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Abstract: We provide a brief introduction to quantum spin liquid and review current status of theoretical and experimental progresses on this ¢
Spin liquid phases that arise in different situations are examined in the light of both theoretical models and experimental systems.
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Outline

What is "Quantum” Spin Liquid ?
Overview of Experiments

Overview of Theories

Interpretation of Experiments
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What is Quantum Spin Liquid ?

1) Different from Cooperative Paramagnet M
Large number of equally unhappy (7

(classical) ground states ~ e“N VA"
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What is Quantum Spin Liquid ?

1) Different from Cooperative Paramagnet

Large number of equally unhappy
(classical) ground states ~ e*N

=1
X
Ocw Curie-Weiss temperature

l
para -y [ o[
magnet \ T O W C'W

|©cw| useful diagnostic

Tr of frustration

© ‘(—)

('\\‘ ('\\‘

f > 1 strong frustration

highly degenerate classical ground state manifold
“classical spin liquid”
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What is Quantum Spin Liquid ?

2) Different from boring incoherent (high temp) Paramagnet

Spins fluctuate independently; don't talk to each other

No coherent excitations
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What is Quantum Spin Liquid ?

2) Different from boring incoherent (high temp) Paramagnet

Spins fluctuate independently; don't talk to each other

No coherent excitations

3) Spin Liquid in 1D
Spin-1/2 Heisenberg Model in 1D: Spin Liquid Ground State

Quantum paramagnet, No translational symmetry breaking

Coherent Excitations; S=1/2 spinons
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What is Quantum Spin Liquid ?

Neutron Scattering -- Spin-1 excitations

Spinon-Antispinon pair excitations

Well-defined dispersion -->
Threshold energy for pair excitations

f,Y

Wq

Wq ~ min I;‘f'l +B T EQ_PR|

for all possible p
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What is Quantum Spin Liquid ?

Neutron Scattering -- Spin-1 excitations

Spinon-Antispinon pair excitations

Well-defined dispersion -->
Threshold energy for pair excitations

Wq

Wq min ‘;"'1 - P t =4

for all possible p
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Higher‘ dimensions? Quantum Paramagnet (S) =0
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Higher' dimenSions? Quantum Paramagnet (S) =0

i) Translational symmetry breaking; Valence Bond Solid (VBS)

T Valence Bond
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Higher‘ dimensions? Quantum Paramagnet (S) =0

i) Translational symmetry breaking; Valence Bond Solid (VBS)

>

Valence Bond

RboCusSnF o

Tanaka; Thursday
HFM conference
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Higher' dimensions ? Quantum Paramagnet (S) =0

i) Translational symmetry breaking; Valence Bond Solid (VBS)

Valence Bond

>

| l
\ L 4 W

N Y

Shastry-Sutherland Lattice

\ \ (CuCl)LaNb,O; Kageyama;
Wednesday

\ \ SrCu,(BO,), Takigawa;

Wednesday
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Higher' dimenSions? Quantum Paramagnet (S) =0

i) Translational symmetry breaking; Valence Bond Solid (VBS)

G ) ? Valence Bond
>,

|~ S

‘ l
 d W |

=

i) No broken translational symmetry in Mott insulator
Spin Liquid: chargeless spin-1/2 excitations with/without spin gap

Resonating Valence Bond state (RVB). Superposition of Valence Bond coverings

P.W.Anderson

Rokhsar-Kivelson
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Many Flavors of Spin Liquid States

Mﬁ‘?‘.w@ﬁ %M ﬁ;
MW=y

=

Short-range

RVB V<

r/é

Gapped spinons, Finite spin gap (S(r) - S

Gapless spinons; "Critical” Spin Liquid
Zero spin gap
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5=1/2 Candidate Materials for Spin Liquid
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S=1/2 Candidate Materials for Spin Liquid

