KBAHTOBbI@ MarHeTuKm um
CMNHOBbLIE XNOKOCTW: 3a4a4n O
CKPbITOM nopanke.

Teopema Hepucra (0Ha ke - 3-e HauaJI0 TEPMOJNHAMUKMU )
COO0IIIaeT, YTO SHTPOITHSA OOJIBIION CUCTEMBI B pacueTe Ha
OJTHY YaCTHILy /TOJIKHA OBITH paBHA HYJIIO IIPU TeMIIEPATYPE,
cTpeMsIerncs K abcoIioTHOMY HyJi0. Eciii 3To cucrema
JIOKAJIN30BAHHBIX MATHUTHBIX MOMEHTOB (CIIMHOB) TO
OOBIYHO ITPM HUBKHUX TeMIIepaTypax OHU BbICTPAUBAIOTCS
VIIOPSIIOUEHHO: BCe NapasieJbHO (eppoMarHeTuk) uin
aHTHIIApaJIIEJIbHO Yepe3 oauH (anTudeppomarietTuk). Ho
MHOT/Ia HUKAKOTO YIIOPs/I0OUeH!A He HaOJIIogaeTcs A0
CaMbIX HU3KUX JIOCTUTHYTBIX TeMIlepaTyp. Takue coCTOSHUSA
BelecTBa 0000IIeHHO HA3BIBAIOTCA « CIIMHOBAA KUIKOCTH».
VX moiHast TeOpus elle He CO37[aHa, HO KOe-4TO U3 TOTO, UTO

yAAJI0Ch YK€ OHSTh, Oy/eT pacCKa3aHo Ha 3TOH JIEKITHH.



OOLee CBOUCTBO:

HapyweHue cummeTpumn BegeT K
YBENTMYEHUKD «CTEMNeHwu

YyNopsago4YeHHOCTUY - T.€. K YMEeHbLUEeHUIO
SHTPOINMNK

Npu T=0 aHTponua =0:
«Teopema HepHcTa» unu
3-U 3aKOH TepMOANHaAMUKMN



KeaHmosbilu «CKpblmbIU MOPSIO00K»

* Bonpoc: moxeT nn Tak bbITh, YTO
oHTponua = 0, 0e3 HapyLleHus
cummeTpun ?

* OTBEeT: pna. OTo ObIBaeT B cuctemax,
Ha3blBaeMbIX

«CMMHOBbLIE XNOKOCTU»

30€eCb, eCNU U eCTb KAaKoe-TO HapyLUEHUE CUMMETPUM,
ero o4eHb TPYAHO BbISIBUTb - YTO MOME3HO A5
CO30aHUA KBaHMOB020 KOMIbKIMepa



MarHnTHbIM NopPAOOoK
- ®eppomardHeTnk: E=-J2,5 'S

Si - BEKTOP «CMNunHa» (MarHUTHOro MOMeHTa) B i-OM Yy3ne

J>0: sHeprus MuHUManbHa ans
Mpn Temnepatypax T < T, <Si> 0 -
HapyuieHne cnummeTtpum !

A Kakou UMEeHHO?
1.5=+1 nnn -1 «mogenb N3nHra» Z,

2.8=(S,, ) XY — mogernb O(2)
3.5=(5,,5,,S) MmarHeTuk ['enseHbepra O(3)




MarHnTHbIN NOPAQOK -2

* AHTndeppomarHetvkn  E=-J 2,5 S

S, - BEKTOP «Cr1Ha» (MarHMTHOrO MOMEHTA) B -
om y3ne J < 0: aHeprus MuHumanbHa ons

“staggered” koHdpurypaumm T[T
Onpegenum O, = (-1)! Sk N Nonyvum

=-|J| 2,0, 0, 7?7

[a, Ho nuuib anga “bipartite” pelieTok




AO®M Ha KBagpaTHOU peLleTke

A AN AN
ITl] WNsmenenune cummerpuu pemrerxu:

ITIT] yaBoeHue nepuoja

T11TlT Kpome Toro, Hapymenue
O(2) wnun O(3) BpaweHuu

ADPM Ha TpeyronbHou pelueTke 7

T 1 HeusBecTHO, rpe MUHUMYM
E:
? «gppacrpauns»

B pe3yabTaTre BO3SHHKAIOT «3K30THUYECKHuEe» (ha3bl Beuecrsa
- CTE€KJIa, CHIUHOBBIE JKUKOCTH..



