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Abstract: Recently, a new family of correlated honeycomb materials& nbsp;with strong spin-orbit coupling have been promising candidates to
realize& nbsp;the Kitaev spin liquid. In particular, a half-integer quantized thermal Hall& nbsp;conductivity was reported in apha-RuCl3 under the
magnetic field.& nbsp;Using a generic nearest neighbour spin model with bond-dependent interactions,& nbsp;l will present numerical evidence of
an extended regime of quantum spin liquids.&nbsp;l will also discuss how to achieve a chiral spin liquid near ferromagnetic Kitaev
interaction& nbsp;in the presence of the& nbsp;magnetic field |eading to the quantized thermal Hall conductivity.
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Quantum Emergence

A new emergent quantum particle,
different from the boson and fermion

Spin liquids
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Frustrated magnetic (no magnetism) insulators:
many shapes and own characters
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Chiral edge mode : 1/2 quantized thermal Hall conductivity

atons 1s negligible.) For quanty
57]. The energy current along th
n by the following formula

nomenon was discussed in [56,

1im Hall systems, this phe-
clockwise) direction is give

e edge in the lefy (counter-

n 5
I=-ﬁc.T‘

(57)

A. Kitaev, Annals of Physics 321,2

(2006):
Anyones in exactly solved mode] an

d beyond
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Topological quantum computation

Quantum

Information
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Anyon!? Quantum Materials

Where to find Anyons?

How to realize KSL in
Solid-State Materials ?
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Solid State Systems

LB,

N N
UlrU\ tal \ O Lattice

spin-orbit coupling in solids:
strong electron-electron interaction

Charge Insulator
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* Correlation & spin-orbit coupling

I_] o t"i»ﬂﬁ (chj.-i + h'("' T ’\ Z La. ; Sr. r U Z 7“"&(\'(”‘.'.(\' R 1) )
§ t

' 1,0
L]0

spin-liquid quadrupolar

spin-orbit coupled
Mott ins.

Mott
Ut axion
semi-metal

top.
simple
metal or ‘
band ins, top. ins.
or semi-meta|
Cry, ructure 2/ i
Maghetic field

W. Witczak-Krempa et al, ARCMp (2014)
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SOC + Large Uft + honeycomb structure

* candidates for Kitaey spin liquid

Iridium (5d): Na2lrO3, LinlrO;
Ruthenium (4d): RuCl3
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Insulator with strong spin-orbit coupling: spin model

Kitaev spin liquid with
strong spin-orbit coupling

7

A. Spin-orbit coupling in a lattice
B. Generic spin model in materials

C. Field revealed Kitaev spin liquid
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A. Spin-orbit coupling: relativistic effects

Atomic SOC

Q)

In the rest frame of e

Ex-VV

= 18} o Tl 62 100 &

Hooe = AL; - S; : atomic site |

Ax Z* :heavier atom, bigger SOC
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spin-orbit coupling and lattice structure

Consider p-orbitals

Px Z pj’ z Pz (jj/
%\y%y ; - §Y
X X X

the three degenerate P orbitals are aligned along perpendicular axes

Ao 2 a2
A= AT S =5F=F=F) n=1 S=1/2

—J =3/

N |,| l (I I\ | | |
; ; . . 1 *—‘—,—'i P vl = tp, L)+ 1= “‘”
p:mpyapz J = 1/2 ! j

- '&”1;1,,1} + .r|p,, '],. ';,A' L))

atomic site | , N0 Mot
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Let’s consider two sites: effects of SOC on hopping

ka, +Ci,p,,t T hec.

,'.i._j;p;.p;,. — / ];r(r)p (r o Rf) ()H (ﬂfl)']).;- (I‘ - RI)
=0

because of symmetry: odd & even in mirror reflection z

when mirror symmetries broken ¢ # 0
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local axis is determined by other atoms inside the solids

orthorhombic modification

ideal perovskite

0
3\}- rotation

Ir

@] g&‘dj -
tilting
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Px ‘ :
f(.j~f’: T(! Pa,T T h ¢
X
— te! C; L[+ h.c
y / }'::é K3/ =73 r
~ 7 » pseudospin (strong SOC) flips over hopping
t
1 .
‘(ﬁ"l!_;};—%> — ﬁ (‘P.;- l«) - "‘|1’,¢/ J«) + (P2 T))
. 1 .
|'("".,} , —1/'-’> - \ﬁ ‘/’-r'ﬂT + "1’;}*T> - ‘/"LM

atomic SOC + crystal structure: Rashba-like SOC

with inversion symmetry

* inversion is broken : sin(k,)o,

A~

sin(k, )o, —sin(ky)o, ~ (k x ) - 2
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Single ion: Crystal field splitting
Single d-electron in a crystal field (CF)
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Crystal Field Splitting &
Spin-orbit coupling (SOC)
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SOC in Jeff=1/2 basis — pseudo-spin flip terms

