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Outline

(1) Introduction: Topological phases of matter



Topological phases of matter
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Topological superconductors

Chiral p + 1 p superconductor:

1A ~ ~ 2 -
HBedg = > | p[ﬁ(p;N) a~|! p; a(p;N) = (! 2! |py;! 2! ‘px;g—m! N)
P

[Bernevig & Neupert, arXiv:1506.0580]



Topological superconductors
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Topological superconductors
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KitaevOs 16-fold way

Topological spin:

16 classes of topological SC




KitaevOs 16-fold way

Topological spin:

A~ TN
16 classes of topological SC

Q1. How to realizethem?

Q2. How to detectthem?
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Outline

(2) Spin-1/2: Kitaev honeycomb model



Frustrated magnets

Frustration:

Not all local constraints can be simultaneousbatisbed

Cconsequences:
Classical: Exponentially large ground-state manifold

Quantum: New phases of matter?

Antiferromagnetic coupling of3 Ising spins



Kitaev honeycomb model

Spin-1/2 on honeycomb lattice:

(J
(J
(J
Hamiltonian:
— N X X N Y1 Y 122
H =1 Ky XK, HERNE 7
blue links green links red links
Exchange frustration
[Kitaev, Ann. Phys. O06] Review:[Trebst, arXiv:1701.07056]



Parton construction

Majorana representation: IR = bc |
Y1 B = ib’c
121" k2 = ib’c | |
1 spin 4 Majoranas

with gauge constraint

Fractionalization:

HI" H=#i  Ka(ib'b)cig

1] "4

static!

Ground-state [3ux pattern:u ! 1
[Lieb, PRL O94]

Fermion spectrum:

Review:[Trebst, arXiv:1701.07056]




I -RuCk In zero Peld: Zigzag antiferromagnet

Zigzag order: Neutron dI' raction: [Johnsonet al., PRB O15]
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Experimental searcht -RuCk in peld

thermal Quantum Hall € ect:

Majorana 15
fermion T
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Magnetic beld

[Kasaharaet al., Nature O18]
Topical Review:[LJ & Vojta, JPCM O19]

Smoking-gun signature of Majorana edge state
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I -RuCk: Field-induced quantum criticality

J/ky ! 80 K
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13

/Td/Z

Rescaled specibc heat
C
mag

104

107}

0.01 |

T/|H-H |
Rescaled temperature

Ewith z! 1and" ! 0.7

[Wolter, Corredor, LJ

, etal., PRB O17]



Kitaev-Heisenberg models in peld
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[LJ, Andrade, Vojta, PRL O16]

E linear spin-wave theory
& classical Monte Carlo



Kitaev-Heisenberg models in peld
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E linear spin-wave theory
& classical Monte Carlo
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[Consoli, LJ, Vojta, Andrade, PRB 020
E nonlinear spin-wave theory
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Kitaev-Heisenberg models in peld
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E linear spin-wave theory
& classical Monte Carlo
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[Consoli, LJ, Vojta, Andrade, PRB 020
E nonlinear spin-wave theory

Quantum (S = 1/2)

19

A Jed

A\

leA

J/ K

[Hickey & Trebst, Nat. Commun. O19]

Technical challenge: Dynamical, gauge peld!

E 24-site ED

E no sign-problem-free QMC available;[Sato & Assaad, PRB 021

14



Outline

(1) Introduction: Topological phases of matter

(2) Spin-1/2: Kitaev honeycomb model

(3) Spin-3/2: Generalized Kitaev models

(4) Conclusions

15



Generalizations of Kitaev model: Spin-orbital liquids

Spin + orbital + E degrees of freedom:

——O— o E
U 21 2 10U pP =3 4" 4 IN 81 8
C=0;1 C=2;3 C=4;5

E can realize all 16 topological superconductors
[Chulliparambil, E, LJ, Tu, PRB 020]
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Generalizations of Kitaev model: Spin-orbital liquids

Spin + orbital + E degrees of freedom:

v

——0O— e E
U 21 2 10U pP =3 4" 4 IN 81 8
C=0;1 C=2;3 C=4;5

E can realize all 16 topological superconductors

Example #1 (Square |attice): XY spin <itaey orbital [Chulliparambil, E, LJ, Tu, PRB 020]

He = 1K (x+ 1)y g

Majorana representation 1 "a
1Y 1 p* = jbic*

1Y 1 PY = jib%cX
A

RA = ip3cX T —— E recover known model for j = 3/2 spin liquid:
X1 1 = ip%cX [Yao, Zhang, Kivelson, PRL O0¢ itinerant fermions
121 1 = jeYeX [Nakai, Ryu, Furusaki, PRB O1- C=2
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Kitaev-Ising spin-orbital model

