KBaHTOBbIE MATHETHUKU U CIIUHOBBIE
*KUJIKOCTH: 3a/1a4U O CKPBITOM IIOPSIKE.

Teopema HepHcta (0oHa ke - 3-e Ha4yaJIo TEPMOJIMHAMUKN )
COO00IIIaeT, YTO SHTPOITHS OOJIBIION CUCTEMBI B pacueTe Ha
OJIHY YaCTHUILY IOJIKHA OBITH paBHA HYJIIO IIPU TEMIIEpATYPeE,
cTpeMslencs K abCoI0THOMY HYJI10. Eciii 3To cucrema
JIOKAJIN30BAHHBIX MATHUTHBIX MOMEHTOB (CIIMHOB) TO
OOBIYHO IPU HUBKHUX TeMIIEpaTypax OHU BBICTPaNBaIOTCS
YIIOPAJ0YEHHO: BCe IapajiesibHO ((peppoMarieTuk) uin
aHTHUIIapaJUIeJIbHO Yepe3 OAuH (aHTu(eppOMarHeTuK).
OHaKO MHOT/Ja HUKAKOTO CTOJIb HATJIATHOTO
yIIOPsIAOUEeHUsI He HaOJII0JaeTcsl 10 CAMbIX HU3KHX
JOCTUTHYTBIX TeMHepaTyp. Takue COCTOSHUS BellleCTBa
000OIIIEHHO HA3BIBAIOTCH « CIIMHOBA YKUIKOCTb». X
TEOPH ellle HE CO3/IaHa, HO KOe-4TO U3 TOTO, YTO YaI0Ch

y2Ke MOHSATh, Oy/IeT paccKa3zaHO Ha 3TOU JIEKIUH.



Cummempus U ee

HapyweHue
1. OTHOCUTENBHO NPOCTbIE NPUMEPBI:

AMMMAK U HTHBEPCUS
Kpuctannuyeckasa peLueTtka

MarHuTbl: mMacca cnocoboB YCTPOUTb KU3Hb
CMNHOB KaK UM XO4eTCs

CBepPXTEKYYUU Frennn — N 4YemM OH NOXOoXK Ha XY
MarHeTukK?

CBepxnpoBOAMMOCTb: YTO OOLLErO Yy KycKa
CBUHLUA U BaHKKU C renuem ?



OOLlWwee cBOUCTBO:

HapyweHune cummeTpumn BeaeT K
YyBEJNINYEHUID «CTeneHwu

YyNnopAaao04YeHHOCTU» - T.€. K YMEeHbLUeHUIO
SHTPOINUNA

NMpu T=0 aHTponua =0:
«Teopema HepHcTa» nnu
3-U 3aKOH TepMoaAUHAMUKHN



2. HapyweHue
«0OOHOPOOHOCMU 8pPEMEHU»

e CTEKna " «CnunHOBbIE CTEKNay
* Mogenu accoumaTtBHOU NAMATHU
* ANropnTMbl ONTUMKU3ALNN

* [1pobnema reHeETNYECKOro Koaa

nech TpyAHee roBOPUTb O «NOPAAKe» U IHTPOMNUU: HepaBHOBECHbIe CUCTEM



3. KeaHmMo8bIU «CKpbIMbIU
MOPSI00K»

* Bonpoc: MoXeT nu Tak bbITb, YTO
9HTponuda = 0, 0e3 HapylueHUd
cuMmmeTpun ?

* OTBeT: Oa. OTo ObIBAeT B cuctemax,
Ha3blBaeMbIX

«CMMHOBbLIE XUAOKOCTU»

30€eCb, eCNU U €CTb KaKkoe-TO HapyLUEHNE CUMMETPUMN,
ero O4eHb TPYAHO BbISIBUTb - YTO MOSIE3HO AS19 CO3aHuUsA
K8aHmMo8o20 KoMrbomepa



MarHnTHbI NOPAOOK
» ®eppomarHetnk: E=-J2, S S

Si - BEKTOP «CnuHa» (MarHUTHOro MOMEHTA) B i-OM Yyane

J>0: osHeprus MuHumanbHa ans | 1
Mpn Temnepatypax T < T, <Si> 0 -
HapyuieHue cummetpum !