6 8
bulk
Sl'gll'()‘]
% # only rotation
t =0
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11/2)  |yz |) + i|zx |) + t (]T d; xy,T
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, .@ i ¥ .@’e+ h.c.
e ©
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t # 0

[ \
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Compass model (large U limit)

Jackeli and Khaliullin, Phys. Rev. Lett. 102,017205 (2009)
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strong SOC in t2g states:

edge-shared octahedra
Kitaev-Heisenberg model
H. = —[\'L'?k? +JS; - S; where K = 811t

i 3U%

Material candidates: honeycomb Iridates (5d)

Na2lrO3, Li2lrO3
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B. Generic Spin Model (large U limit)

). Rau, E. Lee, HYK, Phys. Rev. Lett. | 12,077204 (2014)

nearest neighbour:
ideal honeycomb

YEX,Y,2
bond-dep. interaction
H* = Y |[K.S7S; +T.(S7SY + SVST)|+7S: - S,

(i7)Ez—bond

H* =H*(x —>y— 2z — )
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Ordered phases nearby KSL

v

‘ ED 24-site cluster (J,K,IN) = (sinBcos,sinBsing,cosB)
For +1 +]

+K -K

=~ 120

J. Rau, E. Lee, HYK, Phys. Rev. Lett. | 12,077204 (2014)
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Ordered phases nearby KSL

ED 24-site cluster (J,K,IM) = (sinBcosd,sinBsing,coso)

s
<

D o P i Y
o W’ bl

RuClI3, Na2IrO3, Li2lrO3:
NN+ further neighbour terms

FM

extremely narrow range of KSL
J. Rau, E. Lee, HYK, Phys. Rev. Lett. | 12, 077204 (2014)
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Kitaev materials: extends to 4d | — RuCl'l3

e

o-RuClj: A spin-orbit assisted Mott insulator on a honeycomb lattice

PHYSICAL REVIEW B 90, 041112(R) (2014)

K. W. Plumb,' J. P. Clancy,' L. J. Sandilands," V. Vijay Shankar," Y. F. Hu,” K. S. Burch,'-*
Hae-Young Kee,"* and Young-June Kim':

O 10 d 0
o =4 o o
) {10 Y0 Pt
40 »q o {0 34 . 4.5
. = O Rll . "]:(]
10 Jd 0 a0 Q
T O 19 (o]

process in «-RuCls. Then a microscopic spin model relevant
for -RuCl; should be composed of both the nearest-neighbor
Heisenberg and bond-dependent exchange terms denoted by
Kitaev K and I" [44-46].
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Zigzag magnetic ordering below Tc
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). Sears et al, PRB 91, 144420 (2015)
R. D. Johnson et al, Phys. Rev. B 92,2351 19 (2015).

H. B. Cao et al, Phys. Rev. B 93, 134423 (2016);

.......
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Proximate to Kitaev spin liquid

Raman spectrum

Lr]

(d)
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)

{ L.J. Sandilands et al,
60 Phys. Rev. Lett. | 14, 147201 (2015).

5 10 15 20 25 20 40

Energy shift (meV) Energy shift (meV)

4 +-’~‘r 1 7K
Magnetic excitations: inelastic O Iﬁf‘.::‘ 1"». "
neutron scattering g ’a!_‘“'_;' .L:;.*-" ‘-'.’:.f.-;;;_j.}}\
_,Ek{;;.#if‘:%,iﬁ~‘*«t~
A.Banerjee... S. Nagler, Nat. Mat. 15,733 (2016) d o o

A. Banerjee... S. Nagler, Science (2017)
S.-H.Do, ..., S. Ji, Nat. Phys. 13, 1079 (2017)

Magnetic field - destroy the ordering?
Governed by Kitaev spin interaction?
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Thermal Transport: alpha-RuCI3

a = @lectron c oM (T)
4 6 8 10 12
Jcl Conventional paramagnet
~80K

Spin liquid (Kitaev paramagnet)

