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High Tc
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Fermi pockets and quantum oscillations of the Hall coefficient in high temperature superconductors
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Abstract: Recent quantum oscillation measurements in high temperature superconductors in high magnetic fields and low temperatures have ushered inar
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An explanation for a universality of transition temperatures in families of copper oxide superconductors
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Abstract: A remarkable mystery of the copper oxide high-transition-temperature (Tc) superconductors is the dependence of Tc on the number of CuO2 layer:
the unit cell of a crystal. In a given family of these superconductors, Tc rises with the number of layers, reaching a peak at n=3, and then declines: the result is
shaped curve. Despite the ubiquity of this phenomenon, it is still poorly un... v More
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Condensation energy and the mechanism of superconductivity

Authors: Sudip Chakravarty, Hae-Young Kee, Elihu Abrahams

Abstract: Condensation energy in a superconductor cannot be precisely defined if mean-field theory fails to hold. This implies that in the case of high temperature
superconductors, discussions of quantitative measures of condensation energy must be scrutinized carefully, because the normal state is anomalous and the
applicability of a mean-field description can be questioned. A related issue discussed her... V More
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Orbital Magnetism in the Cuprates

Authors: Sudip Chakravarty, Hae-Young Kee, Chetan Nayak

Abstract: The pseudogap phase of the cuprate superconductors is argued to be characterized by a hidden broken symmetry of d-wave character in the particle-hole
channel that leads to staggered orbital magnetism. This proposal has many striking phenomenological consequences, but the most direct signature of this order
should be visible in the neutron scattering experiments. The theoretical underpinning of t... V More
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Neutron Scattering Signature of d-density Wave Order in the Cuprates

Authors: Sudip Chakravarty, Hae-Young Kee, Chetan Nayak

Abstract: An ordered d-density wave (DDW) state has been proposed as an explanation of the pseudogap phase in underdoped high-temperature superconductors.
The staggered currents associated with this order have signatures which are qualitatively different from those of ordered spins. We apply the order parameter
theory to an orthorhombic bilayer system and show that the expected magnitude as well as the... Vv More
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Spin and Current Correlation Functions in the \bf d-density Wave State of the Cuprates

Authors: Sumanta Tewari, Hae-Young Kee, Chetan Nayak, Sudip Chakravarty

Abstract: We calculate the spin-spin and current-current correlation functions in states exhibiting d_{{x"2}-{y"2}}-density wave (DDW) order, d_{{x"2}-{y"2}}
superconducting order (DSC), or both types of order. The spin-spin correlation functions in a state with both DDW and DSC order and in a state with DDW order
alone, respectively, illuminate the resonant peak seen in the superconducting state of the u... Vv More
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On Measuring Condensate Fraction in Superconductors

Authors: Sudip Chakravarty, Hae-Young Kee

Abstract: An analysis of off-diagonal long-range order in superconductors shows that the spin-spin correlation function is significantly influenced by the order if the
order parameter is anisotropic on a microscopic scale. Thus, magnetic neutron scattering can provide a direct measurement of the condensate fraction of a
superconductor. It is also argued that recent measurements in high temperature superco... V More
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Frustrated kinetic energy, the optical sum rule, and the mechanism of superconductivity

Authors: Sudip Chakravarty, Hae-Young Kee, Elihu Abrahams

Abstract: The theory that the change of the electronic kinetic energy in a direction perpendicular to the CuO-planes in high-temperature superconductors is a
substantial fraction of the condensation energy is examined. It is argued that the consequences of this theory based on a rigorous c-axis conductivity sum rule are
consistent with recent optical and penetration depth measurements.
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Spin Liquid from High Tc



Quantum Spin liquids

: Long Range Entanglement
with fractional excitations

e Kitaev Spin liquids

® Joric code



Kitaev spin liquid

e

Kitaev Exchange

K » SIS’

(1j)y

where v =x,y, 2 4

bond-dep. interaction

Exactly solvable: Z2 spin liquid ground state

A. Kitaev,Annals of Physics 321,2 (2006):
Anyones in exactly solved model and beyond



sing interaction on each bond:
bond dependant interaction:
each bond favors
different directions
of x,y,z

frustrated!

entropy is carried by emergent particles



graphical representation of H
Majorana operators

spins

TRS breaking: Hé? ~ —

Chiral edge modes can carry energy, leading to potentially measurable thermal trans-
port. (The temperature 7T is assumed to be much smaller than the energy gap in the bulk,
so that the effect of bulk excitations is negligible.) For quantum Hall systems, this phe-
nomenon was discussed in [56,57]. The energy current along the edge in the left (counter-
clockwise) direction is given by the following formula:

= %C_TZ, (57)

A. Kitaev,Annals of Physics 321,2 (2006):
Anyones in exactly solved model and beyond



Topological quantum computation

Quantum
Information

Anyon!