A Kakon UMEeHHO?
1.5=+1 nnn -1 «mofenb M3nHra» Z,

2.85=(S,,3,)) XY — mogernb O(2)
3.5=(5,,5,,S,) MarHetuk [enseHbepra O(3)




CBepXTEKYYECTb U CBEPXNPOBOANMOCTD:
CUMMETPUSI NPOCTa, HO

B | %
CBepXTeKy4eCTb JI_-“e:e npu gO'E[KVI,EI,KOIX'II'b 03e-4yacTumy

HaxoguTCs B COCTOAHUM «KOHOEeHcaTay», Korgay BCeX
yactuy, mmnynbscbl =0

[Toxoxe Ha KOrepeHTHOoEe COCTOSIHME MHOXKeCTBa OOTOHOB,
oOpa3yoLnx KnacCu4eCcKyo CBETOBYO BOJHY

OTtnunyme: none bo3e-yacTuu oNUCbIBAETCH KOMMIMEKCHOW
dyHKumen P(r,t)

Mx nnotHocTe N (r,t) = |WY(rt)2 +n___ (rt)
Mpu T>T, WY=0 n BCe YacTuubl KHOPMaJIbHbIEY.

[Tpn T < T, HapyweHune cummetpun ¥ — Wexp(id) : no
caBury dasbl KONnNekTUBHOW BONMHOBOU QOYHKLUK

T.=21K gna “He O(2) = U(1)
“XY” = bose-koHA.



MarHuTHbBIN NOPAAOK -2

* AHTudeppomarHetmkn E =-J 2., S; S

S, - BEKTOp «CrMHa» (MarHUTHOTO MOMEHTA) B
i-om yane J < 0: aHeprus MuHumansbHa ans

“staggered” koHdpurypaumm T[T
Onpeoenum O, = (-1)k Sk 1 NOITyHM

=-|J| 240 00 277

[a, Ho nuuib anga “bipartite” pelieTok




ADM Ha KBagpaTHOU peLLeTKe

A AN AN
1Tl Nsmenenme cummerpuu pererku:

ITIT] yaBoeHue nepuoa

T11TlT Kpome Toro, napymenue
OR)unuO@B)Bpame HUU

Ha TPeyTronbHOUW peme T K ¢

T J HewussecTHO, TOe
MUHUMYM E:

? «bpacTpaluud»

B pe3yiabTare BO3SHHRAIOT «9K30THUYECKHuEe» (ha3bl Belecrsa
- CTE€KJIa, CHIUHOBBIE JKUKOCTH...




[TonbiTka APM Ha pelueTke Karome

(a) Volborthite CuzV207(0OH)2+2H20 (b) Herbertsmithite ZnCus(OH}sCl>
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Kapellasite: a kagome guantum spin liguid

B. Fak,! E. Kermarrec,? L. Messio,® B. Bernu,? C. Lhuillier,* F. Bert.? P. Mendels.®® B. Koteswararao,?
F. Bouquet,® J. Ollivier,® A. D. Hillier,” A. Amato.® R. H. Colman® and A. 5. Wills®

18PSMS, UMR-E CEA /UJF-Grenoble-1, INAC, F-3805{ Grenoble Ceder 9. France

Magnetic susceptibility, NME, uSE. and inelastic neutron scattering measurements show that
kapellasite, CuaZn{OH)eClz, a geometrically frustrated spin-1/2 kagome antiferromagnet polymor-
phous with the herbertsmithite mineral, is a gapless spin liquid with frustrated interactions showing
unnsnal dynamic short-range correlations of non-coplanar cuboc2 tvpe which persist down to 20 mkK.
The Hamiltonian is determined from a fit of a high-temperature series expansion to thermodynami-
cal data. The experimental data are compared to theoretical caleulations using the Schwinger-boson

approach.
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FIG. 2: (Color online) {a) Kagomé plane of kapellasite with
Cu*t 5 =1/2 spins (blue), non-magnetic Zn*t ion (green),
and exchange interactions (red). (b) Classical J:—Js phase
diagram for ferromagnetic nearest-neighbor conpling, J1 =
—1, and Jiz = 0. The best two-parameter HT-series fits to
susceptibility data are shown with red points (see text).
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FIG. 3: (Color online) (a) Local yiee and macroscopic ype
magnetic snsceptibilities from NME and DC SQUID mea-
surements, respectively, Inset: Fit of high-temperature series
expansion (Ted line) down to 20 K. (b) Total specific heat per
spin C77F measured in zero field {svmbols). magnetic specific
heat calculated with the Ji-Jy model (red solid line) rescaled
b a factor 0.88 to account for mass uncertainties and missing
entropy. The phonon contribution estimated from a high-T7
fit (purple dashed line) is negligible below 10 K.