Half-integer ,
a8 TN quantized ;}fnhulu o
\ N
. ) \ My

Majorana
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Z3 Nux Topological phase
noty (T) transition point

25— 2D o
- ?u’ : Fay __ cX kg
O, ol - £ — %6 h
:E 2 19 ".'6 ________ " £y I 6 h
g 15 OF ® .. 0 —® 1 ':"_1
Ly —— g ® R
o 0 20 40 60 ‘ - @ 9
g 101 ‘P—’ 1‘. ---------------- 1/2 ;,_,;‘1. compare:
S 05 ® M =7T(0=45% = (,2
@& M, =46 T (0=60" (2][
D3 4 5 6 7 8 90 O-;r."q =V /
T (K) ‘

Kasahara,..Y. Matsuda, Nature (2018)

Real materials : not a pure Kitaev model (magnetic order at low T)
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Pure Kitaev model cannot explain
intermediate-field state

i (a) AFM 1 G
.16 1 | | 'u AW
— HUN

ees!uiii-l-““,_“

-
1.0 hassssndibedr ™ , . |
)00 0.04 h 0.1

AAAAAbAaana Ahdaa

.........

0.08 0,13 018 0.20

-

intermediate state’

Almost immediately unstable to polarized state

Z. Zhu, |. Kimchi, D. Sheng, L. Fu, PRB 97,241 110 (2018)
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List of proposed parameter sets

L.Janssen,E. Andrade, M.Vojta, PRB (2017)

Set Material Jy [meV] Ky [meV] I'y (meV] Ji (meV]| Ki [meV] Jy [(meV| Method Ref.  Year
| v o-RuCly 1.6 +7.0 fit to neutron scattering 34, 35 2016
1’ NaglrOy 1.0 +10.5 fit to susceptibility & neutron 29 2013
scattering
[+ of a-RuCly 12 17 +12 DFT + t/U expansion 11 2015
2 NaglrOy §] 17 0 0 6.8 DFT + exact diagonalization 31 2016
24T NazlrOjg 3 17 +1 3 +6 {1 DIFT + ¢/U expansion, direc- 39, 42 2016
tion of moments
(241") NazlrOy 3 +5 5 MRCI, fit to Ocw 14 2014
(241" a-RuCly +1.2 0.3 0.3 MRCI, fit to magnetization 13 2016
2/3 a-RuCly 1.7 0 +2.7 DFT 4 exact diagonalization 31 2016
3 a-RuCly fit to neutron scattering 32 2017
3 a-RuC'ly DFT + t/U expansion 33 2016
3" a-RuCly | DEFT + t/U expansion v 37 2016
34Jy a=-RuCly 0.5 0.5 fit to neutron scattering 38 2017

FM Kitaev and AFM TI': starting point
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Dominant interactions: -K + I
other small interactions : magnetic ordering

1

magnetic field: kills the magnetic ordering

& reveal “the phase” set by
FMK+AFM I

Does FM Kitaev + AFM |' model support
spin liquid?

J. Gordon, A. Catuneanu, E. Sorensen, HYK, arXiv:1901.09943
(accepted for publication in Nature Comm.)
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ZZ ordering in Kitaev model

I

J. Rau, HYK, arXiv:1408.481 |

Nearest neighbour spin model
trigonal distortion

’H;I\' — '!SJ. * SA l [\'JS';' IS'; l ]‘(;S'-;-} .S'; * ‘S"f ‘S';,-.)

0.0 X

e

VW Wy Q7Y
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k

Y Qo W3 o vy o
F S SE + 555, + S/Sy)

P

[‘ﬂ

0.125

effects of 1"
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C. Field-revealed Kitaev spin liquid

:‘iﬂ’ near ferromagnetic Kitaev (-K) region
1 Pla Uette op. ”J,w (0,0,0.0,0,0 )
24 site ED 9 P e s
h h ‘:WJI':"
o v A)
11| (b) ¢ A Xh
R I
1.2 ., ;
r\.__..m‘ .
1.0 “a,
o,
.
(.8 ...?‘.
112| || @
Trigonal distortion induces the ZZ ordering () h!