AT T
% \\ ‘:‘s 5
SR I
%N N

K-(BEDTTTF)2Cuz(CN)3
EtMe3iSb[Pd(dmit)2]>

K. Kanoda
R. Kato
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S=1/2 Candidate Materials for Spin Liquid

D. 6. Nocera, Y. S. Lee

'\\

NN
!##
C‘\.‘

herbertsmithite

K-(BEDTTTF)2Cu2(CN)3
EtMe3Sb[Pd(dmit)2].
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S=1/2 Candidate Materials for Spin Liquid

D. 6. Nocera, Y. S. Lee

DO

NN
f'##
\‘\,“

herbertsmithite

K-(BEDTTTF)2Cu2(CN)3
EtMe3Sb[Pd(dmit)2]>

H. Takagi
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S=1/2 Candidate Materials for Spin Liquid

D. 6. Nocera, Y. S. Lee

\\

NN
##!
k,‘x,"

herbertsmithite

K-(BEDTTTF)2Cu2(CN)3
EtMe3Sb[Pd(dmit)2]2

H. Takagi
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Typical Behaviors

Charge Insulator

Constant susceptibility at low temperatures
Power-law specific heat

A lot of low energy (charge-neutral) excitations that
carry spin quantum number

--> Spin Liquid with gapless spinon excitations ?
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Spin Susceptibility
Herbertsmithite
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CuyV20-(OH), . 2H,0
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Cuy V207(OH), » 2H, 0 SPQCifiC Heat

100
ZnCuz(OH)gClo

Single Crystal,
Yoshida (Z. Hiroi);
Thursday
HFM conference
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Search for Quantum Spin Liquid (“S=1/2")

Herbertsmithite  “Ideal” Kagome lattice

ZnCu3z(OH)sCla  D. 6. Nocera, Y. S. Lee

Volborthite  Distorted Kagome lattice
(‘II;;\'J()T(()II) ._)“_)() Z. Hiori

k-(BEDT-TTF)2Cuz(CN)3 K. Kanoda Organic Material
EtMe;Sh[Pd(dmit), |, R Kato Triangular Lattice

? Na
Hyperkagome Naylr;Og

I
H. Takagi
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Search for Quantum Spin Liquid (“S=1/2")

Herbertsmithite  “Ideal” Kagome lattice

ZnCuz(OH)sCla  D. 6. Nocera, Y. S. Lee

Volborthite  Distorted Kagome lattice
(‘II;;\'Q()T(()“) ._)“_3() Z. Hiori

k-(BEDT-TTF)2Cuz(CN)3 K. Kanoda Organic Material
EtMe;Sh[Pd(dmit),] R Kato Triangular Lattice

‘)
-

? Na
Hyperkagome Naylr;Og

I
H. Takagi
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Weak Mott Insulator ?

k-(BEDT-TTF)2Cus(CN)j Naylr3Os

Crossover Nllﬂl}()x

Mott insulator

& Metal
(Spin liquid) "‘ L -

" (Fermi liquid)

P (€2 cm)

A
Superconductor

3 4 5 6
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Weak Mott Insulator ?

k-(BEDT-TTF),Cus(CN)3 NaslrsOs

Crossover Nllﬂﬁ( )H

Mott insulator

& Metal
(Spin liquid) "“"“"‘ -

" (Fermi liquid)

A
Superconductor

3 4 5 6

P (£2 cm)
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Importance of Charge Fluctuations

H ~ [[lll'ihl'lllll‘l'_LL f [[l‘izlf_; t

J~t2/U J' ~ t4/U3

Charge fluctuations are important near
the Mott transition even in the insulating phase

Imada (2003)
Motrunich (2005)
S.S.LeeandP. A. Lee (2005)
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Weak Mott Insulator ?

k-(BEDT-TTF)2Cus(CN)3 K. Kanoda Triangular Lattice;
EtMesSh[Pd(dmit),]s R Kato, Y.Masuda N€ar Mott transition

metal spin liquid insulator
| |

Hyper-Kagome NaylrzOg HTakag

5d transition metal oxides;
intermediate coupling

metal spin liquid insulator
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Weak Mott Insulator ?