[ NaBHbIEe BOMPOCHI:

* Kak onucatb ocHoBHOe cocTtodaHusa (T=0) ?

* KakoBa cTaTtucTuKa 1 CrnekTp
BO30OYy>XOEHUN HAJ OCHOBHbLIM

cOoCTOAHMEM 7

- 6030HbI UNU hepMUOHbI ?
- ecmb J1U 8 criekmpe 8030yX0eHUU CKOJlb y200HO
HU3KUe 3Hepauu ?



CHoBa 0 peppomarHeTumke
1. Mopenb ['en3eHbepra

H=-J3 S8

|GS> = | +++++++++>
OTO TOYHOE OCHOBHOE COCTOSAHUS!

k> = zj exp(ikj) S | GS> MarHoH ¢ nmnynoscom k

OHepruga marHoHa:  E(k) =J(0) - J(k) ~ J (ka)

CnvH marHoHa = 1 noTomy 4YTO onepatop S
MOHMXaeT CMUH COCTOSAHUSA Ha eaUHULY



2. Mopgenb XY - cummeTpus O(2)

H=-J3 S8 +D3 (S

To4YyHOEe OCHOBHOE COCTOSIHUS HE N3BECTHO, HO €CTb XOpOoLLEee
npubnmxeHne npn S >> 1

Bo30yxxaeHne - marHoH ¢ nmnynscom k

OHeprua marHoHa: E(k) = [D(J(0) — J(k))]"* ~ ( DJ)"* (ka)

CnvH marHoHa = 1 noTomy 4YTO onepatop S
MOHMXaeT CMUH COCTOSAHUSA Ha eaUHULY



AHTUdeppomarHeTuk ['enseHbepra
H=+J2 88

To4YHOEe OCHOBHOE COCTOSAHUS HE N3BECTHO, HO €CTb XOpoLUee
npubnmxeHne npn S >> 1
Hapo BeBectn ¢ = S (-1)** 1 3anucatb pasnoxeHue no

MarHoHam Arfnsd o

Bo3byxaeHne — AOGM marHoH ¢ numnynscom k

AHeprua A®M marHoHa:  E(k) = [J(0)(J(0) — J(k))]"* ~ J (ka)

CnvH marHoHa = 1 noTomy 4YTO onepatop S
MOHMXaeT CMUH COCTOSAHUSA Ha eaUHULY



MoxkeT nm ObiTb nHade ?

* Ewe B 1928 r. P.Jordan & E.Wigner npegnoxunu
MaTemaTunyeckoe npeobpasoBaHme raMurbToHnaHa 1-
MEPHOMN CMNHOBOW LIENOYKM K NpeacTaBleHnto Yyepes
doepmmeBckme onepaTopsl

* N.A.lNomepaHuyk, XKOT® (1941) — BnepBble BbiCKasar
rmnoTesy 0 TOM, YTO rnapamMarHUTHbIN ONSSTEKTPUK MOXKET
MMETb BO3DYXOEHUA CO CMINHOM 2

* P.W.Anderson (1973) - mogenb “pe3oHaHCHbIX
BaNEeHTHbIX CBA3eN” AN OCHOBHOIO COCTOSAHUA
TpeyronoHou peweTtkn ¢ AOM B3anmoagencTtesnem



[Tpmepbl U3 XKN3HWU: CTPaHHbIE
MarHUTHbIE OU3NEKTPUKM



[TonbiTka AOGM Ha pelleTKe Karome

(a) Volborthite CuszV207(0OH)2*2H20 (b) Herbertsmithite ZnCus{OH)eCly

T 1 dpacTpauuna




Kapellasite: a kagome guantum spin liguid

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

18PSME, UMR-E CEA /UJFP-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.

(b) cuboci
5 W3xy3
. i cuboc?
1 B »
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FIG. 2: (Color online) (a) Kagomé plane of kapellasite with
Cu*t 5 =1/2 spins (blue), non-magnetic Zn*+ ion (green),
and exchange interactions (red). (b) Classical Ji—Js phase
diagram for ferromagnetic nearest-neighbor coupling, J; =
—1. and Js = 0. The best two-parameter HT-series fits to
snsceptibility 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.



