Leon Balents
CIFAR school, Toronto, April 2016

. Quantum Spin

Liquidsi_

3
.‘ s &5

| =
:' ’
-




Plan

® The bird’s eye view: QSLs as ultra-
quantum matter

® \What is different from ordinary stuft?

® Review experimental status and recent
developments

References here: https://spinsandelectrons.com/pedagogy/




Quantum Magnetism

spin ice
Fully
b classical
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Quantum non-locality

EPR V) = —= (1) = D)

b
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A. Einstein B. Podolsky N. Rosen



Schrodinger Cat

J—’f’\§>+«%‘\x>

Cat states - superposition of a small number of
macroscopically distinct components - are
exponentially unstable: any local measurement
collapses the superposition. They also require
an exponentially long time to assemble with
local unitary operators



How quantum can dense
matter stably be?

Quantum spin liquids are
ground states that retain long-
distance entanglement and are

robust to perturbations

"Ultra-quantum matter”: stable phases ot matter
that retain some degree of quantum non-locality



Ordinary (local) Matter

We can consistently
assign local properties
(elastic moduli, etc.)
and obtain all large-
scale properties

* Measurements far away do not affect one
another

* From local measurements we can deduce the
global state



Ordinary (local) Matter

Hamiltonian is local

H = Z H(x) H(x) has local support near x

Ground state is “essentially”
a product state

uuu no entanglement
| H H \ between blocks

V) = ®a|1Y) 4




"Essentially” a product state?

e Adiabatic continuity

V) =

phase space



"Essentially” a product state?

e Entanglement scaling

pa = Trz|U) (¥

S(A) = —Tra(palnpa)

S(A) ~ocL* ! area law

satisfied with exponentially small corrections



Best example: ordered

magnet
: : exchange is short-
Hamiltonian H=Y Jj;Si-8; ange: local
(25)
ordered state W) ~ X)|S; - i = +S5)

block is a single
spin




Quasiparticles

QOO excited states ~ excited
99090000 levels of one block
e e o o

e e

90000000

900800000

®|ocal excitation can be created ® quantum numbers consistent

with operators in one block with finite system: no
®|ocalized excitation has emergent or fractional
discrete spectrum with non- quantum numbers

zero gap, and plane wave
forms sharp band



waVve

w(k) ~ A —2tcosk,a— -

neutron

k,w
magnon S=1

Line shape in RbaMnF4

K,Q



How quantum can dense
matter stably be?

Quantum spin liquids are
ground states that retain long-
distance entanglement and are

robust to perturbations

©Bruce Gaulin

"Ultra-quantum matter”: stable phases ot matter
that retain some degree of quantum non-locality
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Example: toric code &4

A. Kitaev

Htc:_KZPp_K/ZSs/ o.o.o.o.o.o.o
p 5 o—t+—o—t+—o—t+—o—t—-o—+—o—+o

® O o o o o

o——o—t+—o—t+—o—1—o—F——1=

_ z — L ® O © o o o
Pp_Ho-i SS_HO-Z o——o—t+—o—+—o—1—o—F——1=
1ED 1€S © oo o o o
o——o—t+—o—t+—o—1—o—F——1=

® O o o o @

S; o——o—t—o—t—o—+—-o—1+—o+t-o

Everything commutes!
* In ground state simply P, = S, = +1

But what is the state?



Ground state

Product basis [{s:}) = ) |07 = s:)

1

Solve S.=+1:
o) = R) o} = +1)

Now project to Po=+1: ¢,-—2

=5 Z qu

= [ 1Qplpo) =27V Z TP o)
p

g1---qn=0,1 p



Grounad state

massive

=2 ¥ [PV =Y AR y
oLy “ b Superposition

|Oops ="=0=0=0=0=0= State

(similar form in Z variables)

All spins are (0]o7]0) = (0|Ss07S5|0) = —(0|c|0) =0
uncertain (0|0?|0) = (0| P,o?P,|0) = —(0|cZ]0) = 0

And yet there is some structure...



