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B1E F

N
i3

i=11111

RN AR & L S SRR 7 5 A b L — N & RO R OB BRI LB O R
PRI BT T ERMEDO—DTH S [1,2], HlZIX. EAKTROBEE. BubfEky ey s
D A% KD ZIRTLIE Fikg § Hubbard #1732 & | FLECIREEDY Q = (7, m) D Néel Kbk 8IZ 722
L2 EIFHISNTWED, ZZIREHERY EY 7D b5 2 & T, LEY 1 MEIZE KR
HEERAPEBIE, RIZT7TARNL—=avhPELD, ZTOT7T7A ML —Y 3 il &> T Néel K
BERARZEIZR Y, Q = (7,0),(0,m) @ Collinear ZRESFRFIRIER, HSFRF DR VIRFEAD
MHEE DL E B [3-6], FNZHLETICBWTH, B MM O A TIE Néel SKaRfEMEIREE
DEETHZDN, VOEEBMHBEMEHDOEAIZ LD, AN T T ROEEEME R IRAE O SR 72k
BRLZEMLRT D L1275,

VORI EEMAZ2 2B AURL THERMPEH TS A ML =Y a v 25 ERIITHRTREEMEL,
SHBLRITAK L Vo ZAEE A=Y N UAEKS, HAVWEAAT BT KD LS
AR Z =y hE ULERTEDREITONS, 2O BB FR2/HOMETRLZEREND
Z—JIZEEST. AV VRIMERE THRIES WERRREBIIEM NS, Zhd TAY VK
R EIFENDRETH D, RIZERTHEPRNG ST TRTFAC VIR 2IFENS, 20X
S IRRREDSFE T ZME DA LT, VOMoOy [7] ® LipVOSiOy4 [8]. s-(ET)oCuy(CN)3 [9-12],
BaCu3Vy05(OH)y [13] R EDBFERINT WS, £7z, HEEAIZE T 2FHICEWTH, Hubbard
PR O iR AE A Bl % HE U 72 Heisenberg BRLIZXT U T, M4 BB TFIEFIEEZHW T, BEABRFEOD
BRNESRRIREAFH S N T WD, /2, Mott &EMGAIEBICBI L TERMEN T I AL —
¥ a v OB TEHEEEOEIPEHNE N TVS,

AL TR HET VT —PBEEERIC D K SRERHAFIEDO—DTH LRV T AR —ik
BL(VCA) 2T, BA¥HT7IA N L —YarO&aEEhTWa, M EIEM % Rz U7
[EFK&ET t) —to — th Hubbard B8] KO, YGEBAHEAERZEAL 72 [ =MIKT t; —ty Hubbard
FERY | D& EAERAREEE e O S EIRBE D REME IZ B 9 28 217\, T DFEEMZ B S iz Uiz,

KRXDBEIIATD LS 1T oT W5, F2ETIE, BMAFEKT I A ML —Y a3 Iz OWTH
Heiil 21T o 7248, T ICEET 2B T 2 FEERIIITZE K OV BEERE 7V & W 72 0P98I D
WTHNT S, BAFEHN T IA N =2 a v ERITETFRIIVS DOPEET 20, AETIX
SABTRICE> THmzED 5,

3 E TR, RIS CHERE 2 s 5 & S IZH W BUEMBHTEEIZ O WTHERT 5, mIIZE
THHEE % BB T HRN IR DY S BT EMRIZ B 1 2 E DRI R 21T 2 545y 0 7 A X —iEL (VCA)
WOWTHRHT 5, TD-HIZ VCA DR 5 HET VX —HEBIEICOWTHHL, 2Dk
IZ VCA DB BHET R YHE2HE T S ITHWE 27 5 A X —EEHERIZ DWW TN T
5, IRIZVCAIZBIT 5 Green 2 3HHE T 5 EToELR, DY A o 5 AR —DOEE IR EER
RE% KD 2 DIZH MR EE S ALIZ D W T OFIHZ 1T 5,

B A4TETIER, VOLEMBEHZEALUZIEAK TR AR TRRE, ERORMAFER T
ANV — NREFARICKZ S IEHET 6 — Lo — t, Hubbard #8429 2 FEIREBOISL 217 -
7zo ARWFZETIL. Heisenberg fHIZ 515 2H2E & O LRI D 72 & O RAHEEIIZ B 21521 £ 5
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HI&
N

A i, BEMPBHETND &S - SHEBITISICET 2B 1T D 72012, B AR & BRIk
ZBEN T T AR =GR (VCA) ZHWIEI L Z2IT o 72, TORER, FH AT — o ES
&7 IR IR OB CRESUSRRR T MR A DS BT 5 Z L 2R U720, o - SSFHBEREIR I 51
iR S REMHAB D ED ST E2HRA D Z LD TER,

B5ETIH, YOEHMEMERZEAL 72 =M1 t; — to Hubbard #8232 % @k AR izt
CHEVEIZBE S 2 BERIAFZE &2 4T o 72 AWFZETH VCA ZHWEHR %217 o 72, B RIHBEE IS
DFME 21T > T, Heisenberg BHELIZ B 1T 2 6758 & L U 7242, o - S9AHBISHENDEHR 2470,
BB OWTHER L 72, T OREE, BMAHBSIH T, 120° OBEMERTRELE A 51 7
SRR IR RE D I B SUIRR  IR B 2SR AE UL b - S9MIRISEIR T . SJRIRIE & ARk i
AR FE DA i KRR T AR AR IE DS T B 5 Z L 2R LTz, E72, RBMRAIER I BV T,
VOEHEIE GRS PRI TIER S N W LI A R o . Thdd—hiF A7 bV IREE
(DOS) D¢ & BEM B 2 AlREMEIC DWW T H R U 7=,



2T #HMEMISRANL—MNEFHR

A, AT A DL — 3 v ER R o R RICET 2 WNEFSE A BRI, FEERIY & 512K
HZITONT NS, ABETEETRMFLNT T AN — a VIZHT 2 EARNREHEZ T 7214
T, AU S 2 W R ORI B 2 e 2 i U, BAE7 S A L — FRETFR
W5 & TYRBR E RS D,

2.1 #fFEMWISRANL—Y3 Y

WA 7 I A ML= a DWW THT 2 E TR B HEAHIL, BRI BELEZBELES
A VHET DM E DK FATIZ%R 5 & D )1 D) < Kl Heisenberg 17

H=JY S;-S; (J > 0) (2.1)
(i)

Thbd, ZIT, (i) ZEVASI AEVHLETE > TWS, EAKTOEEIE, X 2.1(a) DL
B G0 A Y EREATICT 52 LT, TRUX =D E/INTR D, 2 OIRIEE BRIk

(a) (b)

?
A | |

(©) (d)

/3
/

B 2.1: (a): IEAETFIZET B KEREERRFIREE, (b): ZMAKTFIZBEWTAY V& KOFTICE D 72
e, 1D TGN T T A L= a UARET B, (¢): AT AT, (d): ST B2 0 THKT,
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(a) N (b)

| y

2.2: (a): resonating valence bond (RVB) {R#&, (b): =& FRIZE T 5 120° KREVERK P

BEWPR, ~HE=AKT05E, ZAROTHRIZED oA V2 OHTICREFED LS 95
a\HZMM®£5’2015i<m<%@® FOD—DONEL S EAPETE TR ILF -1
KRILTHE7-02, TOMEEEDDL I ENTERY, ZD K DI, TR DBMZ 2250
Iz & o’CﬁfZ’ﬁﬁFﬁﬁiﬁ,\ﬁ FHTERWILZBMIMIZAIL—Ya v 00, 20X D 2RI
BAEETIKFREZBAENTISAMN L=V a v 2AETIKFREV D, ZTOX BIEFRIE
iz d A TARE TR S1 020 THKT (9 2.1(c),(d)). TEERY ¥ 7 &8AUZIE KRN
= LS TEPRET O ND,

ZIMOIE. SAKTREMICEEEED D, SMAEE BERICBE G5O 72 = AT BT RN
ACVEREBETAILEEZERDLL, X220)DESICAYY ~HEONTHREHD O TI N
TEEM, ZDEI BN —VIIEBIZHFAEL TWE 720, HARPIRBIZEBRL v, KixEH

I U 7 OB AR E 4 DAY L D E DR E D MG 2 R o 72, WHITA Y VK LI
i%é%@f%%®‘ﬁb\HQﬁ%i%@%\%ﬁ%t%klh/®ﬁ%bﬁibahg¥1t
VRERELEEENEHLDTH S,

1973 ££1Z P.Anderson IZ £ 5T, WA WA LREIEDIRENE ARG L TWAIREE, T742b
%, resonating valence bond (RVB) IREEA =g FDIERE L U TRIEE N7k [14], TDE, #R
A WHER A OMEEA Y VRO RBIZE D, A VD35 Z R > THREL TW5 120°
SOEEVEIRTE (4 2.2(b)) DEERIEE U THIBI N2 Z 212k 0 AT 5 A b L — a VIR
SN E bz [15,16), U LiEE, RIBETRKT 670 < A Y 2 ¥ vy T O Wiis ik LR RE
& UTHEBT 2 =M T ROEBEA k-(BEDT-TTF)2X [9-12] ¥ EtMe3Sb[Pd(dmit)s]s [17,18]
DFFIZE D, BFACVIREBREBOREBIZOWTHO THEHIN TV S

2.2 ZARFRAEKEHR

AEITIE, BAFHT I AN —Ya v ERDO MK THEEEZ AT 268K - (BEDT-TTF)X
ERA L, 2o OMETRAET ZYBBREIZIOWTHERT 5. AFEYA (BEDT-TTF),X 13 BEDT-
TTF 1% RF—507. X5 127278 7X—=H1L LT, 220 BEDT-TTF 4 1%7-0H 1 DD
BTRT 7T R—DT~BHIE TR > TV S EMEERATH 5, K12 BEDT-TTF
DFOBEHRERD £ B IEIEN D k-(BEDT-TTF),X 1%, 2 2@ BEDT-TTF 2438 < £ 08D
WERA R —ligExE o TWVWd, ZOLE, 1HOXAY—H7-0 1 HDOF—ILEF>TWEI L
27 %728, FEEMIT half-filling /N> R 2EKT 5, BEDT-TTF 2 FIEX D & 5 70 =171
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® 2.3: k-(BEDT-TTF),X ® BEDT-TTF 42 B3 2 BRI [20], & E2 7 tg 10 & b &1
S—FEEMFRET B0, B4 —% —DOR FIZ R TR =A4F Hubbard B & &7
w5,

0.0007

p K-(ET),Cus(CN)3 c-(ET),Cu[N(CN),]CI
(a) ‘/v\ (b) k-(ET)2CuzN(CN);] o
0.0006
/ 32 mK APNARVEANE = K-(ET);Cuz(CN)y
°
€
3 0.0005
g o
— )
5 L
S v
- = 0.0004 p—— qrerries i
£ x-(ET),Cug[N(CN),]CI
c 2
2 =
£ £ 00003
a 0.0006 T T
@
2 3 0000
@ 00002 £ 0.0004 | / 1 ]
H
0.0002 |- 4
=
0.0001
0.0000
0 10 20 30
T (K
1 1 1 1 1 0.0000 1 L 1
944 945 945 947 1566 1567 1568 1569 157.0 o 50 100 150 200 250  30(
Frequency (MHz) Frequency (MHz) Temperature (K)

2.4: ZE : (a)ﬁ—(ET)QCUQ(CN)g\ (b)FL-(ET)QCUQ[N(CN)Q]CI 6:;@-?5 H1 NMR H&L{XZ/{ﬁ ]\
W, FHX B EROEREMITE [10,19]

WE e, HrEICEYy U THEER Y tg I, tg EX A~ —%2 KT 2MEMEH. t i
BEDT-TTF 43 ¥ D[ & DR 2 XA~ —HOMESEM,. ¢/ 12 BEDT-TTF 3 ¥ D[ E »[FE U TdH
LA —HOMEEATH S, ZIZ Tty JMOMHEEHEERTELLRENVWZ DS, X1
¥ —#E& U7 BEDT-TTF 7% 1 DOB YA M EERTAZ e N TE, Ky CVIHEMERADN
t. ¢ ® half-filling 2 A = A1 1 Hubbard il L & 5 X5 Z 2B TE S [9), Z OHERFELIZD
WTIRREITHLY BT 5,

Wz, ZOYEZHWZEREFEIZOWTHENRS, X 2.4 & Shimizu 512 & > THIE 7z NMR
ARY PV K CHALRDOHERE R TH S [10,19], TI Tk, 77T X —47 X= Cuy(CN); &
X = Cuy[N(CN),]Cl D 2 FEFHOYWEEZHWT WS, £7 X= Cup[N(CN)]JCl D&, T =30 K
UETEBWE =N —ARZXDFIFED, T=2TKUATIZREE, ART MABHHAL TEED
V—IRE o605, ZHid, =V RABRRELTWE-OTH D, 77, WhERE NMR ARY
MV D RADFAT B L RRHZHEEARANEFEBL TWED08 b0 5, fit> T, X= Cuy[N(CN),|Cl
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. . @) g'}ET)ECUZ(CN)B P=10%GPa + P=075GPa ~

10°k 1
\

x-(BEDT-TTF),Cu,(CN), o2}
v ]

0

k-(BEDT-TTF),Cu[N(CN),ICI |

02F

Ly

energy (eV)

)
N

§ 10}
G 2
vg 10 4 | 08y Y T M T
a 4o [ ) (b) g;(ET)zcu[N(CN)ﬂC'
100 3 1 < 02 r w 1
2 o0
10" L - &
0 100 200 300  Soof e w—
Temperature (K) 04t . N /Y
U

]
3

4 r X U

-

B 2.5: 72X ESREGTROPERR [20), A HENEBEE R (DFT) %2 H\W THH S 117z non-
interacting D TRV F =NV R (T E D HR) [21], BOEHIE tight-binding JTEL% W THH
INZIXNF =NV RTH S,

VIS FRIENE & R o T\ B,

— /T X=Cuy(CN); DHE, T=32mK ZTREZMES LTE NMR ART MLFE—2 A
XN DEDD, AT MLORZIFEZ 5T, FHREEHSBEEELTHRBRL RV, #-oT,
X = Cuy(CN)3 IXELIRF 2R 72 2 WA Y VIRIRBIZZR > TWB Z VR 5,

B 2.5 13EIFE LM U 2 MOYEIZNT 2 ELESE [20] KO3V F =NV R [21] OHFIERR
Thbd, £9. BRIEPRIIOVWTIE, EH55D0YEHMBTHRHBLTWE Z 06, [KRFEKT
HRARRETH B Z e300 b, 72, DFT THEINAZZ X LF =Y RIZOWTIE, W& iX
FEFIPES 22 L > TWVWD, TDONY FIE3IRITOPZE-TE > TWVWEH, X = Cuz(CN);
TIE MY fi2%, X = Cup[N(CN),|Cl Tld U-Z BB ZNENFHANY REF>T03, DE AN
VRO EL RN ENS, ZO200YEIIE 2IRTRTHEIERLTWVWS, £/2, A
MOIAINEF =NV RPNV RF vy T2 > TOWRWIHED ST, BLKIEEHTR AR K12 Rk
LTWAIZen5, 2o 2200WEIXZ —a FHEEH U IZL>TAY R¥F vy 7O Mott
MixATH 2 Z b hd, HitoT, HEHER Y L T Hubbard f&A

H=—t Z Z czocjg —t Z Z czacjg + UZniTnu (2.2)
(i) @ (i.4)" @ i
MEZON, U =24(XAX—%2FKT 25y Y IHEMEM) THDZ &5, KRHELIEH
Dffil. k-(ET)2Cus[N(CN)o]Cl Tk t//t = 0.44 £ 0.05, U/t = 5.5, k-(ET)yCuy(CN)3 Tl
t'/t =0.834+0.08, U/t=T73LEDSNS [21],

PExRFLDDE, ZMBTREREER k- (ET)oCug[N(CN),|Cl IE K RBEMERLE % £ Mott #
FARIRAE, 1-(ET)oCuy (CN)3 1ZBESFRE % Ri72 72\ Mott #MifkAilk U 72 2 € U RR B L L
TWB e WRBI NI,

2.3 EAN=ARFRE

HIEIC B W, ZAKERABEER k- (BEDT-TTF),X OEFE TV % & 51 = A#+ Hubbard
BIICRLR T & 2 Ll R 72p8, AT, Z OB OHEREHR % W T T b 7Y M E 0 552
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IZDOWCHIAT 35, £9. BEAW=MAMF Hubbard #E1

H= —tz Zcmcﬂ, —t Z Zcmcﬂ, + UZ”zT”zi — ,uan, (2.3)
(i,3)" @
LHBRTES, f_(¢jo) i BHOHA MZAY Y o OFET 2 ER (HIK) $T2HEL. ny EH T
WHATTH B, t ROV ZY A FEDORY VU ZHEEATH S, ZMHEO3LD S5 2 KM
Ry EY Tt THY, RO 1ABKYEY T THEZ R, ZOERN TEAR] LIEEN T
LELATH D, 7z, UxZ—a VHEMEM, pl3b¥F BT ooy b ThH 5, I ORRIZHEEAE
BLU/t>1) ZEHALT, J=4t2/U, J =4"?)U & U7z B = AT Heisenberg 74 1%

H=JY S;-S;j+J Y > Si-8; (2.4)
(i,9) (i,3)" ©
%Lf%é
CU=0CBF2/t=0ROt/t=1DLEDNYFHHE T IV IHEEFHNTNS, Z
;’C\ I #0:(0,0), K (3m,0)0 MR : (7‘(‘,%)\ M’ 5 2 (0, ﬁﬁ) ThHd, '/t=0D, EX
BRI DAEERE LT 2IRGCIEARFRILEFETH D, 7oV IEBRAT 4 VIR
0th:@mmﬂL%ﬂ%%Ooit\%?@Eﬁﬂ%%ﬁﬁ%é:t#6yMﬁ&Afﬁ
DNV ROEROMENR R D, —FH, '/t =1 DL TFEHZAKLHEIMTH D, 72U IRHHE
RO, R AT 4 VI RT MVERZRWG, £72, BTORESSFMEIREZNTE 0, M s M
MONY R OMEIE—3T 5,

Wiz, 2o OBRLIZEIT 58175 2 WL DN 95, X 2.8 I Schwinger Boson ¥4
HiGw [22] RO A © 2 ER LSWT [23,24] 2 W CEHHE & Nz B 5 = A& 7 Heisenberg £
BIZB I 2HMAMHNTH S, ZORIZBEWT, J=Ji=1, J/=J, ThH5b, Job=0DL &, OF
D, EAKRTRIZE>TWS & EiE, Néel KBRIEERRTAFEL, o, ZHEALTH, LIFo<IX
ZORIEAHEL, UL, HBEEFIN Ty = Jo, \ET B &, FEIREAE(Q, Q) D Spiral Bk
REIZGI O Fb L, ZothEbD X, BPABKOEKT RV F— Oﬂxﬁﬁw}%v’ﬂhé (FET
ANVF—IZBEHUTIELSWT O APEE), &7z, =10 X Q =3, D h 120° KRN
FRPIRRBIZ 2D, F72. 2 DMK HOHFREE LT, X1~ — ﬁ%ﬁ%pmvzt/ﬁﬁ
FPiRBE [26,27] DFBOARENE S REB I N T W5,

B =45 ¥ Hubbard #8125 1 2 FEREBO RIS £ BHE IZfTbhTnb, K 2.9 i
25y 7 AX =G VCA Z FHWTEHE I N2 AN = A&+ Hubbard BRI 3 1) 5 BLERED
HETH 5 (28], WAEEMHEIK (U/t > 1) TIE, 0 < ¢/t < 0.83 Tl Néel S o@figg MRk 7 Atk
FE. 0.83 < '/t < 1.0 TIX 120° KEMERRFHfxARERERRETH D, Th o 2 HHE DR

(b) (©

2.6: (a): RGN =MAK T Hubbard SEIDOREIAR, (b): ¢//t = 01281 % Néel KRR 7R
R&, (c): '/t =112B1F 5 120° [EREEMERR T IRTE,
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(©)

kx

2.7: (a): ZMAKTRIZBT 58— Brillouin zone, (b): tight-binding JEflZ W= U =028
FBIZARNVF—NUR, (¢): ¢/t =0, (d): t'/t =112B1F % Fermi i, FkDFHRILE— Brillouin

zZone,

WEEEETH S, —H, BHBEESCIXFEEMEOSBEHNFEL TE D, ¢/t DEPKEWVIFE,
BIBHPFEL T RS, VWAL, SEMBERER R U/t 3¢/t ORNE &5 s
B, iz, t//t D/INSWVEEEITI, WHMEREME A 5 Néel SOREEMERR 7 Hifa il ~ & EREMS §
DM, ¢/t =1 LTI, EHRESEMD S 120° ]OBBIER SRR S E ST, b
e LT, MAERT BHEEHANL BT 5, ZO8E2 S, d - SHHEFES k. =A%
B /t=1) 1282 EHLMREEALTH, BEHNTIA ML —Y a3 VOMREZERZT,
SFRT D HZR MR AR B FEBLT 5 Z L vb b,

B TR L 72EIZB W T, k-(ET)2Cuz[N(CN),]Cl Tk '/t = 0.44 + 0.05. U/t = 5.5,
k-(ET)2Cuz(CN)3 Tl ¢/t = 0.83 £ 0.08. U/t = 7.3 LHEANEH T A =X BED SN Tz
D [21) B 2.9 EHIKT B &, HEDIZ, k-(ET)9Cuz[N(CN)o]Cl Tldk Néel s iRk e Mt Aotk
B, k-(ET)2Cuz(CN)s TSR i R ED I ERE L RREINT WD Z Db,
ZDOEDIT, HERETIVEED S ZAK T REBLAR (BEDT-TTF) X OWERMHE ZHi o X
LZENTEBRI LIS,
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04—