Topological quantum computation

Quantum
Information

Anyon! Quantum Materials



Topological quantum computation

Quantum
Information

Anyon! Quantum Materials

Where to find Anyons?

How to realize KSL in
Solid-State Materials ?



* candidates for Kitaev spin liquid

Iridium (5d): Na2lrOg3, Li2lrO3
Ruthenium (4d): RuCl3

1 2
H He
3 4 5 3 7 8 9 10
Li | Be B|C|N]|O F | Ne
1 [ 12 12 14 15 16| 17 [ 18
Na | Mg Al ([Si|P | S |ClI | A
19 [ 20 21 | 22 ] 23 | 24 3 [ 32 33| 3¢ ] 35 [ 36
K | Ca Sc|(Ti|V |C Ga |Ge | As | Se | Br | Kr
a7 | 38 /[ 40| 41 ] 42 43 | 50 | 51 | 52 | 53 | 54
Rb | Sr Y | Zr | Nb | Mo In {[Sn (Sb | Te | | | Xe
55 | 56 Ml 2] 3| 74 g1 [ 82 | 83 | 8¢ | 85 [ @6
Cs [Ba|*|Lu|H|Ta|W Tl |Pb | Bi | Po | At | Rn
a7 | 88 | &£ [ 103 | 104 | 105 [ 106 13| 114 115 ] 116 | 117 | 118
Fr |Ra |*#| Lr | Rf | Db | Sg Uut | Uuq (Uup | Uuh | Uus | Uuo

. 57 | 58 [ sa | eo | 61 [ 62 [ 63 | 64 | 65 [ 66 [ 67 | 68 | 63 [ 70

La|Ce [Pr |[Nd ([Pm|Sm|Eu |Gd | Tbh ([Dy |Ho | Er |Tm | YD

x| 23| 90 | 91 [ 92| 93 [ 94 [ 95| 96 [ 97 [ 98 [ 93 [ 100 [ 101 | 102

%(Ac | Th|{Pa| U |[Np|[Pu|Am|(Cm|Bk | Cf | Es | Fm | Md | No




Kitaev spin liquid in materials?

e

relevant orbitals & spin-orbit coupling (SOC):

Atomic & Cubic SOC
crystal field & hopping

Ru, Ir
d-orbitals

d> -- half filled Jeff=1/2 bands

Sr2lrO4: Mott insulator, B] Kim...W. Noh, PRL (2008);
B.]. Kim...H. Takagi, Science (2009)




Jer = 1/2 basis

1
\@ (yz) L) + ilzx) [L) + [xy) |T))
\Eu, +1) L) - i\g|1,0> T

1
‘—%> = \/;(Iyz> T = ilz) IT) = lxy) 1)

\Eu,—n IT) + i\g|1,0> 1)

mixture of t2g orbitals and different spins

_I_
N I—
~—

|

_|
A

= o~
|



Compass model

Jackeli and Khaliullin, Phys. Rev. Lett. 102,017205 (2009)
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edge-shared octahedra

strong SOC in t2g states:

Kitaev-Heisenberg model

R Y QY _8J +2
Hij — _KSZ Sj ‘|—JSZ . Sj where K — 3(1}120

Material candidates: honeycomb Iridates (5d)
Na2lrO3, Li2lrO3



Generic Spin Model

e

nearest neighbour:
ideal honeycomb

H= % H,

VEX,Y,Z

bond-dep. interaction

H* = ) [K.S7S; +[[.(S7SY + SYST)]|+JSi - S;

(ij)Ez—bond

H* =H*(x —y— 2z — x)

J-Rau, E. Lee, HYK, Phys. Rev. Lett. |1 12,077204 (2014)



e

For +1

Ordered phases nearby KSL

ED 24-site cluster

*)

(J,K,I") = (sinBcosd,sinBsing,cos0)

Zzigzag stripe
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J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster (J,K,I) = (sinBcosd,sinBsing,cosO

