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Effective model: H =

∑

ij

itijγiγj +

∑

ijkl

gijklγiγjγkγl + . . .
“Majorana-Hubbard models”

[Grosfeld & Stern, PRB ’06] 

[Liu & Franz, PRB ’15] 

[Wamer & Affleck, PRB ’18] 

[Li & Franz, PRB ’18] 

[Tummuru, Nocera, Affleck, PRB ’21]  

…

Grosfeld-Stern rule: arg (int1,2 . . . tn−1,ntn,1) =
π

2
(n − 2).

Square lattice: π flux   

Honeycomb lattice: 0 flux

tunable by gate voltage



Motivation #2: Kitaev honeycomb model
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Hamiltonian:
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Beyond Kitaev spin-1/2
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Spin-orbital generalization:
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SO(3) Kitaev-Heisenberg spin-orbital model
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Phase diagram:
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SO(N) Majorana-Hubbard models

Hamiltonian:

Generators of SO(N)
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Hubbard-Heisenberg model”

Phase diagram:

… on  honeycomb lattice 

… and similar on π-flux square lattice 

SO(N) sy
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Rotational symmetry breaking
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Quantum phase transitions

Effective model (MSM-to-AFM transition):

tensor order parameter
<latexit sha1_base64="TguBAki7PeZYdnnviqd1dplIwbQ="></latexit>

L =  ̄¸‚—@— ¸ +
1

4
ffiab

`

r − @2—
´

ffiab +
g

2
ffiab ̄¸(L

ab)¸˛ ˛

+
–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida



7

Quantum phase transitions

Effective model (MSM-to-AFM transition):

tensor order parameter

<latexit sha1_base64="3JoJPaAuH9pLMe7o/wZMa7B2S0g="></latexit>

–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida =

–1 + 2–2

2

ˆ

Tr (ffi2)
˜2<latexit sha1_base64="m2/c6TwEcy5yfQyF3+AsW0bvuwY="></latexit>

N ≤ 3:

<latexit sha1_base64="TguBAki7PeZYdnnviqd1dplIwbQ="></latexit>

L =  ̄¸‚—@— ¸ +
1

4
ffiab

`

r − @2—
´

ffiab +
g

2
ffiab ̄¸(L

ab)¸˛ ˛

+
–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida



7

Quantum phase transitions

Effective model (MSM-to-AFM transition):

tensor order parameter

<latexit sha1_base64="3JoJPaAuH9pLMe7o/wZMa7B2S0g="></latexit>

–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida =

–1 + 2–2

2

ˆ

Tr (ffi2)
˜2<latexit sha1_base64="m2/c6TwEcy5yfQyF3+AsW0bvuwY="></latexit>

N ≤ 3:

N = 2:

<latexit sha1_base64="8AQISMSTDfeT+jCrzV1cHoSDsUI="></latexit>

(ffiab) =

„

0 ffi

−ffi 0

«

“Gross-Neveu-Ising”
[Wang, Corboz, Troyer, NJP ’14] 

[Li, Jiang, Yao, NJP ’15] 

[Huffman & Chandrasekharan, PRD ’17; PRD ’20] 

…

<latexit sha1_base64="TguBAki7PeZYdnnviqd1dplIwbQ="></latexit>

L =  ̄¸‚—@— ¸ +
1

4
ffiab

`

r − @2—
´

ffiab +
g

2
ffiab ̄¸(L

ab)¸˛ ˛

+
–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida



7

Quantum phase transitions

Effective model (MSM-to-AFM transition):

tensor order parameter

<latexit sha1_base64="3JoJPaAuH9pLMe7o/wZMa7B2S0g="></latexit>

–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida =

–1 + 2–2

2

ˆ

Tr (ffi2)
˜2<latexit sha1_base64="m2/c6TwEcy5yfQyF3+AsW0bvuwY="></latexit>

N ≤ 3:

N = 2:

<latexit sha1_base64="8AQISMSTDfeT+jCrzV1cHoSDsUI="></latexit>

(ffiab) =

„

0 ffi

−ffi 0

«

“Gross-Neveu-Ising”
[Wang, Corboz, Troyer, NJP ’14] 

[Li, Jiang, Yao, NJP ’15] 

[Huffman & Chandrasekharan, PRD ’17; PRD ’20] 

…

<latexit sha1_base64="TguBAki7PeZYdnnviqd1dplIwbQ="></latexit>

L =  ̄¸‚—@— ¸ +
1

4
ffiab

`

r − @2—
´

ffiab +
g

2
ffiab ̄¸(L

ab)¸˛ ˛

+
–1

4

`

ffiabffiab
´2

+ –2ffi
abffibcfficdffida

N = 3:

<latexit sha1_base64="XUTF3kidVzZ7TSCTVeutaDKV8cY="></latexit>

(ffiab) =

0

@

0 ffi3 ffi2

−ffi3 0 ffi1

−ffi2 −ffi1 0

1

A

“Gross-Neveu-SO(3)”

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

[Ray, Ihrig, Gracey, Scherer, LJ, PRB ’21] 

[Liu, Vojta, Assaad, LJ, PRL ’22 (Editors’ Suggestion)]



8

Renormalization group flow: N = 4
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Renormalization group flow: N = 4

Bosons  

+ “few” fermions:
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Renormalization group flow: N = 4
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Renormalization group flow: N = 4
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SO(N) Majorana-Hubbard models
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