-0.6

-

2

3
|

0.3
-0.7 =
L\ -
7: g 0.2 \ Spiral
= 0.8 = Neel | (Q,Q) |
- (m) | ) b
0.1 TN h
I
'0.9 - 1] : .
¥
3 L] P [ SO R SR B
0 0.5 1 1.5 2

2.8: Schwinger Boson I35 PG [22] M OFRE A € 2GR LSWT [23,24] # W TEHR I 1
BT AV F — (FAR) RORRRER (HK), ORI Schwinger Boson “FY 55 % F\\ 72
BROMIER (Jo, ~ 0.63),

T T T
120°-AFM——&—>

11] —

Néel-AFM

0 02 04 06 08 1
t'/t

2.9: 22532 5 AR =L VCA 2 W TEHE I N R =K 7 Hubbard S35 1) 5 £LJE
REDH [28].
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B3E FREFE

3.1 EHVUFRY—EL(VCA)

25y 7 5 A X —iEfl (Variational Cluster Approximation: VCA) &1, H T R )L¥ —NEIHCH
i (Self-energy Functional Theory: SFT) [20-32] D& /3 FELZ FIZHE SN TEHE D, T THEU4FE
TEULSHELULTWEFED—DTH S, VCA TRPEI A M7 I AX—DEL D THLESI%
xS A 4E (Exact Diagonalization: ED) Z HHW TS RD I I Y RRT VU v L EFEL, £
NESPROMERHOTIANT —TENTDHILT, TDRDIT IV RKRTF Iy ILERDOLN
%, £72. VOA IFRRA BT ITHIGT 5 Z W TE, 77 AX—EHEHE (Cluster Perturbation
Theory: CPT) [33,34] Z T, B4 2PEEZ kO SND DT, FHEICNHAEDOHFIETH
5, RETIX, SFT OMER%ZE U T VCA OEAZMIHT 5, 7z, MR 2YHEEOFREIZN LT
AH7% CPT ®. DY T A& — DB L EEIREDEH T W 2 B AL DWW T H 08 TR
35,

3.1.1 HSIXRILF—NBEHE (SFT)

ZoOffitid, HET AV F —NEBELR (Self-energy Functional Theory: SFT) [29-32] THZ
73 Luttinger-Ward D NI [35] DEH B OMEE D% 1T\ £ D%, Luttiinger-Ward DB
BT Legendre 212 flid 2 & T, 'SV RRTF VUYL ZHOCT R LF — DN E U THEEL,
SFT OZDFHZEH T 5,

FTEEIIANVT—ZEHNT S, HEEAOROW—FKES ¢t LHEEHOMS U 2E&A7

Hamiltonian A%

1
H= Zta/gcj;cﬁ +3 Z Ua/gwc:&cgcvcg (3.1)
af afvyo

LHEz6N5LT 5, ZIT. cl(cy) t& Fermion DAL () BT THZ, I3V KA/ =7
LVRIZBIZ 7 7Y FRT VY v VI EBIEE VT,

Qt,U = *% In Zt,U (32)
Zyy = trlexp (—B(H(t,U) — uN))] (3:3)
DEIITHEZLND,
—Ji. 1R T Green BABUIZDWT, Green BfE t & U ITKFET 5D T, Gy £ FHIF 5, Fermi
KL DIRE R % iw, = i(2n+ 1)m/BET5E, U=00D&E, HH Green B G 13

(Gro(iwn))ap = [(iwn + 1)0ap — tas] ™! (3-4)
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Li2%, HEEADOHRELTEAZHAIANF —% Sy £ 95 &, Dyson HFER & O HESE
M %& AT Green BE Gy 13
Gy =Guo— Zeu (3.5)
THEASGNE, £oTC, HOTAVX—E Ty =Gy — Gy L5,
YRIZ M.Potthoff 237 - 7= R4 % F\ 72 Luttinger-Ward JLBIEDREEIZ DOWTHHT 5, K
SUCBIEUE RIS TR T &

Ziw = [ DEDEeD (e (3.6)
B . 9 .
Atuger = _/0 dr [; &a(7) (87 - M) §a(T) + He (€ ,5)1 (3.7)
Ht,U(g*a 5) = Ht(g*u 5) + HU(é-*v 5)
=) tapli(T)és(T) +% Y Uapro€a(m)E5(T)E, (7)éo (T) (3.8)
af afyo

L%, TITE(T) IR HWT Fermi b1 %501k 9% Grassmann £ & IFXN 5 - 8T
hd1,

(3.7) &, Aruger = ApeerAuger EHBAFRADIRNERD Ay ger EMHEAERD D 5D Ay ge-
KT EAD, MEAEMOBRWERT I,

B
Arge == [ dr [Z &) (5 - 1) &alr) + Ht@*,f)]
= > Gawn)l(iwn + 1)3ap — taslés(wn)

n,af

= Z ‘EZ(WR)G;(%,aﬁ(iwn)fB(wn) (3.9)

n,af

Y Green A ZHWTCEEEY S, —F. HEEHD D 555 1%,
8
Ay ger = —/ drHy (£%,€)
0

1
= _% Z Z Uaproba (Wnl)fg (wWny )&y (Wng )€ (Wny )Ony +ns,ms-+ns (3.10)

ningnang afyo

EiRb, BAE&D,

Arvce = D Ewn) Gy apliwn)és(wn) + Au e = Au e [Gr ) (3.11)
n,af
LI, Ay ger ERD HITBHITEFT 2D TIZZR L, EH Green BB G0 OB Ay ¢c- (G0
7o TS EARES, UBRPNERIZIZ 200 THRET 5,
Ay ge- |Gt B Green B8 Gy ORI TH 22 & h 5, 25V RERF V¥ v VR OKRAREL
B E B Green B Gy DIBEEE LT,

QulGyt = —% In Zy (G (3.12)

Zu|Gyt = / DE*DE exp (Ay ¢ [Gy ') (3.13)

IGrassmann #(1& Fermi $i 70O I b —L ¥ MNRE ¢|¢) = £|€). (€]ct = (€¢* DEAME LTEHEEIND, ZIT, ¢
& &* FBERD NS Grassmann BTH 5, 7z, Grassmann 803 Fermi K FHRIC KR HBAR [£a, &)+ =0 %
W7z 9,
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LEFL, ROBRES DB LT, WG BT A =R U ZOAGITKET 5, £/,
H i Green B Gy ¥R D57 HH Green B e & L\ & PRI

QUG = Uy (3.14)

ERDEER T TV RRT VY Y Ve 525,
77V RRT Y vIL (3.12) OPBEBIES 21T 0H L WRBEBEZ RO LS ITE#HT S 2,

s 1y 100u[GRY
GulGy'] = T sG.' (3.15)
22T GulGy] & Go M 72 Green BB & ¥ & 73 Green BIEK
GulGyi] = Geu (3.16)

25253, T0RD, Gu[Gy'] 13 Green BIBUZHIG U2 B E At 5, HOIHLF—IC
SIS B PLEUIE, (3.16) 2 A8E L 7= fiFEa

SulG'+3u[G) =G (3.17)

o)ﬁﬁ}f_ LT ﬁ:U[G] ti%j—éo (317) @ﬁ*ﬁ;iﬁb:ﬁ&%ﬂ‘@: Green Bgﬁ Gt,U el é E,Iff\}l/ﬂ?— Et,U
2fRAT 5 &, Dyson HRERAEIT B eh 5, (3.16) WilInb Z L 3PS TH S, 0D
728, BOLIAVF—ZHET 2 B Sy (G 138E % Green BI¥ Gy X LT,

SulGeul = Suu (3.18)

CHELHCI ALY -2 525,
BLEIZE D, BB QUG G ONBERTESImA SND, TDRD, LW NEK Oy (G]
FEFO &S IcilEns,

dy[G] = WG +Zy[G]] - Trin G + Tr(Ey[G]G) (3.19)
BB ZHWEZZLI2ED, 79V FRTF VY v IUH Green B G OB EBETFTELZ L
T, LW NEEZEHTH I LA TE S,

22T, LW B OME 2 RIS T 5, LW LB Oy [G) 1ZM 31 D& SRRV kv
RAT T 5 LhSERSNDREKTHS [35).

1. HamiltonianHy py (239 % % 7 Green B Gy 128 L T

Oy |Gyl = Pru (3.20)

2(3.15) ZFMIcEET T &,

18Qu[Ggtl 1
T 6Ggh,

L b, NEBMN 29 % L RTFOMEEAKEES 5 2 L I2iERT 5,
3(3.16) DEFEEFMIcFEETT L.

Gu.aplGrl) = [ D€ DEta@n)gh (wn) exp(du.ec- 167D

Zyu

R 1
G 0slGrd] = 7 [ D D) () exp(Ar ce)

= — (€awn)gs(wn))

U Gt,U ,ap(iwn)

b,
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T

3.1: LW B 0y [G) 2T B2 ATV v XA T Z 5 LD—fl, ZNS5DXAY ST LDE
REDLETRBEING, FEiHE Green B G 2. BIUIMEMFHE U 2£ 3, LW NEK oy (G]
FMIEAER U A7 L. — RIS ¢ 1T I3EAE L 7R,

LR LW REEOSR £ B, 205 Y RETF U Y YL,
QU[Gt,U] = q)t,U + Trln Gt,U — Tr(Et’UGt,U) (321)
Y2603, 2T, Tr=T%,, SkE.e“ tr Th 3,
2. LW LB Oy [G] % Green BIE G THBBMEN T3 &,

169y[G]

T 6G
L0, HEZANF IS T 2N E 5 2 5, H# 7% Green BB Gy (2 U TIZBAND &
SILEREC IRV F -2 X 5,

= 3y[G] (3.22)

YulGrul =2 (3.23)

3. LW LB Oy [G] 1FAHEAER U OAIZBHITHAZ L. —KED ¢t ITIMRFEL 2, 220, [
UHITEARH U % Fi2 03—k ¢ fﬁﬁt,cé 2DODRNDHGA. 2 DDORIZAL LW HLEEK TR
BTE B, FARKIZ Sy [G) & —KED ¢ 1137 LR,

4. MEAERD R WBRT iLW/rLB%z@U[ 11202745,

(bU[Gt,U] =0 fO?“ U=0 (324)

I OMEIE Green BIBUE DR 4 72 —fINER 21T O BIZERTH %,

A5k LW RE Oy [G) 1T Legendrex?ﬁ%%ﬁ5l o, ZBREMEETT S, LWL
BHEUE Green BAE G OINEAENTH 573, Legendre BHi%475 Z ¥ THEZ AV F— S IZx 95
NSRS g

Fy[3] = du[Gu(E]] - Tr(2Gu (X)) (3.25)

LEFTEBD, ZIT Legendre £z L 72D T, GulE[G) =G TH5, 7=, NEK [y[X]
ZHOTI ALY — S THBBMD T2 &,

Sl ¥ _ Gyl (3.26)
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DERIZH D Z e FEED 4, WEK Fy[S] 205 e (321) S EHCTRILX—2NEKE L
AN N S ANZE D A S

Qu[E] =Trin (Geo - X) 7' + Fy[X] (3.27)
L%, (327) X2 HATANLF— X CTHEHEMH T2 &,

160 u[Z] 1 R
— = —GulE 2
> G- % u[X] (3.28)

L%, THRDHELHACTANFT— Sy DL Eld, (3.5) D Dyson AfEX%HWS &,

~ 1
Guyl2 =G = 3.29
ulZt Ul LU Gil- %o (3.29)
DT B, ZDTD. (3.28) .
Qs uZeu] B
i =0 (3.30)

&méoﬂib\ﬁ%taaliw¥—zﬂj®EA’@b IS5V RRF VY LDOHT TR
F—IlZ X BNEBBONR 01225, Zhix. 9V RRTF VY ILVOEEERHELACT I
F—3y THEILHBEHELTWS

Wiz, BEDO S 285 A — ﬂ—kbf%ﬂzéﬂ'

5 v (3
03

72T HAZA LY - S D ROMELRACIANT — Sy 2 5A2LEZXDILNTES, D

ED. HOZALF = B 2 Z5 5 A—2 A (3.31) 2 L0 AR AkWiE, MEMEHRORE

&flﬁﬁa%ﬂ?&béﬁﬁ_% N ']‘7‘//“\”}1/0){ HRERITHEE LTS ZenTES, 20X

. HEFHROEELREZ KD D 72012, HATAVF—2NEHE Ls 7V FRT Yy

}I/@{% WeBdhkeHd T A )I/#"{ﬂﬁ'gﬂ{i (Self-energy Functional Theory: SFT) [29-32]
&S,

=0 (3.31)

4(3.26) OFHFEICOWTEEIICRT &,

1R[] _ 1 g dbylCul] SCunul®] o (Z S0.Cor s [z})

T 62045 .8 Gy 75[2] 5205 52‘13 s
5@ py . G = .
= ZEM il 76[ } - <5a,65ﬁ,wGU,w«s[2] + S5y W) = -Gy galZ]
v,6 @

Lib, 2 KHHDOERT (3.22) OBBREH VTV, (3.25) »* Legendre ZMTH 2 Z &6, Hlz X, BIFEOAI
ITxNF—U(S,V,N) %5 Helmholtz DHH T IVF— F(T,V,N) ~® Legendre Z#i & k3 5 &,

dyG] < U(S) (G & 9)
Fy[=] « F(T) (2 < T)
EHIEDF B eMTE, UTO &S REREBLT 5255 (3.26) BEZYLRIERTH 5,

1 6Fy[3)

= -Gyl2
T o5 ulXE] «

OF(T)
ar - o0



HIE FHEFE 17

3.1.2 EHRIVFRY—EL(VCA)

ZZ Tl VCAIZBITAZRRIZOWTDHHZT o 72482, MNEEICS TN FERT Yy
W aEH L, Weiss BDEAIZ K 5 BRSO NIZOWT HiERT 2.

EREFIICE, ZI3V RRF VYL QulE] 2B LARTHIERS RV, 5V RETF Y
Yy VOB Fy (3] OFERBERTRTH BH, EBIZ Fy[S] OFE 2175 DIZREETH
%, TZT. LW NBEBOMEZ VT, 2RRZEZEATEI LT, IV RKF YUY IL Q[T
BEBIICHET 2 Z e TE 5,

9. M 320) DEIRBTFRINTE7 IV RRTF VY IVIIRO L5122 5,

QulBl = -Trln (G, — )" + Fy[X] (3.32)

T, K 320) DL BADBY A NI TAR—DPOEERINEZRRE2EATE, JITAXR—D—
BRI 1Z 7T AX—HNETTENTHY, 75AX—[BORy U730 THDI EIIHET
5, ZHERAICHT L7V FRT V¥ v I)LONBEEIL.

QwulS) = -Trin (Gl - )" + Fy[=] (3.33)

LEETED, 22T, EOZRZHETZ2E, MEPAL Fy[Z] 25-5T0W5 2 &dbhnd, 2
ik, LW B OME (3) i & b, LW PEABULX— KB H ¢ \THRFETITHEER U 723Uy
LRV ICBNT 5, 207k, MEEAOMBEEZEAT Fy[Z] RTORFRESRRS
RAUTHb, £ZT, Fy[Z] 2lETE L,

QulB = Qu[E]+Trln (G — %) — Trln (G, - %)™ (3.34)

YD, ZIETHYBERAMoTWAY, JIT, B = Sy 2358, (3.34) 4505 1
HiZ Op u[Beu] = Wy EBRRAOMERS SV RRF U v b ab, (3.34) £l 3 HIZ

Gyl — Svu = Gyly L BRADME Green #7535, LoT.
QulEvu] =Qu[E]+Trin(Gyg — Spw) ' —TrinGey (3.35)

L%, BEAL UTHOEI A M2 I AR —% W LT, MENAARLEHWS L (3.35)
ROGURETHETESL L1220, IV RRF VYL O y[Se ] BBEICFHETE 5,
(3.35) ROLLIFHFEIZFRTE 272012, ZRBO—KED ¢/ OBBIZL>TWD, £oT,
Qe u[Be vl =QF) &7,
ZRREHVEZZIETIT IV RRTF VY Y VOFHENRTELDT, SFT OERFEHIZEDE,
o0 (t")
ot
BTV RRT UV Yy VOERSAEBETIXI VWS, 20X ISBHEROHOAT AV F—%
TV RRTF U Y LEFR L, SFTIZEDE ~KEH ¢/ %2 Hoi b & & CHEMEM O ME i
EHREFIEEEN 2 T AR =L (VCA) LIRS,
SVCA T IV RRTF VY v VEBEBEMNICHE L CEESESET HILTH S, —H. (3.36) 1%

%y v Qe u(Se Ul 0%y 17 1
’ : =T . = -Gyl =0
ot $p u ot Gt —Zpu ’

L&, 20 Buler ARAZ HOEME I FIEL H 5. ThABINTEEE R (DMFT) TH 5,

SVCA I fTHC T ANV ¥ — = L UTSRRAOBERALTANF — By y EAVEEUTHZ 0D, = OLR
RIS BRI LHIRE 0, SEMRIEZ IAX—DY 1 APBIKFT 5, £72, VCA XU = 0 & Jf iR
(tap/U = 0(a # B)) KBWTIHHEETH S, U=0LBWVTIE, Sy py =04KDT, (3.35) BEEEIHD, —H, K
TR B VTR EEAA =t/ LRBDT (3.35) DALFE IHEE I HHLAEV, Qu(Seul = Qu L%
SDTH#ETH D,

=0 (3.36)
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(@) (b)

3.2: (a): TEOKTR, (b): DL T AX—h SRS NS BBR. MFORTEY 1 N ES%
£7.

WRIZ, 7TV RRT VY vy VEBHEGIEDN AR R 2 K IXAR LTV, £, (3.35) Atk
W TIHEEESMMZA B0, V=H,—Hy £ 35%,

Gio—Zvu=G,, -V (3.37)
BT, VERWSE (3.35) RO LS ICESHI ONG,

Q) =Qu+Trhn(Gyly — V) ' = Trin G, Y,
= Qt’,U —Trln (1 — VGt/’U)_l (338)
RIZVIZOWTHRD, ZRBB O FEPET A I FAX—IZHE L DRDT, 7

SAR—%IGET H1EEE RR. 75 AX—HNOY 1 N ZEBET 5EEE o, bFL T 5, TOK
FOY A b i B2IEET HITI

—R+r, (3.39)

a&%xa—R&&axa—W®#4ba%%i?M£$wo::f Z RO —KER 5> O Hamil-
tonian Hy TlZZ 7 A X =D — KBTI NTWE Z L IZHERT B L,

Hy = Z tw z Z Z 6R7R’t;bCJ1({QCR’b (3.40)
RR’ ab
EEITSE, oT VI

V = Z(tij C i Cj = Z Z tab —0R,R ab)CRacR'b = Z Z CRQCR'b (3.41)
ij

RR’ ab RR’ ab

O T-DHH Green BIEIE Geo(2) = (2 +p— Hy)™ ! THZSNBDT,
G;é — Et,y = (Z+,u,7 Ht' . Et’) — (Ht — Ht’) = G;’,lU -V

ERDSND,
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b, VIO FRADIMENIREZ F > TIEWR WA, 752X = ok SN 58KFIC
ST AMENTREIFE->T VWD, N2 ITARXR—OHRELT B L, BEFIZNT S Fourier 2 H#i 1%

1 .
T T iQR
Cp, = —— g CpH, € 3.42
Ra /N 7 Qa ( )

THEz2 5605, Fourier Z#i% V IZFHWS &,

V = Z Z <Z ORelQ R) CQaCQb = Z Z Vab CQaCQb (343)

R

ERD, VIkQ Iz LUTHANIZRSE, ZIZT,
Zv(]R QR __ ZtOR iQ-R _ :1 (344)

D, BRI AX—MDRy ¥r Iz QR R,
DLEXD, (335) DI Y RRFUI Y VIIMTOESICEEBMI LI N TES S,

Q) = Qo — TZZZlndet 1-V(Q)Gy uliw,)) (3.45)

ZZTC, (3.45) ROAWHE IHIZOWT, HMFEE2RELE &9,

I= TZ Z Z Indet (1 - V(Q)Gy u(iwy))

wn Q o

- j{ zmzmdet (1-V(QGru(2) (3.46)

IR 2 FWTEPNS 10, Mot Tl Fermi B B EEIBUZ 2 2 DT, &I C 1%
B OE EOME FORKIZR>T 0D, KoT, (346) xHF SR 5 L,

=3 ( /OOO ijx Y Infdet (1 - V(Q)Gyulix)| =) trV;Q)) (3.47)
Q

o Q

L5 1, ZMADEEIANF — E) LRFEN 2HVWD L, ZRADI IV NRT v Iy
Vi,

1
Qt’A,U = Z(E(/) - ,U,N/) (348)

8Z 2T, Tr =Ty, SkSee@n0 tr OEHYL trin A = Indet A DRFE F 7z,
OHBRIEE Tld Q-matrix EEH W3,
OFermi MBI f(2) = 1/(ef? + 1) BRFEEEEL iw, (CBWT M OMERFE,

Z — W

lim =-T
z—iwn eBZ + 1

CRBT R0, BMEBUCHEZRWD &,

. T=0 dz
T glin) = f s @o) T f ot
L, REH TSR REECE AR D IO REER CH 528, MNFEEE T3 Fermi D AFBIBUIRE BB L 70 5 DT, #Ei%
ZEO T O DR o L7525,
HUEEOFMIL [36) 2B,
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kb, EBOHETH YA bHEODIT IV RRT UYLV EEZLZDT, Y1 MIUNL TEl->
ThHhbd, LIZEIITIAR—DY A MNETHD, UEXD, 75V RRTF V¥ )RR T %I
RO X STk 5,

