©
2018 2021

Quantum Monte Carlo study on quantum magnets based on Majorana fermion
representations

Yasuyuki, Kato

3,300,000

We applied the Lefschetz thimble method recently developed in the field of
particle physics for the negative-sign free quantum Monte Carlo simulation to the Kitaev model
hosting a quantum spin liquid, which is one of the central topics of condensed matter physics. As a
result, we successfully clarified the practical mitigation of the negative sign problem.
Furthermore, for theoretical models of various magnetic materials, we chose an appropriate method
from the quantum Monte Carlo method, the exact diagonalization, the mean field theory, the saddle
point method, etc., and implemented numerical calculations. These calculations provided new insights

into various focused topics such as chiral spin liquid, magnon Efimov effect, fractional corner
magnetization, magnetic hedgehog lattice, and magnetoelectric effect of chiral antiferromagnets.



B X C—19, F—19—1, Z—19 (@)
1. WFEBMES IO &

B FERRITR, MSHAERT 2 BT Z2RRITHBECWEHBROER THD. £ L
T EFZRRORMBEICK LTI E5 2 i3 —RICHL <, Bl 32— aick s
T —FNEERRE AR LTS, L LRSS T A2 HE I 2 —va v
WL DRARIE, LI UITAKFFHEEMIN A MEICHENS. Z oMEIx, BT
72 B RR OB I IR B A OO E S TH D, ZDObFR - WHEZICEB T
LR — VR C O AREMCIE CREDNTFET D03, eI 44, Lefschetz thimble 1535
FOBHET D a N EL IR DB LOWTEE AW CAS 58 % 584 5 30V AT
biv Tz, AFERETIE, L0 HFEEZYMEWILEORMEICE LE&BET252 Li2Lb,
BIEERRO—DOTHLIBFAL L ROV I 2 L — g VBN ARG SRMEMEE B LT
FAFEORMIBETH D 81 AV RIKOMNT 2 /&812, Kitaev BRA~OBEMZ1T5 Z &L

[

2. WEDB

KAFGED BIIL, WBRF O 4 72538 A B A OO L D Th 5, BTEHEREDOT I 2
L—y 3 AZEN DA/ S AT 2 B R FE ST 2L Th D, AR TIE, A
BEENCRE CREICER L CW AR IR AIc BT A & Ta Y, B 7r— U HEaRIcB T
HEGITDOEY FARIZE > b 25T, YR BT 2ROV E 220G cH 5 &
FAECRICHT I LW R 2 b—ya VEEABRT D, TS VRO TR L
TWARBIEDNICBITAH LWFEETH D Lefschetz thimble 1%, BeMEMEARO BB C
HALBFAVERICHEA LT, B F A RICKTT 55 LWEERE R ELZRT 5. 51T
ZOWANT LV, HRERFZEFESDNIL L TS BT AV U HRIROME O, # LU Alje
HEOIVIE Z L2 BT, Eio, MR D R e B RS KX OV BB EIR O 2t 5
BRI, 2 HE U 7 BT ©, BERED - a5 5 Z LICHLEERT 5.

3. WHED Tk

BTAE MO 7 = )b IR OARREREE T CTHER L, 7 =/ IRTR ORI O
UTHY Lefschetz thimble {EDEIELEZIRRT S, 2 LT, AN SMENBEET ARB FTo x4
TR EFNCE Y, ZOFEEEN L, AN SREOBRBOEREEZH LTS, £z, 20
DB L G BRI L TYH, ZNEToMELrEiEx, () €
YT va ik, PR, BRGSO I A RS, B A LR E s D R 7
HiEZEE L, AJREZRIR Y Tl 24 L - B2 MR OBl H 21T 5 .

