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Classical vs quantum criticality
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DeconbPned quantum criticality PP
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DeconbPned guantum criticality
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DeconbPned guantum criticality
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Spin-liquid transitions

Ordered state Quantum paramagnet

[Assaad & Grover, PRX O16]
[LJ, Wang, Scherer, Meng, Xu, PRB O20]
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Quantum paramagnet #1
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(2) Spin-1/2: Field-induced criticality in Kitaev materials



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]




Experimental searcht -RuCk in pPeld
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I -RuCk In zero Peld: Zigzag antiferromagnet

Neutron di' raction: [Johnsonet al., PRB O15]
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Extended Heisenberg-Kitaev models:

H= ;S &S+ KiS'S'+1(S'S’+sPs!)y + 33545 +
" i [Winter et al., PRB (~)16:
' ) [LJ, Andrade, Vojta, PRB O17]
[Kaib, Winter, Valent’, PRB O19]
[LJ, Koch, Vojta, PRB 020
[Maksimov & Chernyshev, PRR O20]
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I -RuCk: Field-induced guantum criticality
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Fractionalized quantum criticality: XY*

Bose-Hubbard-like model (kagome lattice):

VAN \
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Defect String
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[Isakov, Melko, Hastings, Science 012]

[Isakov, Hastings, Melko, Nat. Phys. O11] > [Chubukov, Senthil, Sachdev, PRL 094]



Helsenberg-Kitaev models in pPeld
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E linear spin-wave theory
& classical Monte Carlo
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Quantum ( S=1/2)
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Technical challenge: Dynamical, gauge peld!
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E no sign-problem-free QMC available
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Generalizations of Kitaev model: Spin-orbital liquids

Spin + orbital + E degrees of freedom:

v

E

U 21 2 10U pP =3 4" 4 IN 81 8

E can realize all 16! » topological superconductors
[Chulliparambil, E, LJ, Tu, arXiv:2005.13683]

- XY spin Kitaev orbital
Example #1 (square lattice): P .«

~~

He = 1K (X X+11) BPp

1] "4

Majorana representation:

1Yl p* = iblc”

y — h2AX - .
MG — | itinerant fermions
Y1 pP% = ib3c* E recover known model forj = 3/2 spin liquid:

[Yao, Zhang, Kivelson, PRL O09]
[Nakai, Ryu, Furusaki, PRB 012]
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141 1 = jcYc”
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Static perturbations

CcY +1

OHeisenberg-KitaevO spin-orbital model:
c +1 +1
H=Hc+J% 1221 11

i Ising spin order
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0 J =K
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Static perturbations

CcY +1

OHeisenberg-KitaevO spin-orbital model:
c* +1 +1

H=Hc+J% 1221 11

i Ising spin order

0 J =K
Parton representation (\//?/\A , neareSFneighb
‘a“\exe | ~ By "epulsion), — 4Jor
G * # T aJz
0o ¥ \ 1 /
\'\099\ 7\ LN V %’/ 1 1 |
H !" 2Kuij (fl fj + fj f.) +4J (ni # z)(nj # z) Ground-state [3ux pattern:
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Spinless fermions o#-[3ux lattice: QMC owf T -_
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0 V/t [Li, Jiang, Yao, NJP O15]

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

_ _ - , [Gracey, IJIMP 094]
Gross-Neveli- universality: 1= =1:12(1), Q =0:51(3), O ! 01 [LJ & Herbut, PRB &14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]
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Spinless fermions o#-[3ux lattice: QMC owf T -_
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0 V/t [Li, Jiang, Yao, NJP O15]

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

_ _ - , [Gracey, IJIMP 094]

Gross-Neveli- universality: 1= =1:12(1), Q =0:51(3), O ! 01 [LJ & Herbut, PRB &14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]

Spin-orbital model: :

cY Gross-Nevel-»* i

CX +1 +1

Ising spin ordel

0 i; Jzl K

(Jz/ K)c — ()642(2) . [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, arXiv:2009.05051]



Fractionalized fermionic universality classes

Example #2 (honeycomb lattice): H=1K &ay" B +J  kay" 1

1] "4 ij"
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Fractionalized fermionic universality classes

Example #2 (honeycomb lattice): H=1K &ay" |3.a|3,él +J  Mayt Ll
lij ", lij "
- itinerant fermions
Majorana representation ,VC" Ordered state:
7\ " T £ ) | T | 1 . -
lij " R
0 B
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Fractionalized fermionic universality classes

Example #2 (honeycomb lattice): H=1K &ay" |3.a|3,él +J  Mayt Ll
lij"a Iy
- itinerant fermions
Majorana representation P I Ordered state:
AN Lo “ o l " l " . .
lij" R
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(J/ K)c = 0.9(2) 6 [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, arXiv:2009.05051]




E" ective Peld theory: Gross-Neveu-SO(3)

Action: B . |
S= d’xdP A"@ + gbag1,! L) + ;04" @+ m°)O+ B(Oad?
4 - $ expansion: 1/N expansion:
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° @ \ ./
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E" ective Peld theory: Gross-Neveu-SO(3)

Action: B . |
S= d’xdP A"@ + gbag1,! L) + ;04" @+ m°)O+ B(Oad?
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, arXiv:2009.05051]



Finite-size spectroscopy: Ising vs Ising*
Transverse-beld Ising:

H=1J 1Z121 h 1X

21

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)
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(2 )7
Kekule

' T

miSSi ) .
9 in Gpx [Schuleret al., arXiv:1907.05373] E testable in future simulations
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Conclusions | -RuC in beld
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