Q) = wy-N (/‘mmemr— Q)Gyu Z“GQ>
Q
(3.49)

FEEROFETIIEEN A Z AW TSRRDOEE L XV F — ), R N’ & Green BIf Gy v (2)
ZRD. (3.49) REFHET S, TNO6DATY TEMEDIRLT, (3.36) X&NMZTIERAR Y = thpr
ZRD, Ik CPTICHEMT 2 Z & T, FRAZYHENFRTEZ S, &b, V(Q) X (3.44) &b

RS 0, B T EmEESEIBEEUER S AKX (DE AKX (M8 C. 28) 2HWS & LW,
PIZ VCA 2B B HFFRE DI D WTHHT %, VCA IZZERFEHIZHR > TWS DT,

‘ﬁﬁfﬁj\/\7 A—R—%ZBAT ST L THIEWIMMEDOENZFHRTE., ZORD VCA DREHAE

ﬁa o T\Wb, T I TIETIRICIESH&T Hubbard #ALIZ 51 5 MOEBERRE 2 6112, VCA
B 7‘ 5 BRI FIE DN % Eiw 9 5., Hubbard #E! D Hamiltonian 1%,

H==Y ticlcic+UD mnismiy (3.50)
1,7,0 [
THZ 5605, Half-filling O —IXIGIE k& Hubbard #H 0 B ECRE I REMAIRETH B, Lo
T, RGN 2 RE U 7 Weiss %

Hap =M e 97 (n; 1 —n;) (3.51)

4.44 ;
445
-4.46

447

QM)

448

-4.49

4303 02 01 0 01 02 03
M

¥ 3.3: L=2x27F7AX—=%H\\7= U/t =8 D 2 RILIE Sik+ Hubbard 5D Weiss 5 M’ 12
N7 RRTY v, M =+M; # 0 DREEREERTH 5720, KsMke 1L
EIFELTWE Z e Dbhb
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-0.005 1

-0.01F

Q(£)-Q(0)

-0.015

-0.02 |

00236 04 02 0 02 04 06
e

3.4: “YGETE ST Hubbard BIIZ B 525 Y KHEF Vo v LD e el (U = 4), B
EEEERLTV S,

ZEAT S, ZTIT. ZIRGTIEAK T OIERBEMEORKFE X2 MLk Q = (nr,71) TdH 5, Weiss 5
ZMZ 722 8ER0 Hamiltonian (& H' = H + Har &85, KREERT ZEwT 5121E H 2
WCT IV RRT VYL QM) ZEtHE L. Q(M') OERZEIEEREZRTIEE N,

M 331BHBRALELTL=2x2Y 1 DI FAR—%HN=T5 Y RRTF VY v LDOFHERR
Thd, FHHELTM =08 M =+M; #0 D 3 DWFHETE, QM) < Q0) THDZ
EMS, M =+M, PEREZERBEETHLI VDN S, ZNEOE D, KREEERRE DR W
(M'=0)REXLLH, KRBT OHDREBOIEI VT FVF—NIZLEICEBTELZ L %
ALUTW3, ZDO7od, “IRIGIE T Hubbard BRI HEIRTE © U T3 IRBEMEIRIEASHH L
TWBZ kiZikb,

F7. PR PR EFIET 200 F YA MEDSHEHE WD DI,

H, =¢ Z n; (3.52)

CEHIN 2, TRITIE /KT Hubbard BRIZB 3B U =4 TOZ IV RERF VI v LD e ik
FHEE 34D0&512RINS, ZORTIEe =0 PMER- LR oTWVWED, ZHIEZ OFERID
p=Y TR —EARFEAR D Lo TWE 720 TH Y, —fIZAVH A P RT VY v L TOE
FEe#£0 TEFMEEZI 55,

ZD & S1Z VCA Tid, #4724 Hamiltonian 2 AWT Y T ¥ KR T V¥ v VOISR SO L e
BHNRDZ T, HEONMIMEOM N A2 ERT 2 Z 2B TE 5, BIR U KREMERLE [37]) DA
2B, AL FIVERE [38]. dIEEL [39], BT [40]. BUERKE [41] 7 L D Weiss 5% fll A
IR9EH BRI RS B,

125 V44 MESMIZOWT I, HETFLF 5 eN(N RBBR2 T AX—OKTH) 21327 M 323 Tho. |
BRI MVBZLBODT, BHRTA—K ¢ #EASTLILBIRRT T AL — DR L A ET BB, 24
i3 [36] & B,
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3.2 77X 45—i{HENHEH® (CPT)

7 I AR —{HEHE (Cluster Perturbation Theory: CPT) [33,34] &, U1 h I I A X —D
KE D THEILHRD SELNZITEDRE TRD Green B (CPT Green ) Z2515H 4 5 HIET
H5, CPT Green BIEDEHIZ VCA Tk I Az — KA ¢/ 25 Z & T, DR H%E
NIRRT EZRDE ZENTEDL LIRS, ZOHITIET T AX—DHEEKT 2 & T DIREK
IR LT, CPT Green B2 EH U, CPT Green B % F\ N 725k % 72 WL E D FHRIZ DWW T
T B,

3.2.1 CPT Green F%

VCA THBBRRADHOTANFY — Sy 2HVTI IV RETF YUY Y VAL, 20L&,
ZEROHITANT — Zp y ZHWVZIEOMK TR D Green BAEUL (3.29) £ 0.

G(2) = Gu[Bvu] = (Gply — V) ! (3.53)
LREERTE D, REOEFAT (3.37) OBKAZHVTWS, (3.39) DXL ZHWD &, Gi(z) =
GRE (2) 725 DT, G(2) I Fourier ZHZ ML, M THEMZ 5 &,

Gk, k', NL R%;abgRR ik (Retra) p—ik! (R +m,) (3.54)
L7485, CPT I (3.54) 25 uDIEF DPFE k 1ZXT % Green BAEIZRD D Z 2127425,

ZIT. 77 ARX=DEET BB IRAENTMES A T WRWZ &2 5, T OIS
XUTHATH D, 2 TRIZ, GRE (2) Zilik& 7125 U T Fourier Z#1 U7 G (Q, 2) 25 X
% 13, 22 ® Hamiltonian 1£27 7 A X —ZDWTHAM (Op.r) THEDT, ZHHRD Green
RS 0 T

Gy v,ij(2) = 0r,rR Gr U ,ab(?) (3.55)
i35, Z2HEZD Green BRI FIZDWT D Fourier #2175 &,

G v.ab(Q, 2) Zéo RGy.U,a(2)e'® ™ = G v a(2) (3.56)

L7, SIRRD Green BEUIIEE Q ITHAF L <725, —F. (343) £ V H QIzHLTH
MIITH D720, Gup(Q,2) IFLFD LS ITHEZ NS,

-1 _ Gt’,U(Z)
Gur(Q,2) = (Gply(2) = V(Q))g = (I—V(Q)>ab (3.57)
Gur(Q,2) VS & (3.54) 1%
k kl ZZgab Q’ ’Lk.TQe_ik"Tb(SQ,k—ic(sQ’,k’—k;/ (358)
ab Q

BGRR' (1) O T2 % Fourier 2l

G ()= 7 3 0u(@ ) )

L5z on5,
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(@) (b) R ——
............. A\ky
(0,7':)5 (m,m)
....... - AK
i L LR -
............ . ;
o0 o

3.5: IEATR16 1 M I AX—% AW RADIZM (a) &EEZEM (b).

LB, ZIZT, k kN IEBTFONENR Y SV BHEFRT ML TH B, k—k =K, k' —k' =
K v93¢,

’ 1 1. —ik-ry ik’-r
Gk, K, z) = I %:gab(k,z)e keTa otk T S ger (3.59)
Y15, kIIHEECIIETEHE TR ML THE7-0IZ e R =1 ThBIri2AVd L,
Van(K) = > VQReik-RIR — N yORGiRR — (k) (3.60)
R R
LB, (357) £ 0. Gu(K, 2) DIEMAFEZ Vi 12 L DRV D T,
Gab(K, 2) = Gav(k, 2) (3.61)

LY. Gu(K,2) IZBK T O TFNZ ML EIZIMEFEL TWARWZ Ehbh b, —T. @
FOFFRZ MV EIZEBEEEZITEDI i(SKK, DHTH?, 2T . k—-kl=q, 255
&, TEOMFIZXT S BZ Oz g, 1X LEDB7-0

SR K" = Z Okk’—q. (3.62)
s=1

b, LEXD, ROZWITEOKFIZHT S Green BIBUIIRD L S22 5,

L
Gk, k', 2 Zgab k,z)e reektn (Z 5'6,'@’%) e
s=1

CPT TIFZHRZHVWTWA7DIZ, JLOKTROMENFELIE>TWE, ZD72H G ik Iz
HUTHMIIZR SRV, UL, @ETOMESTRE IR > TWE 72012, D ZEDN g, 12
5 WS HIBERDNT NS,

(3.63) D & F Tl& Green BT AN TR VDT, LIAD g, DOH q, = 072172 L b,
DI TE % T 20T &

Gepr(k, 2) =7 Z Gap(k, z)e e (3.64)
ab=1



H3E FHRFIE 24

b, TN% CPT Green B EIER, Z D CPT Green [ ZH WS & 1 T AT FLXRR
RREZHETELIENTE S,

3.2.2 CPTIZL2YHEDHE
—HR T AT MV A(k,w) 1& CPT Green B Gepr(k,w) OEEBL DK F 5,

1
Alk,w) = —— lig%) ImGepr(k,w + in) (3.65)

m™n
ZIZT.nid7u—F=V I OMET, MMEEITS T TR TFART MVIZIEREIZRE 5, RIE
B p(w) 1 E—hFART MV A(k,w) & ICDREFRD Brillouin Zone WO k THIZ BV IF K
x5,

E:Akw*ffMHz:m%m%w+m) (3.66)
keBZ T keBZ
1Y A Mdzb D 1 RDEE 1 DOFIE
1
(0) =7 Z‘; Ougs (ches) (3.67)

13 (3.57) @ Green BI# G & HI\W T,
(0) = 37 TrOG = 1= f Ztr (0G(Q, 2)] (3.68)

kb, ZIZT, RO NIADEI EOMEFORETH D, £7/2. TORTFOE E TIER<
MM T OB Q THDZ LITHERT 5, HIAIE, RFHOFEEEn = (n;) IZOVWTIFO=1¢&
BDT, AFORRIZEIRE T IE I W,

1
n= ﬁ;m NL% 2mZtr (3.69)

VCA THR#EL X NF=— K topr 2 CPTIZ#AL., LD &> WHE42EH T A2 ¢ T
DR 2 BUEIN R S5 2 e D TE B LD 12k 5,

(0,0) Q& )
V==t =)
="
:v__/-/ ;,:
== (m,0) ‘
e,
g 0.5 : :
(o) A Hmin Mimax
0,0 =
005 i 0 5 10 % I 2 3 4
[ 4

B 3.6: £ : U = 4 ® “IRILIES5#& T Hubbard BHALZ B 1F 5 —ki A2 b A(k,w). A :
IR 51T % TR A8 ne
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3.3 EENAI

ZOHiTIE, VCATHVWONEZBIADIT TV RET VY v)L (348) KUBRZRAD ) —VH
B Gy u(z) KD 57Dl iE N f1bi% (Exact Diagonalization: ED) (Z DWW TS 5,
Bz KD B DIZ Lanczos IER L K HAVWSNE N, ZOFEDA Y v M, DY FNROBHID
HETAVY—%, ZENAITHIOMEIC & DR L FHRTE 2500, HOBERO HIEICER
HAEETHZZens, BINYHEZHRICKRODEZENTEI2 VW HICHD, ZITIRET,
Lanczos i 7% F W2 BB ED R FIEIZ DO WTHRHNT 5, I KEE & HERAREZ AGHYE
EENRZ MVOFHEAEZBIAL., &EBICESBURZ W72 B YELE OG5 IEIC D WTE
B3 % [42-46],

3.3.1 Lanczos /%

ET n IROENFNIN b =T U475 H % Z8ENAI75] T ~JH AL TS 2 e 6ihkd 5,
751 H 2 8Nt 52=2) —155 U %

U:(ul,u2, ,un) (370)
EHET D (ui(i=1,2,...,n)FIRT ML), ZZT, UlU=1&D,

Thbb, &Ku IRKELRTHS, I T, 74 H U T OBEFRIZ, U'HU =T = HU =UT
ThHDDT,

ar B 0
B1 az Po
B2 az -
A= ) (3.72)
63 . ﬁn72
’ Qp—1 ﬁnfl
0 Bn-1 (7%
I Be, fRAREHBEAE LT,
Hu; = ajuq + Prus (373)
Huy_1 = Br—1ui—1 + apup + Brupr1(2 <k <n-—1) (3.74)
Hu, = B,_1u,_1 + apu, (3.75)

NEoND, £9. ESIHELI N n IRTERZ Ml u, ZABT S L. (3.71) KO (3.73) £ b,
o = uI(Hul)

B = \/(HU1 —ajuq) T (Huy — oquq)
- H'U,l — 1Uu

Uy = B
1

(3.76)
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LD ug, a1, B RO SND, MOBEREKORT MVIZOWTHUFOARTRD SN S,

ap = u%(Huk)

Br = \/(Huk — Br—1up—1 — o)t (Hup — Br_1uk—1 — oguy)
Huy, — Bp—1up—1 — apuy

= (3.77)

Uk+1 =

PAEDATRED © ZER AT T HiRkdD o515,

3.3.2 Strum OEH

ZOEHIE, ZHXATH T OEAHEZ RO SZEICHHEI NS, FHAEHEEZ A & T2 &, EAEHE
FirEAIE,

a1 — A 61 0
b1 ag — A B2
Bo ag—A .
T — A\I| = _ =0 (3.78)
ﬂ?) - Bn—Q
. Op—1 — A anl
0 ﬂnfl Qp — >\

Y%, ZZTTDEATEIIETDEINEZ T, & U,
Ty — M| = fr(N) (3.79)
L95e. fo(A)=1&LT,

fo(A) =1
f1(>\) = Q1 - A
fo(N) = (a2 = N f1 = Bi fo

: (3.80)
F\) = (k= A) fom1 — B_ 1 fr—o
f’ﬂ()‘) = (an - )\)fnfl - ﬁiflfnf2 =0
EWS o+ LEHOBEFIRESNE, 22T, fi(\)=0Z2KET S &,
Sre1(N) = =B fe (3.81)

RO, B A0KD, frii(\) <0&kBb, DX, ZOBEBBINIRRD 4 DOWEEE- L TW5,

1. go(\) REHTH B,

2. g\ & g (N) IZRIBEC 01275 5 200,

3. N =0DEE. g\ & grr(\) REGETH 3,
4 g =00 E, gl(\) & gra(\) BEBETH B,
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IS OME 272§ BIS & Strum BIHS & W, ZOBBINI U TIROEBEA K D 37
OO

Strum OEE. L(z) % go(x), 1(x), ..., gk (2) TBITEFHEZDEEKETE, ZDEE, KfH
[a,b] B2 gp(\) DFEDOEULZ. L(a) — L(b) TH 5,

ZOEMEHCNIE, () =0 DELRRDSND, X [a,b] 2K BB, MR ERKDE
ﬁ{[ﬁ )‘mam %ﬁi&bszii <\ ﬁ”@mﬁ% Qi t?‘é t\

maa:| IZ ai; (382)

DWRNLT B, FIZ=ZENATH T 056

n n—1
:$Za?+225f (3.83)
i=1 i=1

21732@ a=—c. b=c&$BE, nfTndOTIZETZ nlOEAMEIX. 2 TXMH [a,b] ITIXE
%, W ORDNSWHDOREBHEDAZD 720WEEIE, b DfEZ/NS U, L(a) — L(b) = m(&
INEIEEOGEIE m = 1) 12T XL, ST HEHY E2HAVT, b—a<ekBdLIiCal
b@{lﬁ’i’%ﬁé’d’é’b &,
LA, —ENMAIERPTRDZ L FI2TE B7FIOEAEZ T D175 OB A EIERIT &
% Z % Lanczos IEDQRHHDO—DTH D, THIZ X D Lanczos EIF KBIEITH O E A EEHEICE
HINd,

3.3.3 RZEZE

REFHELNE, HHERROEAEROZ NS B2 ML ERDZOI DN S FETH
B, 9. n WIEAITH] A DEFHE N, B3

Ml > Aol > > ] = A (3.84)

Biil-d 95, £ FEOUHARZ ML u® i2onT, N CHIELEZEHARZ bL 2, %
"ANEN

’LL(O) =cix1 +Ccxe+ ... +chTy (385)
95, ZOARDOHLIZITH AZLEPonTL L,

Au® = i Az, + coAxo + ... + e Az,
=\ T1 F+ o NoTo + ...+ ATy, (386)

MDD TFIHIZATDO L 51245,

1. HRfEZ w; = (sj +t5)/2 LBEL,

2. N(wj) —N(tj) =17%51F Sj % w; TEEHZ, N(wj) —N(tj) =0 i&f%titj % wj THEEMZ 5,
3. t; —s; < e LPRUTWHIEREAMIE \j =w; 7425, WRLTWRTIIL 2. 1I2R 5,
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L, Ik kERIEYIRT Z LT,

AFy©) = cl)\]fim + Cz)\]§$2 +.o Cn/\fﬂ’n

A\ " A\
c1xy] + ¢y 22 Lo+ ...+ cCp - T, (387)
Al A1

fRonsd, LoT, kB TFRDREVEELGAE.

=\

AR = ¢ \rgy (3.88)

L, ZORD SHIHERKDEGIE N LOZTNIHIET 2EERT MLz BRO LN D, F
7. HATH AT LT,

THERH, AT LT, A\ T ERARDEAEE 25, 20, HT5] A~ 2HVH
MO EBNDEAE N, ROZUTHIET BEAENY DL x, RO SND, TheBREE
ab\‘50

3.3.4 HEZABE

HAGANIE L, Ae = b DIEOEN. AR ZH S FEE LTHVWS NS, ZZ T A X Hamiltonian
151 H X O Z OEAE N 2 HWT,

A=H-(\—ol (3.90)

EU. AD0ITBRSBRNE DT e 2UNE L UTEAT S, [EROYIURZ Fb xy 2o HFEL T,
T1,xo,... LERMIEEBIEL TWE, REIINEREZ KD D, m BIHOME x, £T5&
E. TNITHTBEBIERT MV E p,. TOREIZ a,, T 5 &, F U Wil i,

Lm+1 = Tm + A Pm (391)

EkdoNDB, TIT, WIRIEERS bl ryg = b—Axy S5 ERINDE mEDRZ ML ry, Arg, A%ry,
oo, A e DR B Krylov B[ % K, (A, o) B L & WA x,,, (&,

T = To + Zm, Zm € Km(4,70) (3.92)
ERTIENTE, FAENRT PV
Ty =b— Ax,, =19 — Az, (3.93)
Y,y € Ka1(A, 1) 705, 72, Galerkin Ik b, BEXT b r, &,
rm =b— Az, 1K, (3.94)
LB EIITERD, LoT, (3.93) LU (3.94) &b,

ri-T; = 0 (Z 75 j) (395)
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L%, DFD, AN PVIEHWIERT S, I THEAENY Ml r, BEEXZ bl p,

Tmt1 =b— AT

=b- Ax,, — apnAp, = 7y — Oy AP, (3.96)
EREBHDT, (3.95) &0,
Pl Pm = (Pm — @mApm) -7, =0 (3.97)
ETRD ap, &
O = % =0 (3.98)
EWEMITFOENDG, £z, BERZ MUIZDWT prit = Pyt + BmbPm & U
pi- Ap; =0 (i # j) (3.99)

YD ED B BERETBE, prst & Apm BEVICEXT 20D T,

JE 1 2 2 (3.100)
Tm *Tm

L%, INSDOEMEE N [E (N : 175 A D) #IET Z L Try =023 50, B
ERDIRD 5B,

3.3.5 FMYIESEDHE (ESoHER)

Z 2T, Lanczos IER MR EFIED SRD7ZHKE T XV F— Ey KO o) %\ TENFYH
EHE T LFIEEDIAT S, BIWNYHEE CH) IZXD LS IT5Z 5605,

C(t) = (| OT(H)O(0)[vo) (3.101)
HET OF) 1Z0@1) =efltOe Ht THZ NG, ZORZT7—) TEBERT &,

il

(y
[
A

Clw) = / dte (4| OT (H)O(0) o) (3.102)
LD, X SICTRLF—EERIE [ ) (TR F— E,) OHERTRILE,

Cw) =3 [ e ol OOl OO

= > [($ulOlo)[*8(w — Ey + Eo) (3.103)
L7%%, ZOXREXTIFEFHETERVDT, Green BBUTSI
G(2) = (olO'——Olo) (3.104)
ZHVWTERT, n 2 EEOBHNEE LT 2=w+in+ Ey LEE, ZORITBREEBRZRIIL L,
Gl +in-+ o) = 30010 )l O
1

= (WolO"[¥n) (1hn| O[100) (3.105)

w+m+ Ey—E,



E3wm FHEFL
B TED, ZIT,

1 1 .
T+ = P(;) —imd(x)

WL,

Cw) = 1 lim ImG (w + in + Ey)