4. WFIEERHE
AWFIERRE O RINE, LTD 62z KBlanb.

(1) WY Lefschetz thimble 51X, BETZERRD VI 2 L— 3 UZBIN D ARF5E % #
W DD BRINTEET VI XA THD. AL TILZ O HEETED K
HERZFFOETAC UEAICEAT A2 A ZIRR L72[1]. 22 TIEETFAE Y% Popov-
Fedotov ZZHalC LV 7 = L I hiFIZ~ v BV 7 L, HERMOBRKBES IS BEFELT v
ETHWSH S Hubbard-Stratonovich ZEH#4Z K 0 EEOMBIG 2 E AT 5. & L CTHRIBIGORE
A BEF VA EHEET D 2 L TAR FIENRRE SND. TEVARL—var b LT, K
JEIRIENIET R— Vit = = A VBRI 2 O A TV ETFAE URIRIZR S & TS
LW T Kitaev BRI ~OmE M 2R LTz, #HFRZEMTICIIT D85 L Lefschetz thimble O W[
b z1T O &R, AR EREOBRBER A MAE L, BSEIIC L > T H0 Bl E 18 E 5
HZErEIRLT.

(2) W T Kitaev BRI KIF 5 7 7 A 2 — WG & 1€ 7 WV B0 HIC L 0, AR T
N~ TF Tz IRFNo~T ) ot T a ARG —N"—FBFN 2 6N [2]. (KIS HE
WCIIACCHBENR FEO 7 2 VI A OHBEICHREHL TV LT, mBSEER
TR D~ 7 ) VRPN TS ZENRHLNI o7, Z 2 TIIEEDORY % Tk
L CAM SO A2 EH L TRV, R T2 7 B0 a ko Bl w2 MK -
BRSO I 2 b— 3 URARRIZI o 7=, £, BEEO TN L > Tk~ 3 78R+ kR
v VIR N BT DR AR e ANV NIE Z B Z L G ERR K L OEE kAL
EEHWTHLNZ LZ[3].

flixe D=t Kitaey D~ I FF 7 =2 VI F U FRERW-E T BV a B L AT



1TV, FIRRE 2 & ARIREER OME 20 502 LIz [4, 5. BRI S Bt o 2 £ 9
A TIVAE ARKIZOWTUIZESEZ A LT, KRERIREBAK & B2 T 5~ 3 7 UKL
T DOFEMZ T~ EORER, BEEOM TR AT T A NV EDHLL, ZAUTHE D I
H#Ze MR e U A REREEA R 2 Sk L7z [4].

Kitaev A B IARKDGERDE DIRZE LT/ > TEY, aRullyke. (X =Cl, Br) [6], APr0;
(A: 7B Y &) [7, 81BN T, BROSIRIENE Kitaey BAHEAEAN PRSI D Z L &, H—
JREEGHRIC S AR RIC L > THOLMI LTV D, F7, R IRZEICE T 2R
T HHR LTS, EHICFEROBETFHAE~DIGHZ AR 2 7-R_H E LT, a-RuCl; DFE—
JFERRH R A2 T, BT OEMN N~ 3T 7 2 VI A N RIFETREEZR T 208
B, PO L > TEMHEIL S DM AEAER (Dzyaloshinskii-Moriya fHAE/EH) 234
A Kitaey HHAMERICERZ L7269 2 &80, HAEEROERILD 2,77 v 7 AD
BN AEETH D Z L EH LM L7z [10].

(3) =7 4T 7 HFHIRREIR, R RN < 5INC X D EELE SRR & L 2 55T, &1
TR > TEHBEICEIN D RO FEREETH S . Z OFEREEIX, vk TR
FOSBTOARBRITEI L TS, ETFBEEERIZBNTH R 7~ 7 O FGEIRIED I
TS L TR, BHICE S TWARW., ZOELERIE, IR CIIER ~ROMAEER %A
B CHETTAHERRML TWAEDEEZ NS, 2T, MWAY UVILERE AT E
FREMERICIER L, ~ 7/ CRIOEELE OIS O 57 1000 & OIRIFE 2T~ 5 Z L L=,
ZORER, ~7 ) VEOBELE & LGP CHIEIRRECTH D Z L AR T Z LlgpkEh La[11]. B4k
FNCITE T A REOEMME L L CTHEHEZED T D 8 a7 a TEREY YboTi0. DA%
FER 2 T, 18 8GR & BGELBRER I L DWW - BT 2 5248 U, SEBR OBl e ey (13T 2
) Ta=4F V7 A WRNERTLHZ L2 THRTIMRELEL. S6Ic2=41 T ¢ mIREEHIZ
B D RO ER XL OB N D SO 7 ¢ £ 7 F R EE O = XL X — D
SR Z B SNz LTz,

