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We theoretically investigated the physics of frustrated many-body systems
including quantum antiferromagnets and cold atomic gases in an optical lattice. Using the numerical
cluster mean-field plus scaling method, we succeeded in a quantitative, microscopic analysis that
can be directly compared with experimental measurements for frustrated antiferromagnets.
Furthermore, motivated by the recent realization of synthetic spin-orbit coupling in cold-atom
systems, we explored new theoretical models that can be created by the latest techniques, and
especially, revealed a rich variety of ground-state properties of spin-orbit-coupled Bose gases in a

two-dimensional optical lattice.



B X C—19. F—19—1, Z—19.

1. WFZEBIA Y DY =

(1) BT 52 EZOMELI B Thi [
FAEAE & AE s 7 OTIR D RE S A
= L —GE I IR o YERE IR BE 3 TF
ETAH, ZHUETZ7TARL— a8 LTH
LBILTND, ZOXHI BRI TEDL S22
FEECIREEDN RTINS b ) 3B RS D
RERELDEOODESTHY | 0] 50DOFF
FRIZN DS (order-by-disorder f4#)
RA Y EIR T E O A 7 Rk R RE A B
NHZENRBEEINTWD, LLRNE,
77 A ML — NROFW RO D T2
DIZIFEWL S0 ORERH 5, T, FEEK
WCPRAR R B 7 T A ML — MMET R EE
KT AHZENEHLNE WS ETH S, 2T
Al 72 = AR RIEIA DA T, Al
NEATLESTLD ALERMAEEHAIA
STLESTYTH, 61T, EimEA DR
WRT A—ZEBRERICHhz> TR %
FEECTE 5 &9 G T 2 8MEERFIE
PIFELE L2, 63D A B RR2 Bose HiF
RO CITBEFET T H IV aiENT DO
HafHoTWi=, LMLZ7TAFL—FRIT
% TR SR & MEEh 5 RA O RS 3
HO., ZTOBFELSTHNOENEMATE
A

(2) 4, BARSKE R EOEBR I N—T
2L o THZ) S=1/2 AL &A1
(BB DEEN) = A k& SRR A
BasCoSb209 DA R L UMW RIE NI T i
TW5, TOBMLBRIZIE,. ZhE TOHH
FRFT D HIX PR TE W= e ik 2 R
I SR E SIS, 77 A ML —h
RDOLK I REME 2 R S ¥, Fox 13BE
W =ZAKT EOKRBEA & Ao &1
X %2 A v 22 B & fERiS o ki
DIl THLZ L, HHLEEITIEBE LR
VW L WAE( e -coplanar #H) 0 H 81 & BEEG Y
WTPELTWD, —F, ERICEBIT 2 BKRE
WU X, Mt D56 Tl AR Y
Zefi] B 5 h & B A2 T D ARG O 55 A (B
EhTwnWa,

2. WHEOHM

(1) MG OHEO =MAK T AE L -1/2
XXZ #5085 M- Rt o &I &2 B &
MZT D, BB O%E IS MO A B
RAFRIT HFEIE LRV, BBk L
DFEIZE > TUIIEFICRERRE E 70 b,
F 77, HHLTEITIR Z o o LR EE IS
FARL—v g K EEAICHERL T
LE-TEY., &BICHRGHESRBS NEE
LCHE IR, LR TEFRELE
Z ANIVTHEIRD AR T =% O fE R oM X 15
BRI TH D, = AN RBINE R
BasCoSb20y THIMN 7R B OJRIA &
L CiE, 35WERMMHEAERIZ L2 3 kot
ERT DAL DAY v X JiEEHIRE
NEZOND, &2 THOEBAEAIERZK

CK—19 (Jtm)

BNz, FEBROBK LT 2 g N ORI
EERTHLO, LXK AY »
XU TEBIZHIET 5 6 O & AR B
LMY 5,

(2) 79 A b L— kLI HOBHR
FTRIBRRICBT DA R THERRT 5, A
MLl MeiimZe) B+ AR TORE
R ZE TOEEMENT I DR
TIEEZONT IR 728 LW & 4%
5, BARTZO 75 A N —a it =
<HGE AR TICFHE L7 Rb i1 (Bose
KN EHIEEI SN G 2 5 2 5 = & THEB
SNz, T T, Z ORI CHEBATEER
T7IARNL— M TFHOAEDOR Y B
7 % Fo5ifHE] Bose hi1-% D EAYEEEIR
HEZHLMNCT 5,