[lonsiTKa He ymamacb:

+ E=JZ,S S J~100K

HO HUKAKOro MarHUTHOro nopsigka He HangeHo
BNNotb 4o Temnepatyp T nopaaka 100 mK

OTn CcUCTEMBI BbIODMPAET Kakon-TO ApPYyrom cnocob
3aHYNUTb SHTPOMNUIO

To e caMoe - Ha TPeyrosibHOW peLleTKe



PHYSICAL REVIEW B 77, 104413 (2008)

Quantum spin liquid in the spin-1/2 triangular antiferromagnet EtMe;Sh[Pd(dmit),],

T Itou.! A. Oyamada,! 5. Maegawa,! M. Tamura,” and R. Kato®

—

[=] 1
'g . 3. b[rer] ! BV ) g T

-
- o’
E 4 Triangular Lattice, = e®
= J=150K T 01tee geqe®®
—1 l._: L - ‘—"
= © T
.% [ -:5 al r.:ﬁm.mu Ky ']-:x]'

2 2
Lﬁ B T

Tempezature (K}

.8 ) P
1] T T T T 1 . qun 300

| emperature

0 100 200 300 P
|'EI:'I'.IF.I'EI:'-ﬂTLLI:"E {E} FIG. 3. (Color onling) Temperature dependence of e nuclear

spin-lattice relaxation rate of Ethe;Sb[Pd{dmit);];. The transverse
axis in the inset is linear so that data at high temperatures can be
clearly illustrated, while it is logarithmic in the main figure. The

this system does not have an appreciable spin gap more than
I K either with nodes or without nodes, because the esti-
mated TIl does not show any sign of decreasing. It is sur-
prising that the paramagnetic state remains down to 1.37 K
despite the growth of the antiferromagnetic correlations from
much higher temperatures around 200 K.



Quantum phase transition in the dioptase
mag netic lattice "c. Gros, P. Lemmens, K.-Y. Choi, G. G"

untherodt, M. Baenitz, H.H. Otto
Europhys. Lett. 60, 276 (2002)

the crystal green dioptase CugSigU15-6Ho0, known to the ancient Roman as the gem of Venus

The gem-stone dioptase CugSlgyg-6H20 12 a transparent green mineral build up from
Sigz single rings on a lattice, which sandwiches sibe-membered water rings down the (erys-
tallographie) e-direetion [2-4]. The magnetic Cn(1I) ions are loeated between the 51s04s rings

phase diagram of Dioptase-lattice

J,=J(1+5)
[ J=d(1-5)

B

Fig. 3 — Phass diagram of the dicptase magnetic sublattice as cbtainsd by Quantum Monte Carla
simulations. The lines are guides to the sye. The magnstic coupling constants ars Jy g = J{1 + &)
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Large quantum fluctuations in the strongly coupled spin-1/2
chains of green dioptase: a hidden message from birds and trees

O. Janson, A. A. Tsirlin, M. Schmitt, H. Rosner Phys. Rev. B 82, 014424 (2010)

FIG. 1. (Color online) Left: Crystal structure of the green dioptase. The Cu20¢ dimers are shown in yellow and form a 31
network. 5104 tetrahedra are shown blue. The erystal water s depicted by O {blue) and H {zray) atoms with O-H bonds
Middle: the magnetic model of the green dioptase. Cu atoms are depicted as orange spheres, other atoms are not shown. Th
leading antiferromagnetic coupling J. (red) forms spiral chains running along ¢ perpendicular to the projection plane. Th
ferromagnetic coupling Js (blue) within the structural Cu2Os dimers couples the chalns into a three-dimensional frameworl
Right: section of the spiral chamn along ¢ (bottom) and a natural sample of green dioptase grown on calcite (top).
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CIIMHOBEBEIE

AN IOKOCT NU:

MOPAOOK UODE€eanbHBIH,

HO He YJ1IOBUMBIHU
e OObIYHOIO «noKanbHOro»
napamMmeTpa nopsigka HeT

* EcTb 3arago4yHag 3aBUCUMOCTb
CBOWCTB OT monmnoJsio2uu
peLUETKA

(Kpyr, uMnNUHAOpP, TOP)



