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• Magnetic phase transitions and Dynamical properties (amplitude mode) 

• Kagome models and Z2 quantum spin liquid (BFG)  

• Pyrochlore models and U1 quantum spin liquid (Quantum Spin ice) 

• Dirac fermion/spinon coupled with U1 gauge field  

• YCu3-Br/Cl and SCBO 

• Polynomial Sign problem 

• ……

Model-Design and Numerical Simulations



Magnetic phase transitions and amplitude mode 

Log-corrections 

TlCuCl3 

 P. Merchant, B. Normand, K. W. Kramer, M. Boehm, D. F. McMorrow, and C. Ruegg, Nat. Phys. 10, 373 (2014). 
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Magnetic phase transitions and amplitude mode 
g ≈ gc − 0.1

Scaling of the scalar susceptibility  

 D. Podolsky and S. Sachdev, Phys. Rev. B 86, 054508 (2012).

 S. Gazit, D. Podolsky, and A. Auerbach, Phys. Rev. Lett. 110, 140401 (2013).

 M. Lohöfer and S. Wessel, Phys. Rev. Lett. 118, 147206 (2017). 



Spectra in dimension crossover  

g = J⊥ /J

QMC+ chain-mean-field of sine-Gorden 

Phase First breather Second breather / Amplitude Phase 

2nd B

1st B



Spectra in dimension crossover 

(π, π /2)

QMC+ chain-mean-field of sine-Gorden 

Bond mode, first breather, Δ0

Amplitude mode, second breather, 3Δ0

kx = πclose to 

g = 0.1

g = 0.05



• Magnetic phase transitions and Dynamical properties   

• Kagome models and Z2 quantum spin liquid (BFG)   

• Pyrochlore models and U1 quantum spin liquid (Quantum Spin ice) 

• Dirac fermion/spinon coupled with U1 gauge field  

• YCu3-Br/Cl and SCBO 

• Polynomial Sign problem 

• …… 

Model-Design and Numerical Simulations



Kagome quantum spin liquid
h = 0, mz = 0

h = 2Jz, mz =
1
6

(2002)

 S. V. Isakov, R. G. Melko, and M. B. Hastings, Science 335, 193 (2012).

 J. Becker and S. Wessel, Phys. Rev. Lett. 121, 077202 (2018). 

Δs ∼ 0.4

Δv ∼ 0.01



Kagome quantum spin liquid

Translation symmetry fractionalisation 

h = 0, mz = 0

h = 2Jz, mz =
1
6

 S. V. Isakov, R. G. Melko, and M. B. Hastings, Science 335, 193 (2012).

 Y.-C. Wang, X.-F. Zhang, F. Pollmann, M. Cheng, Z.Y. Meng, Phys. Rev. Lett. 121, 057202 (2018). 
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Kagome quantum spin liquid h = 0, mz = 0

h = 2Jz, mz =
1
6
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Kagome quantum spin liquid h = 0, mz = 0

h = 2Jz, mz =
1
6

<latexit sha1_base64="2MA1QeLGfhL797/CZdiXyDjX8CE="></latexit>

H = �t

X

hi,ji

(b†i bj + h.c.) + V
<latexit sha1_base64="iehI03iMxXloMJaDHU1Lcz5Vqzc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9UX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWq7v1lpX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPH1L6jdM=</latexit>ni

<latexit sha1_base64="K/Kf9Vp63wBDO+tuXWT8vF0198E=">AAACHXicbVBLSwMxGMzWV62vqkcvwSIVKmVXinosevFYwT6guyzZNG3TJtklyQpl6R/x4l/x4kERD17Ef2O63YO2DgQmM/ORfBNEjCpt299WbmV1bX0jv1nY2t7Z3SvuH7RUGEtMmjhkoewESBFGBWlqqhnpRJIgHjDSDsY3M7/9QKSiobjXk4h4HA0E7VOMtJH8Yq3SKrsq5n7iMiQGjEB6NnJlSstT4VMo/BGsQJfHaWx2p36xZFftFHCZOBkpgQwNv/jp9kIccyI0ZkiprmNH2kuQ1BQzMi24sSIRwmM0IF1DBeJEeUm63RSeGKUH+6E0R2iYqr8nEsSVmvDAJDnSQ7XozcT/vG6s+1deQkUUayLw/KF+zKAO4awq2KOSYM0mhiAsqfkrxEMkEdam0IIpwVlceZm0zqvORdW+q5Xq11kdeXAEjsEpcMAlqINb0ABNgMEjeAav4M16sl6sd+tjHs1Z2cwh+APr6wcnfKFX</latexit>

+V 0
X

hi,ji0
ninj + µ

X

i

ni

Particle-like conductivity

Vortex-like conductivity


Particle-Vortex duality at the scale of T* 



Kagome quantum spin liquid Cu3Zn(OH)6FBr

F has nuclear spin I=1/2

Youguo Shi, Shiliang Li, Guo-qing Zheng … in IOP, CAS



Kagome material YCu3-Br/Cl

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

YCu3-Cl YCu3-Br

Shiliang Li’s group in IOP, CAS

arXiv:2311.13089

 Hering, M., Ferrari, F., Razpopov, A. et al.  
Phase diagram of a distorted kagome antiferromagnet and application to Y-kapellasite.  
npj Comput Mater 8, 10 (2022).



