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A

7 = Tre PH

/ D {®(i, 1)} e S12(4,7)}
| T\
®(z,7) : Hubbard-Stratonovich Multidimensional integral

or arbitrarv field with One body problem in external
:)redefined ii/ynamics) = Monte Carlo field > Polynomial complexity

R. Blankenbecler, D. J. Scalapino, and R. L. Sugar, Phys. Rev. D 24 (1981), 2278
J. E. Hirsch, Phys. Rev. B 31 (1985), 4403
White, D. Scalapino, R. Sugar, E. Loh, J. Gubernatis, and R. Scalettar, Phys. Rev. B 40 (1989), 506



Julius-Maximilians-
UNIVERSITAT :
I wilE Quantum Monte Carlo for fermions Example

n . 2
et A =My- Y (efoe) with O™ =01 and  {é,é,} = duy

4 N
L,
o= S(@(n,7) _ =, 2 (n,T)/2 . H <6Aﬂ§ro HQ\/M¢(n,T)aTO<n>a> — o~ Xp,r 27(n,7)/2+ logdet M (D)
T=1 n
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R R 2
et H=MHy- Y (f0™e)” w0 — oMt and  {ele,) =,

4 )
L,
e~ S(2(n,T) — o~ 2, ®2(n,7)/2 Tr H <6A713[0 Hex/zmm(nﬁ)am(ma) e~ X ®2(n,7)/2 + log det M (D)
=1 n
\_ L AT=p5 )

. . JD{®}e St
> S(®) is complex - (sign) = [ D{®} ‘e—s{q’}‘ x e

aBV 62045‘/

Computational cost - Minimize

» Long auto-correlations times
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ALF 1.0: SciPost Phys. 3(2017),013 ALF 2.0 SciPost Phys. Codebases 1 (2022)

}2
Coupling of fermions to bosonic fields with predefined dynamics

M col Nfl Ndlrn
st p(ks)a T
» Block diagonal in flavors, Ny Z <S‘ 7 Sj Cxaslxys s) + Hising

k=1 o=1s=1 z,y

Kinetic Potential (sum of perfect squares)
MT Ncol Nfl Ndlrn

col Nt Ndim
YYY;:%STQJS)AWJZ%{E S [(z d v )+

k=1o0o=1s=1 =,y o=1 s=1 x,y

» SU(N.,) symmetric in colors N

> Arbitrary Bravais lattice for d=1,2

» Model can be specified at minimal programming cost
» Fortran 2003 standard

» MPI implementation

> Global and local moves, Parallel tempering, Langevin

. Huffman A. Gotz F. Parisen Toldin

> Projective and finite T approaches Z. Liu

Wissenschaftliche
Literaturversorgungs K ON W I HR
> Predefined models und Informationssysteme (LIS)

> PYALF: easy access python interface DFG


http://alf.physik.uni-wuerzburg.de/
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PHYSICAL REVIEW B 104, LO81106 (2021)

Quantum Monte Carlo simulation of generalized Kitaev models

Toshihiro Sato! and Fakher F. Assaad'-?
Vnstitut fiir Theoretische Physik und Astrophysik, Universitit Wiirzburg, 97074 Wiirzburg, Germany
>Wiirzburg-Dresden Cluster of Excellence ct.gmat, Am Hubland, 97074 Wiirzburg, Germany

Scale-invariant magnetic anisotropy in a-RuCl;: A quantum Monte Carlo study

Toshihiro Sato,>? B. J. Ramshaw,>* K. A. Modic,® and Fakher F. Assaad!®

arxiv:2312.03080v1

K. Modic B. Ramshaw
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A=2k Y 8950, +7 % 8 8ips
1€A,0 1€A,0

K = Asin(yp), J = Acos(p), A=+ K2+ J?
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K Y S)505+J ) Si-Siss.

i€A,S i€A,S K = Asin(p), J = Acos(p), A=+ K2+ J?