Excitations

Hi = —K) P, —K') S,
p S

Consider state with
just one S¢=-1

es) = ][ o710)

1€/

T @ @ @ (] @

BN MMM

non-local excitation!

local operators, like finite
product of Z operators,
create e particles in pairs



Non-local excitations and

entanglement
b
|es>:HU¢z’O>
1€/

Why does this have finite enerqgy? (es|H|es) o« L,?7?

( N . . N ) away from the ends, the
e string just reshuffles
P D elements of the

) ( + + + + ) superposition



Excitations

There is also an m dolol T T T,
. . e © é. © e Q
excltation '4" T %—*—.—'
Pp:—l .'ma'.'g.".'am-

Q Q @)
. O O O
And we can consider two IS eCi 9
O

of these together o ¢

E=€eXm

e,m,€ are the emergent non-local
quasiparticles ot the toric code



Non-locality

For the toric code, and in general for

topological phases (i.e. gapped QSLs), the
non-locality of excitations manitests as statistics

ae °a °a,
v

the excitations are anyons, i.e.the v/ || eandmsee each

state acquires a unitary rotation A other as “pi flux
(e.g. phase) when one excitation is <« ¢

TR
taken around another //\\ \Q

€ is a fermion



Stability

One can show that the toric code phase is
absolutely stable to arbitrary (small) local
perturbations, even those which break all

symmetries.

This is because the “order” of the toric code is purely
a type of entanglement, not any symmetry breaking.
Only by bringing the gap of a quasiparticle to zero can
one “unwind” the entangled ground state.

rigorous proofs by Hastings, Bravyi



RVB states

Historically the first proposal of a QSL by
Anderson in 1973

1
H:JE S; - S a» = — (1) — i)
— / V2
(iJ)
AVAYA AVAY ANAVAVA A YAVAVAVAY A A AVA
‘\m — WO N O | O W S
o YAVA¥AvaVAVAY, Y, AR S A YAvAY NaVavaY NVavANEn e
AVAAY N SawgVaVaV N AVA YAY N Vi YaVawaY

superposition of singlets is quite similar to sum of loops in toric
code, and indeed when made precise such a nearest-neighbor
RVB state is typically in the same phase as the toric code



A\A’

create a spinon by rearranging valence

bonds to expose a single free spin

New feature: SU(2) spin symmetry

espinon excitation has S=1/2, a fractional
quantum number (spin tlips are S=1)
*this”enriches” the topological label e,m,&

many efforts to understand Symmetry Enriched Topological order



Quantum spin ice

Minimal XXZ model on pyrochlore lattice

H=Y J..87S; — JL(Sf5; +h.c)

&/_/ Spin ice

";z th (SISZ-Z) » J+ < J.; is the spin ice limit

1€t

Y 57 =0in the classical ground state: “2in-2out”

et

With a lot more work one can M. Hermele, MPA Fisher, L.B., 2004:

show that J+ selects a massive A.Banerjee et dl, 2008

superposition of these states



Quantum spin ice

like the toric code, the
QSL state can be viewed
as a sum of loops - follow )N, 7,
the arrows! SN

There are also non-
local excitations

D S =41

“spinons”
“monopoles”




Gauge theory

These QSL states are all conveniently

described mathematically by gauge theory

Se=+1 Y 5=

e| ocal constraints:

()

eGenerate local unitaries

U =0t = Hsgl—qs)/Q qs = -

ct

t]- .... ...

S

z z z
O-SS/ — UTO-SS/U = quS/USS

/

0.4 are Z; gauge fields

toric code = “Z», QSL"

Ss @ O O O




Gauge theory

These QSL states are all conveniently
described mathematically by gauge theory

eLocal constraints: S, =+1 » S7=0
eGenerate local unitaries '

U =[] xe € U(1)
t

S;?’ _ UTStj;,U _ ei(Xt_Xt’)S;?/

Stj;, ~ e g 5 U(1) gauge connection

QS| hosts a U(1) QSL



Gauge theory

eLoops ~ field lines describing
"vacuum fluctuations”

toric code: Z»