0.2

()
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24 site ED

h 4
|
1t || ¢ l (b) PS
(a) 1 1.2 4
. A
- A
1.0 A
A
0.8 g
‘ KSL

{/

(W)
1.0
AXh
o Xk Set |=0 & Gamma’ = -0.03
@ c,‘a @ @ ™
R (b) yard KSL% PS

OO
) oo 'K

Intermediate field KSL is found
when Gamma is finite
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DMRG results on stripy geometry

— = . e 0 0 O 0 O
Set J=0 &= -0.| SORES

| (b) 5 (c) 10

50)

1.0

(S¥S¥

0.6

0.4

0.2

0.0

1.0 0.8 0.6 0.4 0.2 0.0 0.8 0.6 0.4 0.2 0.0 0.8 0.6 0.4 0.2 0.0

Strong field-angle dependence

Y strong spin fluctuations in PS in high field regime
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DMRG results on stripy geometry

Set J=0 &= -0.1 °°‘--‘°-

1.8 T 0.10
1o (@0 | (b)5°
1.4
1.2 —
a
1.0 L}
L 0.05

(SxSX

0.0 0.00

1.0 0.8 0.6 0.4 0.2 0.0 0.8 0.6 0.4 0.2 0.0 0.8 0.6 0.4 0.2 0.0 0.8 0.6 0.4 0.2 0.0

Strong field-angle dependence
Y strong spin fluctuations in PS in high field regime
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DMRG results on stripy geometry

Pirsa: 19050020

0.0

(a) 0

| (b) 5

Strong field-angle dependence

Y strong spin fluctuations in PS in high field regime

— = _ 9. 0 0 0 0 0
Set J=0 &IV= 0.1 gegeqerers

0.0

0.10

0.05

0.00

=50)

(SxS*
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Another spin liquid nearby Kitaev spin liquid
near ferromagnetic Kitaev (-K) region?

When T1'=0
: no ZZ ordering
: What is the phase set by -K + Gamma?
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DMRG results on 2 leg stripy geometry
Set J=0 &# =0 & [/ =0 without ZZ ordering

h
161 (a) (S*S7)

[10.1 1 0.1

(b) (8°S7)

0.0 0.0
1.0
LG (c) (W,) (d) (W, W)
PS
1.2 ) 0.1
0.0
0.8 0.4 0I'/K
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Input:  DVI - 1820x1080p@60Hz

Stat|c structure fa.ctor Output; DI - 1920x10B0I@BOHz

— K

¢/n=0 ; dfr =02

Temperature dependence

0.5

double peaks

Relative S,

-K+1I'": wide
regime of Spin liquids

!
0.8}

2 0.6

vision gap: bigger A 04

0.2

0

A. Catuneanu... HYK, npj Quantum Materials (2018)
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3-fold degenerate: vortex crystal spin liquid (24 site ED)

h (W)
11 | (b) A Xh .

P8 e xy @

-
So0D W o
oc 0B o0 @
o0 0B 90 @
=
-
coom @ ©
-
oc om 9o

E(k)-E

small anisotropy
lifts the degeneracy:
Does not appear in
leg-geometry either:
strong finite size effects:
Further studies are required
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46 1. Kitaev | Annals of Physics 321 (2006) 2-111

Table 4
Numerical results for J, = J, = J |

Eoomex & 0.15306, _\.i-,'(‘:-i%’jf.) = —().04, AL (r;&ﬁd) 0.07.

LY

" Energy . [ Energy
Vortex . Vortex .
Phase p per O and Phase . per O and
density density
per vortex per vortex

| 0.067 2 0.042

. 8 i

| 0.0067 | ().OXH

| 0.052 3 0.059

0

2 0.104 0.078

| 0.041 | 0.042

10 -

g 0,124 | 0,167

2 0.054 ' : 3 0.074

3 0.081 . | 0.099

| 0.026 - P | 0.025

3 0.078 - ‘lir IIO | 0.101

2 0.060 sl ' 2 0.046

P {

3 0.090 Y FJ | 0,092

| 0.034 : 3 0.072
e 14 ] ¢ i

| 0,136 . 0.096

Vortices are shown in gray; for periodic phases the unit cell is indicated by a parallelogram
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B
RuCl3 near Spin Liquid (possibly two spin liquids)

Majorana fermions & Z2 are coupled via | interaction,
but the phase is adiabatically connected to pure Kitaev under the field

Outlook

Kitaev materials: SOC + honeycomb Mott insulator

hyperhoneycomb spiral - near SU(2) X = | :L37.00012

Session L37:Iridates - honeycomb lattice & other geometries

higher-spin Kitaev materials: arXiv:1903.0001 |
P37.00006 by P.Stavropoulos

Session P37: Honeycomb lattice and other low-D models

doping: topological superconductor

strain induced phase transitions
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