T n—0

b, Y E % Green BIEITIITERE 5, IRIT,
DM, HIARZ ML e LT,
|1bo)
(100 OTOtho)
ERABET S, z-H)z—H)"'=1. 2%0,
Z(Z_H)lm@_H);@%z = din

m

lgo) = —

THO, n=0&UL72& Zhid(z— H),; DHEV1IXABERTH S, KdDZWVDIL,

(z— H)py 72D T, Cramer DARUT LD,

Q.
@
&+
o O O =

7%, ZZ T, Hamiltonian 175 H | Lanczos IE C=EX AL L7 D

Qg bo 0 0 0

bo ay b1 0 0
b1 a9 bg 0
H = b2 as b3
0 0 0 b3 a4
/S DT, (3.110) &,
1 —=bo 0
0 z-— al 71)1
1
(z—H)yg =———=det| 0 —bi z—a
det (z — H) 0 0 b,
s, £i-,
z—a, by 0 0
bn anJrl bn+1 0
Dn = 0 bn+1 Ap42 bn+2

0 O b7L+2 Ap+3

—by

Z — asg

30

(3.106)

(3.107)

Z D Green FABATHI#FHET B Z L ITH

(3.108)

(3.110)

(3.111)

(3.112)

(3.113)
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EERTD L,
det Dy = det (2 — H) (3.114)
(2= H)yy = SZE g; (3.115)
det D,, = (2 — a,) det Dy, 1 — b2 det Dy, 4o (3.116)
"Eohd, o T,
G(z) =(z—H)gy = 3ot Do
det D,
1
= F
z2—ag—
det D4
det Dy
1
= : (3.117)
z—ag — b
z—ay — r—

b, ZO—HOFEEZEDHERBA L VS, EROFHAETIXEZ WKL F CHEOBER %2 BT,
BROEZATEHEZITHY S,

3.3.6 ZRmTY—F

ZIZTlE, ZHRROEEE “HHFERTRUZRIZ, B S22 TOREBIZHLTESZ2KE-
T, $RILSKBNT 2 HikzFHFT 5,

SEAHBEIRAE (7 —u Y HDIRE WIRER) 2 KE L 72 S = 1/2 A U HEAEARR (Heisenberg 5
M) O5E, EFIEETOYA NMIEFY LT OME -2 REZ2IS, TDH, THTH
DY A M AV, LI AEYDOELS2M LT E 5 72 REL »EN R WD T,
1=1. ]=0& LT, AV VZ H#BERRTELTLEZIE LW,

BlZIE, SHA MDAV E | AL UYRZENETNAAT OEIET 2REERET S L. 3,568
FHIZH AV, 1247 HBHIZ | AU H BIREEIT R F R T,

| LML) = 00101101 (3.118)
L, ToITINE FEBICERT S L,
0-25t40-2" 41267 0. 22712t 128 022 2t (3.119)

b, TOEIIEROREBIZESEZIZED Z N TELD, TNTIEREICBRERES A, Y1
FEEn & L7z 22" — 1 BRI KEL R>TLES, 88U 1 FDEEIX28 -1 =255
FEETHAH, 16 %1 Mid & 216 1 =65535 CRIIZEEZCLE S, £IZ T, LB %
FONSLKTEEDIFELNZFENZRTTY—F TH S5, TDOHEX O ERE DD i
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BUZAEILT, T X NIHESTE2R> TV DTH S, wD_E\HET &L, Ihekh¥nic
DIT, EMO=ERE I, FROZHERE I £ 5L, n YA MRIZBEWTINOBRHHKD
2,

<t

I=1p-2% +1g (3.120)

F9, ST IZOVWTHED 5 2E/NIRMENSHRD, I TE 27200 1 AR X S 2
JEZAiRT WL, FNEND TIZNUT I, I ZH0. Tho2ZHE 3505 Jo(IL). Jr(IR)
EHWT, “ERTIZHISS 2ES J, + Jp ZIROIEANIE> THRD D T 5,

1. Ip DAMEALL TWBGEI, Ir W2 d B LS Jr DfE% 1 7217 ¥ins 5,

2. It WAL L TWBEEIE, I RIS T 2E5] J, %, I BT S T TIlzik-7-REE
OB EMA., Ig \ZRIET AH4] Jp DfEE 1 2T 5,

—HDEIEIZ L > T, BELREFIOKREIAN2-(27 —1) 2720, BAID 2" — 1 & 0 [EFFIT/NE
B, 84 FDBFEIFZ2- (24 —1) =30, 16 %1 FDHFAIF2- (28 -1)=510 &b, TDZ
EMS, FOV A MDBLVIZE, MO BIEIOBNALL BB Lhbrd,
31XV T2 e | 6fHDORIZ IR —F 2 WAL MERTH S,



AP

% 3.1: 8¥ 1 b r2fElE | 6 HDLGED _IRTY —F

THEBRGEDOAY VEE I, Ig Jr Jr JL+Jr
00000011 0 3 0 1 1
00000101 0 5 0 2 2
00000110 0 6 0 3 3
00001001 0 9 0 4 4
00001010 0 10 O b) 5
00001100 0 12 0 6 6
00010001 1 1 6 1 7
00010010 1 2 6 2 8
00010100 1 4 6 3 9
00011000 1 8 6 4 10
00100001 2 1 10 1 11
00100010 2 2 10 2 12
00100100 2 4 10 3 13
00101000 2 8 10 4 14
00110000 3 0 14 1 15
01000001 4 1 15 1 16
01000010 4 2 15 2 17
01000100 4 4 15 3 18
01001000 4 8 15 4 19
01010000 ) 0 19 1 20
01100000 6 0 20 1 21
10000001 8 1 21 1 22
10000010 8 2 21 2 23
10000100 8 4 21 3 24
10001000 8 8 21 4 25
10010000 9 0 25 1 26
10100000 10 0 26 1 27
11000000 12 0 27 1 28

33
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F4FE EAKTH —ty — ¢, Hubbard A
BU'%EF_'U(/L,\@%/T\

COETEREHE R Y ¥y 7 D% T E 2 EHET t1 — to — th, Hubbard #8 0 EL R AE

WAL THEHmRmL TV, ZOBRZES DAYy M, iEHEFY €Y 7 DK E X ORI
LoT, ALK ZEBETEEL VWS RITH B, AFETIE. BT % B
WA BERD T AR—EL(VCA) ZH WS Z LT, ZOWEOBEMRIRIRE K O R B OB
L[RFDEZBIZODONWTEELTWL, 2o, BHEKGHX “ Phase Diagram of the Frustrated
Square-Lattice Hubbard Model: Variational Cluster Approach” , K. Misumi, T. Kaneko, and Y.
Ohta, J. Phys. Soc. Jpn. 85, 064711/1-7 (2016) % JLIZHED7EDTH 5,

4.1 1EAMTFt, —ty —t, Hubbard 25!

IE/iM A t, — ty — th Hubbard BFIDO NIV =7 v HIZIRO LS5 2 6515,

H=—t Z chc]g to Z chcjg t2 Z chcﬂ + UanTnli — ,uan,
(i,5) @ ((i.3)) © ((3.4))" @
(4.1)

¢l (cio) B i BHOHA MZAYY 0 OET2EK (M) TEHEETTH S, 7. (4,)) ldFy
VYUt BB OBREEOY A MIEZESIRY K& ((4,) KO (G, 1)) ZEFNENHRY VD 1y,
th B EDOUGEHEDOY A MHZEKSIEGNZREY FERLTWS (K 4.1(a) 22R), U IZTETHO
FhZ—aYHEEH (U > 0). pl3MbZERTF VYV THD, T OBEIIEGHRIGERE R v
YDty th OMEERTIT I LICEoT, BRABBTEIZERIES 2N TE S, HIZE,

Y
(b) © (d)

B 4.1: (a) FEAWRBGEEER Y €Y 7t & BAMNRIGERER Y €2 7ty th 2FFDIES#&T Hubbard
BARLDREAR, (b)ty = th = 0 DEGEFEFE A FEAL (c)ts =th =t; DFNAFRLITEY Y 7D
FAES 2 IEARE AL, (d)t) =t and th = 0 DEHNR =ML, KETETFH»RIELL 72
EEZLEBIZRVRPT VWAL VOAEZRLTED, KRR TIIHIEIETWS,
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4.2 AR THWZ 12 914 SR, (a)Néel OBREMERKT . (b)collinear Bf¥, (c) £ : 120°
PORBEVERRFP IS S B2 2R A ERICE MR =M FORRE & > 2R,

ty =th =0& L7z & &, Néel SOBRBNERKFPAREDELEIRRE & U TEBLY 5 Bli B 1E /i#& 1 Hubbard
BEHNZ72 5 (K 4.1(b))e 7z, to = th =t & L7z & Z X collinear FRfyp A3 FEBLT 5 55 5 22 G
Ry ¥y 7R EAZIEE T (K 4.1(c)) 25, tp =t and th = 0 D & T, 120° KoRfEE
MR B 22 Z AR PRI TR T 5 (K 4.1(d)), AR TIE. 206 ORI % HL
IZUT, WEBER Y ¥V T by, th 22T, O EERREZ ATV L,

4.2 ERUV I RY—EE(VCA)

SHITIE, FETAMETHOWAEZZHEAKOZEDN IV =T VIZDWTER L. T OFBIRAHEHE
1 (U/t, = 60) RO - S9AHBIREIK (U/t; < 10) 129 23HRERE2 TN T hiER L, 20RO
HEIREBIZ DWW TR T B,

4.2.1 BRREEPNINI=ZTV
EFKET 11 — to — th Hubbard BAELIZ B W TER T 5 R EWAHRTHIZ, Néel REMERLEHE,
collinear BEFEAH KO 120° KM FRBHTH 2 Z o, BEBIADNINL =T LT,
H' =H+ Hx+ Hc+ Hs + Hon (4.2)

ZHWS, SEIOFHE T half-filling(n = 1) DREEEZZ 5, ZHNINVF=T VIZDOWT, Hy
I& Néel KRR P AR, He 13 collinear SARREMEREPAH. Hg 1& 120° SORIGMERRFPAE 2 SR 5 72
DIZEAINZEDTHY, ThETNUTFDESIZ5EZ2Z6NE 1,

11200 FOSRBEMERKFHODZE S} 8T A — REWRS IRk T 7 = v 7 2 BT %, 6iEfek D. 288
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Hy = hiy ) e'9Nriss (4.3)

Hc =hg Y e 9ems? (4.4)

Hs=h§Y eq, - S; (4.5)
i

F 72, AWFFE T half-filling (251 2 HEEREZEHETL2DT, Kirin=11C#HET 500D
F YA NERS

H,,=¢ Z n; (4.6)

HPAL, TITy by hp KRG IEENT N Néel SORBEMERFH. collinear B, 120° X
TRIEMERRFHZ T 2 Weiss 5 TH B, £72. S, 133V V55 045 ZHNWT S, = c:faaaﬁcig/2
CEBINDAE VHEAT, Qn = (1,7) KU Q¢ = (7,0). (0,7) IZZFNZF 1 Néel SERBEVERLT .
collinear FKFF DR 2 ML, e, W ET A b i 2B 2EIKFES a; (=1,2,3) IZI6 LT 120° 3“‘
DEFLLTWBHANRY MVTH D, B53/8T A=K b, h. b 1 3H T 3V F —NBEEGEIC
DE, FIVRRTF VY VOB S ERD D TRELI NS, ZDOXE N A0 F“’Jﬁ#
FAETBHZ2IZ&>T, FRITS U EHERENZENT B,

SEAVWE SRR, M420E5R0 1291 VDI TAXR—2AVE, ZDT T AX—345(H
S LT R TEBARER 72O, SRIOMITIZE W TIIIEFITFFEEDOFG W T A X —2\»
Z5,

4.2.2 SRABRISELE (U/t, = 60)

T 2T, SREBITHE (U/t; = 60) 1281 2EHREFERICOVWTHER L TW < DD, ZORNITA
MRTEHAE LR Z N T 5, £T. RFEIE

1
n=g ‘ (cwcm NL% 27”229&&0 (K, z) (4.7)

THEZ6N5, 22T, N7 ITAXR—HNOY A NI, aldZ7 T ARXR—HNOY A1 bFHF, K I3
MrOWBTHs, £/-, RETFIIVF—EFXE=Q+p L EHETE, SHEEPLABUIX

Ze’QN {87 = NL?{ 2i DD 0T G (K 2) (“8)

K a,o
MC:%Z 1QCT'

Qerag oK, 2) (4.9)

2
7TZKao

Zea- ) (4.10)

THtEEI N5,

FTE FTVRRTUVYIVOREIZDOWTHEMRT Do T I Tl ta/t) = 1 IZB I 2EHREAER
M 431259, M 4.3 DEMTEBMED th/t, TN 2277 FRT VY vV D hi 7N %R
LTWaMD, ThaRdE, th/ty <035 TR, =0 ML ERRER>TED, Wi A0D)
WRETH D EDDBN, th/ty =0.35 TIMFHRDP h =0 DATH D LDbhd, £/, 2

DS th /ty DN S T, HHHIZ by - 0N EBLL TV DA bs, —F, B 4.3 0
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5 Un
0.0001 0.002 05 2741
............ e Loss
0.0000
(=3
G
a
-0.0001
-0.0002 5 0.01 0.02 -0.004 0.01 0.02

h$ he

B 4.3: to/t1 = LICBW B2 5 Y RETF VY v LORHERER, & : bl 5t Q — Qo AH : hy &
Q—Qy THD, BROEMI N £ 0 ICREZEFERDVD 255G, FOWHRIE N = 0 ITREZERIE
HEDBDI2HETH 5,

BITEEAED th /)ty 12T 275 RETF VY vy D hp fifFEE2 R LT\, th/t; =0.7,08 T
X h = 0 DM RIS 88 s —(AEE ST 2 20 7205, th/t = 0.6 TlE RIS @8 b 718
T 5, 7z, th/t; = 0.55 TIHXLEREE M b = 01280 DL, th/t; =05 TlE hly #0 (2
B BEEAPHBL TWE Zebnd, ZIT, RLEREERDOEEARD L, th/t; DE
ZRWOL TV E, HBBLIAThy #0056 hy =0 ITAEFIZRRZ L2395

RIZ, BETAVF — E RORBRFER M OFHFERERZM 4.41289, SEITIRD 3 DOffHg %z
UM :a%a’ﬁbm\ <o

(i) @ BOEHEIE R TR S IR GEHE Ry ¥ ¥ 7 % & AT IE ST A & 25463 % fis
(t2/t1 = t5/t1)

9. BEBEAKT (ta = 0) D & 1% Néel KRR IREDFEIRAETH 253, t, EA
LTWL Z & T, Néel KRR IRIED IR T 3 )L F — L BRI FIRBOIEIE T X)L F—D
EDRZNTEDTNTWE, ty/t; =0.73 DL FIT, ZDDMEIZHE S MDA S, [FFFIZ, Néel X
SREENE D RR R A2 E I 0 12BN T B, Ja 3TV RRTF UV Y VDS ED R #0h
5 hiy = 0 NEHEFENICZELTVWE Z L IZHIELTWS, ZN6DZ &5, Néel Kokl F
I S KRN DI IL 2RI TH D Z e B bnd, —H T, tofty = th/t) = 1 DIEFHE
FD & Z1Z collinear XIRMEMERFPIRFE D ZEIREETH B 05, ¢ty DIEZIRS L TWL &, collinear
Jiéﬁwlﬁéﬁﬁﬁ‘@ﬁtflz VF — L HSERPREORE T AV F —DEIHRZITED VT

E. ty/t; =079 DL EFIZ, ZODMEIFREL, KINPHEHET 5, HERHZ, collinear SiRfikilh: Dk
Fo 280 AT 0 1IZBADT 5, Thid, IV RRT UV v VO S hy #0525 hy =
AN & A HEEIZ 7*4tb'cu\5 LIZHIBELT WS, TNoDI &N 5, collinear SRBEVEREFEHE A &
MR AHANDIER X 1 RERTH L2 b n 5

(ii) : BOlH E A& R — & 5 1) = fRE 7R~ & 28403 28I (¢ /t1 = 0)

E9. BEEIEET (t2 = 0) D& Fld Néel KIREMERKFPAIRIED ELERAETH B3, to ZEA
LTW< Z & T, Néel IKBHEMERKFIRBDRIE T 1)L F — & MR F KRB DB T 2L ¥ — D
EAR 2L D E tg/tl =0.88 D& EIZ, ZODMHEIIH S M DMH B, FRHIZ, Néel Kk
DOFRF AL I 0 1D T 5, —FH T, FANZAKT (to/ty = 1) D& S 120° R
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MERIREBPEIERRETH 50, HET XL F—DE2HKAERPREOZN L KT 5 2, Néel
SEREMEDFEE LU TV AREBD & E XD TR LT —EWNI VW DDA 5, ZhiEk, FHN=MA
TR I3RS ZR TS A ML =Y a VAW T WA THEEEZSND, t, D%
mb?&tynzowwt% IR T 3OV X —(ZH S 22D 0 FIRHZ, 120° Kkgik o Rk
AR EHANZ 0 12T 5, TNH6DZ s, MEAKRFEHD S HMEAEKT A DR 134t
WZ2REBTH D Z bbb, £z, MR HOMEEIZ, (1) LT 5 &, FERFITHRNE
ENROM D,

(iil) = AW = AR TR > B UGE B v ¥V 7 % G A 72 IE R TR & 240 2 5k
(t2/t1 =1)

E9. FHNZMAKT (th/t1 = 0) D& E1E 120° ORI PIREDVERRETH 20, ¢, 28
ALTWL Z & T, 120° SOBRBETERK IR IE D FLJE T 4V ¥ — L i SUERK R8O BL i — 4 L ¥ —
DEDPHRZITEDL, BRAI, THE ZDOMOD A (i) & FARICIER NSV, ¢/t = 0.34
DE X, ZOOMEIFW ST DD FRFZ, Néel KRN DFKP 280 Hii i)z 0 (24
b, ZTNHDITENS, 120° KERIEMERTAED S K ERT AN OEEREIE 2 IR TH 5 Z LAY
bhd, —HT. th/t; =1 DIEHETD & EX collinear SRR KRB EEIREETH 5 23,

DAz S LTWL &, collinear SERAEMERKFIRIED EIE T 4L F — & SR IERK IR IE D HL
IRV F—DEMRZITGEDVTWVE, ty/t; =059 D& FIT, ZDDMEIFRAEL, KN LT
%, [AIRFIZ, collinear JHREEME DT ZEE AEHUZ 0 1IZIHADT B, TNH5D I N6, collinear
I EREEMERR A 2 S LRI AN DI L 1L IR TH D Z L b

M o [ ]-I7 »l»@Zl @Zi -A-X

T .
0.06 © Néel = Spiral —
[ Spiral — -0.08 Collinear - -
0.07 0,07 e, Nonmagnetic -+ | e Nonmagnetic
— - o e -
S-o‘os < F( 1(())"()) ; — ] :
IS 1§ _ 00 1
-0.09 0.08 - & \ E
E 1.0F ~_ | )
0.10 )
2.0 ! ! 0.4
-0.09 0'91‘2/fl 1.0
1.0 | | f f 1.0 | | f
L (b) | L(d) |
08F T — 1 osh e 1
L Neéel A L Néel Collinear -+
06F 1.0 T . - 06F 1.0 T T o
Collinear :
= b i s f 1 1
04F= 050 s \ B 04-S05F ‘ — i
L Y **/ * *
02F  00—— 4 0.2 i |
| 08 , | o0 10 |
/'t tz/t]
0.0 | L | - 0.0 | 1 | ! 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.6 0.8 1.0

. . . . .4
t/h h/t 1/t

B 4.4: BET 2 )LF— E(H (a),(c),(e) ROFRFZEE M (M (b),(d),(f)) DFHERR, (i) TIIERE
BEERE =X ARy E v T DB 5 E K FANEZEMT 287 A — R (1, = t) %, (ii) TIE
BOREEIE A& T —>E AN ZAE T AL 20T 585 A — XK (1, = 0) &, (iil) TIEFHH =M
TR Y Y T DB L IEAEFNEBMTERTA =R (t, =) EH>TWVWD, F7z,
B (c) KO (e) \Zd BHXIE, 120° SRKIREEMERRFIRTE & ERRFIRBD T4 V¥ — 2% (AE = Es — Ep)
DFHBEFRTH Y, ZOMOFERHIE, HEFMNIETDNT A —-ZDFHAEMRTH 5,
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(a) 1 /Spira} (Ijollinear (b) /Spiral

Collinear

Néel

Spiral

RV

0.5 1
Jo /I

B4 4.5: (a)(ta/ty, th/t1) SEHIT BT 2 HEAREOHEK (U/t; = 60), (b)(Jo/J1, J5/J1) FHIZ BT
5 EEREOMM, BGOSR RIERT 2R L T\\Wa, Néel KREEMRKFEAH RO 120° R
MR AN OERFE 1E 2 WREEF GELGEIN 22 AHEERE) TH V. collinear FRFEFIA DR IX 1 IR (R
Wit AR ) TH D, MR (1), (i), (i) 1ZB 4.3 EHIELTWS

DEDEGmIZE VI oNT= DD, M 4.5 DX TH 5, BB HEAER to/t. Ml EAE
Hth/t DRESZRLTWS, £3, M 4.5(a) ICEHT B L. (to/t1,th/t1) = (0,0) T Néel
BOEBEMERRF A, (ta/t, th/t1) = (1,1) JALIZ collinear SIRREMERKIFHE. (t2/t1,th/t1) = (1,0).
(0,1) EZIZ 120° SBRBEMERRFHAFEL TWD Z Db h 5, 2L TENS =D DRLAFITFH
DHFNZERIERR T HEDBIE N > TWE Z b5,

