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Introduction: Kitaev quantum spin liquid

. A candidate of Kitaev magnet a-RuCls;
. Thermal Hall effect in perpendicular fields

. Thermal Hall effect in tilted fields

Observation of half-integer thermal Hall conductance

. Summary

Y. Kasahara et al., arXiv:1709.10286 (2017).



Introduction
Quantum spin liquid (QSL)

Quantum fluctuations melt the long-range magnetic order even at 7= 0.
The ground state with massive entanglement of local spins.

Spin liquid are states which do not break any simple symmetry:
Neither spin-rotational symmetry nor lattice translational symmetry.

Platforms of QSL
1D: S = 1/2 XXZ chain

2D & 3D: Geometrically frustrated magnets

2D trianglar 2D kagome 3D pyrochlore
' ANYANIYA

Exotic physical properties in QSLs
Topological phases é ;
Gauge fluctuations ? ?? ¢ ? Q

Fractionalized excitations Spinon excitation (5=1/2, ¢=0)



Kitaev model

S =1/2 spins on tri-coordinate lattices  A. Kitaev, Ann. Phys. 321, 2 (2006).

— T QX yQy zZ QZ
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<1)>a <ij>y <35> M)
Kitaev Interaction \j\\ |
Bond-dependent Ising-like interaction —
Exchange frustration J D
.l'_->l
Honeycomb lattice (2D) Hyper-honeycomb lattice (3D)
A. Kitaev, Ann. Phys. 321, 2 (2006). S. Mandal & N. Surendran, PRB 79, 024426 (2009).
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Kitaev model

Hk = —Js Z Si 95 — Jy Z 557 —J- Z 5i 55

— — — Free Majorana fermions

Jordan-Wigner on a honeycomb lattice

transformation 1, iy i o
Majorana Hx = T Z CiCj — T Z CiCj — 4 Z TrCiCy Ny = 1C;Cy
representation <>z <) >y <G>
W, = —1 A. Kitaev, Ann. Phys. 321, 2 (2006).

Fractionalization of quantum spins

| Itinerant Majorana fermion
Spin 172 5; <: with Dirac cone dispersion

Localized Majorana fermion ¢;

C;

ZQ ﬂUXGS Wp = N1y

Spin fractionalization occurs below ~Jk/ks.

J=0, 4,20, J=1 (proximate spin liquid state)
et Two types of QSLs
Gapless Gapped QSL: Toric code

[Gappless QSL: Majorana metal }

J=1,J=0, J=0 J=0,J=1, J=0




Candidate materials

Spin-orbit assisted Mott insulator with j = 1/2

octahedral spin-orbit electronic
4d° or 5d°  crystal field ©9 coupling j=1/2 correlations
B 1=1/2 Mott
—_— — | > I
3eV o |7 400meV insulator
d-orbitals - L-o j=3/2 U
t29
IrOe cage 77
(b) YA .
90° bond formed by .
XZ | 1T XX

edge-shared octahedra
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XZ yZ | | -
-
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G. Jackeli & G. Khaliullin, PRL 102, 017205 (2006).



2D honeycomb lattice 3D hyper-honeycomb lattice

Nazll‘O3 B—Lizll‘O3

(a) (b)

Y. Singh & P. Gegenwart, PRB 82, 064412 (2010).

T. Takayama et al., PRL 114, 077202 (2015).
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K. W. Plumb et al., PRB 90, 041112 (2014).
B e o o St it e o R e 4 8




Layered honeycomb magnet a-RuCl;

fa/ ’f{,gjfog;}ﬁ; H= ) [JS;-S;+JkS]S] +T (58 + 878
‘ ’°j2” Uo,vf? <ij>
DD Heisenberg Kitaev off-diagonal exchange
- , J = —1.7meV
..T=. K = —6.7TmeV
' = +46.6meV

Dominant Kitaev term Jx/ksg ~ 100 K
Ki=-6.7meV, K, =—-6.7meV, K; =—-5.0meV

C_(JKmol)

[+

S. M. Winter et al., PRB 93, 214431 (2016).

oz s Presence of non-Kitaev interaction
g g L .
X [ 1 = e AFM order with zigzag spin
T o) 1%g structure at Ty ~ 7.5 K
oLw /e e, I, e Transition at 14 K appears due to
0 5 10 15 20
T (K) stacking faults.