[TonbITKa He yaanack:

+ E=J5,SS J ~100K

HO HUKaKOro MarHUTHOro nopsiaka He HangeHo
BnNnoTtb 4o Temnepatyp T nopagka 100 mK

OTN CUCTEMbI BbIOMPAET KakOW-TO Apyron cnocob
3aHYNUTb 3HTPOMNUIO

To >Xe camMoe - Ha TpeyroJsibHON 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®

=
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Femperature (K) FIG. 3. {Color online) Temperature dependence of "*C nuclear

spin-lattice relaxation rate of EfMe;Sh[Pd{dmit):]s. 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 .37 K
despite the growth of the antiferromagnetic correlations from
much higher temperatures around 200 K.



Quantum phase transition in the

dioptase magnetic lattice
Gros, P. C. 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
Sighz single rings on a lattice, which sandwiches si-membered water rings down the (erys-
tallographie) e-direction [2-4]. The magnetic Cn(II) ions are loeated between the 515045 rings

phase diagram of Dioptase-lattice

J =J(1+3)
[ J,=J(1-5)

Fig. 3 — Phas= diagram of the dicptase magnetic sublaitice as chtainad by Quantum Monte Carlo
simulations. The lines are guides to the sye. The magmetic coupling constants are Jy 2 = J{1 &)


http://arxiv.org/find/cond-mat/1/au:+Gros_C/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Lemmens_P/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Gros_C/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Lemmens_P/0/1/0/all/0/1

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).



TeopeTnyeckne moagenmu
ONA CNMHOBOW XXUOKOCTU



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

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

of translational symmetry ==
=

* Spin liquids
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



CnnHOBbIE XNOKOCTI:
NopAOOK naeasibHblA, HO HEYJIOBUMbIN

* OObIYHOro «fnoKanbHOro» NapameTpa nopsaka HeT

* EcTtb 3arago4yHasl 3aBUCUMOCTb CBOUCTB OT
mornoJsio2uu peLweTkn (Kpyr, uunmHap, Top)

* Tpw BO3MOXHbIX TUMA CNeKTpa:
1) Wenb: E= A+ JK
2) KoHunyeckaqa Touka: E = sk
3) Hynb Ha uenon nuHun (kak depmu-ras): E = s|k-K |



«Pe3oHaHCHble BaneHTHble CBA3NY
(P.W.Anderson 1973)

3aeck

«anmep»: S0 7S ObbeKT co cnnHoM = 0

() Tely) — | L)

KakK paccaanTb AgnmMmepbl Mo pewieTke ?



KBaHTOBLIE AUMEDPDI -
yrpoLleHHaa moaenb Angd cnmHoOBOW
XNOKOCTWK



KNOKOCTb KBAHTOBbLIX AU MEepPOB

* [peyronbHagqa peLieTka

N,

3
H=—tT+0V=>" {—tz (|'T'_-j:: AN+ h.t‘..)
av=1

=1

4 'UZS: (|:. ("] + |\\:Z:--:Z:‘\\|)} :

a=1

Mpn V=1 BCce pacCTaHOBKN AMMEPOB BXOAAT C PABHbIMMU
aMMNANTy0aMun: NMoJIHOEe «KBaHTOBOE paBHOMpaBuMe»

Ha umnnHope Taknx coctodaHnm - 2 Ha Ttope - 4
KakK 3To yBugeThb ?

Ha kKBaapaTHOM pewieTke MX DeCKOHe4YHO MHOro - Kak ueJsibiX Yuces



Tonosorndeckme Knacchil
OUMeEPHbIX KOHMUrypaumnm

Ground-state properties

of the Rokhsar-Kivelson

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

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) i=
NEeCOSSATY.



[lnmepbl HA KBagpaTHOWU peLueTKe

H= Z[-t )+ ) (=) v (=) =L+ ) (0])]

Z — BblpOXXaeHue Ha umnuHape, Z X Z - Ha Tope



[lnmepbl HA KBagpaTHOWU peLueTKe

H= Z[-t )+ ) (=) v (=) =L+ ) (0])]

[1Be noapelleTku - 3T0 NO3BOMNSAET CYUTATb AMMEPbLI BEKTOPaMM

Z — BblpOXXaeHue Ha umnuHape, Z X Z - Ha Tope



R. Moessner and S. L. Sondhi
An RVB phase in the triangular lattice quantum dimer model

[lnmepel Ha TpeyronbHOI peLleTke

columnar: +12x{12 R\ E)| staggered
INNNNSNY e |
0 1 v/t
PP AL transverse field point RK point

_ WAYAVAVAVAVA Y
AYAVAVAVAvAY,

-S00Cx ”% X
PelweTka He genutcs >\7(\ / K( \
Ha 2 NoApeLeTKY, ~ / ) Q{
\ \ /\/
IG‘\./ v f \,