[ 4.5(b) i% Heisenberg €7 WIZYI W B A 725 EDHKITH 505, T 2T, MK AHO MR
DWTHATIIZE & R U Tl 3 %, fEIK (1) 12D W T, KR DD X 0.53 < Ja/J; < 0.63
THHN., IN%E J, — Jy IE/HET Heisenberg A TOFHBFER L [LIKT 5 &, FERIZDOWTI,
FATIRGET Jo/Jy = 0.40 — 0.44 [47-51] LHT WA 728, AiFEOSHR Tl Néel KMk
M@ ETnwa eBbhd, 72720, 3BR%E 2x2DIESKT 27 FAX—I1Z LT VCA %i#H
U725EiE. FRIK Jo/J) =042 [6) 72> TE D, ZL4RHERHTVWS, —H T, ERIZDOWT
. ATIIGE T Jo/Jy = 0.59 — 0.62 [47-49,51] L HTWA DT, ARIFFETIEZ YR H 72 & &
bhd, FIE (i) [2DWTIE, Néel KEREEIERKT KO 120° SORBEMER T 31T Jo/Jy = 0.79 JE4
THBL TWBDED, BATE TS Jo/J; = 0.80 — 0.87 [52,53] OHEiPH TR MM H STV D
DT, AL TIEZY AN N EZ O5ND, bARATHEE (iii) [T DWTIX, AT RS FEE
LRV T, HWRIIHHRERTIEATTRETH 5,

4.2.3 - $FERASELL (U/t, < 10)

I TiE - SR TH 2 Uty = 10,U/t; = 6,U/t; = 2 12851 2 EREBOMEEIZD
WTHERET L, £9. M 46 CHRIZRT, U/t =100 EX U/t =60 D& EDOMKE k<
WTWBD, Uty =6 D& Eid, Néel KoRg MR T AR A K O collinear MRk 7 i fak (4
MO 2o TV D (ta/ty,th/t1) = (1,0). (0,1) FLIEEEMS U  IEMER Mgk
MDIER>TWB Z D05, ZNEIOFETHROVEMFHN 7 I A ML =Y a U@ Ts
D, AR HEBRRREPLZEL RSB oTWVWEEOTHIEFZOND, Uty =2D L Zik



HA4E ESKKT t, — ty — th, Hubbard #ALZ 3B

(ta2/t1,t5/t1) =
HHTWS

IHIHEHMESRT ST

ZTh.
(i) :
(ta/t1 =15 /t1)

(i) -
(iii) =
(ta/t1 = 1)

BORL B IE JiR% R - 5 ) = Mg 7R~ & 2289 5 9
LS =AM B SE S NRUGERE R v ¥ 2 TR & AT IE SR B & 240 5 5

5B ERREDEE

B (th/t = 0)

D =D O E NI R T D,

(@) Spiral Collinear (b) Metal Collinear (c)

I/ - I N\

. = = Metal
=03 0.5 F 1 D0Sf
Néel , Néel
7
. Néel
L (i) | |
0 05 0 0.5 10 05
h/h h/h b/t

4.6: U/tl =10 (a)\ U/tl =6 (b)\

U/tl :2(0) 1z

BB
RETH 5,
) ﬁ - L <u> m . *@ (m) @ . m
7.0 T T T T 1 1
1os 6.0 B ) U/t1 10 08 6.0 Ut=10
: 5 5.0 Splral 5008 |
<40 =106 _40f 0.6 _40p 1
23.0— \ 1= 23.0— V1 E 2 3.0 i
Néel 4 Collinear| %+ Neéel | 04 1
200 | 1 201 1 20F g i
| 102 1oz Spiral Collinear |
10F t 1.0 ] 101 3
|
7.0 i 1 7.0 + gt 1 7.0 | - * .
6.0 Unh=6 1, 6O Uh=6 1,5  9F Uh=6 |
E e SOf————e 1 50F -
<40F \\\ Oé 40 1 "-‘; <40F 1
2 3.0 Néel '~ Collinear 0.4 < 3.0 Neéel ‘Metal, 04 < 3.0 Metal Collinear
201 [ i 200 ] 20r
! 02 ‘ H02 s
10} ‘ 101 | 10f _
1.0 t t t 1 1.0 } } } F 1 1.0 } t t
0s) Um=2 14 08l Um=2 4 0s) Um=2 |
06F H06 0.6 406 06 g
5 - Neel Metal S 5 F Neel Metal 1= 3 r q
0.4 104 04 104 < 041 Metal g
T BN 4 S < 4 L il
T I 4 C D 4 L 4
02 j\ \\ 02 0.2 i\\ ‘.“ 02 0.2 i 1
{
0.0 | | | 0 0.0 ! ¢ 0 0.0 : : ; ‘
0204 % 05 08 02047 06 08 07 04 06 08
A
B 4.7: U/t =10, 6, 2 12BT 2 =KX vy 7 (A/ty) KOFRPEE (M) OFHERER,

ORI 4.3 & Ak,

=1 0.8
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=04
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(0,0) JELIZ Néel RBREEMERKF AR TR > TWEH DD, KEVEEIRET
O, kR FF vy T A RORFLEE M OFHEFREEZM 5.2 12589, Z

Bl E ik TR > R CEEE R v ¥ Y J R & A T2 IE G TRERIA & 20T 5 fEIs

B2 HERBOHM, B 0O IS ER T

(iii)
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9. U/t =100 & &, FHE (1) TIX0.71 < to/t; < 0.84 THEKIERLT 2R FEBL L C
B0, THUXLITHE [4,6)(RERDS to/t; = 0.70 — 0.77. EBEA t5/t; = 0.82 — 0.85) &AL T
W5, F72HEE (1i) THEKAMRE S AHA BB L TE D, TOHFIX 0.42 < ¢/t < 0.64
Thd, —/iTHEEK (i) TR U/t = 60 D & ZITIFAE L T KLY 2 g A L <6
. Néel SORBEMERKF D S 120° FOREMERRFHANDEBREB BA ST WS A, T HIdETi
ﬂf%%nénfw [28,54],

WIZ, Uty =6 D2 &, FEIK (i) TIX0.66 < ty/t; < 0.86 THAERT 2D FEL L T\
5, Uty DAEANE 725 T AT KRR 72 i A D RIS AR DY o TWB A, Z DBRIZ%
TR TEMER TN T WD [3,4], 7o, FROBIEDPEI (il) THEI > TWD, — M (i) T
1. 120° SORBEMERR A ASEB L 7280 D IZRIEHBREBIL TH D, Néel KRR & 8
mwﬁ’m?ﬁﬁﬁm%ﬁ%mﬁ%ﬁbfwéo:@ﬁ DWTIRHETMETHHR ST WS,

BB, Uty = 20 &, FEE (1) RO (i) Tl to/t; D/NZ WHIPHT Néel KRR
FMHMRFEL TVE R, ZNLINIBERFE DR WEEMHTH 5, £72. Néel KRk
HHT 2L, —RTFFry 7HHVTVS (A #0) DIE0 S ty/t; < 0.16 DAT, FEHE (1) Tl
0.16 < to/t; < 0.41, FHEIK (ii) T 0.16 < to/t; < 0.47 DHIPATF ¥v FDEH U7 (A = 0) Néel
KRR 2 Fi o - RIBHTH 2 Z 2 o n b, Tt ty/t; = th/ty = 0 T Fermi [ 25542
nesting LTWa Z XIZEKLTW5

4.2.4 BEFHEHBEOLWERICE T I2WMIRZTEHRODETE

BRIZIZ, BPHEBEOR VIR (U = 0) (I8 1) D HAREZRDOFERHRIZOWTHHYT 5, T T
. U = 0 ORI ’a‘o‘b\’cﬁf}fib/@f?biaﬁt7&6?)32%(@%%%:3‘6’ LIz & 0, RO

BEOHEVPGTE20»2HRTAZ L 2HNE LTWA, X &% Lindhard B%% H
WT,
j{: f(ck) = J(k+a) (4.11)
€k+q — €k

YEED 5557, ZITs ex lZU=01BIFBNYRPETH D, f(e) 1 Fermi 705

1
ePe 41

ThHb, KETIIMABEEZRNEL THALTWEDOT, BETIXT =0.01t; Z2ZIRELTWS,
DFED, B=1/T =100/t TH 5, K 4.8 12V DROMENEH/ T A — X T B HAEZ R
®%%%%%%bfméomﬁfﬁyh:Oﬂﬁuq:@n0?@§$ﬁ%b<ﬁ%&ﬁ%tof
WABD, TR T VIFEIIPBIBIRAT 4 VIR MVIZERLTWAEDEEZ NS, —F
FNUNDNRT A =R TIFHMNL 72— BRONTVWRWZ &h 6, FHHBER CITEERRE I

HohzweEZ o505,

7o) = (4.12)
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4.8: 7E BB ity /ty = th/t1 = 0.0, FH BBty /t; = 1.0, th/t; = 0.0, £ Rl :ta/t; = 1.0,th/t; =
0.8, A FK :to/t; =th/t; = 1.0 IZB ) BREKIEZ RO WBUKIFE,
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B£5E =AKFt, —t; Hubbard &E&(ZH (7
HEERBEBODER

COETIIGEE Ry ¥V 7R B AU =Mt — to Hubbard 1810 S ECRREIZBY U Cafin
UTW<, I EHEAEH DA% RE U 7 =A% T 120° SOBBEVERKF 2 RS 6 Z 13 2
FLDOLBYTHDH, fEEELIZHEL 72 Heisenberg MAIZ B W CUCE M BEEH 2 EAT 5
T & T, Wl SRR IRIE T L 72 0 hiPIRIE & U TRESRRT D 700 A ¥ ARG D3 FE B
THUREME DD Z BRI N, TEHEZED TS [58-64], — AT, - G5FHEFIR DI ER
BIZOWTRIFEAEMES N TV, AFETE R, RN EER 2 B IR A 5
BRI ARX—=ERL (VCA) Z2H\\W5 Z 2T, ZOHRIO @RI & CREIREO KLY
DEBIZONWTHERELTWL, TOHEIE, BRI “ Mott transition and magnetism of the
triangular-lattice Hubbard model with next-nearest-neighbor hopping” , K. Misumi, T. Kaneko,
and Y. Ohta, Phys. Rev. B 95, 075124/1-7 (2017) % JCIZH#ED7=ELDTH %,

5.1 Z=AMFJ, — J, Heisenberg 2!

IR A R i L 72 = AT J — Jy Heisenberg SALIZ DWW TH#RT 5, NIV =T
ik

H=J7Y 8-Sj+J > Si-S; (5.1)
(i.4) ((i.3)
rExoN5, TIT. S FPauli ET2HVWTREINE AL VHET S, = ¢l oapeis/2(5 =
1/2) TH 5,

Z @ Heisenberg HHIZ DWW T HIR TIX, UGEEAHEAEH Jo O/N S WHEIE T IE 120° SRR
BRI NG, Jo/J; = 1/8 ZEEHSRE LT, T LD KREWFHIKTIE S, + S+ S35+S5, =0
B 7= 3R U 72 RIS TARIEAVER S 1B [66) (K 5.1 DR, UL, RIS FOMEAIC K-
THOEAMRY . AN T4 7R IREDS T 3V F —ic @@t 5 6669, 20, Z0
BRLE & TH 5 08 A TRERELFF{ET 5 order by disorder D—HITH 2, £/, Bkx 7%
FHATFEORKFEICLD, dFEAC VHEERRIE, ¥ vy TV AR VKRR, R KR &
5 A VHEMIREEDY 120° KEREEMERRRIREE A N T 1 TR R B D I BT B Al HE
PEDRIB I TS [58-64],

572 A Z D Heisenberg M THR T Z L D TEHWHE & LT, BagCoSbyOg ALLERIEX 11
TWa 2, ZOWEIX 120° KRR IREPREREL > TEY, HAEHANATA -2 —3%
Jo/J1 = 0.05 LHERFHEICB T AR BEBLU TS [65], 2F 0., MKAMKEREDS L IEA
k54 TRBHEIRFIRENZETH D, DOIDBRMTRT IO TELIYHIFZLAHRAINT
WA,
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—_

120C|’ 4-sublattice order
0 | » )./,
1/8

o o 9o 9
o v P o @

Magnetization m/mg

B 5.1 K HERICE T S ZMAKK T J; — Jo Heisenberg IO FERBOMHK, Jo/J; = 1/8 B
BB RE 25, AM: ZE YT VAR (VMC) & FW7GHRCE U 7 SR RIBO M [60].
d B R MRS 5 T/ ) = 1/8 AR P R A VIRIRIRIETH 5 Z E WREINT WS

(b) (©)

B 5.2: (a) By ¥V It LUGEER Y ¥V J ty, th ZFD =81 Hubbard #E DR
o (b)120° SEREMERRTIRRE, (c) A b T A TRV IREE, KENTEFARMEL L L &
LBEIZIRDRTVWAL YDA EZRLTED, BdKEIKFIZHLIETWS

[REEE

5.2 =fA1Ft, —t, Hubbard &

ZMMTt; — to Hubbard BEIDO NIV b =7 v HIZRO L5125 2615,

=1 Z chcﬂ, to Z chcﬂ, + UZnZan — pan, (5.2)

(i) @

cf (cie) B i BEHDOYA MR Y o DBETFEER (M) THHETFTH S, 2. (4,5) iFhy
Cy It 2L OBLEDOY A MHAEESIRY &, ((i,)) Ry ¥y Tty 25 DWEHEOY Ak
BaHESIRY F2RLTWS (M5.2(a) 221). U RETHEOR2Z —0 U HEEM (U > 0), u
BIEERT VoYV THD, INEEHES (U > 1) TEBLU 72 & SITERE 15 Heisenberg f 5!
R Jy =42/U. Jy, =4t3/U £ LT (5.1) ATk En 3,

HIffi TRtk U 7z Heisenberg BRI D EATHZEIZ L D, - %’*H%nﬁﬂak SWTH, PGEBEAEEAE
DN WFEIR T 120° SOEEMERRFIREE (K 5.2(b) 22 ) 25, KE WK TA b 74 7Kk
PRRPAREE (X 5.2(c) 22 8) 2RBLL. T0 o ORISR DRWIREELHELT 5 Z 03T
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HTESL, INSDRITHIEZEEE X, AIETIE, WEERY Y 7ty 228638 T, TEHE
WOEEREBEZFARTWS e HIZ, 70 VHEEAU 2/hE < LTV 2 2RO BB
BIZOWTHHFART WL,

5.3 EHDVIRY—EL(VCA)

SHiTIE. FTAMAETHVWEZSERKOZES NIV =T VIO T U, Z OB
B (U/t, = 60) RO - S5AHBEREIR (U/t; < 10) i2xtd 2FEMREE2 T 2R L. ZOBED
EER B O LR T R O BRI 12 O\ TR 5.

5.3.1 SBREZEHNINI=ZTV

=Tt — to Hubbard BEUZ B W T HE R T 2 R AL, 1200 SORBEMR A RO
k54 TRBHEERFEHTHZ 26, BIBERDNINV =T 2 LT,

H = H + Hio00 + Hgir + Hon (53)

ZHWS, SEIOFHE T half-filling(n = 1) DIREEEZEZX 5, ZHONINVFZT VIZDOWT, Hy,
13 120° SERBEMERRFAH, Hgy 13 A & T A TROREMRFHZ TR D 72 DIZHEAINEDTH D,
ZTNEFNUTFDLSIZHEZ S5,

Hizge = g0 Z €q; * S; (5.4)
Hyy = hly, > e'F0 57 (5.5)

72, BFEE half-filling(n = 1) \ZHHHIT 2 DITBERA VY1 NESH
H,, = 52”1‘ (56)

HBALTWS, ZIT, higge KO b, i EENTH 120° SOBREMERTHE. A b 7 1 7 SR
Bz KT 5 Weiss 35 ThH 5, £, S 1387 V170 00 ZFAVT S; = ¢| oupeip/2 £5E
FEINDAE VAT, Qe = (7, 7/V3). (7, —7/V3). (0,—-27/V/3) 1A N T 1 Ttk e

5.3: (a) AR THWZ 12 940 b 2HR, £ 120° KREVERRT 2 PR T & % =Rl 7R, A
: AN T A TREREVERR T 2 TP T & 2 "R TFR. (b) =M TIZ8B 1T S first Brillouin zone,
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to/t1 = 1 A TIEA N T4 TROEBMERRFHEPEE L, Zh o OMOFRRMHEE U TR R
PRI X Nz, E7o. HHEER OUEUE 120° SRIEMERR A & SRR P R D 8588 1308 e 75 2
REEF . collinear SIRBEVERR T AH & T SRR P FHIFT O BER I AN 72 1 IREERE TH 5 Z &AM
U7z, 205 DFERDWTH Heisenberg AL Z W2\ D OETHZE L kL, 5 F <
BTBIERMER LU, - SEAEBRIIEWTIR, B TRAMBIAEZ T TR L, W04
JBHS M S Nz, BSERTHIE BB L ERRT & R o 72 MR H O NIC £ B L7, 20
Zens, SEMGREE AMEICB VW TERMEN T IA N =Y a vOREEZIPT VI L
EHONIZ U, 72, @BEMBRAEBRICOWT, YOEEMHEEMDY 0.0 < to/t; £ 0.5 OHFT
WHHERE A U/t DIEDRE L TWL — AT, 0.5 S to/t; < 1.0 OFIFH TR 2 U, /t; DFEHEE K
LWL & WS, YCEHEMEAEH 28 A U7z EAMFEETIE A S N W 2R 2 X
7zo TOBKUZONWT, K FARY MUVRREBEEFEOFHAEMBREES LEbE MR, REHK
EOY—2 D7 )V IWEINT BAEDER, FEOEBUZE T 5 —k A7 MLXiEH) 5§45
BB DZ L L B SND RN H 5 Z BRI Nz, £/2, —KFFXry 7P _HEA
HOFHEFER? S, “IROBBHFARLE TH D Z &L 72,

AL TIE, 27 I AN — MRETRICEET 2 2 HOR TR 272 L2 8T, Z
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DRI T 2H - RAMREZIRRTEDL L EZTWS, RIZ=MIKT t1 — ty Hubbard BALZE L
Tld, A AIELUE i U 72 Heisenberg HALIZ B9 2 eATHSEIIFAET 2D DD, i - G5FHEIfHIK
WU TR THE7-0, ZOHEBEMNRL-OBPKRLDOKRELRBETHSL WA TV,
U U, KRR i A AIZ B L T, S EN% 2 5, 3M50ERAMARKE DR WIHE LTW
572012, & EAMOMSAHREHPEEHRRSRFPHEEZHBATE ST, AFETHELS
DR THKMERRE TH D LRI 5 Z 2 ikTcERw, /oT, ERMOBEHRTHERZ S 2
FAR—%HT B, EREYTALEE (VMC) REETHIE D AARE (DMRG) &\ o 72515
FiEE2ATREL T, BAEMRPHOMRZ X DEEICRHEL TW Z L IIBERRTHD LA
bihd,
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T %A Z=ABFRICEITDRAEYKEHR

ZITIE, ZARTRICBU B A VIEIERICOWTHEMT 5 [23,74-76), fHHOZ, BIRIZ
BT EAEH O A% W72 = 48 F Heisenberg f57#Y

H=> JsSr Spis (A1)
0

EHWS, ZZTSEEMETCBITBHMNRZ MLERLTED, 6, = (1,0). 65 = (—1/2,v/3/2).
Spo = (—1/2, —V/3/2) £ § 2, EHLMEEAOHEIIE, Js=Jg =J. Jo=J LEAMHRET
% (M A1),
AV DEZONTIE, zx FHNTOAHBHICHERSE L, FEHQ DAYV HipaiEoL
IRETBL, 6 ZIEMN L EDAY VAL IX,
8785 =Sriscos(Q-6) + 87, s5sin(Q-9)
Sg(jr& = Sg+5
5755 = —Srissin(Q-6) + 57, 5cos(Q - 6) (A.2)
LBDT, R (A1) I
H=> Js[SySY s + Si(—Siissin(Q-8) + 87, 5cos(Q - 8)) (A.3)
7,0

+ Sp(Syis5co8(Q-6) + S5, 5sin(Q - 6))]

CEWTEL, AV VEHATE R — XFEBE T o IZEHT 5 FHE L U T Holstein-Primakoff 25 # %

Al: (a)Jg =Jg =J. Jo =J CHEMEHZEZTHNZ U 72 ZMAKT Heisenberg B, (b) =
fakE 112 B 1) % first Brillouin zone, K £ : (47/3,0). M £ : (0,27/V/3) TH 5,
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Anws e,

T _aqf
Sm:\/25-a+2a, sr=v2s L, s = s—dla (A.4)

B, TITIES=|S>12LTWwsl, Zho% (A3)ITRATE L,
S
H= Z Js {52 cos(Q-9) — 5{2(@1&,« + ai+5ar+5) cos (Q - 9)
7,0
¥ (arargs +alal, )(cos(@-8) — 1) — (afares +al sa)(cos(@-8) + 1)) (A5)
LB, ZAuT T —Y T4

ap = e Ta A.6
7 2T (A.6)

=

ZHEMHI e, A (A5) I
H=FE.+ SZ Js Z [{cos (k-0)(cos(Q-0)+1)—2cos(Q - 6)}(a};ak + a;;ak)
B k
— cos (k- 8)(cos (Q - 8) — 1)(aka’ , + ara_i)}

E, :NSQZJ5 cos (Q - 9) (A7)
5
L& TEL, TIT,
A(k) = QSZ Js{cos (k- d)(cos(Q-8)+1) —2cos(Q-9)}
5 B(k) = 2526: Jscos (k- 9)(cos (Q-9) — 1) (A.8)

r35e. R(AT) I

H=F.+ % [A(Zk) (a};ak + aT_ka,k) — @(a,ﬁaik + aga_g) (A.9)

& 725, Bogoliubov 2% F\ N C A KIEIREE 7%
ap = Upog + vkaik (A.10)

LEWT B e, FAE apa_, B alal  2ITBITROIC

A(k)ukvk — @(Ui + Ul%:) =0 (A].].)