J. A. Sears et al., PRB 91, 144420 (2015). 9



Possible signatures of Kitaev QSL in a-RuCl;

Raman sc

attering

l v v v

Intensity (a.u.) &

Inelastic neutron scattering

Conventlonal Para

AFM T,

Kitaev Para T.

T=240K

Experiment £, = 22 meV, LET
0.6 _
g
04 3 £.=10mev, LET [
. .a x - 2
: . : . MN <IN A l
5 10 15 20 25 o
Energy shift (meV) Theory
0.3
L. J. Sandilands et al., PRL 114, 147201 (2015). 3 03
0.3 o5 | 01
Experiment m . -
Theory O - 0.4 . u y X K r mMm Y |
~ (1=/)2 ecee -l’ C-3ﬂﬁ T -
- g 02} <
2 0. (& = .
g . %Q-. o R S.-H. Do et al., Nat. Phys. http://doi.org/10.1038/nphys4298.
= % 90 550 100 150 200 250 300 A. Banerjee et al., Nat. Mater. 15, 733 (2016).
‘Q-:.!Q_i1 e T A. Banerjee et al., Science 356, 1055 (2017).
~Q.O'"O-...@.. n
1 1 . 1 . ...G ------ [ ) [ )
s o o 206 o 300 Broad magnetic continuum appears below ~ Jx/ks
T(K)

J. Nasu et al., Nat. Phys. 12, 912 (2016).

Fermionic e

xcitations

Broad magnetic continuum at high energy

Possible signature of spin fractionalization

More direct measurements are required.
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What gives direct signature of Majorana fermions?

Effect of magnetic field [/ [111])  A. Kitaev, Ann. Phys. 321, 2 (2006).

H = Hx + H!
Hx=—Jo Y SIST—J, » SYSY—J. ) S7S;
<3j > <ij>, <35>

- - h3
qeff _ _f Z stfsz h = \h> ~ Nz Flux gap A ¢ ~ 0.06Jk
(i7F) d
e(q) 98((1)

) q y 0 q_v
l
v dq, 5‘ oqg

X

A Massless Massive Non Abelian

Dirac cone Dirac cone phase

H=0 H#0

Topological system characterized by Chern insulator under H

Chiral edge current of Majorana fermions
11



What gives direct signature of Majorana fermions?

Integer QHE Kitaev QSL

electron

Majorana
fermion

Z> flux

Chiral edge current of charge neutral

Chiral edge current of electrons : :
Majorana fermions

€
0'35 = UV— V : Chern number '%:28[; T kQB q - Central charge
h = # of chiral = q—=—
edge modes T 6 h q = vinIQHE
2D 2
’%a:y :yzk—B v /‘JQQU]; _ 1 Wk%
o 6h =537 7 =3\ 6

Half-integer thermal Hall conductance in a Kitaev QSL .



Thermal Hall effect in insulating magnets

H
T < heat
B (1))
0 ) \ —FKay FKay —VT,
heater -v/vr\v
thermometer
Ferromagnetically ordered state |* ‘Magnon Hall effect
L s N arising from Berry phase
Lu2V207 P kel bud | -7
(H:OZYZ:S SHIHZMHZOL SIMn®: 1l ol S Y a5
U( Y, C) ' 1 $,¢,;§’6‘?’ — 4
Y. Onose et al, Science 329, 297 (2010). LS e T AT N 2
deue et al., PRB 85, 134411 (2012). g T TR Ky =3y XA:; |“3[~*’“‘"k”— TIQA
M. Hirschberger et al., PRL 115, 106603 (2015). LuoV-0 R. Matsumoto et al.,
Paramagnetic state PRB 89, 054420 (2014).
Tb2TioO7
M. Hirschberger et al., Science 348, 106 (2015).
Spin liquid state o) Spinon Hall effect in QSL state
o U SN with spinon Fermi surface
CusV207(OH)z +2H0 e T R,y e :
D. Watanabe, PNAS 113, 8653 (2016). %, e spinon _ T (€_F T) kg1 1
- 4 (K) T
2 il 3 \h h d
2;.1.0 il ¢ 4 /{;I’;lnon _ /{Zsljlz)clnon(wcT)
IR L -~ H. Katsura et al., PRL 104, 066403 (2010).