k-(BEDT-TTF)2Cus(CN)3 K. Kanoda Triangular Lattice;
EtMesSh[Pd(dmit),]s R Kato, Y.Masuda N€ar Mott transition

metal spin liquid insulator
| |

Hyper-Kagome NaylrzOg H.Takag

5d transition metal oxides;
intermediate coupling

metal spin liquid insulator

P
U/t

Spinons inherit the Fermi Surface of Electrons
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veek er
PRL 106. 147204 (2011) PHYSICAL REVIEW LETTERS ¢ APRII

Spin Liquid State in the 5 = 1/2 Triangular Lattice BayCuSh,0,

H.D. Zhou,"" E.S. Chot,' G. Li,' L. Balicas,! C.R. Wiebe,"*" Y. Qiu,*” J.R.D. Copley.” and J. § Gardner”
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Recent Experiments: BazCuSb,0g

Spin-Orbital Short-Range Order on a
Honeycomb-Based Lattice SCIENCE VOL 336 4 MAY 2012

S. N.ik.ntsun_" K. I'Cuq.a,l K. I(imllm,l R. S.lt.lk[-," N. K.ll.w.mm," E. Nishlimri," H. S.lw;l," R. I'.hll,"
M. H.n]iw.lr.l,L F. Bridl:;(“,,J T. U. Ito,” W, Higemoto,” Y. Karaki," M, Halim,” A. A, Nugroho,’
J. A. Rodriguez-Rivera,”” M. A. Green,”” C. Broholm® 10

A

S. Nakatsuji, ... C. Broholm et al,
Science (2012)

J(1)~J(2)>> J(3)
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Recent Experiments: BazCuSb,0g

Spin-Orbital Short-Range Order on a
Honeycomb-Based Lattice SCIENCE VOL 336 4 MAY 2012

S. N.ak.ltsun_!‘ K. I'Cuq.a,l K. I(mmm,l R. S.lt.lk[-," N. K.ll.]y.ll'ﬂ.l," E. I‘\Iishlhuri," H. S.lw;l," R. |-,h.|_‘
M. H.u]m!.lr.l,L F. Bridqv-.,‘ T. U. Ito,” W. Higemoto,” Y. Karaki," M, Halim,” A. A, Nugroho,’
]. A. Rodriguez-Rivera,”” M. A. Green,*” C. Broholm®*?

A

Nakatsuji; Tuesday
HFM conference

S. Nakatsuji, ... C. Broholm et al,
Science (2012)
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PRL 107. 197204 (2011) PHYSICAL REVIEW LETTERS ¢ NOVEMBER

High-Pressure Sequence of Ba;NiSh,0, Structural Phases: New §
Quantum Spin Liquids Based on Ni-

J.G. Cheng.' G, Li.” L. Balicas,” 1. S. Zhou.' I. B. Goodenough.' Cenke Xu.' and H. D. Zhou
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A Micky Mouse version of

“Theory”
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Albert Einstein

Spin Liquid

DUMMIES

)

4

Yong Baek Kim
University of Toronto
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Variational Wavefunctions for Spin Liquids
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Variational Wavefunctions for Spin Liquids

Slave-Particle Approach

S I G.sf.s with the constraint Z_/,'”_/,,_ 1 o3 ={1,])

[}

._) .
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Variational Wavefunctions for Spin Liquids

Slave-Particle Approach

ko fl G.3f.; with the constraint Z_/,'”_/,,, .3

¢ o

H=Y) Jy;§
t)

¢

(G, i H =Y Jy I sl
iJ

fermion-fermion interaction
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Variational Wavefunctions for Spin Liquids

Slave-Particle Approach

with the constraint Z}'/ .3 {1.1

— =Y Ji f L fia S
i

fermion-fermion interaction

fermion "kinetic" energy dynamically generated

possible pairing correlation
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Variational Wavefunctions for Spin Liquids

Slave-Particle Approach

with the constraint > f! fi. =1 ./

—l /] Z-l,, _/',i,,./}i Jigfja + o
iJ

fermion-fermion interaction

fermion “kinetic" energy dynamically generated

possible pairing correlation

Hur =Y Xijflafia + Dijeasflafl + hecl
L]

Z (L Fia) =1 Constraint imposed only on average
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Variational Wavefunctions for Spin Liquids

Slave-Particle Approach
I

!