(3) s THIZHKE LT 2 Fll Bose JR 1R

BREDOR TR D, EHE, T AV I DEER
T N—TNE o TR 7 A ¥ v -HEFE A
ERZEAT LI ENTEDL LT T2
ZOEBRFZOMHEBBSIE, (1) ICiikL
727 T A b L— MEEMER & Hm o f h s
T RMICFIR I N D & W) BTN
@EnH b, —HEoT-E LD 2o00%
DORIEIZ S DEFIEEZA ST 5
ZET, INHLDOROHEEBESICET D1
WEMRAE 1S5,

3. WMok

BT 7 7 A M L— FROBGRAEITIZIE, 1
WG SOXFRYE D 3 W ER 72 35 A 7 & & bR
WTIH A 6D KRERERZRAWES 5 %215
oo lo, MERK 2T, KEEEE A
WG EBERSFZRT 2 & THIRY A X%
REHRL, SHIMEDORAFr—U  FikL
MAEDLEDLZ L CTEMBERETHK ZH
< W) FiEETEN L7 (CMF+S %) [D], =
DOFEEHNDZ ETT7 T AR L— MEA
DK T A — Z IS D72 % E ') 78 5L
JEARREAKI 2 < . F 7z, SaFnREE U RE O
R C UL AE Sk o J8 I B8 4 C o i 8 <t A b
DAENTHD2D, ZhaeFAT 25,
FeA& 7 D Bose R T-RUARIZKT L Cidss
FHEESESE TlE Bogoliubov ¥Tfbl% . #HAHEHE
Ik ClE Mott #afzx A FR o EMER 7250k % Al BE
123 % Gutzwiller Tl &= H W5, 2 b DifE
Pl EzEm b LITEZEFTOFR—K
MEZE 2 2 PG EHO—FEThH D720,
EOLIDRE2Z LV EENISRT D201
SWEIG O Y OFE S & & RHEICELY AT
FIEEESIT 5,

<G| FHCHR>

@O Daisuke Yamamoto, Giacomo Marmorini,
and Ippei Danshita, Quantum Phase Diagram of
the Triangular-Lattice XXZ Model in a Magnetic
Field, Physical Review Letters 112, 127203
(2014).




4. WF7EEHE:

(1) JEIR = AT MER BasCoSbeOg (2
ST, BRRIORIE 2> S & ORI 7e i b
WFEAFI U7, e d BIBREWVRIEL, = Ak
FHEWNICHS 22 BRI B < Aoz
{£1/3 77 b—IlZnx., fafimisso 7 5&H 7
DICIEE MR EFENBHN SN2 T
D, Bx it CMF+S BT X BT % Kk
O ENIREE L, B & e ook S 12k
D EFBEAMXEZRE LK@ ], 51
fafmESs D 7 E BT D TORSREE OFRIA N
BLEOWE\AFTET D08/ 72 o A AR A
L7 A ML=y g VICERT AR E
F— M THDHZ EEHLMNT LT,
TR RAT 2> H 45 & 7= BER AL B AR 1
MR BE O Z 2O S & TER
TR LEEMICES —ETH[KOb)], &
OHIZikma L —Mb L., 2 RaoE D
M EE TR EFTEAIND Z EDEZWIE
NS 7w EAER D, Z2HORRFIREE
DT X NLFX—ZHERTSH5 77 A ML — kK
R B W TIR L ECR eI B IS AR Y 72 2% 8
ERELEALZEER LT,

a) 3 T T T T T
a) - (b) 17
@ O T
—_ /!,_7\—’fj’ - -~ Classical ,
~_ 4 _— AB B,(\ . — Ba.CoSh.0,
T c o7 N 04} Janides
o ~J W, T [—COMFss
D 3 3 A = Classical .
= A 201 S 03— BaCoshio, -
o Jy’ B / E .
= — — R
D2 =2
= ABC ADC S
& o
o B ) I
El1lp——" B8 < 0l
Al A/f_,.v A
0 f\ B, 00 , n , !
00 02 04 06 08 10 1 2 3 4 5