: : : : : A 1 A A o
Simulating spins with fermions. S0 = 5 Zfisag,s/fi,s, Zﬂ fio=n; =1

Constraint commutes with Hamiltonian dynamics [ﬁQMC, ﬁz] =0
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H=2K S 880,473 &8s

i€A,S i€A,S K = Asin(p), J = Acos(p), A=+ K2+ J?
& /=18 Filled symbols s, = 1,8, =5, = —1
T/A:]_ ® /=32 o V=18 0O S.’L‘:S'y:Sz:]—

m J=50

Possible to reach temperatures downto BA ~ 3

A ~10meV ~ 100K

- Experimentally relevant energy scales are accessible

AFM  KSL 77 FM  KSL SP AFM

| ' 0 s 0 |

0 05 1 3 2
/7t

J. Chaloupka, G. Jackeli, and G.Khaliullin Phys. Rev. Lett. 105 (2010), 027204.
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H=2K S 880,473 &8s

K = Asin(yp), J = Acos(p), A=+ K2+ J?

1€ALD 1€A,d
& /=18 Filled symbols s, = 1,8, =5, = —1
T/A=1 e®V=32 oJ=I8 o Seg =8y =85, =1
| /=50
e/T1=08 /mr=17 @/mr=05 ¢/m=15
J@ ¢ o o |l e
- ’ Ce® ° ’ ° °
K0t 0,9,° %o ° °
| e_O
2|
2 0 2 2 0 2 2 0 2 0
rx rx rx rx
AFM KSL 77 FM KSL SP AFM 202 0 02
[ I I | | ~1 ol
0 0.5 1 1.5 2 (S1S0)
P/m

J. Chaloupka, G. Jackeli, and G.Khaliullin Phys. Rev. Lett. 105 (2010), 027204.
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approach generalized Kitaev models

RuCls

H (¢)

bIIT10]
[112]

(J1,J3, K,T) = (—0.5,0.5, —5.0,2.5) [meV]

> |KSIS] +1825) + 8- 85] + Js Y
(i) (2:3))

g = diag|2.3,2.3,1.3] Winter et al. Nat. Comm. 8 (2017), PRL. 120 (2018)

~

58— s> B(y) 68,

/

Magnetotropic susceptibility

PHYSICAL REVIEW B 108, 035111 (2023)

cvKep =B ()

Magnetotropic susceptibility

A. Shekhter®,!>" R. D. McDonald,' B. J. Ramshaw

2 and K. A. Modic®?

A

; with tAz = (e X B)gS’z

1

%

»=0

kIndependent local moments: Bk = f(8B)

[,LLBeX (exB).g<S’tOt>—,u2BZ/oﬁdT [<

i(r)i) - (B (83) |

~




Julius-Maximilians-

UNIVERSITAT
WURZBURG

ARTICLES
https://doi.org/10.1038/541567-020-1028-0

Scale-invariant magnetic anisotropy in RuCl; at
high magnetic fields

K. A. Modic®'2%4, Ross D. McDonald @3, J. P. C. Ruff*, Maja D. Bachmann?®, You Lai**”7,
Johanna C. Palmstrom®, David Graf ©7, Mun K. Chan

Marcus Schmidt?, Michael J. Lawler?, D. A. Sokolov®?, Philip J. W. Moll ©2?, B. J. Ramshaw
Arkady Shekhter®?

3, F. F. Balakirev®3, J. B. Betts?, G. S. Boebinger®?,
Sand

RIT

0.5

A fermion approach generalized Kitaev models

Data temperatures (K) 150
(I
| | | |
QMC temperatures (K) 145 290 414 590

RuCl; data

QMC simulation

Blla

1
B/T (TK™"

1 2
B/T (T K"
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=1
S
out-of—plane\\\ ;
O L ' -9
40 100 300

T[K]

approach generalized Kitaev models

RIT

Data temperatures (K) 150
I 1

| | | |
QMC temperatures (K) 145 290 414 590
1 | =

RuCl; data QMC simulation
0.5 - i
V Bl|la
o _ | | a u’s.‘!‘“f‘”y | |
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A fermion approach generalized Kitaev models

Hxxz =y J |57 55+ 8- 8Y| +[J+ . $;8;

10k
& (J,J.)=(1,-0.5)
2 " (J,J,)=(-1,0.5)

1e

0.1k
0.1 1 10

(1,9)

KI'T

(J,J,)=(1,-0.5)

(J,J4,)=(-1,0.5)

BIT

10

BIT
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Torque fluctuations 1 RuCl; model 4 XXZ model
OF ~ ~ . i | i
’ > 0f ° >0 S
210 | 20
(trto) — (tr)(to)
4L T=414Kand B=5T) | 41 | | |
4 2 0 2 4 4 2 0 2
r, Iy
HE | e HE | e
-1.5 0 1.5 -3 0 3

