energeiak F sma (k) = = |f(K)|2 + |AK)|?
tgei we mesh suntpeia thn dhmiourg-a energeiako g smatoc an logou tou exw-
teriko ped-ou mtsw thc stajer c K.

Sq ma 13: Grafik anapar stash twn rwn thc diataraq c tr-thc t xhc sto
formalism twn 0?0}’0& (arister ).Grafik anapar stash twn rwn thc di-
atarag c tr-thc t xhc sto formalism twn telest,n Majorana (dexi ). H di-
ataraq epitrtpei thn k-nhsh twn diegtrsewn se de terouc ge-tonec (mwb bt lh).

2.5.2 Jermik Fain meno Hall

H gamiltonian (19) perigr Fei mia diegermtnh kat stash, me thnpro p jesh ti
oi diegtrseic protrgontaimon gaap taperiode onta fermi nia Majorana. 'Opwc
anaftrjhke sthn eisagwg , h k-nhsh tLtoiwn diegtrsewn ston fusik q, ro pros-
d-dei sthn kumatosun rthsh thn gewmetrik ¥ sh Berry. Kat to ptrasma ap
ton fusik q,rostonq,rotwnorm,nh ¥ shaut g netai kal tera den enai
dunat n na apotupwje- me mia enia-a majhmatik diat pwsh par m no tmhmatik .
Diaisjhtik , h duskol-a aut e-ai par moia me thn adunam-a apot pwshc en ¢
pagk smiou q rth ap thn udr geio sto disdi stato ep-pedo. Mpore- na sumbe-
all apaito ntai tomtc kai paramorf,seic kai 0 q rthc enai swst ¢ m no tmh-
matik . Sthn fusik stere c kat stashc aut ekfr zetai mtsw miac topologik c
metablht c, tou arijmo Chern. O arijm ¢ Chern, sto sugkekrimtno pla-sio,
taut-zetai me ton arijm peritlixhc (winding number) tou dian smatoc A pou
metasghmat-zei ton fusik q,ro ston gq,ro twn orm,n[14]. Eidik tera, o ari-
Jm ¢ Chern or-zetai wc :
1

2 gz
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Oi proboliko- telesttc M. twn katast sewn me jetiktc kai aprrhtjkic entrgeiec
ant-stoiga kajor-zoun ton arijm Cherngiato f sma [(k) =+ |f(k)|2 + |AK)|2.
Prok ptei C =1 gia to jetik mkroc kai C = —1 gia to arnhtik mtroc.

-0.5 0.0 0.5

45

Sq ma 14: To energeiak g sma parous-a exwteriko magnhtiko ped-o e-nai
an logo thc paramttrou k. H jetik energeiak kat stash tgei C=1 en, h
arnhtik C=-1.

O arijm ¢ Chern garakthr-zei topologik to energeiak F sma kai den mpore-
na all xei adiabatik . Sunep,c diataragtc pou paramorf,noun to energeiak
T sma, gwr-c na klenoun to energeiak g sma, den prokalo nk poia topologik
metabol . Antijttwec, an tqoume tna mh tetrimmtno topologik ulik (C & 0)
kai tna ulik diaforetik c topologik ¢ kI shc (p.qg to ken C =0) t te sthn
diepif neia touc up rqoun upogrewtik katast seic mhdeniko energeiako g s-
matoc. To fain meno aut apotele- thn basik arg twn topologik,n monwt,n.

'Estw ,loip n, tna peperasmtno s sthma pou perigr fetaiap thn gamiltoni-
an (21)( pou ta perifer mena Majorana mporo n na metaphd soun se de terouc
ge-tonec) kai tgei pl rwc kateilhmmtnec lec tic arnhtikkc energeiaktc katast -
seic. Parous-a tou exwteriko ped-ou h = (hy, hy, h;), ta perifer mena Majo-
rana den mporo n na diasg-soun to epag meno energeiak g sma kai parousi -
zoun mon ga gamhl Kinhtik thta ent ¢ twn kateilhmmtnwn katast sewn. 'Otan

mwc to s sthma melethje- sthn diepif neia tou me to ken ( opoiod pote
I1o monwt me C=0) parathro ntai katast seic mhdeniko energeiako g sma-
toc stic opo-ec h sgtsh diaspor ¢ gnetai grammik kai ta Majorana kino ntai
ele jera me anti-wrologiak for (an logh tou arijmo Chern ston gko tou
sust matoc) sthn per-metro tou sust matoc. Me thn allag tou pr shmou miac
ek twn sunistws , n hy, hy, h, prok ptei C=1 kai h for all zei se wrologiak .

