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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

always created in pairs by any
local operator



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
observed

emergent photon mode in 3d U(1)
QSL



Kitaev model

Kitaev's honeycomb model ~ H =) K,ol's¥_,
(7

KITP, 2003

1

SPLn, 7 on each site,

exact parton construction o; =icicj cicicic; =1

effective quadratic Hamiltonian
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Non-local excitations

Majorana € Flux e, m

In Kitaev's model:
* Majorana’s dispersion ~ K and Dirac-like
* Fluxes are localized with small gap



Non-Abelian Phase

® |n an applied magnetic field, the
Majoranas acquire a gap

Ha=1 5 Aucicn field induces a fermion mass,
A=27(-—)+2(=—)  very similar to the Haldane
x yhz .
~ el model (except Majorana)
[ >
1V
H, = Y dx nod.m
chiral Majorana edge mode
\,
€




Quantum Hall Effect?

® No charge. Have to study heat
transport!

T

~ [Tdq ek, B
I_/O 5 vaf(vg) = = 2T central charge c=1/2

c.f. c=1 for both IQHE and FQHE abelian states

implies the existence of bulk non-abelian
excitations (the fluxes, bound to MZMs)



Quantum Hall Effect?

® No charge. Have to study heat
transport!
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Quantum Hall Effect?

® No charge. Have to study heat
transport!

Ty

Ix — /QHATy

—(—
T a universal prediction for chiral
2 ch%T X

K = “Ising anyon” phase: agnostic to

6h

microscopic spin interactions



Kitaev Materials

Jackeli Khaliullin ~ Showed that Kitaev interaction can be 'pz

2007 large in edge-sharing octahedra with ><><
large spin-orbit-coupling >Q<
NazlrO3
(o, B, ¥)-
|_i2|rO3
P.Gegenwart
H. Takagi

Honeycomb and hyper-
honeycomb structures



O(—RUC‘3

Clearly not described by ideal Kitaev model,
but still interesting
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Suppressing order

With a magnetic field:

A. Banerjee et al, 2017
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With a magnetic field:

Suppressing order

A. Banerjee et al, 2017
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Thermal Hall Effect

Y. Kasahara et al, Nature 2018
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Why worry?

1000 :
T =50 mK; / =500 nA o . . . o .
Q| i Quantization is only visible
800 4 . ..
=2 _ when diagonal conductivity
Tew— T is small, i.e. Hall angle ~
— 04
5.0 3 90degrees
200 | 02 . M | ll| 7
: semicircie I[aw
0 )] o2 +(0' _0'1+0'2)2___<0'1_0“2)2
T o e s T xx " 2 2
0 2 4 6 8 10 12T 14

c.t. IQHE

But for RuCls, thermal Hall angle ~ 103 Il



Theoretical Problem

From Y. Kasahara et al

In the plateau regime of xy,, no anomaly is observed in k., probably
because phonon contributions largely dominate over fermionic excita-
tions arising from spins in xy, 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

Ty

Recall

derivation of

QTHE




Theoretical Problem

Ty

Recall

derivation ot
QTHE

————
1>

Kex = Kzy @ Temperature of phonons in not constant at the edge

?? Could edge be out of equilibrium with the
phonons and have constant T7?

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



Formulation

leads coupLed
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

leads coupLed

jouik = —kVT to the Lattice

Jex
® \ariables:

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

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




Formulation

leads coupled

jbulkz — _/{VT to the Latt'wc
2[
T~
.7633'
® Currents:
® Bulk Iph = —kVpp
.
° [ = —T%
Edge f= 5417



Formulation

leads coupLed

jbulkz = —kVT to the Lattice
mr |
T~
.7633'
e Continuity:
® BU”( A% 'jph =0

® Edge Oply = Ljew, Lipn(®,FY0) = Jeu(, Y0).



Formulation

leads couq:Leol

jouik = —kVT to the Lattice

Jea
® Coupling:

® linear response jex = A(T)(Lpn — T¥)



Formulation

' — & H

® Full equations (for infinite Hall bar)

® bU”( vaph =0

® edge #1,0.Tf(x,+yo) = —K0yTpn(, £yo)
tA(T) (Tpn — Ty

337:|:y0
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Solution

&

e Bulk

® edge Ty(z,-

OT,,
Qy

® Solution

ol 0T,
T, = Tp + —=2 p
ph(xay) O_I_ ax T+ ay Yy
o1,
) =T b
Y0) 1,+£ T py x
K4 aTh K/AT
Ty p T, T, — — Y
Kk Ox ph f= AL,



Solution

' — & H

® Solution

ol 0T,
e Bulk T =T P P
U ph(xay) 0T O T+ ay Y
1 T,
® ¢ ge Tf(CIJ, ﬂtyo) — Tl,j: —+ 33} xr
anh _ H%y anh T, — Tf _ :E ATy
oy Kk Ox P A L,

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



Solution

H — & H

® Solution

0T 0T
® Bulk Tyn(zr,y)=To+ azthr a;;hy
eage Ty(x,xyo) =T1 4+ + 5
OT,, KL, 0Ty, Kk AT,
= — T —T = I —
oy kK Ox - [ = AL,

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



Finite Hall bar

I¢(z,y)

B

Jex az

Tffl?y

® Solve coupled Laplace and
boundary equations, with | ® /L. =001
constant temperature leads. \

h
Kliy/K?cy

® Reveals dependence on ‘ to/La
/" : . " L, 1 | =001,011
thermalization length A 001, 0.1,
,{/q —L./2 L,/2
(, = —2 x

A



Bulk-edge coupling
local phonon strain couples

to Majorana kinetic energy

Hiny = _iivf /dCUC(iU)Kijaiuj(ﬂ?,yo)n(iﬁ)ﬁxﬁ(l'):

We use kinetic equation to

029
calculate .
(g_f)ph—m" N _(agth> T Z wqq(a%ghou’ %

dz,qy

1%

k

Rate (%@)CO” = 2% X QZ{QMJF((T, koKD dis (1 + go) fefer6(—wz + €x + €xr)
kK’

- <|M_<(ja ka k/)|2>dis gwfefe’é(wq’+ €r + Gk:’)}



Bulk-edge coupling

local phonon strain couples
to Majorana kinetic energy

Hiny = 1Yy /dCUC(iU)Kijaiuj(ﬂ?,yo)n(iﬁ)ﬁxﬁ(l'):

4

We use kinetic equation to
K
calculate ; oE o, ()
Jex X (E)ph—ﬁ:_( 8th) :_g; wi( ot )cozz’ '

Result

1%

k

2 -2 strong T-dependence:
9°¢ 76 -a
32(2m)3v4, v2pg / thermalization becomes
pht poor at low T.

\ —




Prediction

Expect failure ot quantization at low
enough temperaturel!



Disorder

® Experimental observation:

® Quantization is observed only in the
"best” samples, which have the largest
diagonal thermal conductivity

® Presumably, sample variations involve lattice
disorder that affects the phonon transport

® \What is the effect on thermal Hall effect?



Disorder

® Network model

<
] — resistor I;,; = ki (T; — T)
. — chiral I’i—)j = ZlIKJH(Tz =+ Tj)/2
| ---- resistor I ; = \T; — T;)
L :

® Disorder included as random resistors



Disorder

Input: smooth random conductivity

i .

\ =

~—

Output: Hall temperature gradient
(anti-symmetrized in field)




Disorder

Input: smooth random conductivity

N o
Output: Hall temperature gradient

(anti-symmetrized in field)

KH h/\/“v \\_/“ quantized value
o / |




Summary

Iy(z,y) JTf(xay)
ry ! = [
e
jea L, |

® 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
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