Deconfinement

The superposition of different string configurations “smears out”
the flux emanating from e, so that it cannot be detected by any
local measurement away from the quasiparticle

® consequently the string tension is zero = deconfinement
®the complete local undetectability of the flux is characteristic of a
topological QSL



Deconfinement
U(1) QSL

|spinon) = Z

flux lines

Spinice

Here the flux is a number, not a parity, and can be added.
The superposition of many field lines smears the flux into a
“uniform” dispersed magnetic/electric field

B ~ L This leads to the usual 1/r Coulomb interaction
r2 between charges. It decays with distance so charges
are “deconfined”, but the flux is locally detectable



Photon

Since there is a detectable average field, there
is energy density associated with the field lines

Consequently, there are “pure gauge”
excitations. These are not non-local particles but
emergent collective excitations. They are exactly

analogous to the photons of electromagnetism.

W~ ck W U(1) QSL is a gapless, not topological

example of ultra-quantum matter



Variational method

® Up to now | described results out of
soluble or otherwise tractable models

® \/ariational wavefunctions are an
attractive way to approach models
when no other handle is available

RVB: U — 01 . 02

but how to keep track of so many coefficients??



Free Fermions

® One useful construction uses a Fermi gas:
a product in momentum space rather than

real space
v= [ clo
k<kp
o] [o]® o [® o [®
@ @ @0 @ @
= (| |e|® tc2jel@| @ | Tc3|@e <
@ @ @ @
@ @ @ |0@ @O @




Entanglement Entropy

® Free fermions S~ oL% tloglL

D. Gioev+l. Klich, 2006
M.M. Wolf, 2006

® \ery large entanglement is generic. A
metal is in this sense “ultraquantum”

however, it has local quasiparticles



Gutzwiller Construction

® Construct QSL state from free fermi gas
with spin, with 1 fermion per site (S=0)

A1 [4]4 AFRNE AV
VA VY VA VY VAN 4
Wo=C[y| AN Tyt 2V ]Tes [V ] v
VIVINIY Y VIVIVIVY VOTVIY Y
ALV (A ALV V4 ANV VA




Gutzwiller Construction

® Construct QSL state from free fermi gas
with spin, with 1 fermion per site (S=0)

||| |>
—> ||« |<|>

- ||| |>
e o = N
<« ||| |>

® Projection removes empty and doubly

occupied sites ¥ = Pg¥
“like"” a gauge constraint n; = 1



Gutzwiller Construction

® Construct QSL state from free fermi gas
with spin, with 1 fermion per site (S=0)

||| |>
—> ||« |<|>

- ||| |>
e o = N
<« ||| |>

® Such wavefunctions can be efficiently
simulated using Monte Carlo methods



Partons

Gutzwiller-type variational wavefunction uses a
reference Hamiltonian

Hyep = Z [twcj{acm + h.c. +Aw it ]l + h.c.
]

Project

|\Ijvafr> — Hpnizl‘quef>

—

(
The fermions are “partons” S = Gas

Cia "2 CiB
Standard (MIT) belief: each such projected wavefunction
represents a true QSL phase, in which the partons
become the non-local quasiparticles - “spinons” - and
they are coupled to an effective gauge field



Classes of QSlLs

Topological QSLs
e full gap

U(1) QSL

® gapless emergent “photon”
Algebraic QSLs

® Relativistic CFT (power-laws)

Spinon Fermi surface QSL

g VIV

fermionic partons

VA YAvaVi AvaY AVavaVA A YA YAVAVAVAY Y AY AVAN
oY Y WV Yal Navay NERPAY-VavaY NaUaVaPavs) TQ FT
Vs AVAYAvaAVAVAY, Y VAR AW, YavaY VaVavaY AVAVAY
aVavaV ¥ FavawaWsV NIV, VaT ¥ i YAVAvaY N
+ ...

compact
U(1)

gauge
theory

QEDs3

QEDs3
w/ u>0



Summary so far

QSLs are examples of “ultra-quantum matter” whose
ground states are massive superpositions and exhibit
long-range entanglement

Characteristically they support non-local excitations,
which might be anyons or other exotic particles

The natural theoretical description of many QSLs is
gauge theory

Many QSLs are absolutely stable to all small
perturbations, irrespective of symmetry. “Highly
gapless” QSLs are less stable.