Sthn k-nhsh aut sthr-zetai h pr,th peiramatik tndeixh thc parous-ac twn
fermion-wn Majorana. Pr keitai gia k ti an logo me to kbantik fain meno Hall
me thn diafor ti t,rakino ntai fermi nia Majorana kai qi fort-a kai sunep,c
den mpore- na anigneuje- ap hlektromagnhtiktc metr seic. Par la aut , e-nai
dunat na anigneuje- to jermik apot pwma twn Ffermion-wn Majorana kai gia
ton 1 go aut to fain meno onom zetai jermik fain meno Hall.

Sugkekrimtna, parous-a miac jermokrasiak cbajm-dac sthnk jethdie junsh
yen chm- peirou sust matoc me ta garakthristik pou anaftrjhkan parap nw,
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anigne etai auxhmtnh ro jerm thtac kat thn " peirh" die junsh x sthn jer-
m terh pleur (kaj,c diege-rontai periss tera Majorana) kai gamhl terh ro
sthn yuqr terh pleur .

H ro jerm thtac d-netai ap thn sgtsh:

Ix = KyyATy (25)

, POU Kyy = C"E,Z?T h jermik agwgim thta. Up sugkekrimtnec sunj kec

jermokras-ac kai exwteriko ped-ou h stajer c pa-rnei thn tin 1/2 kai h
pos thta Ky, /T enai hmi-aktraia kbantismtnh. To gegon c aut jewre-tai wc
ap deixh thn parous-a twn fermion-wn Majorana wc klasmatik ,n diegtrsewn,
pou ftroun dhlad touc 1/2 bajmo c eleujer-ac twn arqik ,n hlektron-wn[15].

= lthermal
C=0 >

vT

thermal

Sq ma 15: Sghmatik anapar stash tou jermiko fain menou Hall. H mh- tetrim-
mtnh topolog-a se sunduasm me thn ikan thta metap dhshc se de terouc ge-
tonec twn Fermion-wn Majorana dhmiourgo n ro jerm thtac sthn diepif neia
tou sust matoc. H jermokrasiak bajm-da epitrtpei thn peiramatik exakr-b-
wsh tou Fainomtnou diege-rontac periss tera fermi nia sthn jerm terh pleur

kai kat’ eptktash aux nontac thn ro jerm thtac.

2.6 Ylomoinor Tou Moviélou

Ap jJewrhtik c pleur c, h parxh akribo ¢ I shc thc basik ¢ kat stashc tou
monttlou Kitaev, tgei dieukol nei shmantik sthn katan hsh tou, me shmantik

pr odo sthn perigraf twn dunamik,n kai twn topologik,n idiot twn. Ap

thn peiramatik optik gwn-a, h sqgetik apl thta tou monttlou tgei empne -
sei th dunat thta ulopo-hs ¢ tou se pragmatik ulik . Pr gmati, I-ga qr nia
met thn ergas-a tou Kitaev, oi Jackeli kai Khaliullin pr teinan thn qr sh tou
monttlou Kitaev gia thn perigraf thc sumperifor ¢ sugkekrimtnwn monwt,n
Mott metabatik ,n met 1lwn me isqur s zeuxh spin-trogiak ,n[10]. Eidik tera,
pr teinan ti ta sust mata AMO3, pou ta A kai ta M enai alkalik kai
metabatik mttalla ant-stoiga, ja mporo san na ulopoi soun tic allhlepidr -
seic Kitaev metax twn spin gia mia sugkekrimknh di taxh twn i ntwn oxug nou.
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'Opwc enai gnwst ,h kat stash en c hlektron-ou se tna apomonwmtno tomo
i nqarakthr-zetai ap tonk rio kbantik arijm n=1,2,..., ton azimoujiak
kbantik arijm | =10,1,...,n—1, ton ant-stoiqo magnhtik kbantik arijm
m, +1, —1+1,...,1} kai to hlektroniak spin mg = 1. O k rioc kbantik c
arijm ¢ n kajor-zei ton basik floi , dhlad thn qwrik tktash thc kumato-
sun rthshc me tic megal terec timtc na antistoigo n se lig tero entopismtna
hlektr nia. Oi arijmo- | kai m; kajor-zoun ton upofloi (s,p,d,f...) kai to tro-
giak ant-stoiga d-nontac tna sugkekrimtno sgq ma sthn kumatosun rthsh. Gia
k je upofloi up rgoun 2 x (21 + 1) ekFfulismtnec katast seic pou mporo n
na katal boun ta hlektr nia. Kat thn rsh twn ekfulism,nghmiggrgo n-
tai oi apara-thtec, gia tic allhlepidr seic Kitaev, katast seic 4,,, . Sthn
sugkekrimtnh en thta ja analujo n oi mhganismo- pou a-roun touc ekfulismo ¢
auto c mtsa ap to par deigma tou SrplrO4, pou sthr-qthke kai h ergas-a twn
Jackeli kai Khaliullin.