LSz ¥ SV I3z &£T &,
§% — /35 . fs(a)aJraffS(a)’ §Y — V25 . fs(a)a*'ans(a)7 Fola) = 1/1— ala
2 21 28
LY. fo(a) % 1/S OEROEE TEMT 5 &,

LRBDEDN, BOFHANHELREDT, S=|S|>12352LT fs(a)=1LEMTES,



kA SAKTRIIBITZ A VEMH 6l

MISIT % 2 L%, SRl — ol =1 2 E@T B L,

P Ak)
PR VAP - BR)P
B(k)
UV = A.12
T VAR - [BR)P (8.12)
B D LD, fEo T (A.9) I,
1
H=E+ ij [E(k) — A()]
+ % ; E(k)(a};ak + oﬁ_ka,k) (A.13)

LERTE, HIEATINX— Ek) = /JAR)? - [BE)2ZO~Y ) ViiEDOEE 55, £,
E=0,QIZBVWTEk)=0&%4b, ZOMETRWESTHRDIEZ &5 (23],

ZIT, EHRQOMHEIZOWT pu=J /] T dL, HEZXNVF— E. BR/NE 725 % B
FVOT, 0<pu<1/202 E1EQ = (0,21/v3) D Collinear FRFIRAEL 720, 1/2 < pp < 0o D
EEIXQ = (2cos™(—=1/2u),0) D Spiral Fifp & 725, FIZ. p=1D& X, Q = (47/3,0) D
120° FRFIREZ N2, FEEARFEDREAL mo

o — < 1> VB dk,dk, A(k)

5Y3) 7% Joens Cr? 2BR) (A1)

DFFBRERNE A2 L7250, MEBA u=1/2 Tmy =020, HEENIZDORNR>TNVWEZ
ENbhB 23],

0.40

0.30

£ 020 f

0.10

collinear

|
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i
|
|
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|
| disorder
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0.00
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1
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1/3 12 8 1

n

A2 BB A K Y BEERIT D WAL mo DFERER (23] BiIE 5 = [ TREL TV 5,
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1 §&B Lanczos&ICE DG,y DETE

ZITH. BRI AR—ZB BT — VBB Gay(z) & BRIEF AT AR AR 2 L T
<o 2V — VBB Gopl2) 1

Gab(z) = Goy(2) + Gl (2)

e 1 T
an(2) = <¢0|0am0b|¢0>

GI,(2) = (Yolc) cal?0)

1
Z+H'*E0
THDBW, |o) KHDBEET Y (o] KM ZHETERRD, DE0, WHORZ N LAHE
BRTIZVWDT, ZITALTEERLTBENS S, T G2, 2AHT 50, KOR

X8, = (tol(ca + c3) (ch + cb) o) (B.1)

1
:—H + E,

Yoy = (Yol (ca — icy) (ch + ic)) o) (B.2)

1
:— H + E,

2FE A B, [(cl 4—c£)|1/)0>]T = (Yol|(ca +cp)s KO [(cf + iCZ)|’(/J0>]T = (Yol(cq —icy) RDT, THH
1 Lanczos IR CTRIATE 5, X&. Y5 & G, DEFRIE,

Xop = Goo + Gy + Gg, + Gy, (B.3)
Y5 =Go, + Gy +1iG, — G, (B.4)

TH B, ftoT Gey 1k XE,. VS 2ANT
e 1 e 1 e e i e e
ab — §Xab - E(Yab + Y;za) - E(Yab - Y;;a) (B5)

YUCAHETES, Gt bR,

Xty = (ol(c] + ef) g (e + enlio) (B.6)
Y = (wnl(el — ich) g (ea + icn) ) (B.7)
Xay = Gog + Gy + Gy + Gy, (B.8)
Y =G, +Gp, —iGl, +iGY, (B.9)
"o
Ghy = 5 Xl — (Y + V) + LV~ V) (B.10)

LLTEtETE %,
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it $%C DEAROEH

Z 2Tk, R BED R THRET 2 LS BGAICHERVEIEMEREZ 522 DE AKX & IE
NDBAERBDEIZ DO WTHEIT 5,

o OffiE e UTHARRNTH 5B AR % T BIE O ERZEH] [—oo, oo] DBBITH L THWS
L O THEDRWHERE2EZ 2 Z WMo NTWS, ZOFEEIZMKEY, DEARXTIREBEDIZS
A HNT-HEY

b
I:/ f(x)dx (C.1)

B RN XD MEBRZEM] [—o0o0, 00] DFBEMICE L, BRAREMEHT S, Z ORI L TR
B(t) 12 & B HBA

z = ¢(t),a = ¢(—00),b= ¢(c0) (C2)
2IT5 &, B IR,
1= [ s o (©3)
s, ZHICEMELA W DBRARNEZ#EHT 5 &,
I~1N = p %&f@%MWU@ (N=N_+Ng+1) (C.4)
ke N

B, ThbLbED M ap = ¢(kh). EhA w, = ¢'(kh) £ LT,

Ny
I,(LN):h Z f(ag)wg (C.5)
k=—N_
Thod, ZITNFAADETHZ, 2% D, N HEIHEMIBBENAT LHEDVDH 2.
IITEERON, EHir=¢(t) & UTEYRBEA LSV bORE NS I THE, Lk
BOWRABED t — too TERHMHTEONEE L, D, ZHMEKOMS ¢ (t) HIEE
BT BEDNR LN, TBHr LTWL 22 %251F53 &,

! T
I= /_1 f(z)dxr = = = ¢(t) = tanh (5 sinht) (C.6)
I= /OOO f(z)dr = x = ¢(t) = exp (% sinh t) (C.7)
I= /000 fi(z)exp (—z)dx = x = ¢(t) = exp (t — exp (1)) (C.8)

Iz/ﬁf@ﬂwémzdw:mmeﬁmﬂ (C.9)
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Nhbd, ZOEMWEHNSZ LT, FIZIX(C6) DEE. t — co DL E ORI BIEIL,

F(@(1)¢' (t)~ exp (—cexp [t]) (C.10)

D & 3 12~ EHEBEE (Double Exponential) 12 IHET 5, = OARIE, 2T OWH
B CHIT B (C.1)~(C.0) DX 5 BEETH, ZREHBORIZHED 721, HED
BEOBAEE 5A3 LW RS H 5, HARAREHCS D, BHOKES LT 57014
AENE T B, REORAMENRIHTE 2 2\ S HHb 5 5.
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4 82D VCAICHIT 3 120° RBMMEKF
Weiss 5 DIFRWVAIZDWT

ZZTlE, VCAIZHBIT B 120° IKERFEVERKF 2 52 5 Weiss 5 DFHEFIEIZ DO WTHGRT 5,
Néel [tV e D356 1%

Hy =hig Y e 9NTiss
-3 2 (e (D.1)

LmBMN, ZORERRD L, AVY o ORFHHREFOATRES Z W05, —f, 120° K
SRIEVERR P DG L, B D.1(a) DL ICHEFSNI L3 YA b=zl LTEXS L,
3
Hiz00 = higge Z € - S; (D.2)
i=1
LB, TIT, S ATV 00p RIVT S; = cl,0apcip/2 LREBEIND A VHEIT, e
FHA b BT 2REEFET TS U T 120° $FOEEEL TWEHIRY MV TH D, Thedik
(W) BT cf(c;) THERTDIT, BRIART ML e; & zy FRININD S L LT, K D.1(b)
DEIIZ

3 () Y

3
VAR

€3
(a) (b)

D.1: (a):lE=MJE 3 ¥ M 2GR, 120° BHEMERF X 3 Ao T 20T, 2R LT
WD 25 AR—DHA MIH 3 DI E B, (b):120° KIRBEVERKTF Weiss 5128 £ 5 Bifii~ 2
MVe 0; FBALRZ PV o 8IS 24EERLTED, 6, =0, 6, =27. 03=—27 TH 5,
(c):6 ¥ PAE Y VAT )V I VR, 120° KIREMERRT Weiss 52 02175 2 &id, 7V 34
VRO Y A MEEROE S Z L LHETH S,

X

.AQ
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e; =cosbie, +sinbie, = e, (D.3)
1
ey = cosbse, +sinbre, = —iez + ?ey (D.4)
3
es3 = cosfze, +sinfze, = —iez — gey (D.5)

tﬁ&bét (91:0\ 02:%’”\ 83:7%7{)\ iﬁ(DQ) Li\

Hisge = hliggo(€1-S1+ €2+ Sa+e3-S3)

&

. . 1 V3,
= 5 (elen +elen + (- + ichea + (-5 = e en

1 V3, 1 V3.
+ (_5 - 71)C;TC3J’ + (_5 + TZ)C;LC?,T)

h/120° 3 i0, T —i6a T
=" ;(e CorCal + €7 "0C) Cat) (D.6)
L, ZORERL L, ACVOMEVYIVEDLAE Y 7 )y THPZENT WD Z EADD
5, oT, HEREIT I AV RT | AL VEXDHEEDTHRD 528 TOREEERL &
FhIER 530, 22T, I DA(c) DESI6H A1 PODAEY L ATV IAVREART L,
cl = el (e = ci)s el = el (i = ciys) B BDT, & (D.6) I,

3
Higoe = Z((ema cheats +e el geq)) (D.7)

a=1

B, fEoT, 120° KiktEMERFE 252 % Weiss BIZAE VY LA 7z VI A v DRy ¥r 7
HEREAZUTIRS ZeNTED, 72, 120° KBWEHERREZERIZOWTHEREIZAY VL A
TV IFVERNT,

3
1 , By
Migge = 3 Z(@w“ cheats +e el gea))

a=1

1 dz 3 0 —10

~ 3N, c 27i Z Z(<€ “Gaat3,o (K, 2) +e 7" Gay34,0 (K, 2))) (D.8)
c < K a=1

LRTENTES,

ZIZT, AV VAT o)V I 4 VREBERNMETR S GAEOERENES KT 5, HIZIX 129
A N RO half-filling k&% F X 2456, KD Weiss 5% ERT 2551, b IR F—
DN 16 fE, | 6 fHDREBDAZZ ZNIX L <, B 5 BAREHUL 12C x12 Cg = 853776 1 D T
H BN, 120° KREFERRE O Weiss 5% Z 8T 55615, 24 1 POAY Y L ZARIT 12 MOk
FEANDNRNR =V EZEZRITNIERS WO T, BLD 5 BIREEUT 24Cio = 2704156 3@ D TH
5, DFD, AV VLV RIZTBHZ 2L 0 EESALTHS THOY A XARE D RELKRB, ZD
72, HENHETHRA D7 T ARX—DY A NEDRFUED, FAE Y ORUE EE L 7z KK RE%
HETLELDENIL RBZIE2EZERELRITNIER SN,
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o

ARG T ERF R AM R KHEZBROb L TE O oNZHDTY, KHERR
ZIEEEES 4 OISR R D S LA HRFEE T £ To 6 EMICIED . WFRRITKT 20 MlA S
DWFEDHED . HXCHER T LT =2 a v O AREIZDWTENTIEE L THE £ L,
72, ENAOYHZAATBIIZ ST 5 &5 ZHREEW -2 T, HEELEREZ TS e
TEFE U7, WHERZEE OBEIZEDG DB T 2 2MHA TOWZBRICE Mk IC R THEHEE L, D
S D BEIBHEL £,

BULEWIZE T O &7 BRI IE R IR T OED 5 5 2 5 A X =&ML (VCA) DBIF
DOFEITE LU THEWZD, YN 2R AR U CERICERRT RNA AZ2EEE L, £/,
MSCHEDOE B R4 Y R— M2 UCTIHE U7, AHEFIEOBRRICEL LTk, KHEZEED
KETHD O T TENAIE L, BEFEAK, /CBEBE,SHZTHEHW I L EAMEEZED S 1
TIERPERVWEFEE > TED £, DX VFESE#HBLET,

DM ET L UCEE 8%, flEe UCKHEMERE, BBz, bz 2
B, ANREER L U CHA LA OMIARTE A R BICBE LU CIHE E Lz, REFMS
X, PHBEMOABEOBICER TS 2HEZ U2, BEBDOLEHITOH K 0 HEEHBL
E

0 A EM D S ERYERRUME T 2 TO 9 M TR L 725 TV B EIEREE I I3 BUER R
HEZR R IZ T > TTHW 221 TR L, BORWHKICE M EA > TWEEWT, EHEDORM
R EZITH B> CIHEE Uz, 72, M ERREESHIZESOZ L TF—HIZR>TL X5
7272012, RARIZDOEARGREE HIZBEZOY R— b 22 TIEETLES LWVHIMERIZAR ST
LEWVWE UL, BELSBHECHLU LTSIz, DI OESREHBU T, /2. BRI L Tk
PR-PMETEIENTERDSBEOHRIZEELSBHEVOHL LT b1z, MgicsEdhT
EABIBAFESTHEWZZ 2ITODE D ESBE#HHL 7,

BEBIZIRD ETH, RO INE TORFROKRFHRETOMIEAENE 2 XA T o7 Zliglisnh &
DTS EHEL £9,
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The variational cluster approximation is used to study the frustrated Hubbard model at half filling defined on the two-
dimensional square lattice with anisotropic next-nearest-neighbor hopping parameters. We calculate the ground-state
phase diagrams of the model in a wide parameter space for a variety of lattice geometries, including square, crossed-
square, and triangular lattices. We examine the Mott metal-insulator transition and show that, in the Mott insulating
phase, magnetic phases with Néel, collinear, and spiral orders appear in relevant parameter regions, and in an
intermediate region between these phases, a nonmagnetic insulating phase caused by the quantum fluctuations in the

geometrically frustrated spin degrees of freedom emerges.

1. Introduction

The effect of geometrical frustration in strongly correlated
electron systems has been one of the major issues of
condensed matter physics. In particular, a spin-liquid state
caused by the frustration has been interpreted as an exotic
state of matter, where the magnetic long-range order is
destroyed, yielding a quantum paramagnetic (or nonmag-
netic) state at zero temperature’ or even exotic mechanisms
of high-temperature superconductivity.” The Hubbard,
Heisenberg, and related models defined on two-dimensional
square and triangular lattices with geometrical frustration
have been studied in this respect to find novel quantum
disordered states by a variety of theoretical methods.

In the square-lattice cases, the J—J, Heisenberg model
with the nearest-neighbor (/1) and next-nearest-neighbor (J5)
exchange interactions have been studied for more than two
decades.>3? At J, = 0, where the frustration is absent, the
model is known to have the Néel-type antiferromagnetic long-
range order. With increasing J;, the frustration increases, but
at J, = J;, the model again has the ground state with the
collinear antiferromagnetic long-range order. The strongest
frustration occurs around J,/J; = 0.5, where nonmagnetic
states such as a valence bond state*6-8:10:11.14-16,18.2229) 54
a spin-liquid state'>?*?® have been suggested to appear,
the region of which has recently been studied further in
detail33? The #;-1,—U Hubbard model with the nearest-
neighbor (#;) and next-nearest-neighbor (#,) hopping pa-
rameters and the on-site repulsive interaction U has also been
studied, where it has been shown that the critical interaction
strength U, of the metal-insulator transition increases
monotonically with increasing t,/¢,°>> and that the ground
state has the Néel order at a small #,/f; and a collinear order
around #, = #;.%3) Then, the nonmagnetic insulating state
appears between these ordered states.3*3%

In the triangular-lattice cases, the anisotropic J—J'
triangular Heisenberg model has been studied. In the
isotropic case (J=J’), the 120° spiral ordered phase is
known to be stable.’” In the anisotropic case, the Néel order
is realized when J'/J is small and the spiral order is realized
around J'/J = 1,%*® and between these phases, a dimer
ordered phase’ or a spin-liquid phase***” has been
predicted to appear. The anisotropic 7—'-U triangular
Hubbard model has also been studied,**>> where it has
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been shown that U, increases with increasing #'/t: at a small
'/t a metal-insulator transition occurs from the metallic
phase to the Néel ordered phase, whereas at ¢/t~ 1 a
nonmagnetic insulating phase appears between the metallic
and spiral ordered phases.’*> Recently, the magnetic orders
in the triangular-lattice Heisenberg model with J; and J, have
also been studied, where a nonmagnetic insulating phase is
shown to appear between the spiral and collinear phases.’*%”

In this paper, motivated by the above developments in the
field, we study the frustrated square-lattice Hubbard model at
half filling with the isotropic nearest-neighbor and anisotrop-
ic next-nearest-neighbor hopping parameters and clarify the
metal-insulator transition, the appearance of possible mag-
netic orderings, and the emergence of a nonmagnetic
insulating phase. The search is made in a wide parameter
space including square, crossed-square, and triangular
lattices, as well as in weak to strong electron correlation
regimes. We use the variational cluster approximation (VCA)
based on self-energy functional theory (SFT),®'~% which
enables us to take into account the quantum fluctuations of
the system, so that we can study the effect of geometrical
frustration on the spin degrees of freedom and determine the
critical interaction strength for the spontaneous symmetry
breaking of the model. We examine the entire regime of the
strength of electron correlations at zero temperature, of which
little detail is known. In particular, we compare our results in
the strong correlation regime with those of the Heisenberg
model, for which many studies have been carried out. We
also compare our results with those in the weak correlation
limit via the generalized magnetic susceptibility calculation
and with those of the classical Heisenberg model calculation
where the quantum spin fluctuations are absent.

We will thereby show that magnetic phases with Néel,
collinear, and spiral orders appear in relevant regions of the
parameter space of our model and that a nonmagnetic
insulating phase, caused by the quantum fluctuations in the
frustrated spin degrees of freedom, emerges in a wide
parameter region between the ordered phases obtained. The
orders of the phase transitions will also be determined. We
will summarize our results as a ground-state phase diagram in
a full two-dimensional parameter space. This phase diagram
will make the characterization of the nonmagnetic insulating
phase more approachable, although this is beyond the scope
of the present paper.

©2016 The Physical Society of Japan
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(b)

(©) (d)

Fig. 1. (Color online) (a) Schematic representation of the square-lattice
Hubbard model with the isotropic nearest-neighbor hopping parameter ¢; and
anisotropic next-nearest-neighbor parameters 7, and #,. (b) Isotropic square
lattice at 1, = 5, = 0. (c) Crossed square lattice at 1, = t, = ;. (d) Isotropic
triangular lattice at 7, = 1, and #;, = 0. The arrows represent the directions of
the electron spins. The sublattices are indicated by different colors.

2. Model and Method

We consider the frustrated Hubbard model defined on the
two-dimensional square lattice at half filling as illustrated in
Fig. 1. The Hamiltonian is given by

H=-1 Z Z C;;.Cjo' —h Z ZC}LCJU

(ij) o (i) o

-0 Z ZC;% + UZ”iT”il —H Znim ey
gy e i i,o

where c}a is the creation operator of an electron with spin o at
site { and n;, = cjgc,-g. (i,j) indicates the nearest-neighbor
bonds with an isotropic hopping parameter #;, and ({i,j)) and
{i,j)" indicate the next-nearest-neighbor bonds with ani-
sotropic hopping parameters #, and 7, respectively [see
Fig. 1(a)]. U is the on-site Coulomb repulsion between
electrons and u is the chemical potential maintaining the
system at half filling. In the large-U limit, the model can be
mapped onto the frustrated spin-1/2 Heisenberg model

H:JIZSi'Sj'FJZZSi'Sj"'JéZsi'sj 2)
(@.j) (i) (0

in the second-order perturbation of the hopping parameters
with S; = 3", ¢,6a5Cip/2, Where 6,5 is the vector of Pauli
matrices. The exchange coupling constants are given by
J1=41/U, J, =45/U, and J, =41}/U for the lattice
shown in Fig. 1(a). We will compare our results of the
Hubbard model in the strong correlation regime with those of
the frustrated Heisenberg model, for which related studies
have been carried out.

We treat a wide parameter space of 0 <1 /f; <1 and
0<1/ty <1, including three limiting cases: (i) at t, =
t, = 0 [square lattice, see Fig. 1(b)], where the Néel order
is realized, (ii) at #, =, = #; [crossed square lattice, see
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Fig. 2. (Color online) Left: twelve-site square-lattice cluster used as a
reference system in our analysis. Right: equivalent triangular-lattice cluster,
where the three sites 1, 2, and 3 form an equilateral triangle. The anisotropic
triangular lattice is defined as #, = 0 and #; # 1,.

Fig. 1(c)], where the collinear order is realized, and (iii) at
tp = t; and ¢, = 0 [triangular lattice, see Fig. 1(d)], where the
120° spiral order is realized. We will calculate how the above
three ordered phases change when the hopping parameters
are varied in the ranges 0 <7, <t and 0 < 1), < 1.

We employ the VCA, which is a quantum cluster method
based on SFT,°%» where the grand potential Q of the
original system is given by a functional of the self-energy. By
restricting the trial self-energy to that of the reference system
%', we obtain the grand potential in the thermodynamic limit
as

QY] =Q +Trin(G,' =)' = TrinG, 3)

where Q" and G’ are the exact grand potential and Green
function of the reference system, respectively, and G is the
noninteracting Green function. The short-range electron
correlations within the cluster of the reference system are
taken into account exactly.

