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Quantum Spin Liquid
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Resonating Valence Bond state



Fractional quantum number

spinon

excitation with AS = 1/2 not
possible for any finite cluster
of spins. May be a fermion

always created in pairs by any
local operator



Classes of QSLs

e o ¢

® Topological QSLs &'

anyons,
spinons

e U(1) QSL compact U(1)

® Dirac QSLs QED;

® Spinon Fermi surface non-Fermi
liquid “spin

metal”
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Smoking Gun?

Difficult to find incontrovertible and sharp
indicator of a QSL!

A tew possibilities

e [-linear thermal conductivity in

. . observed!
spinon Fermi surface QSL

* Transverse, linearly dispersing not yet

emergent photon mode in 3d U(1)  observed
QSL
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Some new ones:
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field-polarized spinon Fermi surface observed
state
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Kitaev Honeycomb ﬁ
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Thermal Quantum Hall Effect

® No charge. Have to study heat
transport!

T4

]:c s I{HATy

—_—mm———
T a universal prediction for chiral
2 ch%T X

K = T “Ising anyon"” phase: agnostic to
microscopic spin interactions




Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Why worry?

1000 :
T =50 mK; / =500 nA : . . . . .
ol i Quantization is only visible
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But for RuCls, thermal Hall angle ~ 10-3 1



Theoretical Problem

From Y. Kasahara et al

In the plateau regime of x.,, no anomaly is observed in k., probably
because phonon contributions largely dominate over fermionic excita-
tions arising from spins in k,, in the whole temperature range*>%.

Q: Can quantized thermal Hall effect
persist when phonons dominate
bulk conductivity?

A: Yes, and phonons actually help to
make the effect observable.



Theoretical Problem

T4

Recall

derivation of

QTHE




Theoretical Problem

T4

Recall

derivation of
QTHE

——I——ﬁ—_l——
1>

Kex > Kgy @ Temperature of phonons in not constant at the edge

?? Could edge be out of equilibrium with the
phonons and have constant T77

- but: in that case, which T is measured?



Formulation

leads oouqaLeol
to the Lattice

® Assume spins go into nonabelian QSL phase: bulk spin
gap, chiral edge state

® Include bulk phonons with no Hall conductivity

® Majoranas and phonons can exchange energy at the edge
of the sample



Formulation

Lleaods ooupLed

Jbulk = —KkVT to the Lattice

Jex
® \ariables:

® T..(x,y) = phonon temperature in bulk

® Tix,L,) etc = fermion temperature at edge



Formulation

Lleaods oou.pLeal

jbulk = —kVT to the Lattice
@l
T~
j@ﬂ?
® Currents:
e Bulk Iph = —KV 1y
.
° Ip = Tf
Edge F=o4tr



Formulation

Lleaods oou.pLeal

Jouik = —KVT to the Lattice
i
T~ .
j@ﬂ?
e Continuity:
® BU”( \% ’jph =0

® Edge aCBI :jzjea;, ijgh(xaiyO):jex(xviyO)-



Formulation

Lleaods oouqsLeal

Jbulk = —KkVT to the Lattice

Jea
® Coupling:

® |inear response je: = MT)(Tpn — T)



Formulation

H pR— H

® Full equations (for infinite Hall bar)

® bU”( VZfpph =0

o edge ligy&an (513, ::yg) — —liayTph(aj, ::yo)
= +A(T) (Tpn — T¥)

waiyo



Solution
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® Solution
0T 0T
o Bulk Tyn(z,y) =ToA &Zh | 85%
oT.
® edge Ty(z,+yo) =Ti+ + a;hx
(9Tph _ _/f%y anh Tph B Tf __Kk ATy

oy Kk  Ox



Solution
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® Solution
oL, Ol
. T :T j| p I p
Bulk ph (T, Y) 0 axa oy Yy
T

¢ edge Ti(x,£yo) =11 + + aiha:

anh _ _/f%y 3Tph T, — Ty — _K ATy

oy Kk Ox g d A Ly

phonon Hall angle corresponds to quantization! Implies
quantization in 3 probe experiment measuring Tph



Solution
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® Solution
ol o1,
® Bulk T,(z,y)=Ty+ x4+ =L
T
¢ edge Ti(x,£yo) =11 + + a;hx
0Ty, Ky 0T, LT = 1" AT,
— p

oy Kk  Ox AL,

Majorana temperature not equal to phonon one. ltis
actually better to measure phonon temperature!



Finite Hall bar

I¢(z,y) Tr(z,y

4()_

j@il? La:
® Solve coupled Laplace and
boundary equations, with L ® LI =001
constant temperature leads. - ( \
X / \
X l/L,
® Reveals dependence on , ‘
" . . " e V|l | = 0.01, 0.1, 1
thermalization |ength L U T T
/{q —L./2 L./2
0 — .

A



Bulk-edge decoupling

Expect failure of quantization at low
enough temperature!



Summary

Ii(z,y) ()
: ! = I .
e
oE
jex Lﬂj

® Quantized value of thermal Hall conductivity can be
measured even when large phonon conductivity is present

® Quantization is only power-law good, and deviations are
controlled by edge-bulk equilibration

M. YE ET AL, PRL 2018 see also: Yy winkLer-Aviv, PRX 2018



Smoking Gun?