Kagome material YCu3-Br
YCu3(OH)6Br2[Br(1−x) (OH) x] (YCu3-Br)  
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Pyrochlore U1 spin ice
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 J.-P. Lv, G. Chen, Y. Deng, and Z. Y. Meng, Phys. Rev. Lett. 115, 037202 (2015). 



Pyrochlore U1 spin ice
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 M. Hermele, M. P. A. Fisher, and L. Balents, Phys. Rev. B 69, 064404 (2004). 

 A. Banerjee, S. V. Isakov, K. Damle, and Y. B. Kim, Phys. Rev. Lett. 100, 047208 (2008).

 M. J. P. Gingras and P. A. McClarty, Rep. Prog. Phys. 77, 056501 (2014). 

 Y. Kato and S. Onoda, Phys. Rev. Lett. 115, 077202 (2015). 

 L. Savary and L. Balents, Rep. Prog. Phys. 80, 016502 (2017). 



Pyrochlore U1 spin ice

Classical spin ice Quantum spin ice 

H = ∑
⟨i, j⟩
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 M. Hermele, M. P. A. Fisher, and L. Balents, Phys. Rev. B 69, 064404 (2004). 
 A. Banerjee, S. V. Isakov, K. Damle, and Y. B. Kim, Phys. Rev. Lett. 100, 047208 (2008).
 M. J. P. Gingras and P. A. McClarty, Rep. Prog. Phys. 77, 056501 (2014). 
 Y. Kato and S. Onoda, Phys. Rev. Lett. 115, 077202 (2015). 
 L. Savary and L. Balents, Rep. Prog. Phys. 80, 016502 (2017). 
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U1 Dirac spin liquid 



U1 Dirac spin liquid 
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U1 Dirac spin liquid 



U1 Dirac spin liquid 

Nf = 8
Nf = 2



U1 Dirac spin liquid 
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Kagome material YCu3-Br/Cl
YCu3(OH)6Br2[Br(1−x) (OH) x] (YCu3-Br)  

YCu3(OH)6[(ClxBr1−x)3-y (OH)y] (YCu3-Br/Cl)  

YCu3-Cl YCu3-Br



Kagome material YCu3-Br
YCu3(OH)6Br2[Br(1−x) (OH) x] (YCu3-Br)  



• P < 1.8 GPa: Dimer-singlet state  

• P < 2.5GPa: Plaquette-singlet state 

• 3 GPa < P < 4 GPa: AF state

SCBO Experiment



SCBO Experiments
arXiv:2310.20128

https://arxiv.org/abs/2310.20128


Simulation



• Magnetic phase transitions and Dynamical properties   

• Kagome models and Z2 quantum spin liquid (BFG)   

• Pyrochlore models and U1 quantum spin liquid (Quantum Spin ice) 

• Dirac fermion/spinon coupled with U1 gauge field  

• YCu3-Br/Cl and SCBO 

• Polynomial Sign problem in TBG 

• …… 

Model-Design and Numerical Simulations























































 Xu Zhang et al., Fermion sign bounds theory in quantum Monte Carlo simulation, PRB 106, 035121 (2022）

momentum space model 

⟨sign⟩ ≥ ⟨signbound⟩ =
⟨W⟩

⟨ |W |2 ⟩
∼

1

N

momentum space model real space model 

ν = 0 charge neutrality point, reference 

ν = ± 2 target 

 reference, two valley, charge neutrality point

target, one valley 

⟨sign⟩ =
⟨W⟩

⟨ |Re(W ) |⟩

⟨sign⟩ ≥ ⟨signbound⟩ ∼
1
N ⟨sign⟩ ≥ ⟨signbound⟩ =

⟨W⟩
⟨ |W |⟩

∼
1
N



 PRL 130, 016401 (2023) momentum-space QMC

Single valley and single spin

κ =
∂n
∂μ

=
⟨N2⟩ − ⟨N⟩2

TN
measured via


quantum capacitance
measured via


STM

Tc = 3.65(5) meV



 Phys. Rev. B 107, L241105 (2023)
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