Spin liquid candidates




Top experimental
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A rough guide to
experiments on QSLs




kagomé layers of Cu
S=1/2 spins, separated
by non-magnetic Zn

Hamiltonian
H:JZS¢°Sj+
(i7)
Long efforts by Nocera, Young Lee
groups produced crystals

beautiful material, but complicated by Cu/Zn site defects




S=1/2 kagomé AF

® | ong history - but definitive evidence
for QSL by DMRG

L it et S A A A K KKK LA A A i L

).200
—— © Steve White
@ Series (HVBC)
043+ O DMRG,Cyl, Odd
MERA &> DMRG, Cyl, Even
DMRG, Torus (Jiang...) ||
% Lanczos, Torus

MR s von etal, 2010

2
5 -0435F DMRG -
L Upper Bound J .
_ < Torus | many other studies support
3 2 i IR B existence of some QSL phase
- \ZD (est.) ] * ]

N I |
0'440 0.05 0.1 0.15 0.2

1/c



S=1/2 kagomé AF

e \What kind of QSL?

DMRG partons
% ‘ + various other
proposals with
- weaker
S. Depenbrock et al, 2012 Y- Ran et al, 2007 quantltatlve
F. Becca... t
suUppor
gapped, o
gapless U(1)
presumably Z;

topological QSL Pirac Q5L



Herbertsmithite

. 2'0‘(3)' H=0T+ 3T N : - -
«
Lots of early evidence gl == e
< * 14 T«:«"f 4 ..é ugHIK,T ™
© T(K) = 140 1 2 3 4 5 ‘0 G;’;k _
g " - 0 s w5025 g 0T
3 ' 2 K 2 m’/ 08 S t:&
f | M £ s / s
5 o 8 S T8 =
Oor gapilessness & R VT
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X 044
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S 02
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Helton et al, 2010
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Temperature (K)

Helton et al, 2007

| I
. S o 1 % a2 56
S I I I g |e CrySta | | N 35 (a) 6mev 1.6K 7 K1Q spinon S=1/2
K, =W

neutron

k,w
magnon S=]

 a—

smooth continuum ,
() 2mev 1.6K 1 K,Q

scattering 2_
continuum scattering

expected

R~ 0
e H ...but probably with more
T-H Han et al, 2012 1 i . | ctructure?

KKO[rlu]




Herbertsmithite

Single
crystal NMR

M. Fu et al, 2015

c.f. T. Imai lecture

Low energy INS

T-H Han et al, 2015
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Kitaev model :

Kitaev's honeycomb model ~ H=>» K,ol'ol,,
(Y

1. The model Phese dingram

Jz=l , JX=J,=D

(acgcches a gep th
a hu.,utrc &y y)

KITP, 2003

J =/
)
Gopped phases [ Ehe St ubirus
PPe ctwus (o&ssa.sﬂcéohuak

Spin 3’_- on each site Abelion

exact parton construction o} =icic; cicicjc; =1

physical Majoranas Hw = K ) icic; W)’

(i7)



Non-local excitations

Majorana € Flux e, m

In Kitaev's model:
* Majorana’s dispersion ~ K and gapless
* Fluxes are localized and gapped



Kitaev Materials

Jackeli, Khaliulin -~ Showed that Kitaev interaction can be |
large in edge-sharing octahedra with ><><

large spin-orbit-coupling ><><

Honeycomb and hyper-
honeycomb structures



Kitaev Materials

35 35T
C

30

30 3

E (meV)
(8]

direct evidence for Sy
direction-dependent
anisotropic exchange
from diffuse magnetic
X-ray scattering in
NazlrO3 (BJ Kim group)

E (meV)
(8]

Observation of gapped

h : d continuum mode persisting
there Is pretty strong evidence above T in 6-RuCls

of substantial Kitaev exchange consistent with Majoranas
in quite a few materials (A. Banerjee et al)