2D lattice with AFM interaction of
spins S=1/2: possible phases

* Neéel state: magnetic order % % { {
* Valence bond state: breaking

of translational symmetry

* Spin liquids —_ = 1) =117
1 ) Topological Ground state degeneracies on a torus
Gapped excitations with fractional statistics
2) Critical Stable gapless phase, no broken symmetries
3) “Spin metal” Correlation functions singular

along surfaces in momentum space



«Pe3oHaHCHble BaneHTHbIe CBA3n»
(P.W.Anderson 1973)

\ N\ BcnmoMHUM aMMU aK:

/ | \V4
M ’=;m'r‘ ’ é’? YV

10> =( 14> + |[->)V2

3aect

«anmep»: AN S0606beKT COCIHIUHOM=0

_ xlTE O Tals) =1 Lila))

{aK paccaOouThb OUMEPHI MO pemeTKE?



Uucno mumMe pHBIX

MO K P bl

TUU U
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MaTpPULUB AcymecTBYyeT

[Ipaddu apAff A ) =Det A

(VAVAVAYA
AZAVAYAV

A st:faﬂ; eXp [E fli_-*li_jf-!_j] = Pfaff(4.;).
% ]

where ¢ and § label the lattice sites, and the fermionic
variables a; obey the conventional rules: a;a; = —a;a;,
[da; = 0. [a;da; = 1. The “hopping amplitudes™ A;;
take values +1 on nearest-neighbor sites and 0 otherwise,
and form an antisvmmetric matrix: A;; = —A;;. The
signs of A;; must be adjusted =so that all terms in the ex-
pansion of the exponent in (2) give positive weight. Such
terms in the expansion of the exponent are in one-to-
one correspondence to the dimer coverings of the lattice.

E{k) =2 (cos” ky + cos” ko + cos” .if.:gjl";2

FIG. 2:  One possible choice of the amplitudes A;;. This
choice of amplitudes is periodic with a unit cell containing
two lattice sites (marked by a dashed ellipse). The arrow
directions correspond to the signs of A;;: A4y equals 1 if the
arrow points from ¢ to j, and equals —1 if it points from
j to 1. Also shown are A and B directions: parallel and
perpendicular to the lattice lines, respectively.



KNOKOCTb KBAHTOBbLIX AU MEepPOB

* TpeyronbHaga pellieTka

_'""Ir i

3
H=—tT+vV = Z {—tz (|: =::\\| + h.c.)
=1

i=1
a=1

e paCCTAaHOBKU OMMEPOB BXOOAT C P al
NAaMU:TIONNTHOE «xKBAaHTOBOE PaBHOIMPaAaBI

JTUHOpPEe TaAKUX COCTOAHUMNU-2 Ha T Tope-
TO YBUOETSH?

THOU pPeme TKU UX OECKOHEUHO MHOTO-KAakK IIe]



TomomormuecikKue

KJIdaCCbl I MM€E P HBbBI X
KnuhurvnguUuUuMu

Ground-state properties

of the Rokhsar-Kivelson

dimer model on the triangular
lattice A .loselevich, D.A Ivanov,

M.V.Feigelman
(b) Phys. Rev. B 66, 174405 (2002)

FIG. 1:  Topological sectors on a cylinder and on a torus.
Dimer coverings may be classified according to the parities of
the number of dimers intersecting the reference lines (dashed
lines). Dimer configurations differing by a rearrangement in
contractible domains (shaded areas) belong to the same topo-
logical sector and contribute with the same sign to the parti-
tion function (2). To change the topological sector, a circular
permutation of dimers along a topologically nontrivial con-
tour (shown in a zig-zag line in the case of the cylinder) is
NeCcessary.
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COCTOdHUEM CIIMHOBOU
XUODOKOCTU?
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Jordan-Wigner transformation:

