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Possible Dirac quantum spin liquid in a kagome quantum antiferromagnet YCu3(OH)6Br2[Brx(OH)1−x],

Zeng, Ma, …, ZYM, Shiliang Li, 


Phys. Rev. B 105, L121109 (2022)

YCu3(OH)6Br2[Brx(OH)1-x] (YCu3-Br)

C/T = γ + αT

0.05K
no mag. order

kBT ≪ μBB

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.105.L121109


YCu3(OH)6Br2[Brx(OH)1-x] (YCu3-Br)

Sample #1: ~ 5000 single crystals, ~ 0.5 g @ AMATERAS, J-Parc


Sample #2: ~ 800 single crystals, ~ 0.5 g @ AMATERAS, J-Parc & THALES, ILL

Spectral evidence for Dirac spinons in a kagome lattice antiferromagnet,

Zeng, Zhou, …, ZYM, Shiliang Li, 


Nat. Phys. 20, 1097 (2024)

https://doi.org/10.1038/s41567-024-02495-z


YCu3(OH)6Br2[Brx(OH)1-x] (YCu3-Br or YCOB)

Spectral evidence for Dirac spinons in a kagome lattice antiferromagnet,

Zeng, Zhou, …, ZYM, Shiliang Li, 


Nat. Phys. 20, 1097 (2024)

https://doi.org/10.1038/s41567-024-02495-z


YCu3(OH)6Br2[Brx(OH)1-x] (YCu3-Br)

• Y3Cu9(OH)19Cl8, Y-kapellasite, Phys. Rev. B 107, 125156 (2023) 

Spectral evidence for Dirac spinons in a kagome lattice antiferromagnet,

Zeng, Zhou, …, ZYM, Shiliang Li, 


Nat. Phys. 20, 1097 (2024)

LuCu3(OH)6Br2[Br0.65(OH)0.35],


 
LuCu3(OH)6Br2[Br0.33(OH)0.67], 
LuCu3(OH)6Br2[Br0.29(OH)0.71], 
YCu3(OH)6Br2[Br0.33(OH)0.67]

Y3Cu9(OH)19Cl8

Antiferromagnetic Order and Possible Quantum Spin Liquid in LuCu3(OH)6Br2[Br𝑥(OH)1−𝑥],  
Z. Li, …, Shiliang Li, Chin. Phys. Lett. 42, 027504 (2025) 

https://doi.org/10.1038/s41567-024-02495-z
https://cpl.iphy.ac.cn/article/doi/10.1088/0256-307X/42/2/027504


 Phys. Rev. X 9, 021022 (2019)

S = SB + SF = ∫
β

0
dτ (LB + LF)

LF = ∑
⟨i, j⟩,α

ψ†
i,τ,α(∂τδij − teiϕij,τ)ψj,τ,α + h . c .

i, j ∈ L × L

τ ∈ [0, β =
1
T

]

α ∈ 2,4,⋯, Nf

Lnc
B =

1
JNf ∑

⟨i, j⟩

(ϕij,τ+1 − ϕij,τ)2

Δτ2
+ K∑

□

cos( ∑
⟨i, j⟩∈□

ϕij,τ)

Lc
B =

1
JNf ∑

⟨i, j⟩

1 − cos(ϕij,τ+1 − ϕij,τ)
Δτ2

+ K∑
□

cos( ∑
⟨i, j⟩∈□

ϕij,τ)

Z = ∫ D(ϕ, ψ†, ψ) e−(SB+SF) = ∫ Dϕ e−SB Tr[e−SF] = ∫ Dϕ e−SB [det(1 +
β

∏
τ=1

Bτ(ϕτ))]Nf

L = 16,20

β = 2L,4L

Δτ = 0.1

Nf = 2,⋯,8,10
O(β × (L × L)3) ∼ O(L7)



 Phys. Rev. X 9, 021022 (2019)

C(τ) = ⟨sin( ∑
b∈□

ϕb(τ)) ⋅ sin( ∑
b∈□

ϕb(0))⟩ ∼ exp(−mτ)



 Phys. Rev. X 9, 021022 (2019)∑
b∈□

ϕb(τ) = Φ□(τ) + 2πm□(τ) Φ□(τ) ∈ [0,2π)

Net flux M(τ) = ∑
□

m□(τ)

Nf = 2, Jc ∼ 1.6(2), L = 12, τ′￼− τ = 8Δτ

Nf = 8, Jc ∼ 2.5(1), L = 14



 arXiv: 2508.08528

i, j ∈ L × L

τ ∈ [0,β = 1/T ]

L = 16,20

β = 2L

Δτ = 0.1
Nf = 2

O(β × (L × L)3) ∼ O(L7)