ANMeEpPY HeJlb3A

F . Left The columnar dlmer state. The elementary

conoctaBnNtTb BeKTOp dimer plaquette move generated by T is indicated in the bot-
tom left plaquette. Such plaquette moves conserve the differ-

raMM-anOHI/IaH ence between the number of dimers in rows marked by pluses
and minuses. Dimer moves A and B, consist of shifting dimers

COXpaHHeT TOJIbKO onto the fat and dot-dashed bonds, respectively. Right: The
UEeTHOCTDb L||/|C_]'|a, staggered state with the four-dimer move connecting it to

other states.

OUMEPOB NepeceKkatoLnx
“NPOBHYI0 NMNHUID”



Yrcao AMMEpHBIX TOKPBITUM 1

[IdadpPman

AAst AT0OOVT aHTUCMMMETPUYHOM MaTPULIbI A CYIIIECTBYET

IIdbadduan A

2 = —[Hr:fﬂﬂ; EXP [E r:xi_-;lt-}-fe}-] = Pfaff(4;;).
% ]

where ¢ and j 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-tc

. . . . FIG. 2:
one correspondence to the dimer coverings of the lattice 4 = = .

Zglgzzexpz, In E(k),
BZ

(Pfaff A )2 = Det A

(VAVAVAYA
AIAVAYAV

One possible choice of the amplitudes A:5. This
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;;: Ay equals 1 if the

arrow points from ¢ to j, and equals —1 if it points from

j to1

Also shown are A and B directions: parallel and

E{k) =2 (cos” ky + cos” ko + cos® k) perpendicular to the lattice lines, respectively



Kaxk 4To-TO CcOCUmMTaTh AAS
CIIMMHOBOM XMAKOCTU ?

* ['AaBHas mpobaeMa: UTO COHOI
MTPEACTABASIIOT KBa3MYaCTULIBI —
BO30Y>KAEHMSI HaA COCTOSTHMEM CIIVMHOBOM
>KVIAKOCTH ?

* CaMblll IPOCTOV IpUMeEpP — OAHOMEPHast
1eriouka XY CrHOB. 'aMUAbBTOHMAH
AVlarOHaAM3YeTCsI Ipeobpa3oBaHeM
HMopaaHa-Burgepa x BUAY cBO60AHOTO
Depmu-rasa



Jordan-Wigner transtformation:
3 (4SS +J8 )

Hamiltonian of a 1D chain

i—1 i—1
Ll & ¥ ..l: e 1+ !
St =alexp {.-“FI’Z ﬂ:f‘u__;} . ST =Sttt =exp {—mz ﬂ.:ft._r-} , , Oy =a; a; — 1/2.
=1 i=1

i—1 i "
E , : o b
b"'&;:_l =a + &N {n. ﬂ;:’;}} f.‘,:'+1 &Xp {.f.’-r E f:,_:'caj} = 5y O =4, EXp { E }U"‘-P {— o E i, '11 }ﬂz+1 =
1 =1

=1

: _ 1l
= a} exp {.-“.Tﬂ:'f:z} '5"=++1 = a} -::',:'H =a} L‘}.p{ 2L, -:zt} dipl = @; i qq
i—1
5 i—1 i
= — i — - . .
Siyr = exp "TZ @y @5 (@ Bxp TZ RN s S5 =exp < —iw ata; paal expsim ¥y ata; p =
i il G i1 i
a=1 =1 1 p—
= a; EX] {—.-;‘.Tﬂ,:-ﬁ,;:} iyl = —0 B ) b e [t J i

=|:1e':33]|[5++5‘] STSE L =(1/4)(a}
= (1/2:)(5" —57).

+ -+ .
@iy — @i + @ @iyl — iy )

":' "bt+1 (1 i:”: '1 '-r“ i+1 +'5"q'5'bz+1+'f" @41 — :-+1:|

1 Y — + " — . +
"jz+":'a'+1 t 5 5z+1 = @ i1 P

[Mpopon>keHue: Jl.JleButos, A.LLInTtos, “©OyHKunn 'pnHa”, rnasa 1



MoXXHO N 0000LWNTL
npeobpasoBaHue
MopaaHa-BurHepa

Ha pa3amepHocTn > 1 ?