anisotropy Jz /.J magnetic field H/.J

(2) =MANkFICFIE L7z Bose JR XA
WZEBINIRENISN G & 5 2 T2 RICBIT D AL
A B AR O EZBLUZ T 7= BERRAEAT 21T
ST, FEHHIREENGIC L > TREDOFR v v
VT EREOST7 5 A R L— b Bose B T KR
MNEHI 25, 2 Z T Bose hi+ D JHFTHI 7 Fock
RED S BLITHET L 222 BFAE LA
NTCHIET, 77 A bL— MEHKROEF
VIial—va NI D, REFLIRT
2% B 26k L C Schwinger-boson #7k %
WAL, ANA TIVBKERE - ROORBEMERL
FFe AR (SL) 2 & e iR AEFE X &
o7 (K], Rk ET I 2 L —
VarDEBEIRITA R~y Lis,

1.0
T 08 .
. \,:; Spiral order
& odf (gapless)
N 0.4 Néel
| less)
@
02t -
1D SL 2D SL
0.0 . » . .
0.0 0.5 1.0 1.5 2.0

(3) F’exDiEOWITIZE Y, XXZ B
A FFD S=1/2 = fk& & RO R D i
WGk I, BrREOLEDOHRITI Tl
SRR Z VX AFAE L 72 WO i &R BE (r-coplanar
FREILD Z ERRBIN TN [K(a) ],
2 Cilerm 2 S=12 UShDO—f D S IR L
7o P IIRBUE e B i xF A L EH R 21T
VN, Z ORIFIREE T O B 7R R A B S h
FRICE 1T D BB FRIEDBLR N HEL 1S
EL7=, £7-. S=1 & S=32 DFAICE LT
t, CMF+S % fVC n-coplanar IRREDFAET R
BEREL, ZOMESNSHBRELRBIZD
AUT US BB X BRI BIRICE RN - T
W ZEERLEIK®D ], 2D O
RIZE Y n-coplanar REED BN L I S D
B S THIRICTFEL, £, S /A3
(BTFPEDNTRND) 1FETRNT LR o T,
A% R T DREEROER & . Z OB BLIA
WRED L - BRI HIFFS D,

(a) Ground-state

degeneracy
Classical | O-coplanar | umbrella
0 1S7~--_ g/
Quantum | O-coplanar  |m-coplanar| umbrella
T T

0 1 J/ I
«H «H +1

CMF+8: & (/)
5 Y U/E),
E dilute Bose-gas expansion:
g © (J/dz) ge (arbitrary-S)
9 \‘\ —-— (J/ ), (large-S)
\\\ -==- (J/ ) g (large-S)

umbrella

s C i

2 o
0-coplanar Sxfea g

‘0 1 2 3 4

S

(4)IEH#+ Ed S =1/2 J;-J, Heisenberg £

W DOREACIBEE % ff b U7z, Z ORIt B2
MAEMER 3 & RITHAEAAER J, MR
WM THIBEE., 77 A L —3 3 D%
DGR Jo/d1 = 0.5 FTfHETIET AL UHRIK)
WEENTND Z ERWIfF ST D, — 5T,
ORI R A I L2l E D X 5 7
WALRRES & THEBERRBN DN E WD R
B L TIEH E 0 EEENEAL TV, FER
PR IRREIC R DRI FIL, RN T T R
FL—Ya CERLTRICHEEHTD
0. EFET -dp BT o X5 Z2REIC
*f9 B B Ak oD B T B /MR O AR A
D—OTh D, BaITHEECIREIZH T DML
WFE A BRI IR~ b2 faFie b o5 D
EAE AL 7T h—2 B4 % uuud (RAE
DOWHERTHE L D A VU ELE O SRS %
XU, 7T A ML —3a UHRE Bl BX
OB RE DO L L CTEE R RREN
HhbZtamrsLizIK],



