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l. Quantum Spin Liquid in Hydrogen-Intercalated
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ll. Quantum Spin Liquid in X-RuCl3

lll. Large Intrinsic Spin Hall Effect in Iridate Semimetal,
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“Kitaev Materials”
A short introduction



a-A2IrOs; Kitaev Interaction ?
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G. Jackeli and G. Khaliullin,
PRL 102, 256403 (2009)

J. Chaloupka, 6. Jackeli
and G. Khaliullin,
PRL 105, 027204 (2010)
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Strong Sxpin—Og'bi’r Coupling
leads to Spin-Orbit
entangled pseudo-spin basis
(Kramers Doublet)




a-A2IrOs Kitaev Interaction ? A=Li, Na
d- RUC|3

(Clever way to lift orbital degener‘acyD

eg
/ Ir+* = 5d5
S>d A~ 0.5eV
Ru3* = 4d°
A~ 0.15 eV
Crystal Field Spin-Orbit

Coupli
Jefle/z .
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a-A2IrOs; Kitaev Interaction ?

H= Y -KS}S]

Edge-Shari
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Oxygen Octahedra

G. Jackeli and 6. Khaliullin, P,
PRL 102, 256403 (2009) Including
Hund's coupling

and projecting to

Jefs=1/2 manifold

yz XZ

J. Chaloupka, 6. Jackeli
and G. Khaliullin,
PRL 105, 027204 (2010) > vz
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Jefle/z

Strong Spin-Orbit Coupling

o)+ vz Ls) + |2y, 1) leads to Spin-Orbit

entangled pseudo-spin basis
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Kitaev Model on Honeycomb Lattice: Exact Solution

. Hx = — Z S; 5% A. Kitaev (2006)
a—links
S =ibdc {b7,b7 0%, c} Four Majorana Fermions
0
Hk = 5 Z Ugs CiC;j (where ug; = 1b5'05),
o—links

Wp =[] ufy commute with the Hamiltonian —> Wp = £1

loop



Kitaev Model on Honeycomb Lattice: Exact Solution
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0.3 =

"-.,\\\ '/0‘44’“
\ y 4 i
., /'
0.1 Xt £

0.2 |

: Majorana Fermions with

| N |
/ \ Dirac Dispersion

-0.3




Realization of Kitaev Quantum Spin Liquid ?

B

Honeycomb
a- Naz2IrOs

d- LizIr'O3

a- HsLiIr2Og¢
d

\_ W,

([5- Li2IrOs3 B

3D Hyper-Honeycomb
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Y- ,izIr'O3
QD S’rripy—HoneyconB




Realization of Kitaev Quantum Spin Liquid ?

—Bm

Honeycomb
a- Naz2IrOs zig-zag, 14K
a- Li2IrOs incomm. spiral, 15K

a- HsLiIr,Os | ho magnetic order (NMR)

U Yy,
fb- Li2IrOs \

3D Hyper-Honeycomb

- RUC|3

zig-zag, 7K

incomm. spiral, 38K

y- Li2IrOs incomm. spiral, 38K
QD S’rripy—Honeyco@




Realization

QD S’rripy—Honeyco@

of Kitaev Quantum Spin Liquid ?

2D ) . suppressed
Honeycomb magnetic order ?
a- Na2IrOs zig-zag, 14K
a- Li2IrOs incomm. spiral, 15K
Hydrogen H. Takagi
a- HsLiIr,Oe | no magnetic order (NMR) |intercalation)
a- RuCls zig-zag, 7K ( Hin>8T )
\ ) Banerjee, Nagler, Y.-J.Kim, Coldea, ...
fb- Li2IrOs3 A incomm. spiral, 38K CP >2.5 GPa)
3D Hyper-Honeycomb H. Takagi, D. Haskel
y- Li2IrO3 incomm. spiral, 38K CP >15 GPa>
J. Analytis, D. Haskel



Three dimensional “Honeycomb™ lattice

b- Li2IrOs3
arXiv:1403.3296
H. Takagi (2013)

arXiv:1408.0246
P. Gegenwart

Hyper-Honeycomb

Y- Li2IrOs
arXiv:1402.3254

James Analytis
Radu Coldea

Stripy-Honeycomb




Strong Coupling Limit: Localized Pseudo-Spin Model

H= Y [JSi§;+ KIS +T (505" + 5557)]
(ij)€ap(y)
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Strong Coupling Limit: Localized Pseudo-Spin Model
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Hydrogen-Intercalated

Honeycomb Iridate
H3LilrOe

Experiment: K. Kitagawa, T. Takayama, Y. Matsumoto, et al.