Kitaev Materials

direct evidence for

direction-dependent
anisotropic exchange
from diffuse magnetic
X-ray scattering in
NazlrO3 (BJ Kim group)

there is pretty strong evidence
of substantial Kitaev exchange
in quite a few materials

Unpublished single-crystal
data (A. Banerjee et al) in a-
RuCls has expected
momentum structure for

Kitaev QSL



Magnetism

® But...they all order so far

due to additional interactions, o — Z KS?S&LQ 4+ J Z S_{L : gj

e.g. Heisenberg — m
, i]

has been observed in
Na»lrO3 and

/ incommensurate order




Magnetism

® But...they all order so far

due to additional interactions, o — Z KS?SiOiLa 4+ J Z S_{L : S’}
1,0 (27)

e.g. Heisenberg




Real quantum spin ice

® Symmetry constrains form of W local z
&7

generic Hamiltonian for &\, axes

s.cumoe, 2008 Kramer's doublets
H= 7. 575 .
% J these terms give the
—Jx > (SFS57 +8;78))
(4,7)

+ e > [S7 (G ST+ ¢S7) +i > ]

earlier model

—I—J:t:{: Z (’)/ZJS:_S;_ —|—’Y;;SZ_SJ_)
(i,5)



Hamiltonian W

® Symmetry constrains form of 1
ymmetry constre « # local z
generic Hamiltonian for
Kramer's doublets

H= J..» 55
(4:9) £

—Jx > (SFS57 +8;78))
(4.9)

£ N, axes

L. Savary et al, 2012

E(m V)

+JZ:|:Z[S1EZ<Cijs++CZJS])—i—i<—>] (HH (00) 101232 0 10120051152

(4,5) Jp,=-25%1.8x 102 meV
EraTi20O7 J,. = -0.88 = 1.5 x 102 meV

. Je=65%0.75 x 102 meV!
XY-like ”‘ﬂ

&Ljii = 42 =+ 05 X 10_2 meV

—|—=]:tj: Z ’ijS+S+ +7§}S{Sj‘)
(4,9)




Hamiltonian

® Symmetry constrains form of ‘
ymmetry constre « % local z
generic Hamiltonian for |

Kramer's doublets
H= J..» 55 I

£ N, axes

K. Ross et al, 2011

B2 A g A i R
<’L,j> Ei "'4 ”~ & i, I e, X -,P" L] -,
w

L] -
Jaiis
o 1

—Jx > (SFS57 +8;78))

<Z’J> EI i - ﬁ
w 5T
+ Jox Z S7 (CisST +¢S;) +i e g oMMED

137)
(4,5 { J,=0.17+0.04 mev)
° ““ Y4 7
+Ta D (058 + 7457 55) Y02Ti207 =3 =0 7ez001 mev
(1,9) J- =0.05+0.01 meV
QSI

Jti = OOSiOO1 meV



missing
magnon?

quantum
critical

05 10 15 05 10 15 05 10 15 05 1.0 15
[H,H,H] [H,H,H] [H,H,H] [H,H,H]

K.A. Ross et al (2009)




missing
magnon?

L. Savary + LB, 2012

. .
Yb2T1207

05 10 15 05 10 15 05 10 15 05 10 15
[H.HH] [HH,H] [HH.H] [HH.H]

K.A. Ross et al (2009)

0.0 0.1 02 03 0.4

Tlds,

| tend to think recent evidence points .

away from the U(1) QSL and toward J+= might help?
an unconventional FM. But this is disorder effects?

still an unfinished story. other materials?