Hamiltonian of a 1) chain H=J Z ;) (85 ;).
<ig =
i—1 i—1 +
: - j
Si"'=ca;"e:~.‘p{e’frz a;'aj}_ 5;=[5j:,+=e;s;p{—m a;‘aj}aﬁ, S =4 0y — 1_,-2.
i-1 i . s .
5+,‘5';:_1 = ﬁ. X {e" z cz_;"a,j } -:1;"_'_1 EXp {éfrz a;'c?,j = 5?5;'_1 = a,;" EX] {E'ﬂ' z ﬂ,:ii-ﬂj } EXp {—z'?r Z ﬂ:ii-‘l_-a' } g1 =
i=1 i=1 i=1 i=1
—af exp {imata} oty — atal, = o exp { —imaf o} aups = afa
i—1 i
55 = ea.p{—rrZa aj}azetp{—z’rz }ﬂi+1 = “‘,S':H _exp{—za. Zczjaj}mﬂ;"ﬂexp{éﬂz.m}"aj} =
i=1 =1
T = (/DS + 57, SIST, = (1) (afalyy — aai +al e — aaly)
i -+ —_— .
; |:]..I'EE:”:"::'z Si :I: -:'I:I':' = |:]_l,-'_'1:||:— =+1 +ﬂ1'ﬂ'z+1 -I—ﬂ. @il — :_-|_1:|

—i —_ -\._ + el i +
':'z'+5='+1 T 5;4_1 = digpq %



A.Kitaev’s honeycomb model
Ann.Phys. 321, 2 (2006)

H=-J Y da—J, Y olof—1 » oo,

z-links y-links z-links

¥ u

2 RN I W, = ojo30305050%

all W, commute with H

. a° = ib"e, =1 cic = —ae; if j #1.
e b _ S .
* » FY = iWe FEEVE = i Wb e = iD.
E_-g- — _E-bz{_:_ &JF, _ ?b;tjkb?ji U-j.f.: = 1. !!!!

Spins %2 are fractionalized into Majorana fermions
05— 0§ = ibfe; Is gauge-equivalent to o — —ibib, o — —ibbY, o —ibib.



Jordan-Wigner representation

. o L o Phys Rev Lett
Topological characterization of quantum phase transitions in a S=1/2 spin model
98, 087204 (2007)
Xiao-Yong Feng!, Guang-Ming Zhang®, and Tao Xiang!
—_ H = =
Lty % IRE j+i=even
I.‘ 1I
(a) (o)
1 -I;.'
1, | |
"JJ? - T ;u-! = 2"—1},!'3 T(Eipar 0t Eig; alaa)
L 1 ,

(o) (d) For each pair of fermion operators (a,a'), we ean fur-
ther define two Majorana fermion operators (e, d): cy =
i(a:’i;l, — aq) and dy = a;,, +agy when j + [ = even, and
e = aly +aj and dy = i{a, — ay) when j +1 = odd.

H = —i z (Jyejaciprr — Jaci—1 040 where [}y = éd;d;;4q 18 defined on each vertical bond.
4l =even Since there are no direct connections between any two
+ Tz Dyejiciig) vertleal bonds, all by are good quantum numbers. Each

Dy acts like a local statie £ gauge field. They commute
with each other and with the Hamiltonian.



Kitaev model: free fermions

o o ‘::_;“.'-:' l.'t_._-.lll.
ke = b, b7

u;r = xl.

(] otherwise,

~ ] . , 20, g if 7 and & are connected
H=-N Ajcier, Ay = gk ik 1 J ‘
4 dR=1 ] 1
gk

= 0 1
A= (g N0V ) @ =@l

fla) = 2(Jpe'@m) 4 Jyelana) 4 1.,

n = [%%—E], g = | —1 ié—i

EE

)



KBaHTOBBIN KOMIIBIOTED U

CIIMHOBBIE YKUOKOCTU: YTO 00IIero?

*KBAaHTOBBIU KOMIBIOT € P
-stTobonpmad
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S 0O X 0 3 4

TeMa, MOBeNeHUe
OpOU HE

UUHAEeTCSd 3aKOHaM
CCUUEeCKOUW PUI3UKMU.

HOBBIE (IMUME P HBI€)
KOCTU-OO0ONbHIIU E
HTOBBIE CUCT € MBI,
OMUUBBIE K BHEINHUM



CBepXTeKyuecCTHh

MU KPpPUCTaIlI:
brpiBaeT MU UTO-TO
MEXNY HUMMU («kPOCTO

XMHKOCTBM MTO7
*‘He - BerTeKy

XUOKOCTHD an/IT<21K

*[lopn maBnmeHUEeM OH
KpUcCcTanmnui3yeTcd

(pasoBrimmepexonl-oro
ponma)

*MoXeT nu OBITh U KPUC T aJlJl
M CBEPXTEKYUECTH
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