(

. Takagi's group at MPI-Stuttgart) (2017)

Theory: Kevin Slagle, Li Ern Chern, Wonjune Choi, YBK

arXiv:1710.01307



Spin-Orbital Entangled Quantum Liquid on Honeycomb Lattice

*K. Kitagawa', *T. Takayama®, Y. Matsumoto’, A. Kato', R. Takano', Y. Kishimoto®,
S. Bette”, R. Dinnebier”, G. Jackeli*"* and H. Takagil’2’4*

oH
O Li many
OlIr :
stacking
faults
al"
a'Li2|r03 H3Li|r206
— 5.1633(2)A a = 5.3489(8) A
" ( )o 8) . enlogated a/b
b=8.9294(3)A b=09.2431(14)A
c=5.1219(2)A c = 4.8734(6) A

Reduced interlayer spacing



Spin-Orbital Entangled Quantum Liquid on Honeycomb Lattice

*K. Kitagawa', *T. Takayama®, Y. Matsumoto’, A. Kato', R. Takano', Y. Kishimoto®,
S. Bette?, R. Dinnebier’, G. Jackeli** and H. Takagil’2’4*
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Intensity (arb. units)

Spin-Orbital Entangled Quantum Liquid on Honeycomb Lattice

*K. Kitagawa', *T. Takayama®, Y. Matsumoto’, A. Kato', R. Takano', Y. Kishimoto®,
S. Bette”, R. Dinnebier”, G. Jackeli*"* and H. Takagil’2’4*

b | 1I1I-NI\I/IF{
110 K //%i No br'oadening 1q Li7 peak

70 K - No magnetic order
30 K /L Only one peak for Li

- all the interlayer Li
ions are replaced by H

20 K

10K
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Density of States

Back of Envelope Estimation



Density of States

Back of Envelope Estimation




Density of States

Back of Envelope Estimation

e = ak® band touching D(e) x




Density of States

Back of Envelope Estimation

1
_ 4 :
2D € = ak™ band touching D(e) 7

Zeeman energy okt ~ upB koo BY*

>_<

D



Density of States

Back of Envelope Estimation

1
_ 4 :
2D € = ak™ band touching D(e) 7

Zeeman energy aky ~ upB koo B4

>_<

Dirac fermion e o< kg + 4ko(k — ko) + O(ki(k — ko)?)

3 3
v o< ki oc B3/4 D(s)ocﬁoc FHE

D




Clues for building a theoretical model

1) many stacking faults

different stacking patterns coexist

2) enlogated a/b parameters

direct overlap may be suppressed

Kitaev may dominate

3) Reduced interlayer spacing ¢

Interlayer interaction may be important



Theoretical Model ABCA stacking

H=Hx+H,+Hy N=4

Hy = KZ Z Z JMJM Kitaev

(=1 p=x,9,z (i,j)€p
N—-1 AB

N~ L . NN interlayer
:9>4 >4U€+1,z"06,j . Y

H)\’ — )\/ Z ( Z O-E—l—l ZOEJ T Z Oé—l—l zaﬁj

¢(=1,N—1

Hp=—Y» B,o}, Zeeman
Cyi,p



Kitaev Model: Exact Solution

Hc=— 2 S5

Z a—links

1. our Majorana
57 = Libge, (b7, b7, Our Maloran
Fermions
)
Hie=—7 ) ujcic ul = b
a—links

Wp =[] ul; commute with the Hamiltonian —> Wp = +1
loop W, — 2657 SY.5% 57 5Y 57

«

Ground state is in the zero-flux sector uf; = +1(V(ij))
W, = +1

0.3

T T
-, e
o, /‘
0.2 | ~\ Y
,
~,

0.1 o V4

ol ~ Majorana Fermions with
N

. / \ Dirac Dispersion
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Mean-Field Theory

