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Simultaneous diagonalization:

Lieb theorem (ground state):

… up to gauge redundancy

[Lieb, PRL ’94]
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Majorana spectrum:

“1/2” of graphene!
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13

Hamiltonian:

… possible relevance to α-RuCl3, Na2IrO3, Na2Co2TeO6, …
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Hamiltonian:

… possible relevance to α-RuCl3, Na2IrO3, Na2Co2TeO6, …

… from 24-site ED: [Chaloupka, Jackeli, Khaliullin, PRL ’13]
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Technical challenge: Dynamical ℤ2 gauge field!

… no sign-problem-free QMC available: [Sato & Assaad, PRB ’21]



Outline

14

(1) Introduction 

(2) Kitaev spin-1/2 model 

(3) Kitaev-Heisenberg spin-orbital model 

(4) Conclusions



Beyond Kitaev spin-1/2

15

Spin-orbital generalization:
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Ground state:

[Lieb, PRL ’94]
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Phase diagram:
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Gradient expansion:

“Gross-Neveu-SO(3)”
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[Ray, Ihrig, Kruti, Gracey, Scherer, LJ, PRB ’21]

Correlation length exponent: Anomalous dimension:

Levels of approximation: 

• Functional RG @ LPA’
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Correlation length exponent: Anomalous dimension:

Levels of approximation: 

• Functional RG @ LPA’ 

• 1/N expansion @ O(1/N2)
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Correlation length exponent: Anomalous dimension:

Levels of approximation: 

• Functional RG @ LPA’ 

• 1/N expansion @ O(1/N2) 

• 4 - ε expansion @ 3 loop
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Correlation length exponent: Anomalous dimension:

Levels of approximation: 
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• 4 - ε expansion @ 3 loop



Sign-problem-free bilayer model
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Hamiltonian:
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Gross-Neveu-SO(3) transition at Jc1
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Scaling collapse:

[Liu, Vojta, Assaad, LJ, PRL ’22] 

[Liu, Vojta, Assaad, LJ, in preparation]
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Scaling collapse:

Critical exponents:
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(b) (c)

QMC data collapse
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[Liu, Vojta, Assaad, LJ, in preparation]

(b)(a)



SO(3)-U(1) transition at Jc2

27

JJc2

Competing orders:

antiferromagnet interlayer coherence



SO(3)-U(1) transition at Jc2

27

JJc2

Competing orders:

antiferromagnet interlayer coherence

Landau

n
o
b
el

pr
iz

e.
o
rg

or



SO(3)-U(1) transition at Jc2

28

Competing orders:

Quantum Monte Carlo:

d
F
/d
J

1/L

J c
2
(L

)

J

0.95

0.97

0.99

1.01

0 0.05 0.1 0.15 0.2

(c)
J

c2

SO(3)
(L)

Jc2

U(1)
(L)

c2 + a/L
e

J
U(1)

 1

 3

 5

 7

 0.9  0.95  1  1.05  1.1

ξ U
(1

)

J

L=9
L=12
L=15
L=18

 1

 3

 5

 7

 0.9  0.95  1  1.05  1.1

ξ S
O

(3
)

J

L=9
L=12
L=15
L=18

(a) (b)

direct … & … continuous

[Liu, Vojta, Assaad, LJ, PRL ’22]

JJc2



SO(3)-U(1) transition at Jc2

28

Competing orders:

Quantum Monte Carlo:

d
F
/d
J

1/L

J c
2
(L

)

J

0.95

0.97

0.99

1.01

0 0.05 0.1 0.15 0.2

(c)
J

c2

SO(3)
(L)

Jc2

U(1)
(L)

c2 + a/L
e

J
U(1)

 1

 3

 5

 7

 0.9  0.95  1  1.05  1.1

ξ U
(1

)

J

L=9
L=12
L=15
L=18

 1

 3

 5

 7

 0.9  0.95  1  1.05  1.1

ξ S
O

(3
)

J

L=9
L=12
L=15
L=18

(a) (b)

direct … & … continuous

Metallic deconfined quantum critical point!

[Liu, Vojta, Assaad, LJ, PRL ’22]

JJc2



Outline

29

(1) Introduction 

(2) Kitaev spin-1/2 model 
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SO(3)-U(1) transition at Jc2: Correlation ratios



SO(3)-U(1) transition at Jc2: Spectral functions

⇒ Single “velocity of light”

⇒ Emergent Lorentz symmetry



Finite-temperature phase diagram
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