Organics

P

R L

r t

\ - \

Ztie
B’-Pd(dmit)z

® Molecular materials which behave as
effective triangular lattice S=1/2
antiferromagnets with J ~ 250K

® significant charge fluctuations



Organics

Crossover
( 1/T 1 T)max

°

A3
max\® “““
A

(dR/dT)
c"®“‘

Mott insulator 8

T (K)

B 4
Et,Me,Sb

I Metal
(Spin liquid)  ,omseét T
f A.. (Fermi liquid)
A,
"
Superconductor
3 4 5 6 7

Pressure (10-'GPa)

K—(ET)2CU2(CN)3
K. Kanoda group (2003-)

B'-Pd(dmit),
R. Kato group (2008-)

Et,Me,Sb:
EtMe,Sb @
=88:12
FP
®Me,As Co
EtMe;As @
© Et,Me,P
8 eVMesh
Et,Me,As
- AFLO
QsSL
EtMe,Sb
| | & oo |
0.7 1.0
t'/t




- NMR lineshapes

LCUIN(CN),ICI

(a) EtMe;Sb[Pd(dmit),],

A 1.37K

253K

6.67K
10.35 K|
153K
193K

N\

]\ 27.7K
1

N

Intensity (a.u.)
Intensity

Intensity (arb. units)

519K
753 K

149 K

/\ 22K

1 1 1 1 S S T (N S T HN R S M E R RN}
G - 81.80 81.85 81.90 81.95 81.75 81.80 81.85 81.90

94.32 94.4 94.5 94.6 947 156.6 156.7 156.8 156.9 157 Frequency (MHZ) Frequency (MHz)

Frequency (MHz) Frequency (MHz)

K-(ET)2Cu2(CN)3 B’-Pd(dmit),
T. Itou et

Y. Shimizu 1H NMR al, 13Cs NMR
et al, 2003 2008,2010

Evidence for lack of static moments: f > 1000!



S

Specitic Heat

® C ~ YT indicates gapless

large density of states

150
- |mOT||e x-(d,BEDT-TTF),CulN(CN),JBr M
1250 | Y 1T || x-@EDT-TTR),CulNioN) Joi
® 4T/| o B-(BEDT-TTR),(CI,
[ 8T
100
75 »
50 - °
qqqqqqq
25+
ol=
0 6

K—(ET)zCUz(CN)3
. Yamashita et al, 2008

CpT‘1 (mJ K-2mol-")

300 ——

200

=
o
(=]

CpT‘1 (mJK2mol) .

N
w1
o

=} T S
o S o S
o L T TT T T T

behavior with

B'-Pd(dmit),



Thermal conductivity

® Huge linear thermal

conductivity indicates
the gapless excitations

are propagating, at
least in dmit

® Estimate for a metal

would correspond to a

mean free path [ ~ 1
um ~1000 a !

x./T (W/K*m)

1.0

0.8
° C
06
0.8+ o4 & | - T dmit-131"
0.0 L
8= 0.0 _—— el | E
0.0 T (K) 03
04+
K.—(BEDT'TTF)QCUQ(CN)B
& A
i pooe ™" O dmit-221
0.0 fl .............. 1 I | l
0.00 0.02 0.04 0.06 0.08 0.10
T2(K?)

M. Yamashita et al, 2010



Organics - Theory

e RVB/QSL state:
® Motrunich, Lee+Lee: (2005) “unitform RVB” |

® this is a kind of RVB state with very many
(maybe a maximal number of?) long-range

VBs

® |tis described by a “Fermi sea” of spinons _.
coupled to a U(1) gauge field \

® Good variational energy for triangular lattice ‘
‘ /
Hubbard model \



Organics: issues

Why these very small set of materials?
Spatial homogeneity?

Indications of phase transitions. Gaps opening?
Charge ordering?

Quantitative inconsistencies with expected scaling
behavior from theory (c.f. C ~ T3 etc.)

Large isotope effects. Role of molecular rotations?

Almost all experimental checks of QSL are limited to
T<5K, and many are not directly tied to spins, while
J~200-300K. Hampered by nature of materials.
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Theory: Frontiers

Fundamental problems

e QSLs with strongly coupled
matter-gauge theory

* QCPs to/from QSL phases
* Out of equilibrium

New phases

* Fractal spin liquids
(Haah++) in 3d

* SPT phases

* Quenched disorder

* Doping

Reality

* Devise experimental protocols to
reveal quantum non-locality of QSLs

e Computational methods: less bias,
reliability of variational methods,
beyond ground states



Thanks for your attention

References here: https://spinsandelectrons.com/pedagogy/
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