The advantage of the VCA is that the spontaneous
symmetry breaking can be treated within the framework of
the theory. Here, we introduce the Weiss fields for magnetic
orderings as variational parameters. The Hamiltonian of the
reference system is then given by H' = H + Hy + Hc + Hs
with

Hy=hy ) &, (4)
He =he Y e9emiss, 6))
Hs=hg) eq S ©)

where hy, h¢, and hg are the strengths of the Weiss fields for
the Néel, collinear, and spiral orders, respectively. The wave
vectors are defined as Qy = (z, z) for the Néel order and
Q¢ = (#,0) or (0,7) for the collinear order. For the spiral
order, the unit vectors e,, are rotated by 120° to each other,
where a; (=1,2,3) is the sublattice index of site i. The
variational parameter is optimized on the basis of the
variational principle 0Q/0h’ = 0 for each magnetic order.
The solution with 4’ # O corresponds to the ordered state.
We use the twelve-site cluster shown in Fig. 2 as the
reference system. This cluster is convenient because we can
treat the two-sublattice states (Néel and collinear states) with
an equal number of up and down spins and, at the same time,
the three-sublattice state (spiral state) with an equal number
of three sublattice sites. Note that longer-period phases such

©2016 The Physical Society of Japan
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Fig. 3. (Color online) (a) Calculated ground-state phase diagram of our
model at U/t; = 60 in the (t,/t, t’z/tl) plane and (b) converted phase
diagram in the (J»/Jy,J,/J1) plane. The uncolored region corresponds to the
nonmagnetic insulating phase. The transition to the collinear phase is of the
first order (or discontinuous) and the transitions to the Néel and spiral phases
are of the second order (or continuous). The phases along dashed lines (i),
(ii), and (iii) shown in (a) are circumstantiated in Fig. 4.

as a spiral phase mentioned in a different system> and
incommensurate ordered phases are difficult to treat in the
present approach.

3. Results of Calculations

3.1 Strong correlation regime

First, let us discuss the phase diagram of our model in the
strong correlation regime U/t; = 60. The result is shown in
Fig. 3, where the result for our Hubbard model in the
(t2/11, 1y /1) plane as well as the same result converted to the
Heisenberg model parameters (J>/Jy,J,/J;) are shown. We
find three ordered phases: the Néel ordered phase around
(t2/t1,1,/t1) = (0,0), the collinear ordered phase around
(t2/t1,t,/t1) = (1,1), and the spiral ordered phase around
(t2/t1,ty/t1) = (1,0) and (0, 1). The nonmagnetic insulating
phase, which is absent in the classical Heisenberg model (see
Appendix A), appears in an intermediate region between
the three ordered phases. Thus, the quantum fluctuations in
the frustrated spin degrees of freedom are essential in the
emergence of the nonmagnetic insulating phase. As shown
below, the phase transition to the collinear phase is of the
first order (or discontinuous) and the phase transitions to
the Néel and spiral phases are of the second order (or
continuous). This phase diagram is determined on the basis
of the calculated ground-state energies £ = Q + u (per site)
and magnetic order parameters M (per site) defined as
My = (2/L)Y, e Ti(S7) for the Néel order, Mc =
(2/L)Y; eQc7i(S3) for the collinear order, and Ms =
(2/L) ) ;eq, - (S;) for the spiral order, where (---) stands
for the ground-state expectation value and L is the number of
sites in the system. In the following, we will circumstantiate
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the obtained phases, particularly along lines (i), (ii), and (iii)
drawn in Fig. 3(a), whereby we will discuss some details of
our calculated results in comparison with other studies.

Along line (i): The results are shown in the left panels of
Fig. 4, where we assume f, = t/z. At t, = 0, the ground state
is the Néel order, and with increasing f,, the energy of the
Néel order gradually approaches the energy of the non-
magnetic state. At #,/t; = 0.73, the energy of the Néel order
continuously reaches the energy of the nonmagnetic state and
the Néel order disappears. The calculated order parameter
indicates a continuous phase transition. At #,/¢; = 1, on the
other hand, the ground state is the collinear order. The
ground-state energy of the collinear order increases with
decreasing fp, and at t,/t; = 0.79, it crosses to the non-
magnetic state, resulting in a discontinuous phase transition,
as indicated by the calculated order parameter. The non-
magnetic insulating state thus appears at 0.73 < f,/t; <
0.79, which corresponds to the region 0.53 < J,/J; < 0.63
in the Heisenberg model parameters. In comparison with
previous studies on the J;—J, square-lattice Heisenberg
model, which have estimated the transition point between
the Néel and nonmagnetic phases to be at J,/J; = 0.40—
0.44,17:22243132) our result slightly overestimates the stability
of the Néel order. This overestimation may be caused by the
cluster geometry used in our calculations; if we use the 2 X 2
site cluster as the reference system, the transition occurs
at J,/Jy = 0.42,%9 which is in good agreement with the
previous studies. The transition point between the collinear
and nonmagnetic phases, on the other hand, has been
estimated to be at J,/J; = 0.59-0.62,'72%2%32) which is in
good agreement with our result.

Along line (ii): The results are shown in the middle panels
of Fig. 4, where we assume #, = 0. With increasing , from
t, = 0, at which the ground state is the Néel order, the energy
of the Néel order gradually approaches the energy of the
nonmagnetic state, and at #,/t; = 0.88, the Néel order
disappears continuously. The calculated order parameter
indicates the continuous phase transition. At ¢, /¢; = 1, on the
other hand, the ground state is the spiral order, although the
energy difference between the spiral and nonmagnetic states
is very small [see the inset of Fig. 4(c)] due to the strong
geometrical frustration of the triangular lattice. With
decreasing f, from f,/t; = 1, the ground-state energy of the
spiral order increases gradually and approaches the energy of
the nonmagnetic state, and at #,/¢; = 0.89, the spiral order
disappears continuously, in agreement with the calculated
order parameter. Thus, the nonmagnetic phase appears in a
very narrow region of 0.88 < 1,/¢; < 0.89. The correspond-
ing Heisenberg model parameters at which the Néel and
spiral orders disappear are around J,/J; = 0.79. The
previous studies for the anisotropic triangular-lattice
Heisenberg model*>*» have given values around J,/J; =
0.80-0.87 for the transition point, which are in good
agreement with our result.

Along line (iii): The results are shown in the right panels
of Fig. 4, where we assume 1, = #;. At ¢, = 0, the ground
state is the spiral order, although the energy difference from
the nonmagnetic state is very small [see the inset of
Fig. 4(e)]. With increasing 7, the energy of the spiral order
gradually approaches the energy of the nonmagnetic state,
and at #,/#; = 0.34, the spiral order disappears continuously,

©2016 The Physical Society of Japan
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Fig. 4. (Color online) Calculated ground-state energies (upper panels) and order parameters (lower panels) for the Néel, collinear, spiral, and nonmagnetic

insulating phases as a function of #, /¢, or #,/t,. The left, middle, and right panels correspond to lines (i), (ii), and (iii) in Fig. 3(a), where we assume #, = 1,
t, =0, and 1, = 11, respectively. The inset in (c) and (e) displays the energy difference between the spiral and nonmagnetic insulating phases AE, and other

insets enlarge the region near the phase boundary.
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Fig. 5. (Color online) Calculated ground-state phase diagrams of our

model in the (1/t,1,/t;) plane at (a) U/ty =10, (b) U/ty =6, and
(¢) U/t; =2. The uncolored regions in (a) and (b) correspond to the
nonmagnetic insulating phase. The phases along dashed lines (i), (ii), and (iii)
shown in (a) are circumstantiated in Fig. 6.

in agreement with the calculated order parameter. On the
other hand, with decreasing 7, from #,/t; = 1, at which the
collinear order is stable, the ground-state energy of the
collinear order increases and crosses to the nonmagnetic
state at #,/t; = 0.59. The transition is thus discontinuous,
in agreement with the calculated order parameter. The
nonmagnetic state therefore appears at 0.34 < 7, /t; < 0.59,

064711-4

which corresponds to the region 0.11 < J,/J; < 0.34 if we
use the Heisenberg model parameters. To our knowledge, no
comparable calculations have been made for the frustrated
Heisenberg model in this parameter region.

3.2 Intermediate to weak correlation regime

Next, let us discuss the phase diagram of our model in
the intermediate to weak correlation regime. The results at
U/t; = 10, 6, and 2 are shown in Fig. 5. The detailed results
for the calculated single-particle gap and order parameters are
also shown in Fig. 6 along lines (i), (ii), and (iii) defined
above.

At U/t; = 10, we find that the results are qualitatively
similar to those at U/t; = 60, except for the transition
between the Néel and spiral orders: the nonmagnetic
insulating phase appears between these orders at U/t; = 60
but a direct first-order transition occurs at U/t; = 1033
with a double minimum structure in the grand potential. The
nonmagnetic insulating phase appears at 0.71 < #,/t; < 0.84
along line (i), which is in good agreement with the previous
studies,>**® where the values #,/t; = 0.70-0.77 for the
transition between the Néel and nonmagnetic phases and
tr/t; = 0.82-0.85 for the transition between the collinear
and nonmagnetic phases were reported. The nonmagnetic
phase also appears at 0.42 < #,/t; < 0.64 along line (iii).

At U/t; = 6, we find that the spiral phase disappears and a
paramagnetic metallic phase appears in the triangular lattice
geometry at (/11,1 /t;) =~ (1,0) or (0, 1). The nonmagnetic
insulating phase appears at 0.66 < f,/t; < 0.86 along
line (i), the region of which becomes wider with decreasing
value of U/t; from 60 to 10 and 6, which is again in good
agreement with the previous studies.’*** The region of the
nonmagnetic insulating phase also becomes wider along
line (iii), which occurs between the collinear and para-
magnetic metallic phases. Along line (ii), the nonmagnetic

©2016 The Physical Society of Japan
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Fig. 6.

(Color online) Calculated results for the order parameters M (pink, green, and red dots) of the Néel, collinear, and spiral phases and the single-particle

gap A/t (black crosses) at U/t; = 10 (upper panels), U/t; = 6 (middle panels), and U/f; = 2 (lower panels). The left, middle, and right panels correspond to
the lines (i), (ii), and (iii) defined in Fig. 5(a), where we assume #, = 15, #, = 0, and 1, = 11, respectively.

insulating phase with a small charge gap appears again,
which is between the Néel and paramagnetic metallic
phases. >

At U/t = 2, the paramagnetic metallic phase overwhelms
the collinear and nonmagnetic insulating phases, retaining
only the Néel ordered phase around #,/t; = t,/t; = 0. Within
the Néel phase, the charge gap opens only at 0 < £, /1) <
0.16 and the metallic Néel ordered phase appears at
0.16 < 1, /t; < 0.41 along line (i) and at 0.16 < £, /#; < 0.47
along line (ii). The perfect Fermi surface nesting at ,/t; =
t,/ti = 0 and its deformation away from f,/t; = t,/t; =0
are responsible for these results.*” The generalized magnetic
susceptibility yo(q) calculated in the noninteracting limit of
our model [Eq. (1)] explains this result (see Appendix B).
The transition between the Néel ordered metallic phase and
the paramagnetic metallic phase is continuous along line (i)
and discontinuous along line (ii).

4. Summary

We have used the VCA based on SFT to study the two-
dimensional frustrated Hubbard model at half filling with
the isotropic nearest-neighbor and anisotropic next-nearest-
neighbor hopping parameters. We have particularly focused
on the effect of geometrical frustration on the spin degrees of
freedom of the model in a wide parameter space including
square, crossed-square, and triangular lattices in a wide range
of the interaction strength at zero temperature. We have
thereby investigated the metal—insulator transition, the
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magnetic orders, and the emergence of the nonmagnetic
insulating phase, although the phases with incommensurate
orders or with longer-period orders than the cluster size used
have not been taken into account owing to the limitation of
the VCA. We have also calculated the ground-state phase
diagram of the corresponding classical Heisenberg model
as well as the generalized magnetic susceptibility in the
noninteracting limit.

We have thus determined the ground-state phase diagram
of the model and found that, in the strong correlation regime,
magnetic phases with the Néel, collinear, and spiral orders
appear in the parameter space, and a nonmagnetic insulating
phase, caused by the effect of quantum fluctuations in the
frustrated spin degrees of freedom, emerges in the wide
parameter region between these three ordered phases. We
have also found that the phase transition from the Néel and
spiral orders to the nonmagnetic phase is continuous (or a
second-order transition), whereas the transition from the
collinear order to the nonmagnetic phase is discontinuous (or
a first-order transition). We have compared our results with
the results of the corresponding Heisenberg model calcu-
lations that have been made so far and found that the
agreement is good whenever the comparison is possible. We
have also found that, in the intermediate correlation regime,
the paramagnetic metallic phase begins to appear in the
triangular lattice geometry, which overwhelms the collinear
and nonmagnetic insulating phases in the weak correlation
regime, retaining only the Néel ordered phase in the square

©?2016 The Physical Society of Japan
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Fig. A-1. (Color online) Calculated ground-state phase diagram of the
corresponding classical Heisenberg model.

lattice geometry. We hope that our results for the phase
diagram obtained in the wide parameter space will encourage
future studies on the characterization of the nonmagnetic
insulating phase as well as on its experimental relevance.
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Appendix A: Ground-State Phase Diagram of the
Classical Heisenberg Model

Here, we present the ground-state phase diagram of the
classical Heisenberg model, which is defined as in Eq. (2) but
its quantum spins S; are replaced by the classical vectors S,
so that quantum fluctuations of the system are completely
suppressed although the frustrative features in the spin
degrees of freedom are present. The Hamiltonian is given by
H= Z J(q)S_q ¢ In momentum space, where

J(q) = Ji(cos gx + cos q,) + J5 cos(gx + g)

+J cos(gx = gy). (AD)
The ground states of the system are calculated® and the
phase diagram is obtained as shown in Fig. A-1. We find that
the magnetically ordered ground states appear in the entire
parameter space examined, which include the Néel order
[¢g = (z, m)], collinear order [q = (x,0)], and spiral orders
lg = (9.9) and (¢, —¢') with g = cos™'(=J,/2J,) and ¢ =
0s™1(=J1/2J5)]. Therefore, comparing with the results
given in the main text, we may conclude that the quantum
fluctuations in the geometrically frustrated spin degrees of
freedom are essential in the emergence of the nonmagnetic
insulating phase discussed in the main text.

Appendix B: Generalized Susceptibility in the
Noninteracting Limit

Here, we present the generalized magnetic susceptibility
(or Lindhard function) at zero frequency,®%"

volq) = ~ Zf(€k) f(€k+q)

€k+q — €k

(B-1)

calculated for our model [Eq. (1)] in the noninteracting limit,
where ¢ is the corresponding noninteracting band disperson
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(@ (b)

il).9

Fig. B-1. (Color online) Calculated generalized magnetic susceptibility
defined in Eq. (B-1) at (a) t,/1; =1, /t; = 0.0, (b) 1o/t = 1.0, 1, /t; = 0.0,
(©) /1y = 1.0, t,/t; = 0.8, and (d) 1,/1; = #,/t; = 1.0. The corresponding
Fermi surface is shown in each panel.

and f(e) is the Fermi function. The calculated results at
temperature 0.01¢; are shown in Fig. B-1, where we find that
a diverging behavior appears only at ¢ = (x, 7) in Fig. B-1(a)
due to perfect Fermi surface nesting, which yields the Néel
ordered state at t,/t; = #,/t; = 0.0 in the presence of a small
but finite interaction strength U. There are characteristic
features of y((g) but no other diverging behaviors are found,
indicating the absence of other magnetic orderings in the
weak correlation limit.
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The variational cluster approximation is used to study the isotropic triangular-lattice Hubbard model at
half filling, taking into account the nearest-neighbor (#;) and next-nearest-neighbor (#,) hopping parameters
for magnetic frustrations. We determine the ground-state phase diagram of the model. In the strong-correlation
regime, the 120° Néel- and stripe-ordered phases appear, and a nonmagnetic insulating phase emerges in between.
In the intermediate correlation regime, the nonmagnetic insulating phase expands to a wider parameter region,
which goes into a paramagnetic metallic phase in the weak-correlation regime. The critical phase boundary of
the Mott metal-insulator transition is discussed in terms of the van Hove singularity evident in the calculated

density of states and single-particle spectral function.
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I. INTRODUCTION

The physics of geometrical frustration in strongly correlated
electron systems has long attracted much attention [1-3].
In particular, the possible absence of magnetic long-range
orders at zero temperature in the Heisenberg and Hubbard
models defined on frustrated lattices, or the realization of a
spin-liquid phase as an exotic state of matter, has been one
of the major issues in this field. The Mott metal-insulator
transition is also a fundamental phenomenon in the field of
strongly correlated electron systems [4,5], which has attracted
much experimental and theoretical interest as well. As one of
the simplest models with geometrical frustration and Mott
transition, we therefore study the Hubbard model at half
filling defined on the triangular lattice in this paper, where
not only the nearest-neighbor hopping parameters but also the
next-nearest-neighbor ones are included.

Much effort has so far been devoted in the study of the
triangular-lattice Hubbard model with anisotropic nearest-
neighbor hopping parameters [6—14], which was motivated
by experimental findings of possible spin-liquid states in
some organic Mott insulators such as k-(ET),Cu,(CN);
[15-18] and EtMe;Sb[Pd(dmit),], [19,20]. The triangular-
lattice Heisenberg model with the anisotropic exchange in-
teractions has also been studied to find a variety of ordered
phases such as Néel and spiral orders, as well as the quantum
disordered (or spin-liquid) phases in between [21-23].

However, to the best of our knowledge, the isotropic
triangular-lattice Hubbard model with both the nearest-
neighbor (#;) and next-nearest-neighbor (#;) hopping pa-
rameters has not yet been addressed, the study of which
will therefore provide useful information on the physics of
magnetic frustrations and Mott metal-insulator transition in
strongly correlated electron systems.

The isotropic Heisenberg model with the nearest-neighbor
(J1) and next-nearest-neighbor (J;) exchange interactions,
which may be derived by the second-order perturbation of
the above-mentioned Hubbard model in the strong-correlation
limit, has, on the other hand, been studied much in detail,
mostly from the theoretical point of view [24]. In the classical
Heisenberg model where the spins are treated as classical
vectors, it is known that a single phase transition occurs at

2469-9950/2017/95(7)/075124(7)
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Jo/J1 = 1/8 between the three-sublattice 120° Néel-ordered
state and an infinitely degenerate four-sublattice magnetically
ordered state [25]. This degeneracy is lifted by quantum
fluctuations, thereby selecting a two-sublattice stripe-ordered
state through the so-called order-by-disorder mechanism
[25-28]. One may then expect in the corresponding quantum
Heisenberg model that an intermediate phase can appear near
the classical critical point at J,/J; = 1/8, for which many
studies have been carried out to predict that the nonmagnetic
disordered phase bordered by the 120° Néel-ordered phase at
J2/J; >~ 0.05-0.12 and the stripe-ordered phase at J,/J; >~
0.14-0.19 actually emerges. In particular, recent studies
actually predict the emergence of either a gapless or gapped
spin-liquid phase in this intermediate region [29-35]. These
results of the Heisenberg model may be compared with those
of our Hubbard model in the strong-correlation limit (as we
see below).

In this paper, motivated by the above developments in the
field, we study the triangular-lattice Hubbard model at half
filling with the isotropic nearest-neighbor and next-nearest-
neighbor hopping parameters in its entire interaction strength.
We use the variational cluster approximation (VCA), one of the
quantum cluster methods based on the self-energy functional
theory (SFT) [36-40], which enables us to take into account
the quantum fluctuations of the model with geometrically
frustrated spin degrees of freedom. We thereby calculate the
grand potential of the system as a function of the Weiss
fields for spontaneous symmetry breakings; here, we take
the 120° Néel and stripe magnetic orders and evaluate the
order parameters and critical interaction strengths. We also
calculate the charge gap as well as the density of states
(DOS) and single-particle spectral function using the cluster
perturbation theory (CPT) [40] and determine the ground-state
phase diagram of the model in its entire parameter region.

We thereby show that in the strong-correlation regime the
120° Néel- and stripe-ordered phases appear and, in between,
the nonmagnetic insulating phase caused by the quantum
fluctuations in the frustrated spin degrees of freedom emerges,
in agreement with the Heisenberg model studies. We also show
that in the intermediate-correlation regime the nonmagnetic
insulating phase expands to wider parameter regions located

©2017 American Physical Society
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around 0 < £,/1; < 0.3 and 0.4 <1/t < 1, which go into a
paramagnetic metallic phase in the weak-correlation regime
via the second-order Mott transition. The characteristic be-
havior of the critical phase boundary of the Mott transition is
discussed in terms of the van Hove singularity appearing in
the calculated DOS and single-particle spectral function.

The rest of the paper is organized as follows. In Sec. II,
we introduce the model and discuss the method of calculation
briefly. In Sec. Il A, we present our results obtained in the
strong-correlation regime and compare them with those of
the Heisenberg model. In Sec. III B, we present our results
obtained in the intermediate- to weak-correlation regime and
discuss the phase diagram of our model. The critical phase
boundary of the Mott transition is also discussed. A summary
of the paper is given in Sec. IV.

II. MODEL AND METHOD

We consider the triangular-lattice Hubbard model
[see Fig. 1(a)] defined by the Hamiltonian

H=-13Y ccio—nd Y c e
(i,j) © (@jy o
+U annw — M Zniav (1)
i i,o

where cja (cio) creates (annihilates) an electron with spin o at
site i, and n;, = cj(,cig. (i, 7) indicates the nearest-neighbor
bonds with the hopping parameter #; and (i, j)) indicates the
next-nearest-neighbor bonds with the hopping parameter 7,.
We consider the parameter region 0 < #,/#; < 1, including
two limiting cases, f, = 0 (isotropic triangular lattice) and
tp =t;. U is the on-site Coulomb repulsion between two
electrons and p is the chemical potential maintaining the
system at half filling.