Low temperature magnetic anisotropy is that of a renormalized local magnetic moment

Emergent low-lying particles have small contribution to magnetic anisotropy
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Next steps? Debye temperature ~ 200K Magnetic energy scale ~ 100K

- P2 k. g )
H= Y L4+ -Q+2K0+Q0)5 58 s+J(1+Qu)Si-Sivg o :\/E —
b—[EA 5] 2m 2 0 m7 9%

32 sites lattice.

wo=05,12=00,J=0,K=1,K =1 <sign>=0.33(1)
wo=05,2=01,J=0K=1,K=1 <sign> = 0.30(1)

Coupling to phonons does not lead to more severe sign problem!
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Phases and Exotic Phase Transitions
of a Two-Dimensional Su-Schrieffer-Heeger Model

Anika Gotz,! Martin Hohenadler,! and Fakher F. Assaad!s? arX1V230707613V1

A. GOtz M. Hohenadler
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The two-dimensional SSH model

H = Z(—t—l—ngﬁ)g:(zJAja—l—hc)—l—Z

(,9) o=1 (,9)
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H = Z(—Hng)i(w}athc)JrZ

(4,5) o=1 (4,5)
ot = = (Ghiot — ioz) fori € A &l = L Rion — #Hipn) foric B
o = k Xb,f)b/ - Cz,a 2(7%,0,1 7/71,0,2) or 1 € i,0 2(71,0’,1 ’77,,0-,2)
m
AT
/ Ci,a
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N 2 .
ﬁ:Z(_t+gX<z,g>)ZZ% Jﬂﬁﬁdn"‘z

(4,5)

A 1

The two-dimensional SSH model Symmetries
k A2
i)
— ¥ 502) forie A c;r,a =3 (Yi,on — Yio2) forie B

C?:,O' 5(/\.) )

O(2N)

For N=2

Symmetry Yi — O%;

O4) =SU(2) x SU(2) X Zs

fi=P"8P Pl 0P = (—1)'¢] (05t + 6005,
CDW/SC Parity

~ C

(=)™ = 43,1%,2%,3%i,4 — det(O) 4i,1%i,2%:,3%i,4
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N . .
7 9 al 2 A S ! o womXay) — 1Py)
H = V2mwo Z (“<m> + a<i,j>) Z (Cz’,acj,a ™ h-C-) T ZWO (a(i,j>a<i,j> ™ 5) Ui T T Jowem

(4,3) o=1 (4,3)

Local Zo symmetry

k ~ ~ 3 N ~ ~a ~a Na ~C
wo = \/; [Xb,Pb’} = ih 0, /I.Et Qi = (_1)n<i,z’+ax>+”<i,i—aw>+n<i7i+ay>+n<"'”i_ay> (—1)7% with \

A1
C.
:/ i,0 ~a At A AC_ZAT A
Mig) = Nig)Hag) i = 2 CoC0
> o
“— X,

[Qz;ﬁ] =0 Qg =1 - Unconstrained 7, lattice gauge theory

/

: L : . . 1 : I ;
Gauge invariant invariant quantities: Spin: S; = 5&;.[0&7; Dimer: Ap—(; ) = 5;-S; Flux: I %
beoll
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PHYSICAL REVIEW X 6, 041049 (2016)

Simple Fermionic Model of Deconfined Phases and Phase Transitions

F.F. Assaad' and Tarun Grover®

N
_[:I = Z O"(zi’j> Z (él,aéj,a + hC) —h Z U?i,j> (n-s) ﬁ (5=3) ’Z@
(g) o=l )

N  (a)
élfg , [ 22D VBS AFM
/ ’ DOCP
po-.. Global O(2N) symmetry , L220 AFM/SC
z 1 —
= 93,
. CDW
Local Zs symmetry
| | .
A T x x A 01 02 03
Q Jz vitar9ii—ay Ui,i—ay Ui,i+ay (_1) ’

S. Gazit, A Vishwanath, M. Randeria, S. Sachdev, C. Wang Nat Phys 13 (2017), PNAS 2018
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Quantum Monte Carlo simulations

N
H Z(_t—l_gXZJ))Z(zJAJJ—I_hC)—'_Z %"F

(1,3)

o=1 (4,5)