N

Tn/4

Stripy

-K

Kitaev
(a) Phase diagram forI' > 0

120

J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster

Tn/4

Stripy

Kitaev

(J,K,I") = (sinBcosd,sinBsing,cosO

N

-K

(a) Phase diagram forI' > 0

120

J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster (J,K,I) = (sinBcosd,sinBsing,cosO

N

Stripy

forI' >0

Kitaev
% diagrag

(a) Pha

120

J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster (J,K,I) = (sinBcosd,sinBsing,cosO

N

Stripy

forI' >0

Kitaev
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(a) Pha

120

J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster (J,K,I) = (sinBcosd,sinBsing,cosO

N

(a) PhaSg diagrap

120

RuCl3, Na2irO3, Li2lrO3:
NN+ further neighbour

J-Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Ordered phases nearby KSL

ED 24-site cluster (J,K,I) = (sinBcosd,sinBsing,cosO

N

(a) Phasg di

120

RuCl3, Na2irO3, Li2lrO3:
NN+ further neighbour

extremely narrow range of KSL
). Rau, E. Lee, HYK, Phys. Rev. Lett. 1 12,077204 (2014)



Kitaev materials: extends to 4d

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

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

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'>"

Ru’™ : 4d°

process 1n a-RuCls. Then a microscopic spin model relevant
for «-RuCl; should be composed of both the nearest-neighbor

id_bond-dependent exchange terms denoted by
Kitaev K and I" [44-46].
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J. 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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R. D. Johnson et al, Phys. Rev. B 92,2351 19 (2015).
H. B. Cao et al, Phys. Rev. B 93, 134423 (2016);

What about above Tc or inelastic !
Governed by Kitaev spin interaction?




Proximate to Kitaev spin liquid

Raman spectrum

(©) 1 | | | | (d) B +A (XX >
. |43
S =
= Pz
2 122
Q Q
E 1 .
- W | . , L.J. Sandilands et al,
5 10 15 20 25 20 40 60 Phys. Rev. Lett. | 14, 147201 (2015).
Energy shift (meV) Energy shift (meV)

Magnetic excitations: inelastic |
neutron scattering

A.Banerjee...S. Nagler, Nat. Mat. 15,733 (2016)
A. Banerijee... S. Nagler, Science (2017)
S.-H. Do, ..., S.]i, Nat. Phys. 13, 1079 (2017)
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Indicate strong frustration: Kitaev contributions



smoking-gun sighature

Chiral edge mode : 1/2 quantized thermal Hall conductivity

Chiral edge modes can carry energy, leading to potentially measurable thermal trans-
port. (The temperature 7 is assumed to be much smaller than the energy gap in the bulk,
so that the effect of bulk excitations is negligible.) For quantum Hall systems, this phe-
nomenon was discussed in [56,57]. The energy current along the edge in the left (counter-
clockwise) direction is given by the following formula:

[= %C_Tz, (57)

A. Kitaev,Annals of Physics 321,2 (2006):
Anyones in exactly solved model and beyond



Thermal Transport: alpha-RuCI3
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Kasahara,..Y. Matsuda, Nature (2018)




Thermal Transport: alpha-RuCI3
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Real materials: not a pure K model! Kasahara,..Y. Matsuda, Nature (2018)



Pure Kitaev model cannot explain
intermediate-field state
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Almost immediately unstable to polarized state

Z. Zhu, |. Kimchi, D. Sheng, L. Fu, PRB 97,241 110 (2018)



Field-driven U(1) spin liquid:
transition from Kitaev to U(l) spin liquid
near antiferromagnetic Kitaev region

C. Hickey, S. Trebst, Nat. Comm. 10,530 (2019)

(a) AFM-K A i Uniform h N (b) FM-K
0.6
0.4
KSL \Qf'
h112 04 02 02 04 hilo
0.6 PL 0.6

fascinating result, but cannot explain /2 quantized thermal Hall:
the intermediate-field state in RuCI3



Recent magnetic field studies on RuClI3:
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List of proposed parameter sets