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

H=_1I, Z oo — Jy Z ooy — J, Z epfer®

z-links y-links z-links

¥ u

2 RN I W, = ojo30305050%

all W, commute with H

H’. —_— . . 2 . .
° {TE p— ?_E]‘l I:_:'.. -{_'.*; = 1.. {_’.’jC.{ = —-!'_'.*Elf.’j lfj ﬁé E
Fe v N S .
. . ad¥ = ih¥e g*da’ = "W h e =1iD.
6" =ibc iy = ibjebp. ugke = =1 11

Spins %2 are fractionalized into Majorana fermions

@ LG = ibPc; is gaunge-equivalent to  oF — —ib'b:,  o¥ s —ilEHE,  oF — —ibTH
05— 0; ibie; 1s gauge-equivalent to o ibiby, o ibiby, o —ibiby.



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 = =
o Js W b R FH1=awvan
Ty I
(a) (o)

1 -I;.'

1,
._JJ:- I | _| __;h! _ 2!‘.’[}'!!3 [En.k o n;'.‘:ni‘:-l_Eiﬂ_‘:.-i -'.'I.L-'.'I..a:l

T T 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 Dy = id; d 4y is defined on each vertical bond.
4l =even Since there are no direct connections between any two
+ Tz Dyejiciig) vertleal bonds, all Dby are good quantum numbers. Each

Iy acts like a local static £ gange field. They commute
with each other and with the Hamiltonian.



Kitaev model: free fermions

Majorana operators

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

u;r = x1l.

Eiﬂj Lk 1f 7 and E are connected,

~ i . .
H=- E Ajrcick, Ajr = .
4 & TkEIThs ik 0 otherwise,
Tk

unit cell

P 0 i .
A= (g N0V ) @ =@l

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

II.: ]:Il i
m = (1,43), n, =(—1,4)

L



Decorated honeycomb lattice: non-
Abelian chiral spin liquid

with gap and broken time-invariance

H. Yao and S. Kivelson (2007)

H= Y oot +g » olof

a—Ilinks af —links

= q"ullllllHIIll[!|||]|l|l|l||||||i||i§
< ———
2 W
ST

B e
i Ii-‘ii||||||||!_I!!||1|!||||n||ii1'irr;

2 it {
il 'E'f”l‘:E!H it

U
v=tl v=0 A
1 3 4 i [ - |

k. in unit of 27

chergy gap A in unit of J*
=] — —

Emergy levels in un

ST

No fluxes in the ground state ! ) (b)



Decorated honeycomb lattice:
gapless spin liguid with a Fermi-line

K.S.Tikhonov and M.V.Feigelman,
Phys. Rev.Lett. 105, 067207 (2010)

Add AFM ordering of fluxes:

QL

G, is the Yao-Kivelson chiral state at g<g =Vv3
G, is the “spin-metal” state at g < g, =V3

2

G, wins over G, if A > 2.3x10*
At g > g_. an Abelian gapful state is realized



G, ground state atg<g, =3

near the critical point ¢ = /3 — pu with |p| < 1

Exactly at ,t; — 0 two (out of six) Majorana

bands possess zeroes: €1 (K*) = €2 (—K*) = 0 K*=(6r/3,7/V3)

Other four bands are non-degenerate, with energies of the order of _J

perturbation theory w.r.t. to u  results in the effective

Hamiltonian of the low-energy fermion mode #(p):

| | a, ~ 0.87 and o, ~ 1.44,
H=> 4% (p) [a.p + aypl — 1] ¢(p)

Y Positive q spin metal state qF = \/li



Preliminary conclusion

 All kinds of spectra (gapful, point-like
gapless, and Fermi-line) can be realized in
the versions of the honeycomb spin model

* Yet it does not lead to spin liquids with
nontrival spin-spin correlations



KBaHTOBBIN KOMIIBIOTED U
CIIMHOBBIE YKUJKOCTU: YTO 00IIero?

* KBaHTOBBIN KOMITBIOTEP — 3TO DOABIIIAS
CIUCTEMA, IIOBEACHVe KOTOPOM He
TIOAUMHSIETCSI 3aKOHAM KAACCUUECKON
§)/K1%1 978

* CmHOBbBIE (AMMepHbIe) XKUAKOCTU —
OOABIIIVIE KBAHTOBBIE CMCTEMBI,
YCTOMUMBbIE K BHEIITHMM BO3MYILIEHUSIM

e A.Kuraes (1997): uaest «TODOAOTMYECKU
3alMIIIEHHOI0» KBAaHTOBOTO KOMIIbIOTEPA
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