E x k* B =0
Y Majorna mode resides mostly
~  on the top and bottom layers

L/ +K
\/ split intfo 8 Majorana cones
R+ko ko oc BY/4 v oc B3/4

B +#0

In reality, there is a
small excitation gap

EOOCBS




Theoretical Model ABCA stacking

H = Hg + H, N =4

Hy = KZ Z Z JMJM Kitaev

(=1 p=x,9,z (i,j)€p

N—-1 AB .
~ . NN interlayer
:9>4 >4U€+1,z"0£,j :

Hp=—Y» B,o}, Zeeman
Cyi,p



1
MFEF MF a __ T O x hY Kz
HMY =% " H, Sit=gibiei 07,0767, ¢)

lBy By‘i"
:: B ) B, " h
“. x (kx+ﬂky)Kbb Gbb X 0 ,'.

l,a=1,A 1,B 2,A 2,B 3,A 3,B 4,A 4,B



1
MFEF MF a __ T O x hY Kz
HMY =% " H, Sit=gibiei 07,0767, ¢)

C = m mw el = = = = me—————f

l,a=1,A 1,B 2,A 2,B 3,A 3,B 4,A 4,B

Boundary modes coupled via (kz + iky) Ky
E o |k|*
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" B y s
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C = m mw el = = = = me—————f

l,a=1,A 1,B 2,A 2,B 3,A 3,B 4,A 4,B

Boundary modes coupled via (k. + iky) Ky
E o |k|*
ks oc B?

12 3/2 E  wrong



Theoretical Model ABCA stacking

H=Hx+H,+Hy N=4

Hy = KZ Z Z JMJM Kitaev

(=1 p=x,9,z (i,j)€p
N—-1 AB

N~ L . NN interlayer
:9>4 >4U€+1,z"06,j . Y

H)\’ — )\/ Z ( Z O-E—l—l ZOEJ T Z Oé—l—l zaﬁj
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In reality, there is an excitation gap due to

H' o« B 82878  Kitaev

ijk

Gap may not b? seen for split into 8 Majorana cones
small magnetic fields ko oc B4 0 o R3/4

Almost linear dispersion B #0



ABCA would be a small fraction of possible stacking patterns

This spin liquid state would make up a small fraction of the
total magnetic entropy

Why four layers ?  Other choices are possible

ABCAC E~k* E~E
ABCACB E~k* E~K°

But the coherence should be maintained at least
for four layers



This is consistent with

1) The singular entropy is only about 5% percent
of the total magnetic entropy

2) The singular part of the magnetic entropy is related to
the bulk susceptibility via

(0S/0B)r = (OM/0T)p

3) The Knight shift is not

dominated by this "spin”

contribution (spin-orbit)
[Knight shift insensitive to o7 R
the “impurity” contribution] e —

IIIII 1 1 1 IIIII

01 a 27T 1
. e ||,5T “n -
[ Ml a0eit s 625 a00 0000 $0°° ol

a5 = SXKERLIRKI?0, 0 500 O 00 00

o K(%) o




X-RuCl3

Iwo-dimensional
Honeycomb lattice

Matthias Gohlke, Gideon Wachtel, Youhei Yamaji,
Frank Pollmann, YBK, arXiv:1706.09908



Nagler, Y. J. Kim, R. Coldeq)
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Proximate Kitaev quantum spin liquid behaviour in
a honeycomb magnet

A. Banerjee', C. A. Bridges?, J.-Q. Yan34, A. A. Aczel', L. Li>, M. B. Stone’, G. E. Granroth"®,
M. D. Lumsden', Y. Yiu®, J. Knolle’, S. Bhattacharjee®®, D. L. Kovrizhin?, R. Moessner?, D. A. Tennant'®,

D. G. Mandrus®* and S. E. Nagler""*

week ending

PRL 114, 147201 (2015) PHYSICAL REVIEW LETTERS 10 APRIL 2015

Scattering Continuum and Possible Fractionalized Excitations in a-RuCly

Luke J. Sandilands, Yao Tian, Kemp W. Plumb, and Young-June Kim
Department of Physics, University of Toronto, 60 St. George St., Toronto, Ontario M5S 1A7, Canada