saturated

I canted
NAF

nonmagnetic
?).3 04 0.5 0.6 0.7 08

S/

(56) NLAEUHUEMHAIERZTF LT 2
oS Bose JR R E FHVCEILT 508
-7 B A A PRGOS BRE Lo, MEIR T %
(X925 A UELEM EEA X, 2011 412
NIST/JQI @ Tan Spielman ZEBR 7 /L — 712 &
S THID THERR S Tz, ABFETIE, L0 [EH
R E OMRBUNZ TR 712 K 2 B 72
SR CTO N TEEM AERRZ B LT,
Spielman 7 /L— 7" La#EHE L, T N T A
EUMEBEERO 2 ORI AT —VOBEES
Lo TAEENDFAE TR L ERICE
BR T CHERANC T LT, B A 7 VB RENH
(CSF)R°A N7 A 7y ENFA (ST) 72 & D e
SRR & BEBOS PR OB AR AN & £ D
B O HBEREZFFE L, ZNENDOMRD
PSR IRE K OVFEBRFIE O 72 O KR
e A oR L2 K], AWl NEFR
¥4~ + Rashba=Dresselhaus 7 2 v° #3560 A
TER LW ok bEARMREAEER -T2, A
TAECHUEFHAERRTIIRA o247
DOF AN 2 e 2258 - A 20 BEBEI i o
TTIERFTRETH D720, A% bikx 72 )51
PO IR DR N MRS D,

1.0

08f SFo
k o6l STTTNPS
\\[_‘* --=::::1’:::::Z:::_CSF
2 04; ST PS
020 =
0.0 SFo
0.0 04 08 12 1.6 20 24 238

3D latce e, ZFJ’ .

ol uj 0S0Nns N N \ '\ N N N

CSE ™™™ G N T W N TN,
X

G=m/2 3Dlattice *’—»%%—)/—%H
of down bosons 'z~ ikf-

5. ERRERLE
(BFFEAREEE . WFSC 003 M ONHHERFFE 31
X THR)

(MEsGEm ) (R 10 )
(DDaisuke Yamamoto, . B. Spielman, and C. A.
R. Sa de Melo, Quantum phases of
two-component bosons with spin-orbit coupling
in optical lattices, Physical Review A, ##if,
96, 2017, 061603(R)
DOI: 10.1103/PhysRevA.96.061603

(@Daisuke Yamamoto, Hiroshi Ueda, Ippei

Danshita, Giacomo Marmorini, Tsutomu Momoi,

and Tokuro

Shimokawa, Exact diagonalization and cluster
mean-field study of triangular-lattice XXZ
antiferromagnets

near saturation, Physical Review B, ##i4, 96,
2017, 14431

DOI: 10.1103/PhysRevB.96.014431

(®Shinpei Goto, Susumu Kurihara, and, Daisuke
Yamamoto, Incommensurate spiral magnetic
order on anisotropic triangular lattice: Dynamical
mean field study in a spin-rotating frame,
Physical Review B, i, 94, 2016, 245145
DOI: 10.1103/PhysRevB.94.245145

@Giacomo Marmorini, Daisuke Yamamoto, and
Ippei Danshita, Umbrella-coplanar transition in
the triangular XXZ model with arbitrary spin,
Physical Review B, ##i £, 93, 2016, 224402
DOI: 10.1103/PhysRevB.93.224402

(®Daisuke Yamamoto, Giacomo Marmorini, and
Ippei Danshita, Magnetization process of
spin-1/2 Heisenberg antiferromagnets on a
layered triangular lattice, Journal of the Physical
Society of Japan, ##tfi, 85, 2015, 024706
DOI: 10.7566/JPSJ.85.024706

©® Keisuke Masuda and Daisuke Yamamoto,
Variational cluster approach to s-wave pairing in
heavy-fermion superconductors, Physical Review
B, #HiA, 91, 2015, 104508

DOI: 10.1103/PhysRevB.91.104508

(DHiroki Yamamura and Daisuke Yamamoto,
Collective  excitation and  stability  of
flow-induced gapless Fermi superfluids, Journal
of the Physical Society of Japan, ##cf, 84,
2015, 044003

DOI: 10.7566/JPSJ.84.044003

®lppei Danshita, Daisuke Yamamoto, and
Yasuyuki Kato, Cubic-quintic nonlinearity in
superfluid Bose-Bose mixtures in optical lattices:
Heavy solitary waves, barrier-induced criticality,




and current-phase relations, Physical Review A,
#HiA, 91, 2015, 013630
DOI: 10.1103/PhysRevA.91.013630

®Daisuke Yamamoto, Giacomo Marmorini, and

Ippei Danshita, Microscopic Model Calculations
for the Magnetization Process of Layered
Triangular-Lattice Quantum Antiferromagnets,
Physical Review Letters, #7547, 114, 2015,