€g

. /
— 10Dgq
——— —_—C— et = 1/2
\ / ]3;\/2
_O—
T

B, - 200 o = 3/2

Sq ma 16: H rsh tou ekfulismo twn katast sewn tou upofloio 5d arqik
ap to krustallik ped-o kai sthn suntgeia ap thn s zeuxh spin-trogiak,n.

2.6.1 Krustallik Ped-o

Sto SrylrO4, k je kati n Ir** br-sketai sto eswterik en ¢ oktatdrou ap

oxug ha, ta opo-a dhmiourgo n tna hlektrik ped-o me kubik summetr-a. Wc
apottlesma, h allhlep-drash twn hlektron-wn tou upofloio 5d, twn kati ntwn
Ir**, me to ped-o aut e-nai kubik anisotropik . Oi katast seic d,2 kai dyz—y2
onom zontai trogiak ey kai epwfelo ntai energeiak tnanti twn katast sewn
dxy,dyz kai d,»x pou onom zontai trogiak t,g[16] .

1
E = 12,001
2—y2 = (2,203 2,200 %
— (12,205 |2, 200 5]

Ixyd = o6
lyzOO = ~5(12,103 |2, -10] %5 (26)
lzx00 = —4(|2,10F |2, —10]

Aut gnetai e kola antilhpt ap thn gewmetr-a twn trogiak,n twnd o en-
ergeiak ,n om dwn. Sta trogiak ey oi "lobo-" twn kumatosunart sewn prosana-
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tol-zontai proc tic gwn-ec tou oktatdrou, eke- dhlad pou br-skontai ta toma
tou oxug nou en,, sta trogiak t,g prosanatol-zontai proc to mtso twn ak-
m,n tou oktatdrou kai sunep,c br-skontai se megal terh ap stash ap ta
oxug na. Wc apottlesma, t so oi dun meic Coulomb so kai oi dun meic pou
anapt ssontai I go ubridismo enai isqur terec sta trogiak eg4. Istorik , to
energeiak g smametax twnd oom dwn sumbol-zetai wc 10Dqg kai e-nai per-pou
2 — 3eV[17][18].

2.6.2 S zeuxh Spin-Trogiak,n

Me thn energopo-hsh thc allhlep-drashc Hsoc = AL .S, 1 go thc s zeuxhc
spin-trogiak,n, oi kbantiko- arijmo- | kai m; pa oun na e-nai kal orismtnoi kai
sunupolog-zontai mtsw tou telest olik ¢ stroform ¢ J=L+S. Ontoc
kbantik c arijm c e-nai h sunolik stroform j N —s|,[I—s|+1,...,1+5s}
kai h probol thc sto xonazmy C3j,—j+1,...,j}

Kaj ,c ta trogiak t,g br-skontai se gamhl terh entrgeia ta 5 hlektr nia
twn Ir** topojeto ntai se aut b sh twn kan nwn tou Hund. E-nai gr simo,
prokeimtnou na prosdioristo n oi kumatosunart seic, na problhjo n ston up -
gwro twn t,g, oi dianusmatiktLc sunist,sec tou telest L. Prok ptei:

—1 1 1 1
. 0 1 0 010
L=~ T 0 1y = o 1 O
2 0 -10 2 010
1 L1
-1 0 0
t29 0 0 (27)
0 01

Diagwnopoi , ntac sthn b sh tou L%zg prok ptoun oi idiokatast seic gia thn
L? the tripl c kat stashc tL0:

| AL(—|xy 1 Fi|xz, | [F |yz, 1D w1
T @ =+in

~L(|xy 1Filxz, 1 & |yz, 1) my =—3
1 1 [
E‘ s (—ilxz, 1+ |yz, 100 (i =+§D
%L (] 7(2|xy 1 ilxz, L3 Jyz, 000 :+%IZI 28)
/2~ @lxy, 1 ilxz, 103 lyz, 101 :_%IZI
%(—sz,iEHyz, 1l mj =—3

To energeiak g sma metax thc k sﬁhc@w I,:Ikateilhmmtnh ap tna
hlektr nio kai thc dipl ¢ kat stashc %/2 , me sunolik 4 hlektr nia, e-nai
3\/2. Gia ta kati nta Ir** to A tgei thn tim  380meV/[19].

