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Outline

 Numerical methods for dynamical properties of
magnetic systems

* Plaguette ordering in the honeycomb Gamma model

1. Thermal order by disorder in frustrated magnets

2. Hidden plaguette order in the Gamma model



Dynamical Structure Factor

* Holstein-Primarkoff
1/S expansion * Schwinger boson * Variational Monte Carlo

S%T(q,w) + SY(q,w)

10°

1071

102

1073
10!

109

Ghioldi et al. PRB 98, 184403 (2018) .
Mourigal, Fuhrman, Chernyshev, Zhitomirsky, Ferrari and Beca, PRX 9, 031026 (2019)

PRB 88, 094407 (2013)



Classical Spin Liguid / Spin Glass”

e Monte Carlo simulations

* |Landau-Lifshitz equation:

* Space-time
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J
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Fourier transform
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Dynamics of Phase Separated States in the Double Exchange Model

Jing Luo' and Gia-Wei Chern!
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* Double exchange model on square-lattice arXiv:1904.05252v1
close to half-tilling:

H = —t (Cj;ozcja + hC) — JZ SZ ) Cl'-ozo-aﬁci57
) )

(ij

e GPU-enabled Langevin dynamics for preparing initial phase separated states

e Landau-Lifshitz + von Neumann dS; O(H)
: : : — _Sz X — JSZ X 0@6 107,,8 Q)
dynamics simulations: dt JS; ’
dpia,' .
TJB = Z(tz‘k Pka,iB — Pia,kS tk:j)

+ 1J(Si - Oary Pin,j8 = Pia,jy T8 - Sj).



Dynamics of Phase Separated States in the Double Exchange Model

Jing Luo' and Gia-Wei Chern!

! Department of Physics, University of Virginia, Charlottesville, VA 22904, USA
(Dated: April 11, 2019)

* Double exchange model on square-lattice arXiv:1904.05252v1
close to half-filling:

H = —t (c;.racja -+ h.C.) — JZ S; - C;'rao'ozﬁciﬁa
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S(k,w)

S(k,w)

PHYSICAL REVIEW B 97, 035120 (2018)

Editors’ Suggestion

Beyond Mott insulators: 2D Hubbard model
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Semiclassical dynamics of spin density waves
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Dynamics of the Kitaev-Heisenberg Model
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Spin dynamics & dynamical structure factor
of this new classical spin liquid?
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Editors’ Suggestion

Classical and quantum spin dynamics of the honeycomb I' model

Anjana M. Samarakoon,'-? Gideon Wachtel,>* Youhei Yamaji,>*° D. A. Tennant,’-?
Cristian D. Batista,"»>% and Yong Baek Kim™?- !0
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Unexpected phase transition

* Autocorrelation function: * Heat capacity vs T:
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—— L = 30
T =0.005
&
0.00 T4
T 003 l
) M]
C 06 008 0.1
0.038 }
0.04 -
v
12 20 . s

Time(x10%)




Order-by-disorder transition in frustrated magnets
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Order-by-disorder transition in frustrated magnets

X:

VOLUME 91, NUMBER 17

PHYSICAL REVIEW LETTERS

week ending
24 OCTOBER 2003

Ising Transition Driven by Frustration in a 2D Classical Model with Continuous Symmetry

Cédric Weber,"* Luca Capriotti,” Grégoire Misguich,* Federico Becca,’ Maged Elhajal,' and Frédéric Mila'
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Hidden Order in a Frustrated System: Properties of the Heisenberg Kagome Antiferromagnet

J. T. Chalker, @ P, C. W. Holdsworth, "-® and E. F. Shender ‘"-(*)-®
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Octupolar ordering of classical kagome antiferromagnets in two and three dimensions

M. E. Zhitomirsky

. | |
« coplanar/nematic order = quadrupole order Q%= NZ (S?S,-B—g a3>

I I I
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Dipolar Order by Disorder in the Classical Heisenberg Antiferromagnet on the Kagome Lattice

: . 1.2 1
Gia-Wei Chern"?> and R. Moessner

o Effective 3-color (Potts) model with
ferromagnetic eftective J2 interaction: A

Seff — jQ Z((’Lj>> 50’@,0'3' j2

e Try to fit entropic weight with NNN interaction

Reasonably good agreement using a small FM J2 ~ —0.018
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KT transition

e critical 75 =0 : asmall negative 7 increases the stiffness
and drive the system into the flat phase

KT transition: divergence of correlation length & ~ exp (fj;—??%)

. C : : _ o (T (S. Korshunov, ‘02)
Finite-size scaling:  m sz L3 = F (%)

Heisoesnberg AFM at T=10"°
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Gamma model on honeycomb lattice

* |mportant interaction in addition to
Kitaev and Heisenberg terms in real
materials: A2lrOs, RuCls

A new type of highly frustrated
magnets

T )

CH=T ) (SYS;+S7SY)+T > (S7ST+579)+T )y (S78Y 4 5YS7).
(ig)]| (i) ly (i5)|2 )




Macroscopically degenerate ground states

(Rousochatzakis & Perkins, PRL 2017)

e Spectrum under spherical approximation:

H=T) > D HiSik)Si(-k)

k ab=1,2 af=x,y,z

e Static Structure factor S(q):




Macroscopically degenerate ground states

n10
\ 5 10 /
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4 / . 2 6 /
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ma {ma n7a
\ 1 0 / \ 7
Eneb ma ¢nb
na {ma n2b 13 ¢nra
{nac n3C {nac
12 / \._ 3 11 4
1n4C ¢ned n3C
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Al - \
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no En2b 18C e
{ned ned
)7 " \ (Rousochatzakis & Perkins, PRL 2017)
8

* The degenerate ground states are characterized by
continuous variables n = (a,b,¢) and
a set of discrete Ising variables {n;}



Macroscopically degenerate classical ground states

\/§ % \/g order

ST — nST,

Si — 1Sy,

Sy — nS3,
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S35 — 1S3,

5S¢ — 15§



Thermal order by disorder ?