Difficult to find incontrovertible and sharp
indicator of a QSL!

Some new ones:

e Quantized thermal Hall conductivity
in Kitaev’s non-abelian spin liquid

*Silin spin wave and continuum in ot yet
field-polarized spinon Fermi surface observed
state

Matsuda




Spinon Fermi surface

W) = [T ) [] clyeiyl0)

7 k<kp

* The most gapless/highly
entangled QSL state

e |ike a “metal” of neutral
fermions w/ a U(1) gauge field

* Prototype “non-Fermi liquid”
state of great theoretical
Interest




Triangular lattice w/ ring

exchange
U/t

e ——

e- localization

triangular

* Motrunich (2005): ring
exchange stabilizes a

spin liquid

kagome lattice

—> frustration



Triangular lattice w/ ring

exchange

* Motrunich (2005): ring  eMotrunich, Lee/Lee: spin
exchange stabilizes a iquid state favored by
spin liquid ring exchange is the

“spinon Fermi sea” state
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e NMR

Fvidence
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no magnetic order

Sommerfeld law
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Spectra

Common expectation in a QSL:
broad continuum scattering

Kk.O -6 spinon S=1/2

neutron

broad peak with
w=e(k")+e(k-k")

k,w

magnon S=1

K, Q)

Not very inspiring?



particle-hole continuum

Free fermions

. lowest energy for k<kg E /

. 0 2kr 9
maximum energy




particle-hole continuum

With Zeeman field e« =1 /0 AH([S} (1), S=q ()"

q=0 costs Zeeman energy

zero energy when veg
= Zeeman

EZ

E~/vEe q



Energy (meV)

Inorganic analogs?

YbI\/IgGaO4

Letter | Published: 05 December 2016

Evidence for a spinon Fermi surface in a
triangular-lattice quantum-spin-liquid
candidate

Yao Shen, Yao-Dong Li, Hongliang Wo, Yuesheng Li, Shoudong Shen, Bingying Pan, Qisi Wang, H. C.
Walker, P. Steffens, M. Boehm, Yiging Hao, D. L. Quintero-Castro, L. W. Harriger, M. D. Frontzek, Lijie
Hao, Sigin Meng, Qingming Zhang, Gang Chen B4 & Jun zhao

Nature 540, 559-562 (22 December 2016) = Download Citation ¥
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Fractionalized excitations in the partially

magnetized spin liquid candidate
YngGaO4

Yao Shen, Yao-Dong Li, H. C. Walker, P. Steffens, M. Boehm, Xiaowen Zhang, Shoudong Shen,
Hongliang Wo, Gang Chen ™ & Jun Zhao

Nature Communications 9, Article number: 4138 (2018)
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particle-hole continuum

With Zeeman field
E

=0: ESR
9 \Ez

Larmor theorem
fixes response

EZ/vEe q

Effects of interactions?



Interactions

* | ongitudinal ® Transverse
a1 iA- (VTVY - Vily)
screened Coulomb coupling to dynamical
interaction photons

@ 0~



Interactions

* | ongitudinal aothy » U@DWWI%

= —um (win — wilﬂi) + u Wiwﬁbi%i

self-energy interaction



Selt energy

e Longitudinal  ao®'y » “@DMWI%

= —um (o — vl )

mean field shift




Interaction

Larmor theorem: g=0

excitation must be at E>
RPA T T T

x°(q, iwn)
14+ ux®(q, iwn,)

X(qa an) —




Silin spin wave

Larmor theorem: g=0 s
excitation must be at E>
RPA E-+um
1 1 1 E-
{ { {
(qiw,) = X (@riwon) )
AL = T X0 (g, ion) 0 Ez/ve g

\ pole: collective mode

I . " w=F +um—\/u2m2+f02 2
Silin spin wave ‘ rd



Transverse gauge coupling

Simple picture:
3-particle process: - ‘
E = Eyp/n(q— k) + Ephoton(h) e A

Does this smear out all the Fermi liquid structure?



Transverse gauge coupling

Actual calculation:

0 1 1 0 .
| l !

Y. /B. Kim, A Furusaki, X.-G. Wen, and P. A. Lee, Phys 1 h | | I - O
c.t Rev. B 50, 17917 (1994). wel g t at d q .

but weak enough to
preserve structure

ImX:l: -~ q2w7/3



Summary

Distinct signatures of spinons,
interactions, and gauge fields

E
O.Starykh + LB,
E,+um 2-spinon in preparation
E,k continuum

spinon wave i
0 AV g

gauge
excitations



e Quantized value of thermal Hall conductivity can be measured
even when large phonon conductivity is present

® Quantization is only power-law good, and deviations are
controlled by edge-bulk equilibration

"R, U.S. DEPARTMENT OF Office of

EN ERGY Science

O Ez/VF q

® Fermionic two-spinon continuum modified by Silin
spin wave and gauge continuum.

® Further work: modifications near g=0 by anisotropies/
SOC - needed to understand ESR, extension to Dirac
spin liquids

GORDON AND BETTY

S MOORE

FOUNDATION