Formulation: Integrate out the phonons

PHYSICAL REVIEW B 98, 201108(R) (2018)

Solution of the sign problem for the half-filled Hubbard-Holstein model

Seher Karakuzu,' Kazuhiro Seki,">3 and Sandro Sorella'-?
! International School for Advanced Studies (SISSA), Via Bonomea 265, 34136 Trieste, Italy
2Computational Materials Science Research Team, RIKEN Center for Computational Science (R-CCS), Hyogo 650-0047, Japan
3Computational Condensed Matter Physics Laboratory, RIKEN Cluster for Pioneering Research (CPR), Saitama 351-0198, Japan
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P2 N

N
fI:Z(—tJrgX(im)Z(,LOAJUJrhc)qLZ 2”’;Z>+kX<w “AY (Yo, the

Formulation: Integrate out the phonons

PHYSICAL REVIEW B 98, 201108(R) (2018)

Solution of the sign problem for the half-filled Hubbard-Holstein model

Seher Karakuzu,' Kazuhiro Seki,">3 and Sandro Sorella'-?
! International School for Advanced Studies (SISSA), Via Bonomea 265, 34136 Trieste, Italy
2Computational Materials Science Research Team, RIKEN Center for Computational Science (R-CCS), Hyogo 650-0047, Japan
3Computational Condensed Matter Physics Laboratory, RIKEN Cluster for Pioneering Research (CPR), Saitama 351-0198, Japan
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N

= (oot e+ 3 [

(4,7) (4,5)

o=1

(1,3)

2
p2
) | kXW ] = (Z e +h.c.>

Formulation: Integrating out the phonons

:_tZKb )\Z(Kb——Xb) +Z (k+92)f(5

For the perfect square use (Gauss-Hermite quadrature)

AAT(Kr =5 %)’ %) +o((arn?

(1) =1+ V6/3,

Choose a real space basis Xb\xb> = xp|Tp) y(&2) = 1-6/3,

n(£l) = + 2(

w
|
S
N—

N(£2) = +,/2 (3

_|_

2
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kg -2
:—tZKb )\Z(Kb——Xb> +22m b+( +4)\)X

Formulation: Integrating out the phonons

L, ) )
/ = Z ny le /D{be}e—mTAw J"{ly,-}) Trg H e—ArzbKbe—\/ATAan(lb,T)Kb
lo,r T=1
L, ) )
Z H’}/ 1JT({lb,T})A_lJ({lb,T})TI.F H o~ AT Ky o= VATA Y, 1(ly,-) Ko

Vv det lb,T b, T =1

Since A is positive definite, one can explicitly integrate out the phonons, and sample the discrete fields lbﬂ-



Julius-Maximilians-
UNIVERSITAT
WURZBURG

Quantum Monte Carlo simulations

L=48=1t=1,k=2,wp=3,\A=0.5

Single spin flips of
> phonon and HS fields

(Dimer correlations)

Phonons are integrated

Auto-correlation time L | ‘iht‘e‘gr‘a‘te‘d‘ out: C's(m) ——
CK m) —— |
as a function of 0.8 ¢ not integrated out: C's(m i
- : CK m

Monte Carlo time, m 06| )
S

< 04| () :
O

0.2 | ]

0 ]

0 500 1000 1500 2000 2500 3000

A. GOtz, M. Hohenadler, and FFA to appear

m

out. HS fields acquire
time dependence.
(Dimer correlations)
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Numerical results

H=) (_t +9X<v:,j>) i (

(4,5) o=1

’LO‘ jO‘

& —l—hc) Z

A

P<u>

(4,5)

_|_

k

X(m>]

_)\Z

(1,3)

Emergent Dirac fermions

Flux
w

(i,j)€0

|

0.2 04 06 0.8
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N
ﬁ=Z(—t+gX<i,j>)Z(wA:w“LhC) Z

Julius-Maximilians-

Numerical results k=2,g=2,)\=

[

q

(4,5)

Pseudogap
phase

0.6 -

0.4 -

0.2 -




Flux
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Numerical results

k=2,g=2,A=0.5 15

=L

H=7} (_t +9X<v:,j>) > (

(4,5)

N

o=1

/\T A
Ci,acj,a

+ h.c.) +3

A

Py, 8 X
2,7 o2 ~ A
| a3 (S

(i.d) \o=1

(4,5)

2
+ h.c.)