: mean-field limit, temporal gauge fluctuations frozenJ → 0

Z = ∫ D(ϕ, ψ†, ψ) e−(SB+SF) = ∫ Dϕ e−SB Tr[e−SF] = ∫ Dϕ e−SB [det(1 +
β

∏
τ=1

Bτ(ϕτ, B))]Nf

L = 32

K = 0

Φ□(τ) = ∇ × a□(τ) = ∑
b∈□

ϕb(τ)



 arXiv: 2508.08528

χ = ⟨sin( ∑
b∈□

ϕb)⟩ = ⟨sin(∇ × a)⟩ ≠ 0

N+ = (−1)i⟨ψ†
i σ+ψi⟩ ≠ 0

CF:

AFM:

emergent gauge flux

in-plane AFM order

B/t = 2

S±(q) =
1
N ∑

ij

⟨S+
i S−

j + h . c.⟩ e−iq⋅rij q = M = (π, π)

N+ = lim
N→∞

1
N

S±(M )

S±(q) =
1
N ∑

ij

⟨sin(Φ□,i) sin(Φ□, j)⟩ e−iq⋅rij q = Γ



 arXiv: 2508.08528
χ = ⟨sin( ∑

b∈□

ϕb)⟩ = ⟨sin(∇ × a)⟩ ≠ 0

N+ = (−1)i⟨ψ†
i σ+ψi⟩ ≠ 0

Cχ(τ) =
1

N□ ∑
□

⟨sin( ∑
b∈□

ϕb(τ)) ⋅ sin( ∑
b∈□

ϕb(0))⟩

CF:

AFM:

emergent gauge flux

in-plane AFM order

Cχ(τ) ∼ τ3

in free photon theory and in AFM 

Cχ(τ) ∼ τ4

in DSL, conserved currents
B = 0,J = 3,K = 1,L = 12
B = 3,J = 3,K = 0,L = 12



 arXiv: 2508.08528

S±(q, ω)

B = 3,L = 60B = 2,L = 60

B = 2,L = β = 16,J = 0.1 B = 3,L = β = 16,J = 0.1

Mean-field Mean-field

QMC QMC

Larmor pole at 
ω = B

ω = En + Em + b ω = En + Em



 arXiv: 2508.08528

Szz(q, ω)

B = 3,L = 60B = 2,L = 60

B = 2,L = β = 16,J = 0.1 B = 3,L = β = 16,J = 0.1

Mean-field Mean-field

QMC QMC

Sz ∼ ∇ × ac

⟨SzSz⟩ω,q ∼
1
2

χcqδ(ω − cq)

spin corr. probes emergent magnetic flux

gapless gauge photon



 arXiv: 2508.08528

B = 0,L = β = 16,J = 1

QMC

B = 3,L = β = 16,J = 3

S±(q, ω)

S±(q, ω)

Szz(q, ω) B = 3,L = β = 16,J = 3



 arXiv: 2508.16298

Trψ[e−SF] = ∏
α

det(1 +
β

∏
τ

Bτ,α) = ∏
α

det(Mα)

Nτ(β) × Vs(L × L) ∼ L3

N τ
(β

)×
V s

(L
×

L)
∼

L3

Z = ∫ [δϕ]e−SB(ϕ)∏
α

det Mα(ϕ)

= ∫ [δϕδη]e−SB(ϕ)−η†[M†(ϕ)M(ϕ)]−1η

= ∫ [δϕδpδη]e

−(SB(ϕ) + ∑ij,τ p2
ij,τ + η†[M†(ϕ)M(ϕ)]−1η)

H(ϕ,p,η)

(i) Generate ϕ0 ∈ ℝVsNτ, p ∈ ℝVsNτ and R := [M†(ϕ0)]−1η ∈ ℂVsNτ

solve for η = M†(ϕ0)R

(ii) Hamiltonian dynamics ·pij,τ = −
∂H

∂ϕij,τ

·ϕij,τ =
∂H

∂pij,τ
= 2pij,τ

(iii) Acceptance
r = min(1,eH(ϕ0,p0,η)−H(ϕt,pt,η))

(iv) Back to (i) with ϕt

O(β × (L × L)3) ∼ O(L7)How to reduce the complexity 

Leap-frog



 arXiv: 2508.16298
In step (ii), Leap-frog

[M†M]−1η = X

[M†M]X = η

solving a linear system with preconditioned conjugate gradient algorithm

F(ϕ) := −
∂H
∂ϕ

= −
∂SB

∂ϕ
−

∂
∂ϕ

{η†(M†(ϕ)M(ϕ))−1η}

O(NpCG) ∼ O(1)

J = 1.25,Δτ = 0.1



Customised CUDA kernel for matrix-vector multiplication

 arXiv: 2508.16298

∼ O(L3)

M†Mν

Õ−1ν

• Matrix-free representation of                multiplication 

• Preconditioner-vector multiplication 



 arXiv: 2508.16298

K = 1,B = 0,J = 1.25

K = 0,B = 0,J = 1.25Non-compact DSL

Compact DSL