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

Set Material Ji [meV] K;i [meV] I'1 [meV] Jo [meV] K3 [meV] J3 [meV] Method Ref. Year
1 v o-RuCls  —4.6 +7.0 — — — — fit to neutron scattering 34, 35 2016
1’ Na2IrO3  —4.0 +10.5 — — — — fit to susceptibility & neutron 29 2013
scattering
14+T"  a-RuCls —12 +17 +12 — — — DFT + t/U expansion 41 2015
2 NazIrOs 0 —17 0 0 — +6.8 DFT + exact diagonalization 31 2016
24T NaglrO;  +3 17 +1 -3 16 +1  DFT + t/U expansion, direc- 39, 42 2016
tion of moments
(24T)" NaglrOs — +5  MRCI, fit to Ocw 44 2014
(2+T")” a-RuCls — +0.3  MRCI, fit to magnetization 13 2016
2/3 a-RuCl; — +2.7 DFT + exact diagonalization 31 2016
3 a-RuCls — — fit to neutron scattering 32 2017
3’ a-RuCls — — DFT + t/U expansion 33 2016
3” a-RuCls — —  DFT + ¢/U expansion v 37 2016
3+J3 a-RuCls — +0.5  fit to neutron scattering 38 2017

FM Kitaev and AFM TI': starting point



Dominant interactions: -K + I’
other small interactions : magnetic ordering

l




Dominant interactions: -K + I’
other small interactions : magnetic ordering

l

magnetic field: kills the magnetic ordering

& reveal “the phase” set by
FMK+AFM [

Does FM Kitaev + AFM 1" model support
spin liquid?

J. Gordon, A. Catuneanu, E. Sorensen, HYK, arXiv:1901.09943,




Field-revealed Kitaev spin liquid

J. Gordon, A. Catuneanu, E. Sorensen, HYK, arXiv:1901.09943
Nearest neighbour spin model
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DMRG results on stripy geometry

AL

112] || *

Set J=0 &

1.8

16 (@) 0

PS

1.2

1.0

0.8

0.6

0.4

0.2

0.0 T T )
-1.0 -08 -0.6 -04 -0.2 0.0

| (b) 5°

-08 -06 -04 -0.2 0.0

| (c) 10°

-08 -06 -04 -0.2 0.0

Strong field-angle dependence

0.10

T i

-0.8 -06 -04 -0.2 0.0

0.00

* strong spin fluctuations in PS in high field regime



1.8

1.6 A

1.4 1

1.2

1.0

0.8

0.6

0.4

[112] || a*

DMRG results on stripy geometry

Set |]=0 &= -0.1

(a) 0°

0.2

-1.0 -08 -

R e—————

PS

0.6 -04 -0.2 0.0

| (b) 5°

-08 -06 -04 -0.2 0.0

| (c) 10°

-08 -06 -04 -0.2 0.0

Strong field-angle dependence

s

0.10

T i

-0.8 -06 -04 -0.2 0.0

0.00

* strong spin fluctuations in PS in high field regime



1.8

1.6 A

1.4 1

1.2

1.0

0.8

0.6

0.4

DMRG results on stripy geometry

112] || *

Set |]=0 &= -0.1

XE

s

20ty L
- I/K

(a) 0°

0.2

vy =
-1.0 -0.8

PS

)
-06 -04 -0.2

| (b) 5°

0.0 -08 -06 -04 -0.2

0.0

] ()1

1.0}

0.0Lu ot v\ u

T T

= —0.325 ]

-08 -06 -04 -0.2 0.0

Strong field-angle dependence

‘ — 7;\%‘
Bl

-0.8 -06 -04 -0.2

* strong spin fluctuations in PS in high field regime

0.10



[112] || a*
1.8

DMRG results on stripy geometry

Set |]=0 &= -0.1

16 (@) 0

| (b) 5°

s

T T

2.0ty &
(@) I/K =-0.325 |

0.051

Strong field-angle dependence

* strong spin fluctuations in PS in high field regime

0.10



What is the phase without ZZ ordering?

DMRG results on stripy geometry
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What is KGSL ? back to 24-site ED
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translation symmetry broken: vison crystal spin liquid
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translation symmetry broken: vison crystal spin liquid
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small anisotropy lifts the degeneracy: does not appear in
leg-geometry either:Further studies are required



Specific predictions for RuCl3

e

Sign change of thermal Hall:
in-plane field direction changes

Wide range of KSL in the field
perp. to the honeycomb plane



RuCl3: near Spin Liquid
X pin L9

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

—- higher-spin Kitaev materials: arXiv:1903.0001 |

doping: topological superconductor

strain induced phase transitions
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