¢

H Z '){” H: . .H:; = H Z -Ir; ./',l,,.ffi ;"/.; !“/.fr\ LI
1) L]
fermion-fermion interaction
Mean-Field Theory

Xij ™~ :'_I'Ji” fia) fermion "kinetic" energy dynamically generated

A~ (€nsfiafj3) possible pairing correlation

13

/{Ut"x Z‘\r}./.j”./.f“ + A,‘,f,. in /"i” t /.’(‘
]

Z (L fia) =1 Constraint imposed only on average

S 2‘/‘;“0',. ,f,; with the constraint Z/'/ l o3 (1,1
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Variational Wavefunctions for Spin Liquids

Mean-Field Theory

[{,Uf‘ Zi\r;_/‘j,],[n\ + Af‘l‘n J',/lj‘l ;,/.,;,, T ,""”~‘
L]
Not every choice of Xij and A, is independent

The mean-field Hamiltonian is invariant under certain gauge and
lattice symmetry transformation

Classification requires “equivalence"” study --
PSG (projected symmetry Group) analysis by X. 6. Wen
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Variational Wavefunctions for Spin Liquids

Mean-Field Theory

Hrr Zl\u./‘;,\,f‘m T ‘AH"' "f,vi r‘/laim l ,”
L]

Not every choice of Xij and A,; is independent

The mean-field Hamiltonian is invariant under certain gauge and
lattice symmetry transformation

Classification requires “equivalence"” study --
PSG (projected symmetry Group) analysis by X. 6. Wen

Topological Order and Quantum Order
(gapped) (gapless)
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Variational Wavefunctions for Spin Liquids

Projected Wavefunction (project out double-occupancy)
ll},”i‘u_} 2 [)( M \]} MF
Xij and A;; can be taken as variational parameters
Find X;; and A,, that give the lowest energy solution

Ranking of ground state energy for Wy, and W changes quite often

proj
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Possible Spin Liquid Phases; Why Gauge Theory ?
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Possible Spin Liquid Phases; Why Gauge Theory ?

1) U(1) Spin Liquid A;; =0 Xi; #U
H ~ Z \U.f,i;,‘/‘;rn - Z ‘\|' iy, f,i,,‘/‘,u.
i) ij

g f.rrl’ e
b Qs +0; — 0

U(1) gauge invariance

L] J

fin spinons interact with a U(1) gauge field
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Possible Spin Liquid Phases; Why Gauge Theory ?

1) U(1) Spin Liquid A;; =0 Xi; #U
i1 re Z \”-ffin‘/‘ﬁ' ™ Z ‘\|' W ./‘,i”‘/‘;,.
f’f J‘f

> fiae®
» Qi +0; — 0

U(1) gauge invariance

L¥) J

fin spinons interact with a U(1) gauge field
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Possible Spin Liquid Phases; Why Gauge Theory ?

1) U(1) Spin Liquid A;; =0 Xi; #U
H ~ Z \J,if,i,,‘/‘;,. - Z ‘\|' T _/‘,i“fl,,,
i) i

’ ‘fllrlf ”J
» Ay + f/ {/

L J

U(1) gauge invariance

fin spinons interact with a U(1) gauge field
2) Z> Spin Liqguid  A,; #0  x;; #0 (a BCS state of the spinons)

Only fin — *£fia is the gauge symmetry  Only a,; = 0.7 are allowed

Ll

Ising gauge field ¢ = 0;; = +1

fﬂu £ "f‘/lnw

4 (,(T,/r_}

Z> gauge invariance
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Possible Spin Liquid Phases; Why Gauge Theory ?