H energeiak aut diafor twn d o katast sewn, 1 go tou krustalliko
ped-ou kai thc s zeuxhc spin-trogiak ,n, onom zetai g sma Mott kai ta ulik
pou to uposthr-zoun monwttc Mott . Ta ulik aut Ftroun touc leg menouc
"spin-1/2 bajmo c eleujer-ac” pou prwtagwnisto n sto monttlo tou Kitaev.
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2.6.3 Allhlep-drash Kitaev

O emfan c mhganism c allhlep-drashg , st s sthma SrzIrQO4, e-nai h met bash
en c hlektron-ou ap miakat stash [f},, en cIr** semia Ilhen c geitoniko
Ir**. H met bash aut den g-netai apeuje-ac par m no mtso twn trogiak,n p
twn oxug nwn Kai perior-zetai I gw thc pwshc Coulomb se tna hlektr nio thn
for . Gia par deigma, tna hlektr nio tou trogiako d,x mpore- na metabe- se tnha
trogiak dy, mtsw twn trogiak ,n p, twn oxug nwn kai ant-strofa.

Sq ma 17: D o diaforetikic metab seic hlektron-wn ap tna Ir** se tna
geitonik mksw twn trogiak ,n p twn oxug nwn.

H allhlep-drash aut metax twn d o katast sewn 51/2 I:Ieﬂai antisidhro-
magnhtik kai ekfr zetai sthn gqamiltonian mtsa ap ton roJS;-Sj. H sta-
Jer Heisenberg J enai an logh thc pos thtac tgd/UZ, pou tyg enai to pl toc
met bashc ap to trogiak d twn Ir** sta trogiak p twn oxug nwn kai Uy e-nai
h pwsh Coulomb. Oi Jackeli kai Khaliullin tdeixan ti telik h suneisfor ap
auttc thc allhlepidr seic enai mhdenik , kaj,c gia k je met bash up rgei mia
"suzug c" pou thn anaire-, pwc sumbanei gia par deigma me tic d o metab seic
tou sg matoc 17.

Seir tqei loip ph meHth the de terhcpijapc met bashc tou sust matoc,
ap mia kat stash 45,, se mia geitonik /81 Sugkekrimtna, hﬁ(tr nio
metaba-nei ap mia kat stash 45,,, mij = £3/2 se miﬂ(at stash J,,, kai sthn
suntgeia apodiege-retai p-sw sthn %,2, mj = +3/2 .

-0—0- -0——  -0—0- -0—O0—

—O —O

N Tu N
—-O0—0—- O0——0— —O0—0— —0O— —-o0—0C— —O—
—O0——C0- O0—0O— —-o0—0- 0—0O— —-o0—0— O0—0O—

1
Sgm 18:|__|=, met bash en c¢ hlektron-ourap mia kat stais_h] ag/z,mj = =+3/2
sthn Euz kai sthn suntgeia p-sw sthn a,z, mj = +3/2
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H diadikas-a aut en ttlei den ephre zei thn qwrik di taxh twn spin kai genn
thn sidhromagnhtik allhlep-drash —KS}'s/, ou K] CEhIn/UG. Hs jer—
Jy onom zetai s zeuxh Hund thc kat stashc ﬁ,z kai thc diegermtnhc t%:/z
‘Opwe kai prin h allhlep-drash pragmatopoie-tai mtsw twn pxug nwn, me thip—
diafor ti t,ra h gwrik di taxh twn kumatosunart sewn %,2, mj = %3/2
mpore- na allhlepidr sei mon ga me ta trogiak py, kajor-zetai dhlad ap
thn die junsh y tou desmo kai gia aut Ilwste anaparist tai mtsa ap to
gin meno SYS/[20].