Kenneth S. Burch
Department of Physics, Boston College, 140 Commonwealth Avenue, Chestnut Hill, Massachusetts 02467, USA
(Received 12 October 2014; published 6 April 2015)



arXiv:1609.00103

Neutron tomography of magnetic Majorana fermions in a proximate quantum spin liquid

Authors: Arnab Banerjee!*, Jiagiang Yan?, Johannes Knolle?, Craig A. Bridges*, Matthew B.
Stone!, Mark D. Lumsden', David G. Mandrus?, David A. Tennant>°, Roderich Moessner’,

Stephen E. Nagler!*.

5
Z, i Continuum of
g, 3 excitations
2 ®  seen below
g’ and above

° T=i0K the ordering
Ze temperature
84/
. Two-spinon continuum ?

% 5 10 15 18

E (meV)



Two-particle continuum in
Quantum Spin Liquid

Neutron Scattering -- Spin-1 excitations
Spinon-Antispinon pair excitations

Well-defined dispersion -->
Threshold energy for “a'l
pair excitations

Wq ~ Min |e

N]fe]

_|_%‘|_€

S]Ne

p]

for all possible p

c.f. Kitaev Model: Mind the flux gap ! (J. Knolle, R. Moessner)



[K,-K,0]

[K,-K,0]

“Star-shape” intensity at low energy

Pure Kitaev model does not have this feature

arXiv:1609.00103
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Field-induced Paramagnet: Spin Liquid ?
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many related works

A.Banerjee, S. Nagler,
R.Coldea, Y.-J .Kim, ...

Y.-J.Kim arXiv:1703.08431



Field-induced Paramagnet: Spin Liquid ?
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Dominant exchange interactions

= > JISi S+ ) KYSIST+ Y Y T[SeS] +8789

(((23))) (i3) 5

TABLE IV. Complete magnetic interactions in meV for the
C2/m structure of a-RuCls from Ref. 14 obtained by exact
diagonalization on six-site bridge and hexagon clusters em-
ploying U = 3.0, Ju = 0.6, A = 0.15 eV, and full crystal field
terms A,,. The largest terms are bolded. Site labels for D;;
refer to Fig. 1(a).

Bond I | n
X1, Y1 -14 0.8 +0.2
71 22.9 1.0 —
+0.6 +0.6 +0.1

+0.6  +0.3 —

0.1 0.1  -0.1

0.1 0.1 —
(-0.3, -0.5, -0.5)
(-0.5, -0.3, -0.5)

(-0.4, -0.4, -0.1)

(i3),y o, BFEY

Nearest-Neighbour K < O
Nearest-Neighbour I > 0

[K| ~ |T]
Third-Neighbour J3> 0

Winter, Li, Jeschke, Valenti (2016)



Minimal Model

|
Z Hy= Y H Kand I limits
NET, Y,z highly frustrated
N. Perkins
H*= Y [K*S;S;+T7(S7sY + SYS7) etc.

d=0 < K<O> O =m/2 < 50 > o=



IDMRG (Matthias Golke)
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IDMRG (Matthias Golke)
a=0

—0.9

Entanglement Entropy \
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IDMRG (Matthias Golke) r, .

a=0
N>
T,
<€ ><€ >
0.9 - K<O K>0
- 2
—0.3 - Chaloupka and Khalliulin|[(2015)
Hidden SU(2) S
J product state | _
—0.4 —/K "Vortex" order
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—0.5 | |
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Schematic Phase Diagram

A

a Exact Diagonalization and iDMRG
Same or Different Spin Liquid ?