Instance of deconfined quantum pseudo criticality ?

Spin and Dimer correlation ratios on 8x8 lattice

1 ! 1
0.8 1+ 0.8

L0641 106
PSﬁiﬁggap L0404
L0214 102
- Lo 0
0 0.2 0.4 0.6 0.8 1
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L

AFM

Pseudogap |
phase

20 1

0 0.2 0.4 0.6 0.8 1
t 10

Green 30

—10

0.1

0.01

—20
0.001

10

1
0.1
0.01

ot

D W

VBS

10

315

Spin 0

0.1

0.01

VBS Histograms

[arb. unit]
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L

AFM

Pseudogap |
phase

20 1

0 0.2 0.4 0.6 0.8 1
t 10

Green 30

—10

0.1

0.01

—20
0.001

10

1
0.1
0.01

ot

D W

VBS

10

315

Spin 0

0.1

0.01

VBS Histograms

[arb. unit]
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Pseudogap
phase

0 0.2 0.4 0.6 0.8 1

Parity Order parameter is
Yi1YVi,2Yi,3%i 4 —
det O %; 19:.27%:,3%i .4
Yi = O%:

n¢

Yi1Yi2YisVia = (—1)"

Numerical results k

0.8

0.6 |

R, s
Rs pr0)

04 |

0.2 |

0.8 |

0.6 |

RX,P

0.4 |

0.2 |

22 24 26 28 3 3.2 34 3.6
wo

2,g=2,A=0.5 b=
| Ly

1

0.8

0.6
04 |

02 |

Ty

22 24 26 28 3 32 34 3.6
Wo

T. o (wo —w§)””

VBS AFM/CDW/SC |

Wo

L
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Pseudogap
phase

0 0.2 0.4 0.6 0.8 1

Numerical results

Urban FE. P, Seifert,!:* Josef Willsher

Spin-Peierls instability of the U(1) Dirac spin liquid

,2:3.* Markus Drescher

,23 Frank Pollmann ©,>3 and Johannes Knolle

arxXiv:2307.12295v3

2,3,4

Decreasing the value of w8 by increasing \ or adding a Hubbard U-term should drive the DQCP to

a strong first order transition.

UNDER
'CONSTRUCTION

Ny, O

360

240 |
320 |
300 -
280 +
260 |
240 |
220 +
200 |
180 +
160 |

140

8x8

> > > >

= O O
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. o o L o R R A N 2
H(QD)IZ[KS?S;I-FFS?S]-B-FJlSi'Sj]+J3Zsi'Sj—/LBZB(QO)'gSi H:Z(—t—l-gX@,ﬂ)Z(“,]a-l-hc) Z 2<ZJ>—|- X<l]>] /\Z(chgja-l-hC)
(3,4) ((2,5)) i (4,3) o=1 (4,3) (4.9)
(J1,J3, K,T) = (-0.5,0.5, -5.0,2.5) [meV] g = diag[2.3,2.3,1.3] k=2,g=2,A=05 (=1L
a) 2I0 Data temperatl.ljres (IK)I 4I(: : I| IGIO, IISIO I1 (I)OI | 1I£I30 I | |
QMC temperatures (K) 41 72 110 145 290 414 59
b RuCl; data A1 QMC simulation V4
1+ 064 0.6
o
3 Pseudogap
phase 1044 04
-+ 024 +0.2
B/T(TK™ B/T (TK™" | ‘ 0 0
0 0.2 04 0.6 0.8 1

Coupling to phonons DQCP. Fate of DQCP as a function of A?
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Numerical results k=2,g=2,A=05 (=

FI:Z(—t

N
+gX<’L,]>) Z ( 10A30+hc‘) +Z

P L N ’
(4,5) -2 SN
2m —|— 2X<Z,j>] — )\ Z <Z C’i,O'Cj,U —|_ hC)

(,9) o=1 (1,3) \a=1 ,
Kp=(i,j)
Is the t=0 limit singular ?
8 wo = 2.0 wo = 4
0l (b) L= 4 - 0 lg (b)
, \E L= 6 —+— — \\
I L =10 I \.
—0.2 L=12 — o . —0.2 |
S L=14 S \‘
~= ~= ,
04 —04 +
—06 | —06 |