CcY +1

Ising perturbation:
4 +1 +1

H=Hg+J2 12171 1,1

L Ising spin ordet
lij

T

0 J =K
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Kitaev-Ising spin-orbital model

CcY +1

Ising perturbation:
4 +1 +1

H=Hc+J% 1221 11

i Ising spin order

0 J =K
Parton representation % Nearesy.,. ..
et~ / 15y, re >rheighpor
@ y Plllsionv = 4 5,
00 ©° _ / /
\'\099\ N 4 V %‘l 1 1 J
H !" 2Kuij (fl fj + fj f.) +4J (ni # z)(nj # z) Ground-state [3ux pattern:

ij" / ( [Lieb, PRL O94]
f = 1 '

5(cx 4 153 ochron Jensith {
Spin-orbital model! Interacting fermions or#-(3ux lattice
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Spinless fermions o#-[3ux lattice: QMC owf T -_

0.35

0.30 X
@ 0.25

@ £ o020f
O 0.5 i

O 0.10} {
0.05]

0.00 A a0y

Charge density wav 128 132 136 140 1.44

V
[Wang, Corboz, Troyer, NJP O14]
0 V/t [Li, Jiang, Yao, NJP O15]

(V/ t)c — 1281(2) [Hu! man & Chandrasekharan, PRD O17; PRD 020]

W
Ho

_ _ - [Gracey, IJIMP 094]
Gross-Nevel- universality: 1= =1:12(1), Q =0:51(3) [LJ & Herbut, PRB O14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]
E
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Spinless fermions o#-[3ux lattice: QMC

%X 22
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Gross-Nevel-» universality: 1= =1:12(1), Q =0:51(3)

Spin-orbital model:
cY Gross-Nevel»* T
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[Wang, Corboz, Troyer, NJP O14]
[Li, Jiang, Yao, NJP O15]
[Hu! man & Chandrasekharan, PRD O17; PRD 020]

[Gracey, IJIMP 094]
[LJ & Herbut, PRB O14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]
E

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL 020



Kitaev-Helsenberg spin-orbital model

Example #2 (honeycomb lattice):

H=1K Ha" BB +J  HaN" 11
1) "4 lij"

E for J = 0 equivalent to known models:
[Yao & Lee, PRL O11]
[Natori & Knolle, PRL O020]
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Kitaev-Helsenberg spin-orbital model

Example #2 (honeycomb lattice):

H=1K &a5" BPp'+J +Hé&" 11
lij"a Ik itinerant fermions
C=3

E for J = 0 equivalent to known models:
[Yao & Lee, PRL O11]
[Natori & Knolle, PRL O020]

Majorana representation Ordered state:

VAN

H  Kiugef 6 + 2(¢ e a(c? Cc)) IcialCia" # !cgCCig"  spin density wave
ij "
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Gross-Neveu-SO(3)* quantum criticality

Phase diagram:

7 7
4Ls 1/

Gross-Neveu-SO(3)* ¢ A {,

0 i; J/ K

i L7 7
I 2 4
NZel spin ordel

20
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL O20]



Gross-Neveu-SO(3)* quantum criticality

Phase diagram:
° 7 7
4Ls 1/
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Critical exponents:
1=! =1:03(15

Vd
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¥ largeN expansion @O(1/ N?)
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¥ functional RG @ LPAD 20
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL O20]

OGross-Neveu-SO(&

[Ray, lhrig, Gracey, Scherer, LJ, PRB O2:

Sign-problem-free QMC:[Liu, Vojta, Assaad, LJ, arXiv:2108.06346]
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Conclusions

From frustration E

E to topology
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[Ylebru, CC BY-SA 3.0, via Wikimedia Commons]

| -RuCk in beld

C=17

Kitaev-Ising spin-orbital model

Kitaev-Heisenberg spin-orbital model
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Gross-Neveu-SO(3): Sign-problem-free QMC

Hamiltonian:

Phase diagram:
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Spin-orbital model in external magnetic peld

lij"a lij " i
Magnetization: 10—
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Finite-size spectroscopy: Ising vs Ising*
Transverse-beld Ising:

H=1J 1Z121 h 1X

26

Transverse-peld toric code:



Finite-size spectroscopy: Ising vs Ising*

Transverse-beld Ising: Transverse-beld toric code:
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Gross-Neveu vs Gross-Neveu*

Gross-Nevel- Gross-Nevel»* (schematic)

15.0—

...................
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(2 )7
Kekule

T

[Schuleret al., PRB 021] E testable in future simulations



Fractionalized quantum criticality: XY*

Bose-Hubbard-like model (kagome Ilattice):

Phase diagram:

A

T/t

| Hopping bosons

Quantum -
'\ critical -
\ / :

\ fan 17

Superfluid

b+ b +V  (n)3

* Boson density
In plaquette

[Isakov, Hastings, Melko, Nat. Phys. O11]
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Defect String

V/t:(V/t)c

Boson propagatotb b"

T T T
1 -
[ 1+1.493 ]

LS 1.493

E anomalous dimension
E of beld
but" ! 0.67
18 % 30 3'6 3 E as in conventional XY
L
System size

[Isakov, Melko, Hastings, Science 012]
[Chubukov, Senthil, Sachdev, PRL O94]



