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W(C)

C Configuration space :

Quantum Monte Carlo

Z=Tre 1 =Y "W(C)
C

Set of Feynman Diagrams (CT-INT)
World lines (SSE, Loop)

Auxiliary fields (Determinant Monte Carlo)

Weightof a configuration.

Conditions on the choice of configuration space:

computable in polynomial time.

w(C")/W(C)

has to be
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If: 1.
2.
3.
Then:

Quantum Monte Carlo

Z =Tre P =Y " w(C)
C

W(C) >0

500

Distribution has no fat tails 0

One can generate N independent configurations with probability P(C) =

1
(O)p =) P(C)O(C) ~ ~ Y 0(C)=X
C 1=1
(X) = %%exp [— (X _2§CQ)>P)2 with o2 = % (<02>p —_ (O)QP)
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Yo W) mried 0(C)
B w(eC) >c W(C)
5 2.cW(C) S o W (O)
wic) . . 2.cW(O) —aBV A(sign) . 0BV
|W(C)| = 81gn(C) <s1gn> — Zc |W(C’)| X e <Sign) <1 CPU time o 62 B
Solution ? Change methods (DMRG and co - Frank's discussion)

Change formulation soas to minimize & (Polynomial sign problem in flat bands)

Confront the sign problem (Lefschetz thimbles and Complex Langevin QCD)

Go approximative (Fixed node QMC inreal or slater determinant space)
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Model-Design and Numerical Simulations

* 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



Magnetic phase transitions and amplitude mode
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Spectra in dimension crossover

PHYSICAL REVIEW LETTERS 126, 227201 (2021)

Amplitude Mode in Quantum Magnets via Dimensional Crossover

Chengkang Zhou,' Zheng Yan,'? Han-Qing Wu,” Kai Sun,*” Oleg A. Starykh®,>" and Zi Yang Meng®"*
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Model-Design and Numerical Simulations

* Magnetic phase transitions and Dynamical properties Q
« 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



Kagome quantum spin liquid
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Fractionalization in an easy-axis Kagome antiferromagnet
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Dynamical Signature of Symmetry Fractionalization in Frustrated Magnets
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Kagome quantum spin liquid .

PHYSICAL REVIEW LETTERS 121, 077201 (2018)

Dynamical Signature of Symmetry Fractionalization in Frustrated Magnets
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Kagome quantum spin liquid @
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Kagome quantum spin liquid
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The dynamics of quantum criticality revealed by
quantum Monte Carlo and holography

William Witczak-Krempa'*, Erik S. Serensen? and Subir Sachdev?
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Conformal field theories at nonzero temperature:
Operator product expansions, Monte Carlo, and holography
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Kagome quantum spin liquid Cu3Zn(OH)6FBr

CHIN.PHYS.LETT. Vol. 34, No.7(2017) 077502 Express Letter

Gapped Spin-1/2 Spinon Excitations in a
New Kagome Quantum Spin Liquid

Compound Cu3Zn(OH)gFBr *

Youguo Shi, Shiliang Li, Guo-qing Zheng ... in IOP, CAS
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PHYSICAL REVIEW B 105, L121109 (2022)
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Kagome material YCu3-Br
YCU3(OH)6BI'2[BI'(1_X) (OH) X] (YCU3-BI’)
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Model-Design and Numerical Simulations

* Magnetic phase transitions and Dynamical properties Q

« Kagome models and Z2 quantum spin liquid (BFG) Q
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* Dirac fermion/spinon coupled with U1 gauge field
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* Polynomial Sign problem
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PerChlore U1 spin ice Pyrochlore photons: The U(1) spin liquid in a $=7 three-dimensional frustrated magnet
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Coulombic Quantum Liquids in Spin-1/2 Pyrochlores
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Dynamics of Topological Excitations in a Model Quantum Spin Ice
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* Dirac fermion/spinon coupled with U1 gauge field Q

« YCu3-Br/Cl and SCBO Q
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Auxiliary field quantum Monte Carlo for frustrated spin systems
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(b) |
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Local moment (no scale):

k/T = f(|B|/T)
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Torque fluctuations

(a) RuCl; model
fp————————

Low lying excitations do not contribute to the magnetotropic susceptibility

(b) Kitaev model

Auxiliary field quantum Monte Carlo for frustrated spin systems

(c) XXZ model
4 u T T

Low temperature magnetic anisotropy is that of a renormalized local magnetic moment
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Next steps?  Debye temperature ~ 200K Magnetic energy scale ~ 100K

A P k 1
H = Z zsﬁ Qb+2K(1+Qb)555 s+ J(1+Qp)Si - Sits C"‘):\/;’ ~ 2%k

b=[ic A,0]
i 2 | | ~ R
2 Coupling to phonons does not lead
i |
A OlE i/ 8. 2 'g to a more severe sign problem!
\% - & w/o phonons § - /
& 0 A=0.05, wo=0.75 2
0.01- O A=0.1, w=0.75 1
0 | 0.5
o/

K = Asin(yp), J = Acos(p), A=V K2+ J?
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Fakher F. Assaad, Exotic quantum matter from quantum spin liquids to novel field theories, Pollica 26 June 2024
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Summary I
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We can simulate frustrated spin models down to 2 0.5¢
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{ouplmg to phonons does not render the sign problem more severe.) o= . . le .
0 1 2 1 2
B/T (TK™ B/T (TK™M




Julius-Maximilians-

UNIVERSITAT i i i
WURZBURE Dimensional mismatch Kondo systems

Toy models to realize metallic phases and phase transitions in Kondo systems ( FL*, FL, LRO) without confronting the sign problem.

