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Classical vs quantum criticality
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Spin-liquid transitions
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Example: Kagome-lattice Bose-Hubbard model

t >
Hamiltonian: ““
H = | '[I\ bl b] + b'bj + VI\ (ﬂl )2 @
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E b; hard-core bosons

[Isakov, Hastings, Melko, Nat. Phys. O11]
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Quantum critical scaling: XY*
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Finite-size spectroscopy: Ising vs Ising*
Transverse-peld Ising:

H=1J 12121 h IX

Transverse-beld toric code:

H=1J  1X1J
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Finite-size spectroscopy: Ising vs Ising*
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Fermionic version of fractionalized QCF
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Kitaev spin-1/2 model

Hamiltonian:

H=K XX+ K 1Y+

blue links green links

[Kitaev, Ann. Phys. O06]
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Kitaev spin-1/2 model

Hamiltonian:

H=K XX+ K 1Y+

blue links green links

Majorana representation
21" B = 1b*c
1y 1" B = jbYc

" B2 = ib’c

spin 4 Majoranas
with gauge constraint
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Kitaev-Heisenberg spin-1/2 model T Y
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Technical challenge: Dynamical, gauge peld!

E no sign-problem-free QMC availableSato & Assaad, PRB 021



KitaevOs 16-fold way of anyon theories

CIi! ord algebra:
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Kitaev spin-orbital models

Spin + orbital + E degrees of freedom:

U 21 2 10U pP =3 4" 4 IN 81 8
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Kitaev spin-orbital models

Spin + orbital + E degrees of freedom:
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Kitaev spin-orbital models

Spin + orbital + E degrees of freedom:
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Kitaev-Ising spin-orbital model

oF +1
Ising perturbation:
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Kitaev-Ising spin-orbital model
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Spinless fermions oh -RBux lattice: QMC o5 S
0.30| § ]

X @ 015 E
O O 0.10 - %

0.05 | ,, ]
Dirac semimetal Charge density wav ooolaste

V
(ﬂ—/) [Wang, Corboz, Troyer, NJP (”)14]

Vit [Li, Jiang, Yao, NJP O15]
(V/ t)c — 1281(2) [Hu" man & Chandrasekharan, PRD O17; PRD 020]
E

ACDW




Spinless fermions oh -RBux lattice: QMC o5 S
0.30| § ]

X & 0.15 E
O O 0.10} ¥

0.05

ACDW

Dirac semimetal Charge density wav ooolaste

V
(ﬂ—/) [Wang, Corboz, Troyer, NJP (”)14]

VIt [Li, Jiang, Yao, NJP O15]
(V/ t)c — 1281(2) [Hu" man & Chandrasekharan, PRD O17; PRD 020]
E
Spin-orbital model:
b Gross-Nevell»* K}
+1 +1

C

Kitaev spin-orbital liquid Ising spin ordel

0 JZ K
(Jz/ K)c — ()642(2) [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL 020



Spinless fermions oh-[3ux lattice: QMC
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Gross-Neveu vs Gross-Neveu*
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Kitaev-Helsenberg spin-orbital model
Hamiltonian:
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Kitaev-Helsenberg spin-orbital model
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Kitaev-Helsenberg spin-orbital model
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Kitaev-Helsenberg spin-orbital model

Hamiltonian:
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Gross-Neveu-SO(3)* transition
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Gross-Neveu-SO(3)* transition

IDMRG: Phase diagram
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Gross-Neveu-SO(3)* criticality T
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Sign-problem-free bilayer model

#
Hamiltonian: y
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Sign-problem-free bilayer model

Hamiltonian:
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Sign-problem-free bilayer model

Phase diagram: Symmetric
semimetal

384 284 284
R

OSpin-orbital liquid -Jcl OSO(3) Kitaev liquid( ch OGapped liquic J



Sign-problem-free bilayer model

Phase diagram: Symmetric
semimetal

384 284 284
R

OSpin-orbital liquid -Jcl OSO(3) Kitaev liquid( ch OGapped liquic J
Fermion spectral $ +314(1 | +314:] +3848)
function: ) ) y
§|:|: ‘# 3 # H #
- .'_..( :_(
'& '& &

A +
T
A



Sign-problem-free bilayer model

Phase diagram: Symmetric
semimetal
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Gross-Neveu-SO(3) transition aica XXX | gXi

. . S(! + dk
Correlation ratio: R. =11 ( )
S(!)
1 \ | 1
L I'HS 1" —>—
| 1"06$ 1% 1/ Y/0./7% ,..1/017"
0.75} | 1gg I'g //</>< 0.8 R o O
o " ()*+, / - - g
os| . 3, % 5 (0.6 o * | 1 —N- ‘
s 4 R I 1= =0:906(35
0.257 !!::%$ !:%: & 0.4| . N4 :i::fj% i::?;o f
A A A A LI &f IA& A A 0.2 | | 1"&$ 1"& —
©a 0425 045 0475 05 09 06 -0-3&|.( 0 0.3 0.6

E cf. 1/ #=0.93(4) and ! s = 0.83(4) from beld theory

- [Ray, Ihrig, Kruti, Gracey, Scherer, LJ, PRB 021]



Gross-Neveu-SO(3) transition alc;
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SO(3)-U(1) transition at Jc oXo! 920
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SO(3)-U(1) transition at Jco oX Al ©
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SO(3)-U(1) transition at Jco

Free energy:

Correlation lengths:
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SO(3)-U(1) transition at Jco

Free energy:
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Conclusions

Square-lattice Kitaev-Ising spin-orbital model:
" = 2 Kitaev liquid Ising spin order
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Conclusions

SO(N) Majorana-Hubbard models

dx

SIS

[LJ & Seifert, PRB 022]
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