Thermal transport measurements in a-RuCl3

Thermal Hall effect

H
T\v' heat ex.) Spin liquid state:
wbath Kagome volborthite CuzV>0O7(OH);2H,O
heater 4‘_0 K/ T~ 10° W/K*m  spinon
hermometer Magnetically ordered state:
Kagome  Cu-(1-3,bdc) #o/T~107 - 104 W/K?m
g\ [ Fux Fay VT,
( 0 ) = ( Ky Ky ) ( VT, ) Pyrochlore LuxV20y; magnon

cf.) Phonon thermal Hall effect  xy/T~ 10 W/K’m

&-RuCl3 single crystals

Magnetic susceptibility

- 0T | o Clear anomaly at Tn~7.5K

Sample 1

N
(&)
T

1 4| o No discernible anomaly at
~ 14 K due to stacking faults

N
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35

30

Ky (W/Km)

Ak, (H)/1c,,(0)

10 20 30 40 OS50 60 70

T (K)

e Clear anomaly in x« at Tn

Longitudinal thermal conductivity kxx

| | SbK é5K .'27K
0.00e
o) o
(0]
-0.04+ o
20 K
-0.08r -
Sample 2 12 K
0 4 8 12 16
MoH (T)
Sp ph
Rexr = ’{ma: _I_ /ia:w
spin  phonon

e Suppression of Kk« by magnetic field <« xu?" is usually enhanced due to suppression
of spin-phonon scattering by spin polarization.

Thermal transport is governed by spin excitations.

However, it is difficult to separate spin & phonon contributions.

Thermal Hall effect

15



Ky (107 W/Km)

Thermal Hall conductivity ky,

10
Sample 2 20K @
e o
51 O
o 15K
0
-5
O
-10-

-1 -10 -5 0 O 10 15
oH (T)

eg) Kxy < 10_3 W/Km

in volborthite (spin liquid)
Th,Ti»O7 (paramagnet)

ol I>Tn 12K
s
X
<
.2 0
>
AV
_2-
10 0 10
MOH(T)

Distinct H-dependence below and above Ty
e Sign change below Tx

e Upward curvature above Tn
but downward below T

Thermal Hall effect below and above Ty
Is different in origin.




Thermal Hall conductivity ky,

ol - - - - - - - /12
o-Sample 1 (6 T)
—@-Sample 1 (12T) 1 0.2
fg 6r ——Sample 2 (15 T)
(Q\
X
<
b
o
~
s
“

T (K)

e Enhancement of k., with
positive sign below Jx/ks ~ 80 K

e Broad peak at ~ 20 K

« Phonons

 Magnons

ny/T ~ 10_6 W/sz

Different T-dependence

A. V. Inyushkin & . N. Taldenkoy,
JETP Lett. 86, 379 (2007).

Finite /T usually appears
in the ordered state.

Small DM interaction
D/ks ~ 5 K<< J/ks ~ 80 K

S. M. Winter et al.,
PRB 93, 214431 (2016).

* Spin liquid with spinon Fermi surface

In volborthite,
Hall signal is negative.

ny/T ~ 10-5 W/sz

D. Watanabe, PNAS 113, 8653 (2006).

t * Exotic quasiparticle excitations |

inherent to the spin-liquid state of

¢t a-RuCls.

{

17



Comparison with numerical calculations

Experiments Calculations
8:-----_' ------ S . /12 x/12 4 - EE—._ _11]
Sampe1®6T | 1l  te------:
o sZ"m’S.Z1§12%) 102 0.2 I | thermal Hall conductance per
= 6FLRO —e—Sample 2 (15 T) < | 2D honeycomb layer
X v = [ 1] 2D __
Yo g 01 001 0.1 1 |
: 2' E . ] . . ) ‘:' Q /.\. "
— o n interlayer distance I LVLVLVLY
> < by 38 = A R TRt
Fo o s TENEAY e
| |
h*1Jy =
-2 ¢ 0.03
0.06 .
-0.1F 1 1 J. Nasu, J. Yoshitake & Y. Motome,
4 20 40 60 80 00 05 10  PRL119, 127204 (2017).
T (K) TI(Jx/Kg)

T-dependence is consistent with numerical calculations for the 2D pure Kitaev model.

e Enhancement of k., with positive sign below T < Jx/ks
* Broad peak at T~ 0.1Jx/ks
* x.,/T reaches close to half of the quantization value.

Possible signature of Majorana fermion excitations

Y. Kasahara et al., arXiv:1709.10286 (2017). 18



Comparison with numerical calculations

Experiments Calculations
8:______I ______ ‘I | /12 B 11
o-Sample 1 (6 T)
= 6[LRO o sampie2(15T) | 02
S 4 , 1{5
T 1013
< 2} =
S E
0 0
2
1-0.1
0 20 40 60 80 00 05 10 001 0.1 1
T (K) TH(Jy/Kg)

T-dependence is consistent with numerical calculations for the 2D pure Kitaev model.

e Enhancement of k., with positive sign below T < Jx/ks
* Broad peak at T~ 0.1Jx/ks
* x.,/T reaches close to half of the quantization value.