0.05.

orlder

>

L/|K]

A. Catuneanu, Y. Yamaji, 6. Wachtel, H.-Y. Kee, YBK, (2017)



Dynamical Structure Factor (Yamaji, 24-site)

energy-integrated over two windows (just like the experiment)

o/m =10 o/m=10.2 o/m = 0.3 ¢/m = 0.0

0<w<0.6

0.6 <w <2




Enhancement of the zig-zag order (M)
upon addition of small J3

1.6}

1.4}

vy 1.2}

1.0t

Consistent with previous computations

Winter, Li, Jeschke, Valenti (2016)



Tr‘ansfer' Mq'fr'ix SPZCTI"UI’\'\ V. Zauner, F.Verstraete
et. al (2014)

Correspondence between the complex eigenvalues and
the lower boundaries of multi-particle excitation
spectrum of the ground state
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Tr‘ansfer' qurix SPZCTI"UI’\'\ V. Zauner, F.Verstraete
et. al (2014)

Correspondence between the complex eigenvalues and
the lower boundaries of multi-particle excitation
spectrum of the ground state

¢/m = 0.025




Transfer Matrix Spectrum

need to be a bit more careful here ...
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< —0.20 -

—0.25 A

_030_ o /

0.0 0.1 0.2 0.3 0.4 0.5
¢/m

Anisotropy due to cylinder geometry

Locations of dispersion minima would move around

(we take an advantage of this)



Evolution of Two-Particle Spectra

Coherent (gapped) 2D excitations |
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Evolution of Two-Particle Spectra

Coherent (gapped) 2D excitations |
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Evolution of Two-Particle Spectra

Coherent (gapped) 2D excitations |
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Evolution of Two-Particle Spectra

Coherent (gapped) 2D excitations |
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Mean-field theory on Cylinder

two-particle spectrum

Quin. (@) = min (|25.c(a — )| + |=(K))

¢/m = 0.275
\\\ f 1 '/ Qy/ 7\3‘\-\ ; /g —//
02 -\ 4N s — .
A b+c (solid)
) Ry
: c+c (dashed)
=
0 | \ \ | |
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Q)T

Same symmetry as in the
Majorana MFT

Eb(k) — Eb(k::K)
Qb—l—c(q + K, k) — Qb+c(qa k)



Evolution of two-particle excitation minima
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Effect of Magnetic Field

¢/ =0.2, J;3 =0.05

— —d*E/dh% .. — Mo
— —d2E/dhﬁc* m||c*
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Magnetic field, p,H (T) Magnetic field, u H (T)

Coldea, Valenti (2015)

For the in-plane field, the transition occurs at about
1/10 of the exchange energy scale



Conclusion

K-T" model gives quantum spin liquid phases in an extended
region of phase diagram when K< O

There are coherent 2D excitations while there is
no magnetic order for K<0O, >0

Transfer matrix spectra can be interpreted as
lower boundary of two-spinon excitations

The "phase transition” is a result of the change in
anisotropy of the bond energy:
Meta-nematic transition ?

Survives in 2D limit or not ?

Other perturbations such as J3 give the Zig-Zag order



Large Intrinsic Spin Hall
Effect in Iridate Semimetal

SrirOs3

A. S. Patri, K. Hwang, H.-W. Lee, YBK, arXiv:1711.00861



Orthorhombic Perovskite SrirOs;

Non-symmorphic Space Group

Pbnm

Symmetry R’

n-glide (G,) a+ 3, —b+3,c+3
b-glide (Gy) —a+1,b+ 1, c
Mirror (m) a, b, —c+ 3
Inversion (1) —a, —b, —c
a-screw (Sq) a+ 1, -b+ 3, —c
b-screw (Sh) —a + %2, b+ 2, —c+ 2
c-screw (.S¢) —a, —=b, c+ %

R =aa+bb+cée >R =da+bb+cé

(ka, kb, kc)
=(k-a,k-b,k-c)

{a,b,c}

orthorhombic lattice vectors




Orthorhombic Perovskite SrirOs;

P

ky = m plane (R-U-X-S)
(ka, kb, ke)
=(k-a,k-b,k-c)
{a,b,c}

orthorhombic lattice vectors




Nodal line semimetal
Elements of the little group of Hy

k Gn Gb Sa
ky, = 7 plane (Ko, m, ke) v
U point (0,7, ) v ve v
RS line (m, 7, ke) v v
SX line (kq,m,0) v v
O=Tx1I (U)  [Gn,Gy] = [Gn, Sa] = {Gb, Sa} =0,

