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 Fermionic Monte Carlo Study of a Realistic Model of Twisted Bilayer Graphene,  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Momentum-Space Quantum Monte Carlo

 Cheng Huang et al., Nat. Comm. 16, 7176 (2025)
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T = 0.667 meV

for valley polarized state

for intervalley coherent state

single-particle excitations

Bosonic collective excitations
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 PRL 130, 016401 (2023) momentum-space QMC

Single valley and single spin
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Gapped excitons restore time-reversal 
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Tr{
Y

t

B({l|q|,t})} =
X

{l|q|,t}

D⌧ ({l|q|,t})D�⌧ ({l|q|,t}) =
X

{l|q|,t}

D⌧ ({l|q|,t})D⇤
⌧ ({l|q|,t}) No sign-problem

 Fermionic Monte Carlo Study of a Realistic Model of Twisted Bilayer Graphene,  
Johannes S. Hofmann, et al., PRX 12, 011061 (2022)

decoupled Hamiltonian is traceless anti-Hermitian matrix 

= ∑
k,m,n

− λm,n,τ(k, k + q + G)(c̃†
k+q,n,−τck,m,−τ −

1
2

δq,0δm,n)

= ∑
k,m,n

− λ*n,m,τ(k, k − q − G)(c̃†
k,n,−τck−q,m,−τ −

1
2

δq,0δm,n)

 CPL 38, 077305 (2021)



 Phys. Rev. B 107, L241105 (2023)

⟨sign⟩ ≥
gν=1

gν=0
=

(N + 3)2(N + 2)3(N + 1)2

(3!)2

(N + 3)2(N + 2)4(N + 1)2

(3!)2(2!)2

∼
N7

N8
= N−1

gν=1 = 2gC+=3,C−=0 + 2gC+=2,C−=1 =
(N + 3)(N + 2)(N + 1)

3
+

(N + 3)2(N + 2)3(N + 1)2

(3!)2

gν=0 = 2gC+=4,C−=0 + 2gC+=3,C−=1 + gC+=2,C−=2 = 2 +
(N + 3)2(N + 2)2(N + 1)2

(3!)2
+

(N + 3)2(N + 2)4(N + 1)2

(3!)2(2!)2
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= ∫ ∏
τ,Q,γ

dϕτ,Q,γ dpτ,Q,γ exp( − ( 1
2 ∑

τ,Q,γ

(p2
τ,Q,γ + ϕ2

τ,Q,γ) − ln(det(M )

ℋ

))
M =

1 0 0 ⋯ 0 BNτ

−B1 1 0 ⋯ 0 0
0 −B2 1 ⋯ 0 0
⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 ⋯ 1 0
0 0 0 ⋯ −BNτ−1 1

dpτ,Q,γ

dt
= −

∂ℋ
∂ϕτ,Q,γ

= − ϕτ,Q,γ + Tr(M−1 ∂M
∂ϕτ,Q,γ

)

dϕτ,Q,γ

dt
=

∂ℋ
∂pτ,Q,γ

= pτ,Q,γ

{ϕτ,Q,γ, pτ,Q,γ} {ϕτ,Q,γ, pτ,Q,γ} {ϕτ,Q,γ, pτ,Q,γ}

Update the entire time slice and update the Green’s function 

{

O(N2) O(N3)

sparse matrix 

O(N^2)

 Cheng Huang et al., Nat. Comm. 16, 7176 (2025)



 Nat. Comm. 16, 7176 (2025)



 Nat. Comm. 16, 7176 (2025)
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J±

Jz
= 0.046

T1 = 0.001Jz

T2 = 0.04Jz
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(
J±

Jz
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fQ(S±
q , T )

q = Γ = (0,0,0)

q = Γ′￼= (4π,4π,0)

Δλ = λmax − λmin

ED, 16-site cluster

QMC,            sites4 × 43

 Nat. Comm. in press (2026)

QSIπ QSI0



Ce2Zr2O7 Ce2Hf2O7

 Nat. Comm. in press (2026)

QSIπ QSI0



Ce-based dipolar–octupolar (DO) pyrochlore Ce2Zr2O7

neutron scattering couples to dipolar moments S±

f(SDO
q , T ) q = Γ′￼= (4π,4π,0)

q = X = (0,0,2π)

from local to global frame

QSIπ > 3 partite entangled

QSI0 > 3 partite entangled

 Nat. Comm. in press (2026)
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BFG — Big Friendly Giant
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 (2+1) XY*

 (2+1) XY

z = 1h =
J±

Jz
− (

J±

Jz
)c = 0
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Ground state 

changes

No spin order

No dimer order

Entanglement 

Structure 

changes
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