(4) EFETB IO G EORGREEE A BNV E T AR I a
L— g BRI, ZOMICEN D SBEALORE A 21T/~ 72 [12]. $ricAR AR o R
TP 6T B B A DB BN OWCE BRI 2 5 25 Z LTI L, S8 tiZm
NT A — K GEE CEARE IRV MEAE R T L R DT LTz,

(5) BRI TEHR SN TV AR AN — I F U B T-OBER A~y Uk v THT &\ o 7= M
7R A O BT EAEH O R ORI [13] 0/ B0 72 87 [14] 2 B 5 L72WFEIC B LY 41
TGS, BBHEMEIRICBI 2 InEE A 20 LR A v B EER A B 22 A A
VKRR HER S, RN DED SN TN D . A IXZ D7 T ZADFRNA B BB OB FRRIE)S,
SRR W TR ICARITATRE CH D Z E G L7z [16]. 7=, BFhitic L 2 BER—
fREFEDHER[16], BIEA B IRERRIC X2 AR [17], FERIE I AIGE DT [18]12D0
THHREL TV B.

6) FEBMIL 7NV —T7 AT, BEXREKIIREZRT I A T IVKEBEEEIN A S8R
Pb (Ti0) Cu, (PO,) s DHFFEE T2 o 72, WAL HFRE L OERK DO RS L < HET 5 46%)
BTAEUERNCK LT, 7T A X PR & O T fENT 24T, Bz 381 5 M
ST R A LSRR N T A —Z OBRI19] B LY, HA T VT 4 HiEDOILESA TR
T 5 IR B LR T [20] DR AIHRE 2 5z L=,



<B >

[1] P.A. Mishchenko, Y. Kato, and Y. Motome, Phys. Rev. D 104, 074517 (2021).

[2] J. Yoshitake, J. Nasu, Y. Kato, and Y. Motome, Phys. Rev. B 101, 100408(R) (2020).

[3] J. Nasu, Y. Kato, Y. Kamiya, and Y. Motome, Phys. Rev. B 98, 060416(R) (2018).

[4] P.A. Mishchenko, Y. Kato, K. O'Brien, T.A. Bojesen, T. Eschmann, M. Hermanns, S.
Trebst, and Y. Motome, Phys. Rev. B 101, 045118 (2020).

[5] T. Eschmann, P.A. Mishchenko, K. 0’ Brien, T.A. Bojesen, Y. Kato, M. Hermanns, Y.
Motome, and S. Trebst, Phys. Rev. B 102, 075125 (2020).

[6] Y. Sugita, Y. Kato, and Y. Motome, Phys. Rev. B 101, 100410 (R) (2020).

[7] S.-H. Jang, R. Sano, Y. Kato, and Y. Motome, Phys. Rev. B 99, 241106(R) (2019).

[8] S.-H. Jang, R. Sano, Y. Kato, and Y. Motome, Phys. Rev. Materials 4, 104420
(2020).

[9] Y. Motome, R. Sano, S.-H. Jang, Y. Sugita, and Y. Kato, J. Phys.: Condens. Matter
32, 404001 (2020).

[10] S.-H. Jang, Y. Kato, and Y. Motome, Phys. Rev. B 104, 085142 (2021).

[11] Y. Kato, S.-S. Zhang, Y. Nishida, and C.D. Batista, Phys. Rev. Research 2, 033024
(2020).

[12] H. Watanabe, Y. Kato, H. C. Po, and Y. Motome, Phys. Rev. B 103, 134430 (2021).

[13] K. Shimizu, S. Okumura, Y. Kato, and Y. Motome, Phys. Rev. B 103, 054427 (2021).

[14] K. Shimizu, S. Okumura, Y. Kato, and Y. Motome, Phys. Rev. B 103, 184421 (2021).

[15] Y. Kato and Y. Motome, Phys. Rev. B 105, 174413 (2022).

[16] Y. Kato and H. Ishizuka, Phys. Rev. Applied 12, 021001 (2019).

[17] Y. Kato, S. Hayami, and Y. Motome, Phys. Rev. B 104, 224405 (2021).