(RS) {Gna Gb} =0,
(SX) {G,,S,} =0,

ky = m plane



Nodal line semimetal
Elements of the little group of Hy
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U point (0,7, ) v ve v
RS line (m, 7, ke) v v
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Intrinsic Spin Hall Conductivity
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Intrinsic Spin Hall Conductivity

Pseudo-cubic {x,y,z} Orthorhombic {a, b, c}

[100]. [1-10],
010]. [110],
001]. 001],

O-,ZV — Zn,k[ﬂlpu/]nk fnk

2.0
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Jfp) = o B

T = 1{0", Ju}
spin current
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charge curren’r o
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(2Y..(k) as a function of the Fermi level ex

er=—1.3 er=—1.0 er=—0.2

T

-~
<

ki
g

m
i
(@)
(@))
M
j.l
|
—
N
M
M
|
S
N

-_l
!;;N\
\
4/@
U
K &g:] :
_I
1]
S S

i,
V.2
VA
A
Pt
V&
AT
VA




Direction Dependence

Here, the field direction (v) is changed within the zy
plane by the angle 6 from the x axis with keeping the

three directions {p, u, v} orthogonal.

A A . p . y L y o
v || & cos@ +9 sinf oh,=—0J,—0 sin26

<Y
2

2 sinf — 1y cost

DT

o*[10%(/2€)Q " Tm~ 1]




Robust to perturbations (bulk)

Spin Hall conductivity remains very large even when the
non-symmorphic symmetry is broken such that
the nodal line is gently gapped out.

Nodal line itself does not contribute much to the spin
Hall conductivity. However, the nearly degenerate
energy level structures are robust and provide large
contributions



Intrinsic Spin Hall Conductivity in Films

010). thin film
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Intrinsic Spin Hall Conductivity in Films

(010), thin film

Large enhancement of
the spin Hall conductivity
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Inm Al20s3 Chang-Bom Eom,
3.5nm Py Dan Ralph et al.

8nm (20 uc) SrIrOs; (unpublished)
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Kitaev Model: Exact Solution

Hyg=— » SMS9

Z a—links

1. our Majorana
57 = Libge, (b7, b7, Our Maloran
Fermions
)
H e = - Z U cic; ugs = ibebe
a—links

Wp =[] ul; commute with the Hamiltonian —> Wp = +1
loop W, — 2657 SY.5% 57 5Y 57

Ground state is in the zero-flux sector ug; = +1 (V(ij))

Flux excitations can be created at W, =—1
finite temperatures for some loops
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Specific Heat and Thermal Entropy

Kitaev model at finite temperature
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Specific Heat and Thermal Entropy
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Specific Heat (Yamaji, thermal pure quantum state)

K* = —(1+4 2a) cos ¢ a=01
K*=KY=—(1—a)cos¢
['=sing
10
—00
Kitaev limit




Specific Heat (Yamaji, thermal pure quantum state)

K* = —(1+4 2a) cos ¢ a=01
K*=KY=—(1—a)cos¢
['=sing

two-peak structure survives |
10

pure I limit




Specific Heat (Yamaji, thermal pure quantum state)

K* = —(1+4 2a) cos ¢ a=01
K*=KY=—(1—a)cos¢
['=sing

two-peak structure survives |
10

between two limits

0.2




Specific Heat (Yamaji, thermal pure quantum state)

K* = —(1+4 2a) cos ¢ a=01
K*=KY=—(1—a)cos¢
['=sing
two-peak structure survives |
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Exact Diagonalization K* = —(1+ 2a)cos ¢
24-site cluster a=0.1 K*=KY=—(1—-a)cos¢

(Catuneanu, Yamaji) I' = sin ¢
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Exact Diagonalization
a=0.1

24-site cluster
(Catuneanu, Yamayji)
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Q

0.06 <a<0.5

K* = —(1+4 2a) cos ¢

I'=sin ¢
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Static Structure Factor ED 24-site cluster
Sq = i € TTT)A(S;-S)) a=0.1

d/n=0.1 o/mr =0.2

Enhanced spin

o r correlation

2 at M point as

3 PP I increases when
| o K is negative
\/ (Ferro-like)

é/m = 0.5

similar to dynamical structure factor at low

energy in experiment