Co atoms Kondo breakdown transitions and phases

on Cu,N/Cu(100) ~
] B. Danu, M. Voijta, FFA, and T. Grover, Phys. Rev. Lett. 125 (2020), 206602.
R. Toskovic ++*++
et al. Nat. Phys. o ) . .
2016 Dissipation induced magnetic order-disorder transitions

B. Danu, M. Vojta, T. Grover FFA, Phys. Rev. B 106 (2022), L161103.
M. Weber, D. J. Luitz, and FFA, Phys. Rev. Lett. 129 (2022), 056402.

Cir. ‘ S,»f+ci.o
LaIns/Celn; Marginal Fermi liquid at magnetic quantum criticality
pias from dimensional confinement
. . [ ]
H. _Shnshldo et al. W’“’” Zi Hong Liu, B. Frank, L. Janssen, M. Vojta, FFA, Phys. Rev. B 107, 165104 (2023)
Science 2010 B. Frank, Zi Hong Liu, FFA, M. Vojta, and L. Janssen, Phys. Rev. B 108 (2023), L100405.

=—tz CCJ+h.C)+%ZéI.O'é,,.'S’r+Jh Z S’r‘gr’

(2,3) T (r,7")
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Q \ilz = S’z - OC; Emergent composite fermion that participates in Luttinger

Kondo phase J>>t

H=-tY (& +he)+ %Zé}iaér - Sr+Jn Y Sr- 8w

(r,7’)

Spin-spin correlations inherit power-law of conduction electrons.
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Weak-coupling Ji <<t

H=-t) (¢]¢

Jk A4 A&
2 +h.c)+7Zcr0'c,,,-Sr+
1,7 r

(r,7’)

Jn > S

Integrate out electrons ala Hertz-Millis
S(n) — Sspin (n) + Sdiss(n) + .-

2
Sdiss(n) = % /deT’Zn,.(T)XO('r —r' 7 —1n. (7).

r,r’

Spin susceptibility of the host metal
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B. Danu, M. Voijta, FFA, and T. Grover, Phys. Rev. Lett. 125 (2020), 206602.

:—tz éTéJ+hc +—anc +th.§'r-.§'r/

< L >
< '\-’Z (3,5) (r,r’)
/fﬂ *$*+*W Integrate out electrons ala Hertz-Millis

S(n) = Sspin(n) + Saiss(n) + -+

Saiss(N) = Jk /de'r an(T)X r—r 7 — 7). (1.
An — r,r

1 .
z x°(0,7 — 7') N e x"(rez,0) o :4 Kondo is irrelevant

2
For: T AP, T — AT, Sdiss(n) = % /deT'd'r 'n,,.(T)xO 0,7 — n.(7") — )\_2Sdiss(n)
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B. Danu, M. Vojta, FFA, and T. Grover, Phys. Rev. Lett. 125 (2020), 206602.
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Z ’
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++++++ti¢*//

_ X'(q,w)
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spinon )
continuum 10
10’
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107!
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(d) Ji/t=3
10
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B. Danu, M. Voijta, FFA, and T. Grover, Phys. Rev. Lett. 125 (2020), 206602.

ii

Composite fermion spectral function

L=18Jy=15 L=18,J;=19 L=18Jy=21 L=18J;=23 L=18,J,=25

50
0.
-2. I—— I
-5.0
0 /2 ™ 0 /2 m 0 m/2 m 0 /2 m 0 /2 T

o o O

(

Aw) = -G (w), G™H(w) = i [ e 3 ({40, 50)}) $ =eSdeS =el_yo- 5

(S: Schrieffer Wolff transformation)

T.A. Costi, Phys. Rev. Lett. 85, 1504 (2000).
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B. Danu, M. Voijta, FFA, and T. Grover, Phys. Rev. Lett. 125 (2020), 206602

< L Z ﬁ:_tZ(éIéJ+hc)+ %Zélaér‘gr"‘u’h Z Sr'gr’

’\» (i,3) (r,)
///*¢1+++++ti¢*//

x"(q,w)

T 1—eBw

Two (b) Jit=1.5
* Heavy fermion spinon . 2
FL I continuum 10
meta 10"
0
() =0, (n) =0 _ w/t 10
<b> ?é O) <n> - O 10-1
O—<—0 >—0—> Ji 0*

Jy ~ 2t (c) Ji/t=2 (d) Ji/t=3
Questions: 10°
10"
1) Critical exponents? 10°
2) Transport? 10°)
3) Unique realization of Kondo Breakdown transition - 5
playground to investigate various entanglement measures 10

and witnesses. F. Mazza et al. arXiv:2403.12779.
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Summary II
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[Kondo breakdown transition
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Dissipation induced long range order

metal and heavy fermion metal

QCP between antiferromagnetic heavy fermion
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/

Realization of marginal Fermi liquid at QCP
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€ Xu Zhang et al., Fermion sign bounds theory in quantum Monte Carlo simulation, PRB 106, 035121 (2022)
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Thermodynamic characteristic for correlated flat-band system with quantum anomalous Hall

ground state
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Polynomial Sign Problem and Topological Mott Insulator emerging in Twisted Bilayer
Graphene

Xu Zhang,! Gaopei Pan,>? Bin-Bin Chen,! Heqiu Li,* Kai 81111,5’ and Zi Yang 1\-"Ieng1’

€ Phys. Rev. B 107, L241105 (2023)
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