Auto-correlation function:

Snapshots of spins form Monte

Carlo simulations

Spins favor cubic directions !

Phase transition ?
Order parameter ?
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Flux variable

flux variable on hexagonal plaguettes: * Integrals of motion in the
quantum Kitaev model

Wo = ST SY 55 S5 SY ¢, Wa, W] =0 [Wa, Hkitaev) = 0
o — Qs itaev] —

n10

\ 5 10 /
{ma n10C
. H12 {moC ma H5
* Inthe classical ground states b b y.
4 / X2 6
of the Gamma model: mab e 1sb
1aC M ¢nsb 13C n7
ma {ma nra
\ 1 0 / \
~ En2b ma ¢nib
WhEA = w/,71 = SSS}l)SiS)SCS){Osg/S6 — Z:Cl6, na {ma n2b n3 {nra
{nac 13C {nac
12 / \ 3 1 4
_ oQxQVQZ QxQVQz /g6 __ #1.6 14C ¢nea 13
WhEB T an T 5859512515053/‘9 T Cb ’ 7 79a n2 ¢nac n6a 111
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Phase transition: Plaguette ordering

 Flux variables in the “cubic” phase (a, b, ¢) ~ (1, 0, 0):

WA:a6N1
Wg =0b%~0
WC:C6NO

e the flux variables break translation
symmedtry:

V3 x /3 arrangement of the nonzero fluxes

e QOrder-parameter:




Monte Carlo simulations of plaguette ordering
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FInite size scaling analysis
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Plaguette ordering in quantum models

e J1-J2 antiferromagnetic Heisenberg model on honeycomb lattice:

szleZS]—FJQ Z SZSJ
(i7) ((i3))

e Phase diagram S = 1/2: e Phase diagram S = 1:
I Néel | pRVB | Dimer >,/ .
NN
NN :
NN Néel AFM PVB ? i Stripe AFM
NN 0.0 0.26-0.28 ~0.32 32731

S-C0

(Ganesh, van den Brink, Nishimoto, PRL 2013) (S-S Gong, Wei Zhu, and D. N. Sheng, PRB 2015)



Dynamical Structure Factor:

e Landau-Lifshitz dynamics: L= 8, x —

0
Y XKMK TI' MY XKM
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Dynamical Structure Factor: Off-diagonal
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Quantum order by disorder

(Rousochatzakis & Perkins, PRL 2017)

The degenerate ground states are characterized by T /
continuous variables n = (a,b,c¢) and ne 1 — s
. . . émzb nsb
a set of discrete Ising variables {n;} 4/ \ 2 sb/
12b 3C 5
’374C " Z?;sb 1 Zac n7
ma \C1b 0 /cma nza \ b
(12 ma i
. . na (:;;1a rjzb n3 CZWz
Real-space perturbation calculation: 1o JE - i
naC {ne@ n3C
P S 7 ned n2 %’rlsc nead 111
Eeff — — ‘ 3‘2 (0,4 _I_ b4 _I_ C4) nzt;(\ 9 8 /(_,/72b ;711b\
{nsC n2b
[Sa? <& U Fg,2 blue L
a C
+—3 E Namp E el +—g E Nats /oom
(aB) (o) (aB)

(a, b, c) favors cubic direction.



Quantum Order by disorder
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Quantum spin-1/2 Gamma model?

Title:
Authors:

Publication:

Publication Date:

Origin:
Bibliographic
Code:

Ground State of the Spin-1/2 Honeycomb I' Model: Zigzag Magnetic Order

Liao, Hai-Jun; Huang, Ruizhen; Guo, Yi-Bin; Xie, Zhi-Yuan; Normand, Bruce;
Xiang, Tao

APS March Meeting 2019, abstract id.A37.002
00/2019

APS

2019APS.MARA37002L

Abstract

The off-diagonal symmetric interaction, I' (S;aSpi,, + S;p Sai,, ), has sprung to prominence as a

competing term in the spin Hamiltonians of candidate Kitaev materials. We investigate the quantum (S =
1/2) I' model on the honeycomb lattice using the tensor-network method of infinite projected entangled
pair states (iIPEPS). We demonstrate that the ground state is a zigzag magnetically ordered state, rather
than the spin liquid reported on the basis of density-matrix renormalization-group (DMRG) studies. By
applying two quasi-one-dimensional numerical treatments, the infinite matrix-product-state (iMPS) and
DMRG methods, we show that this contrast is a consequence of the system size considered. Thus the
quantum I model is quite different from its classical counterpart, which is a classical spin liquid due to its
macroscopic ground-state degeneracy.
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 Numerical methods for dynamical structure factors
based on equation-of-motion approach
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disorder in the honeycomb Gamma model
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