[18] S. Okumura, T. Morimoto, Y. Kato, and Y. Motome, Phys. Rev. B 104, L180407 (2021).

[19] T. Katsuyoshi, K. Kimura, Z. Yang, Y. Kato, S. Kimura, Y. Motome, Y. Kohama, and
T. Kimura, J. Phys. Soc. Jpn. 90, 123701 (2021).

[20] K. Kimura, Y. Kato, S. Kimura, Y. Motome, and T. Kimura, npj Quantum Mater. 6,
54 (2021).



20 20 3 3

Watanabe Haruki Kato Yasuyuki Po Hoi Chun Motome Yukitoshi 103
Fractional corner magnetization of collinear antiferromagnets 2021
Physical Review B 134430
DOl
10.1103/PhysRevB.103.134430
Shimizu Kotaro Okumura Shun Kato Yasuyuki Motome Yukitoshi 103
Spin moire engineering of topological magnetism and emergent electromagnetic fields 2021
Physical Review B 184421
DOl
10.1103/PhysRevB.103.184421
Kimura Kenta Kato Yasuyuki Kimura Shojiro Motome Yukitoshi Kimura Tsuyoshi 6
Crystal-chirality-dependent control of magnetic domains in a time-reversal-broken 2021
antiferromagnet
npj Quantum Materials 54
DOl
10.1038/s41535-021-00355-0
Jang Seong-Hoon Kato Yasuyuki Motome Yukitoshi 104
Vortex creation and control in the Kitaev spin liquid by local bond modulations 2021
Physical Review B 85142

DOl
10.1103/PhysRevB.104.085142




Mishchenko Petr A. Kato Yasuyuki Motome Yukitoshi 104

Quantum Monte-Carlo method on asymptotic Lefschetz thimbles for quantum spin systems: An 2021

application to the Kitaev model in a magnetic field

Physical Review D 74517
DOl

10.1103/PhysRevD.104.074517

Katsuyoshi Tsukasa Kimura Kenta Yang Zhuo Kato Yasuyuki Kimura Shojiro Motome Yukitoshi 90

Kohama Yoshimitsu Kimura Tsuyoshi

Nonreciprocal Directional Dichroism in a Magnetic-Field-Induced Ferroelectric Phase of 2021

Pb(Ti10)Cu<sub>4</sub>(PO<sub>4</sub>)<sub>4</sub>

Journal of the Physical Society of Japan 123701
DOl

10.7566/JPSJ.90.123701

Okumura Shun Morimoto Takahiro Kato Yasuyuki Motome Yukitoshi 104

Quadratic optical responses in a chiral magnet 2021

Physical Review B 180407
DOl

10.1103/PhysRevB.104.1.180407

Kato Yasuyuki Hayami Satoru Motome Yukitoshi 104

Spin excitation spectra in helimagnetic states: Proper-screw, cycloid, vortex-crystal, and 2021

hedgehog lattices

Physical Review B 224405

DOl
10.1103/PhysRevB.104.224405




Kato Yasuyuki Motome Yukitoshi 105

Magnetic field-temperature phase diagrams for multiple-Q magnetic ordering: Exact steepest 2022

descent approach to long-range interacting spin systems

Physical Review B 174413
DOl

10.1103/PhysRevB.105.174413

Shimizu Kotaro Okumura Shun Kato Yasuyuki Motome Yukitoshi 103

Phase transitions between helices, vortices, and hedgehogs driven by spatial anisotropy in 2021

chiral magnets

Physical Review B 54427
DOl

10.1103/PhysRevB.103.054427

Jang Seong-Hoon Sano Ryoya Kato Yasuyuki Motome Yukitoshi 4

Computational design of f-electron Kitaev magnets: Honeycomb and hyperhoneycomb compounds 2020

A2Pr03 (A= alkali metals)

Physical Review Materials 104420
DOl

10.1103/PhysRevMaterials.4.104420

Eschmann Tim Mishchenko Petr A. 0"Brien Kevin Bojesen Troels A. Kato Yasuyuki Hermanns 102