Sta pla-sia twn parap nw jewr sewn, oi Jackeli kai Khaliullin, peritgrayan
tna exagwnik s sthma sto opo-o k je Ir** allhlepidr me treic plhsitsterouc
ge-tonec apokleistik mtsw tri,n diaforetik,,n metab sewn. H gamiltonian gia
to s sthma Sr,IrO,4 e-nai telik :

1
H=-K  SS/ (29)
[w)j G
,dhlad h gamiltonian Kitaev.

2.6.4 Epiplton Allhlepidr seic

Pern,ntac se pio realistik sust mata prtpeina Ihfjo nup yh epiplton mhganis-
mo- allhlepidr sewn. Arqgik , sta metabatik mttalla thc 4d kai 5d e-nai pi-
Jan nnaup rgei epik luyh twn trogiak,n geitonik ,n at mwn. Sthn par grafo
2.6.3 agno jhkan mesec metab seic metax twn trogiak,n d kaj,c kai h pi-
Jan thta taut gronhc ditgershc 2 hlektron-wn sto trogiak p twn oxug nwn,

mwc t,ra prtpei na sunupologisto n. Oi mesec metab seic eisag goun ton
anti-sidhromagnhtik  ro Heisenberg JS; - Sj en, h taut gronh ditgersh dra
enisqutik wc pro aut n, all kai wc proc thn al Ihlep-drash Kitaev. En gtnei,
0i mesec metab seic mpore- na prok youn metax opoiod pote trogiak,n d kai
eisag goun peraitbrw asjentsterouc mh-diag, niouc anisotropiko ¢ rouc. H
gamiltonian en c tttoiou sust matoc perigr fetai ap thn sqgtsh:

i 1
H= JijSi -Sj +KijS}’S}’+Fij SiaSjB+SiBSJg
i
apsy (30)

+I; SYSf +SYsP +sasy +sPsy

, pou Ijj hstajer twn mh-diag, niwn anisotropik,n rwn kai Fﬁ h stajer pou
perigr feithnap klish tou sust matocap thn ttleia kubik summetr-a[20][21][22].
Spani tera, up rgei kai h allhlep-drash Dzyaloshinskii-Moriya D - (S %< Sj)
pou afor allhlepidr seic metax de terwn geit nwnall kai orismknec pr,twn
geit nwn se trisdi stata sust mata[23].
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2.7 To Xbotnua Nay,CopTeOg

S mfwna me thn gamiltonian (30), ta upoy fia sust mata Kitaev pripei na
tgoun so todunat nasjentsterec deutere ontec al Ihlepidr seic. 'Opwc anaftr-
Jhke parap nw oi allhlepidr seic J kai G aforo n metab seic pou ofe-lon-
tai sthn gwrik tktash twn kumatosunart sewn kai sunep,c enai fusik h
anaz thshnakinhje- se upofloio ¢ pouaut enaimikr terh. Tametabatik mt-
talla tou upofloio 3d plhro nthnpro p jes aut , t-jetai mwc to er,thma
an h apara-thth, gia ta Kitaev ugr spin, s zeuxh spin-trogiak ,n e-nai arket
isqur .

2.7.1 Dom

'Ena tttoio s sthma enai to Na,Co,TeOg, to opo-0 apotele- kai to antike-meno
meltthc thc paro sac diplwmatik ¢ ergas-ac. Sto sugkekrimtno s sthma ta
i nta Co?*, me hlektroniak di taxh 3d” domo n d o par Ilhla mh isod nama
exagwnik ep-peda ta opo-a diaforopoio ntai metax touc mtsw twn dom,n pou
sghmat-zoun ta Na an mesa sta d o ep-peda. Ta Te topojeto ntai ent c tou
epiptdou twn Co?* ep-shc se exagwnik di taxh. Ttloc, ta O dhmiourgo n ok-
tedrag rwap ta Co®" kai ta Te, pwc akrib,c kai sto monttlo twn Jackeli
kai Khaliullin, kai h hlektroniak di taxh 3d’ pa-rnei kai p li thn morf t3.e] .

Sq ma 19: Sghmatik anapar stash tou sust matoc Na,Co,TeOg

2.7.2 Allhlepidr seic Metabatik ,n Mttallwn thc 3d

En, h gamiltonian tou sust matoc e-nai h -dia me thn (30), h protleush twn
paramttrwn J,K,G kai G' sta metabatik mitalla thc 3d diaftrei. T,ra, oi
katast seic eg pou prok ptounap thn rshtouekfulismo ap to krustallik
ped-o, e-nai kateilhmmtnec ap 2 hlektr nia kai kat’ eptktash eisag goun sto
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