027201
DOI: 10.1103/PhysRevLett.114.027201

(0Keisuke Masuda and Daisuke Yamamoto,
Interorbital Cooper Pairing with s-Wave
Symmetry in Heavy-Fermion Systems, JPS
Conference Proceedings, #t #t i, 3, 2014,
015024

DOI: 10.7566/JPSCP.3.015024

(Fa¥EER) (G20 1)
(DExploring Quantum Frustrated Magnetism
with Cold-Atom Quantum Simulators, Recent
Trends in Cold and Ultracold Matter, 2018 4= 3
A, Guwahati, India

@2 Sy Fermi JRF-5IRICBIFD 77 A ML
— M B OBE, A ARYEESERKS,
2018 4= 3 H, HURERLRY

(@Interacting ultracold Bose gases with synthetic
spin-orbit coupling in an optical lattice, CREST

M IR B 0 & B 7R AN 5L S < OB &
T HINESE ORI ] 55 2 FIABR Y R T T A,
2017 4F 12 H, mUHELRS:

@strong Field-Induced Phase Transitions in
Frustrated Quantum Magnets, Trends in Theory
of Correlated Materials, 2017 4= 9 H, Tsukuba,
Japan

G A J-LER OB IERE, B AYHES
2017 FEFKZE RS, 2017 429 H, BFERY

®Quantum phases of triangular-lattice spin-S
XXZ  antiferromagnets  near  saturation,
International Conference on Low Temperature
Physics, 2017 4F 8 A, Gothenburg, Sweden

D=k ORI IR I B T 2 7~ 7 )
v Bose HRAE & AR, B ARYHETEE
72 [EAER RS, 2017 4F 3 A, KRR

@AY UHIEMAIER T2 Bose 15K D
Mott iz Nins & B0, B ARYES4 2016
KRS, 2016 42 9 H, &R K%

©@O0n the 0-w transition of coplanar states in
quantum triangular XXZ antiferromagnets near
saturation, The 8th International Conference on
Highly Frustrated Magnetism, 201649 A , Taipei,

Taiwan

W7 7 A b L— b Z AR ORI
LA BRI OISR, B AYEEEE
71 AR K4S, 2016 4 3 A, #ALSABe R

@~ A L —  Bose-Hubbard % D% kL4
Schwinger-boson #7ix & &1-#, H AYPFS
2015 4EFk R4, 2015 4E 9 A, BIIE K

@Schwinger-boson study of Bose gases in a
shaken triangular optical lattice, Synthetic
Quantum Magnetism, 2015 4 8-9 H, Dresden,
Germany

BETF7 T AL — MR OMER

T BTy I al— a3y, RS
FEFHIEE OB BICL VIS B+

TEHROFHEA] | 2015 45 7 A, FHHF

@High-Field Quantum Phase Transition Induced
by Weak Three Dimensionality in
Triangular-Lattice Antiferromagnets,
International Conference on Magnetism, 201547

A, Barcelona, Spain

B®7Z A KL — b Bose FXIEDETH,
H AR B 52 5 70 [RI4FERK 2R K2, 201543 A,
=N i N

@& K =4 k& F SORBEVEIR O &7 FEER &
B, B2 RTER, 2015 451 A,
EIFRE

(DFrustrated Ultracold Bose Gases in a Kagome
Optical Lattice, Novel Quantum States in
Condensed Matter, 2014 4= 11 A, Kyoto, Japan

®7I AR —hLERY BT 2N
¥+ Bose R IZB T D EFHERLFAH O AREME,
H AR E 2 2014 4FRKZFE RS, 2014 429 A,
PR

@9Quantum phase diagram of triangular-lattice
antiferromagnets with XXZ anisotropy and
magnetic  field, The 2014 International
Conference on Highly Frustrated Magnetism,
2014 %7 A, Cambridge, UK

@DEffects of phase and amplitude fluctuations on
the ground state of a frustrated Bose-Hubbard



system, Higgs modes in condensed matter and
quantum gases, 2014 4= 6 A, Kyoto, Japan

(£ Dfth)

R brl— s

https://sites. google. com/site/daisukeya
mamoto624/home

6. HFITHHAR

() WFgEfREEHE

WA KiF (YAMAMOTO, Daisuke)
FIFRE R « BLLS2E - Bh#
WrgeE &5+ 80603505