Maria Motome Yukitoshi Trebst Simon

Thermodynamic classification of three-dimensional Kitaev spin liquids 2020

Physical Review B 75125

DOl
10.1103/PhysRevB.102.075125




Kato Yasuyuki Zhang Shang-Shun Nishida Yusuke Batista C. D. 2

Magnetic field induced tunability of spin Hamiltonians: Resonances and Efimov states in 2020

Yb2Ti207

Physical Review Research 33024
DOl

10.1103/PhysRevResearch.2.033024

Motome Yukitoshi Sano Ryoya Jang Seonghoon Sugita Yusuke Kato Yasuyuki 32

Materials design of Kitaev spin liquids beyond the Jackeli?Khaliullin mechanism 2020

Journal of Physics: Condensed Matter

404001 404001

DOl
10.1088/1361-648X/ab8525

Sugita Yusuke Kato Yasuyuki Motome Yukitoshi 101

Antiferromagnetic Kitaev interactions in polar spin-orbit Mott insulators 2020

Physical Review B 100410(R)
DOl

10.1103/PhysRevB.101.100410

Yoshitake Junki Nasu Joji Kato Yasuyuki Motome Yukitoshi 101

Majorana-magnon crossover by a magnetic field in the Kitaev model: Continuous-time quantum 2020

Monte Carlo study

Physical Review B 100408(R)

DOl
10.1103/PhysRevB.101.100408




Mishchenko Petr A. Kato Yasuyuki O"Brien Kevin Bojesen Troels A. Eschmann Tim Hermanns 101

Maria Trebst Simon Motome Yukitoshi

Chiral spin liquids with crystalline Z2 gauge order in a three-dimensional Kitaev model 2020

Physical Review B 45118
DOl

10.1103/PhysRevB.101.045118

Kato Yasuyuki Ishizuka Hiroaki 12

Colossal Enhancement of Spin-Chirality-Related Hall Effect by Thermal Fluctuation 2019

Physical Review Applied 21001
DOl

10.1103/PhysRevApplied.12.021001

Jang Seong-Hoon Sano Ryoya Kato Yasuyuki Motome Yukitoshi 99

Antiferromagnetic Kitaev interaction in f-electron based honeycomb magnets 2019

Physical Review B 241106
DOl

10.1103/PhysRevB.99.241106

Nasu Joji Kato Yasuyuki Kamiya Yoshitomo Motome Yukitoshi 98

Successive Majorana topological transitions driven by a magnetic field in the Kitaev model 2018

Physical Review B 060416(R)

DOl
10.1103/PhysRevB.98.060416




19 3

Q
17
2022
Q
77 (2022
2022
Q
2021
2021
Q
76 (2021

2021




Yasuyuki Kato and Y. Motome

Magnetic field-temperature phase diagrams for multiple-Q magnetic orderings

2022

Yasuyuki Kato, S. Hayami, and Y. Motome

Spin excitation spectra in multiple-Q magnetic orderings

2022

Yasuyuki Kato

Spin Excitation Spectra in Helimagnetic States: Proper-screw, Cycloid, Vortex Crystal, and Hedgehog Lattice

Institute Seminars, Winter Semester 2021-2022

2021

Shang-Shun Zhang C.D. Batista

T Yb2Ti207

2020




76 (2021 )

2021

Yasuyuki Kato

Magnetic-field-induced tunability of magnon bound states: Scattering resonances and Efimov states in Yb2 Ti2 07

International Workshop on Quantum Magnets in Extreme Conditions

2021

Yasuyuki Kato

Three-dimensional chiral spin liquids in hypernonagon Kitaev model

The 3rd Asia-Pacific workshop on Quantum Magnetism

2019

(A(TiO)Cu4(PO4)4, A = Ba, Sr, Pb)

WIAS Top Runners’ Lecture Collection :

2019




14

2019
A(Ti0)Cud(PO4)4

2019
(A(TiO)Cu4(PO4)4, A = Sr) : A =Ba, Pb

2019

Yasuyuki Kato and Yukitoshi Motome

Magnetoelectric properties in antiferromagnets composed of square cupolas A(TiO)Cu4(PO4)4 (A=Ba, Sr, Pb)

APS March Meeting 2019

2019




2019

2018

2018