1) U(1) Spin Liquid A;; =0 Xi; #U
o St ~ SN Lt
i) i)

» fiae
» Ay + f/ {/

L )

U(1) gauge invariance

fin spinons interact with a U(1) gauge field
2) Z> Spin Liqguid  A,; #0  x;; #0 (a BCS state of the spinons)

Only fin — £fia is the gauge symmetry  Only a,; = 0.7 are allowed

Ll

Ising gauge field ¢ = 0;; = +1

‘/'”} ‘ff,}”rﬂ

> (,(T,ir_}

Z> gauge invariance
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Possible Spin Liquid Phases; Wavefunctions

1) U(1) Spin Liquid

)
‘IJ!JHIJ B 1(.'lli"['lm‘” fermions

2) Z; Spin Liquid

ll}pf'ra; St [)( ;r\llfil(','\'
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Wavefunction of a Z; Spin Liquid

= BCS superconductor (L x L lattice)

average number of electrons per site = one (Half-filled)

g(r —r’') & Cooper pair wave function

> y9(r=r')e e,
P I

BCS wave function BCS) x e “r
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Wavefunction of a Z; Spin Liquid

= BCS superconductor (L x L lattice)

average number of electrons per site = one (Half-filled)
g(r —r') & Cooper pair wave function

! | |
, glr—r |n"!_ r:’

: | ‘%
BCS wave function BCS) x e Zor.r

= RVB Spin Liquid wave function |RV B) = Pg|BCS)
P;; projection: exactly-one-particle per site

Insulator: valence bond ~ incoherent Cooper pair
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Elementary Excitations

= Elementary excitations in superconductors

Bogoliubov quasiparticles (zero average charge, S=1/2)

= Elementary excitations in the spin liquid state

Pc; (Bogoliubov quasiparticles) = Spinons (Q=0,5=1/2)
® Fractionalization of electrons !

Non-trivial excitations
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Elementary Excitations

= Elementary excitations in superconductors

Bogoliubov quasiparticles (zero average charge, S=1/2)

= Elementary excitations in the spin liquid state

Pc; (Bogoliubov quasiparticles) = Spinons (Q=0,5=1/2)
® Fractionalization of electrons !

Non-trivial excitations
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Short ‘Coherence Length’ Limit

TWO topologically distinct valence bond coverings

intersecting ; ; Intersecting

even number : | odd number
of dimers j | of dimers

Non-trivial ground state degeneracy
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Properties of Spin Liquid Phases

1) U(1) Spin Liquid

Gapped

Gapless

Specific Heat

Not stable

Stable
Fermi Surface
Dirac point

Cme(T) ~ T
Cue(T) ~ T2

Stable
Fermi Surface
Line Node

Cme(T)~ T
Cme(T) ~ T?
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Properties of Spin Liquid Phases

1) U(1) Spin Liquid

Gapped Gapless Specific Heat

Stable
Not stable Fermi Surface Cme(T)~ T
Dirac point Cmr(T) ~ T°

Stable
Fermi Surface Cue(T) ~ T
Line Node Cme(T) ~ T?

Gauge field fluctuation effect

Gapless Cases Gapped Case ("photons”)

2D Fermi surface case: C(T) ~ T2/3

_ 3D ¢(T)~T3
3D Fermi surface case: C(T) ~ T In(1/T)
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Properties of Spin Liquid Phases

2) Z; Spin Liquid
Stable in 2D and 3D

Can support Dirac point (d-wave gap) and line nodes etc.
(just like superconductor)

Pirsa: 12060034 Page 62/105



Pirsa: 12060034

Properties of Spin Liquid Phases

2) Z; Spin Liquid
Stable in 2D and 3D

Can support Dirac point (d-wave gap) and line nodes etc.
(just like superconductor)

i) Fully gapped case:  C(T) ~ ¢ Avison/T
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