Possible signature of Majorana fermion excitations

However, quantization of kx,?P/T is not attained due to the magnetic order.
Y. Kasahara et al., arXiv:1709.10286 (2017). 19



Suppression of AFM order by in-plane fields

Key questions: Is the magnetic order suppressed by tuning parameters?

x (107 emu/mole)

1 (10° emu/mole)

AFM order is little influenced by out-of-plane fields,
but it is easily suppressed by in-plane fields.

M. Majumder et al., PRB 91, 180401(R) (2015).

Low-temperature properties are masked by the magnetic order.

Whether Kitaev QSL survives when suppressing the order?

i . 0.3
‘ ‘ (b)
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0

A. Banerjee et al., arXiv:1706.0703 (2017).

2 :1 6
B(T)

He~7-8T
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Suppression of AFM order by in-plane fields
Low-temperature properties are masked by the magnetic order.

Key questions: |s the magnetic order suppressed by tuning parameters?
Whether Kitaev QSL survives when suppressing the order?

NMR 10

O

8 S 0.036 -

-~
¢
v
/ (emu/mol

0.033
/P

_/

\\

4

:\100 - (K ‘) o } 0
) 000 005 010 015 - 4 T
T - , . ; 0246 81012
= 3 ' T(K)
2 S IS S /
10 1 // j//,’.ﬁ; //%“ b
1 . / un{uo}
00 / ///// /
44..”30 - '1'60 300 B(T)
1 1
TH) Hep~7-81
N. Jansa et al., arXiv:1706.08455 (2017). A. Banerjee et al., arXiv:1706.0703 (2017).

: 1 A
NMR: Unusual spin gap 77" 7 XD (—nT>
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Suppression of AFM order by in-plane fields

Inelastic neutron scattering

o
o
w
[+

_Intensity (arb. units) _§

0.036

(o]
' 7 (emu/mol Oe)
o
&
w

T (K)

Al

B
c
-
¥l
—
S
o
w
w
-
2
£

—s

~

o

Sity ‘arb. units)

B.(T)

Low-temperature properties are masked by the magnetic order.

Key guestion: Kitaev QSL survives when suppressing the magnetic order?

Kitaev QSL emerges under in-plane magnetic fields.

Neutron scattering: Magnetic continuum at high energy above H
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What gives direct signature of Majorana fermions?

Low-temperature properties are masked by the magnetic order.

Key questions: The magnetic order can be suppressed by tuning parameters?
Kitaev QSL survives when suppressing the magnetic order?

Thermal Hall effect in a Kitaev QSL state

Measurements of thermal Hall effect in tilted fields

v heater

bath ,U '

thermometer J

Phase transition is tuned by H| = Hsind.

Thermal Hall response is determined by Hi = Hcos®. s




Longitudinal thermal conductivity .

10 .
ca O

= A
< 6 H
= H =12T
< 4 Wol7, = .
* 12} |

2 ok =7 T (6=160° | Kyx(H) 1€0(T)

0 . . oMy =7T(6=90° A A g=45°

0 2 4 6 8 10 12 14 10r X 0=60° T
T (K) ® 6=90°
6 T T T T
6= 60° &->+ +A + /A

5 @ 7.0K - 2
. @ 6.0K — 6t
c 4L © 50K | ~
vz @& 25K
= O
= - 4t
3
~ oL  +MH

(6= 90°)
0 ] ] ] ]
0 2 4 6 8

M0H|| (T)
uoH, (T)

Strongly anisotropic response: Quasi 2D nature of magnetic properties.

Suppression of the AFM order by in-plane field component.



Summary

Measurements of thermal Hall effect in a Kitaev magnet candidate a-RuCls

Perpendicular fields

Striking enhancement of «,,/T with positive sign below T ~ Jx/ks
A broad peak at T~ 0.1Jx/ks

Signature of Majorana fermion excitations
Y. Kasahara et al., arXiv:1709.10286 (2017).

Tilted fields

Observation of half-integer thermal Hall conductance for the first time.

Evidence for chiral Majorana edge current

Sudden disappearance of the quantum Hall plateau at high field
Topological phase transition
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