In the large-U limit, this model may be mapped onto the
triangular-lattice Heisenberg model of spin-1/2 defined by the
Hamiltonian

H=7) 8:S;+5hY 8-S, )
(i,]) ()]

with the exchange coupling constants of J; = 417 /U and J, =
4t22/U for the nearest-neighbor and next-nearest-neighbor

(b) (©

FIG. 1. Schematic representations of (a) the triangular-lattice
Hubbard model with the nearest-neighbor (;) and next-nearest-
neighbor (#,) hopping parameters, (b) the 120° Néel order, and (c) the
stripe order. The arrows represent the directions of electron spins on
the A, B, and C sublattices defined by different colors.
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bonds, respectively. The spin operator is given by S; =
Zaﬁ cjaaa,gc[ﬁ/Z with the vector of Pauli matrices o qg.
The results obtained for the Hubbard model [Eq. (1)] in
the strong-correlation regime are compared with those of the
Heisenberg model [Eq. (2)].

Let us describe the VCA briefly, which is a many-body
variational method based on the SFT, where the grand
potential of the system is formulated as a functional of the
self-energy [36—38]. The ground state of the original system
in the thermodynamic limit can thus be obtained via the
calculation of the grand potential €2 of the system with the exact
self-energy. Then, in the VCA, restricting the trial self-energy
to the self-energy of the reference system X', we obtain the
approximate grand potential as

QE1=Q +Trin(G;' — %) —Trln (G; ' - )7,

3

where Q' is the grand potential of the reference system, and
Gy and Gy, are the noninteracting Green’s functions of the
original and reference systems, respectively. The Hamiltonian
of the reference system, H’, is defined below. Note that the
short-range correlations within the clusters of the reference
system are taken into account exactly. See Refs. [39,40] for
recent reviews of the method.

The advantage of the VCA is that the spontaneous symme-
try breaking can be treated within the framework of the theory,
where we introduce the Weiss fields as variational parameters.
In the present case, the Hamiltonian of the reference system is
taken as H' = H + Hy with the Weiss fields

Hyi = Hippo + Hy, 4)
Hig = hp. Y €q - Si, 5)
Hy = h;u Z eiQslr-ri Siz, (6)

where h',,. and hj, are the strengths of the Weiss fields for

the 120° Néel- and stripe-ordered states, respectively. For the
Néel order, the unit vectors e,, are rotated by 120° to each
other, where a; (=1,2,3) is the sublattice index of site i. For
the stripe order, the wave vectors can be taken equivalently
as Qg = (1,7//3), (m, —//3), or (0, — 27w/~/3). The
variational parameters are optimized on the basis of the
variational principle, i.e., dQ/dh’ =0, for each magnetic
order, where the solution with A’ # 0 corresponds to the
ordered state.

In our VCA calculations, we use the 12-site cluster shown in
Fig. 2 as the reference system. This is the best appropriate and
feasible choice of the reference cluster because we can treat
the two-sublattice order (stripe order) with an equal number
of up- and down-spin electrons and the three-sublattice order
(120° Néel order) with an equal number of the three sublattice
sites @; = 1, 2, and 3. The cluster-size and cluster-shape
dependencies of our results are discussed in the Appendix.
Note that longer period phases such as the spiral phase
mentioned in a different system [11] cannot be treated in the
present approach; in our analysis, we fix the pitch angle of the
spiral order to be 120° (or the three-sublattice of a; = 1,2,3)
evenfort, # 0. The charge orderings discussed in the extended
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FIG. 2. (a) The reference system of the 12-site cluster used in our
analysis; the three-sublattice system corresponding to the 120° Néel
order (left) and the two-sublattice system corresponding to the stripe
order (right). (b) The first Brillouin zone of our triangular-lattice
Hubbard model: I"(0,0), K(47/3,0), and M(n,n/«/g).

Hubbard model with intersite Coulomb repulsions [41] are
also neglected. To our knowledge, no other orders have
been predicted in the present triangular-lattice Hubbard and
Heisenberg models.

III. RESULTS OF CALCULATION
A. Strong-correlation regime

First, let us discuss the strong-correlation regime, U /t;=60.
We calculate the ground-state energies E = Q2+ u (per
site) and magnetic order parameters M defined as M) =
(2/L))"; e, - (S;) for the 120° Néel order and Mgy, =
/L)Y ¢ Qi (S§) for the stripe order, where (- - -) stands
for the ground-state expectation value. The results are shown
in Fig. 3, where we find three phases: the 120° Néel-ordered
phase around #,/t; =0, the stripe-ordered phase around
t;/t; = 1, and the nonmagnetic disordered phase in between.

At t,/t; = 0, the 120° Néel-ordered state has the lowest
energy and with increasing f, / t| it approaches the energy of the
nonmagnetic disordered state gradually. Then, at#,/#; = 0.20,
the 120° Néel-ordered state disappears continuously. The
calculated order parameter M- also indicates the continuous
(or second-order) phase transition. On the other hand, at
tp/t; = 1.0, the stripe-ordered state has the lowest energy and,
with decreasing t, /1, the energy of the stripe order crosses to
that of the nonmagnetic state at f,/¢; = 0.50, indicating the
discontinuous (or first-order) transition between the stripe and
disordered phases. The calculated order parameter My, also
disappears discontinuously at #,/#; = 0.50.

These results may be compared with the previous studies
on the Jj-J, triangular-lattice Heisenberg model [29-34].
The transition point between the 120° Néel and nonmagnetic
phases has been estimated to be J,/J; = 0.05-0.12, which
corresponds to #,/t; = 0.22-0.35 of our Hubbard model
parameters. A reasonable agreement is thus obtained. The
transition point between the stripe and nonmagnetic phases
has also been estimated to be J,/J; = 0.14-0.19, which
corresponds to £/t = 0.37-0.44 of our Hubbard model
parameters. We again find a reasonable agreement with our
estimation. The orders of the phase transitions, i.e., the second
order for the 120° Néel phase and the first order for the stripe
phase, are also in agreement with the previous study of the
Heisenberg model [31]. We may point out that the strong
quantum fluctuations in the frustrated spin degrees of freedom
cause this nonmagnetic phase because the classical spin model
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FIG. 3. Calculated ground-state phase diagram of our model in
the strong-correlation regime (U /t; = 60). Top: the order parameters
of the 120° Néel- and stripe-ordered phases. Solid (open) symbols
indicate that the state is stable (metastable). Bottom: the ground-state
energies (per site) of the ordered phases compared with that of the
disordered phase. Inset: the enlargement of the energy difference AE
between the 120° ordered and disordered phases.

predicts either the 120° Néel or four-sublattice ordered phase
without any intermediate nonmagnetic phases [25-28].

B. Intermediate- to weak-correlation regime

Next, let us discuss the intermediate- to weak-correlation
regime 0 < U/1; < 10. We here calculate the total energies,
order parameters, and charge gaps of the model, as well as the
grand potential as a function of the Weiss fields, and summarize
them as the ground-state phase diagram in the parameter space
(t2/t1,U /1)), as shown in Fig. 4. We find four phases: the 120°
Néel- and stripe-ordered phases at large U/t;, which are
continuous to the phases at U/#; = 60 discussed above, and
the nonmagnetic insulating phase in between, as well as the
paramagnetic metallic phase in the weak-correlation regime.
In the intermediate-correlation regime, the nonmagnetic insu-
lating phase expands to wider parameter regions, which are
around 0 < f,/t; < 0.3 and around 0.4 < 1, /1) < 1. We note
that the presence of the nonmagnetic insulating phase around
0 < 1/t; £0.3 is in agreement with previous studies of the
triangular-lattice Hubbard model at t,/#; = 0 [12,13,42-46].

The calculated order parameters of the 120° Néel and stripe
phases are shown in Fig. 5 as a function of U/#; for several
values of #,/¢;. We find that the transition to the stripe-ordered
phase is continuous, irrespective of #,/¢;, up to a large value
of U/t; ~ 30, but it changes to the discontinuous transition as
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FIG. 4. Calculated ground-state phase diagram of our model
in the intermediate- to weak-correlation regime, which includes
the 120° Néel-ordered, stripe-ordered, nonmagnetic insulating, and
paramagnetic metallic phases. The circle and triangle at U/#; = 60
indicate the calculated phase boundaries of the 120° Néel order and
stripe order, respectively, shown in Fig. 3.

seen in Fig. 3 at U/t = 60. We also find that the transition to
the 120° Néel-ordered phase is discontinuous at 0 < 7, /#; <
0.35for U/t; ~ 6 butitis continuous for larger values of U /1;.
The transition at U/t; = 60 is also continuous (see Fig. 3).
These behaviors are observed also in the calculated Weiss-field
dependence of the grand potentials of our model.

The charge gap is evaluated from the total number of
electrons as a function of u (see Fig. 5) to examine the
Mott metal-insulator transition of the system. We find that
the transition is continuous (or second order) and the phase
boundary is located around U /t; ~ 4 — 6, as shown in Fig. 4.
We note that the phase boundary decreases (shifts to a lower
U/t side) with increasing f,/t; up to f,/t; ~ 0.5, but it
increases for larger values of #,/¢;. This behavior is in contrast
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FIG. 5. Calculated charge gap A (top) and order parameters Mg
and My, (bottom) of our model as a function of U/#,.
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FIG. 6. Calculated DOS of our model in the metallic state (left)
and insulating state without long-range magnetic orders (right).
n/t; = 0.1 is assumed. The vertical line in each panel indicates the
Fermi level.

to that of the square-lattice Hubbard model with the next-
nearest-neighbor hopping parameters, where a monotonous
increase in the critical interaction strength is observed [47-49],
which is due to the monotonous increase in the bandwidth of
the model.

To find out the origin of this behavior, we calculate the
DOS p(w) and single-particle spectral function A(k,w) in the
paramagnetic state of the system using the CPT, which are
defined as

1
plo) =7 ; Alk,w), (N
1. .
A(k,0) = —— lim ImGepr(k,w + in), ®)
7T n—>0
with the CPT Green’s function [40]
1 &
Gerr(k,w) = T Z Gij(k,w)e™*ri=ri, 9)

¢ i j=1
where we define the L. x L. matrices for the cluster of size L,
as G(k,w) = [G'~'(w) — V()" with V(k) = G, ' — Gy
The exact Green’s function of the reference system G’(w) is
given by

Gy (@) = (Yoleio ¢l 1¥0)

w—H + E,

+ (Yol Ciolto),  (10)

w+ H — Eq

075124-4



MOTT TRANSITION AND MAGNETISM OF THE ...

PHYSICAL REVIEW B 95, 075124 (2017)

t,/t,=0.0, U/t;=3

t/t=1.0, U/t,=3

tz/t1:0.5, Ut=3 Jl

t/t,=0.0, U/t;=8

-10 -5

0
W/h

0
o/f

ty/t,=1.0, U/t;=8

5 10 15 1:‘15 -10 -5

0
W/t

FIG. 7. Calculated single-particle spectral function A(k,w) in the paramagnetic state of our model. The wave vector k is chosen along the
line connecting I', K, and M points of the Brillouin zone [see Fig. 2(b)]. n/#; = 0.1 is assumed. The noninteracting band dispersion is also
shown by a thin solid curve in each of the upper panels. The Fermi level (indicated by the vertical line) is set at w/#; = 0.

where |1) and E are the ground state and ground-state energy
of H'.

The calculated results for the DOS and single-particle
spectral function of our model are shown in Figs. 6 and 7,
respectively. We find that the sharp peak appearing above the
Fermi level at #,/t; = 0, which is caused by the van Hove
singularity in the triangular lattice, shifts to the lower-energy
side with increasing t,/t;, and at , /¢; = 0.5, the peak position

N 2 ) N
s q (a) t,/t, =0.0 9 (b) ,/t,=0.2
2 F 7N A i] o PN i]
2 k/m 2 2 k/m 2
1 L
x0(q)
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2 2
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0 0
1
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00

FIG. 8. Calculated generalized magnetic susceptibility in the
noninteracting limit xo(q) defined in Eq. (11). The corresponding
Fermi surface is shown in each panel, where the first Brillouin zone
is indicated by a hexagon.

coincides with the Fermi level (see Fig. 6). This situation of
the high DOS at the Fermi level is energetically unstable [50],
so that the band gap opens to gain in the band energy in the
presence of the Hubbard interaction U . With further increasing
t,/t, the peak shifts to the higher-energy side again. The
Hubbard band gap is then the largest at #,/¢; = 0.5 as seen in
Figs. 5 and 6. This singularity is also seen in the single-particle
spectral function as the presence of the flat-band region around
the K point of the Brillouin zone (see Fig. 7). This behavior
thus explains why the critical interaction strength becomes
small at around #,/#; ~ 0.5.

To confirm the absence of any magnetic instability in
our model in the weak-correlation regime, we here calculate
the generalized susceptibility (or Lindhard function) in the
noninteracting limit, which is defined as

1 _
x0(q) = Z;M a1

Ek+q — €k

where ¢y is the corresponding noninteracting band dispersion
and f(e) is the Fermi function. The calculated results at
temperature 0.01¢#; are shown in Fig. 8, where we find that,
in accordance with the absence of significant Fermi-surface
nesting features, no singular behaviors actually appear in
Xxo(q), indicating the absence of magnetic long-range orders
in the weak-correlation limit. This result supports the validity
of our phase diagram shown in Fig. 4 in the weak-correlation
regime.

IV. SUMMARY

We have studied the Mott metal-insulator transition and
magnetism of the triangular-lattice Hubbard model at half
filling in the entire region of the interaction strength, taking
into account the next-nearest-neighbor hopping parameters
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for the effects of magnetic frustrations. We have employed
the method of VCA based on the SFT, which has not been
used for the present purposes. We have thereby calculated
the grand potential of the system as a function of the Weiss
fields for the 120° Néel and stripe magnetic orders, and have
determined the order parameters. We have also calculated
the DOS and single-particle spectral function as well as the
charge gap of the system. These results have been summarized
as the ground-state phase diagram of the system.

We have found four phases: In the strong-correlation
regime, there appear (i) the 120° Néel-ordered phase in a wide
parameter region around f,/¢; =~ 0 and (ii) the stripe-ordered
phase in a wide parameter region around #;/#; ~ 1, and, in
between, (iii) the nonmagnetic insulating phase caused by
the quantum fluctuations in the geometrically frustrated spin
degrees of freedom emerges. The obtained phase boundaries
in the strong-correlation limit have been compared with those
of the corresponding Heisenberg model to find a reasonable
agreement. The orders of the phase transitions of the two
magnetically ordered phases have also been determined. In the
intermediate-correlation regime, the nonmagnetic insulating
phase expands to a wider parameter region of #,/t;. Then, de-
creasing the interaction strength further, the system turns into
(iv) the paramagnetic metallic phase in the weak-correlation
regime via the second-order Mott metal-insulator transition.
The characteristic behavior of the critical phase boundary of
the Mott transition has also been discussed in terms of the
shift in the van Hove singularity due to the presence of 1,,
as seen in the calculated DOS and single-particle spectral
function.

We suggest that the phase diagram obtained here may
contain different types of nonmagnetic insulator (or spin-
liquid) states depending on the region in the parameter space.
The characterization of the states is, however, beyond the
scope of the VCA approach based on the self-energy (or
single-particle Green’s function), for which we hope that our
results will encourage future studies.
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APPENDIX: CLUSTER DEPENDENCE
OF THE PHASE BOUNDARIES

In the VCA, or in any other quantum cluster methods,
we can in principle calculate the physical quantities in the
thermodynamic limit, but the calculated results necessarily
depend on the size and shape of the solver cluster. Thus,
the choice of the solver cluster is important in the present
approach. In the main text, we have chosen the 12-site cluster
shown in Fig. 2, which is the most appropriate one because it
is first of all computationally feasible and also because it fits
with both the three-sublattice 120° order and the two-sublattice
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FIG. 9. (a) Cluster-size and cluster-shape dependencies of the
phase boundaries between the 120° Néel-ordered, stripe-ordered,
nonmagnetic insulating, and paramagnetic metallic phases. Unla-
beled lines are the results shown in Fig. 4. (b) Schematic represen-
tations of the clusters used in the calculations; in the six-site cluster
calculation, we combine two of them to reproduce the 120° Néel
order.

stripe order without introducing unnecessary frustrations.
Howeyver, it seems instructive to check the cluster-size and
cluster-shape dependencies of our results presented in the main
text.

Here, we choose several clusters [see Fig. 9(b)] that fit
either with the 120° order or with the stripe order, and we
calculate the phase boundaries to check the solver cluster
dependence of the ground-state phase diagram shown in Fig. 4.
The calculated results for the phase boundaries are shown
in Fig. 9(a). We thus find that the phase boundary between
the 120° Néel-ordered and nonmagnetic insulating phases is
located around 0 < /¢ < 0.4 in an intermediate to large
U/t (Z6) region and that the phase boundary between the
stripe-ordered and nonmagnetic insulating phases is located
around 0.5 < 7,/#; < 1 in an intermediate to large U/t; (Z7)
region, irrespective of the appropriate choices of the solver
cluster. We also find that the phase boundary of the Mott metal-
insulator transition is located around U/¢#; ~ 4—6 with a min-
imum at t,/¢; 2~ 0.5, irrespective of the choices of the solver
cluster.
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Abstract. Magnetic orders of the square-lattice Hubbard model with the anisotropic next-
nearest-neighbor hopping parameters at half filling are studied by the variational cluster
approximation based on the self-energy functional theory. We show that in the strong correlation
region at zero temperature the disordered phase appears between the collinear-ordered and 120°-
ordered phases due to frustration in the spin degrees of freedom of the model. We also show
that the phase transitions to the two ordered phases from the disordered phase are of the first
order.

1. Introduction

Physics of geometrical frustration in strongly correlated electron systems has attracted much
attention. In particular, magnetic orders of the triangular-lattice Hubbard and related models
have been one of the major issues in this field. Here, the presence of the spin-liquid phase has
been of great interest. Experimentally, the organic charge-transfer salts k-(BEDT-TTF);X are
a good example of such systems: the compound with X=Cu[N(CN)s]Cl displays a long-range
antiferromagnetic order in its Mott-insulating phase [1, 2] and the compound with X=Cuy(CN)3
exhibits spin-liquid behaviors at low temperatures, where the bulk spin susceptibility is strongly
suppressed by the effects of frustration in the spin degrees of freedom [3, 4].

The emergence of the spin-liquid phase has been studied using a number of theoretical
methods for the isotropic and anisotropic triangular-lattice Hubbard models with hopping
parameters ¢t and ¢ and on-site Hubbard repulsion U. The isotropic and anisotropic Heisenberg
models have also been studied. In the isotropic case, the 120° ordered phase was shown to
be stable for the Heisenberg model in the linear spin-wave theory (LSWT) [5, 6], but it was
reported that a spin-liquid phase can exist in the model when the parameters are close to the
metal-insulator transition [7, 8, 9]. In the anisotropic case, the existence of the spin-liquid phase
was predicted to occur in the model with the anisotropic hopping parameters '/t < 1, which
was not found by the LSWT [5, 6]; many numerical techniques were employed including the
path-integral renormalization group (PIRG) method [10], dynamical mean-field theory (DMFT)
[11], exact diagonalization (ED) method [12, 13|, and the finite-temperature Lanczos method
[14]. A wider range of ¢'/t was studied by the variational Monte Carlo (VMC) [15] method,
which indicated possible existence of the spin-liquid phase in a large-U region. The variational
cluster approximation (VCA) was also used to show that the metal-insulator transition from the
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Figure 1. Schematic representations of the square-lattice Hubbard model with the isotropic
nearest-neighbor hopping parameter ¢; and the anisotropic next-nearest-neighbor hipping
parameters to and t5. Illustrated are (a) the isotropic triangular lattice with ¢; = to = ¢
and ty =t = 0, (b) the anisotropic lattice with the next-nearest-neighbor hopping parameters
to = t; = t and ty = ¢/, and (c) the square lattice with the isotropic next-nearest-neighbor
hopping parameters to = t, = t; = t. The arrows represent the directions of the electron spins
on the A, B and C sublattices defined by colors.

metallic phase to the nonmagnetic insulating phase occurs [16, 17]. The spin-liquid phase in the
triangular-lattice Heisenberg model with the next-nearest-neighbor exchange couplings was also
studied recently by VMC [18], where the spin-liquid phase appears between the 120° ordered
phase and stripe antiferromagnetic ordered (or collinear ordered) phase.

In this paper, motivated by such developments in the field, we study the effects of frustration
in the spin degrees of freedom on the magnetic behaviors of the square-lattice Hubbard model
at half filling, where the anisotropic next-nearest-neighbor hopping parameters are included.
We in particular focus on the region of strong electron correlations at a large U/t value. We
employ the method of VCA based on the self-energy functional theory (SFT) [19, 20, 21], which
is useful for predicting the presence of the spontaneous symmetry breaking of the model. We
will thereby show that the nonmagnetic disordered phase appears between the collinear-ordered
and 120°-ordered phases and that the phase transitions to the two ordered phases from the
disordered phase are of the first order.

2. Model and method

The Hubbard model we consider is defined on the square lattice with the isotropic nearest-
neighbor hopping parameter ¢; and anisotropic next-nearest-neighbor hopping parameters to
and t}, as is illustrated in Fig. 1. The Hamiltonian is given by

H= -t Z c;-rlacjlg—tg Z c;.[wcjzg—té Z cjéacjéa—i-UZniTnu,

(i1j1),0 (i2j2),0 (ih34).0 i

where (i1j1) indicates the nearest-neighbor bonds, and (igj2) and (i}j5) indicate the next-
nearest-neighbor bonds. ¢;, is the annihilation operator of an electron with spin o at site 1,
and n;, = czacw is the number operator. U is the on-site Coulomb repulsion. In this paper, we
consider the case at half filling and the large U region assuming a value U/t; = 60, where the
Mott insulating phase is realized. We choose this value of U/t because we are interested in the
frustration in the spin degrees of freedom of the model and want to avoid the metal-insulator
transition occurring at smaller U/t values. We should moreover mention that the method of



International Conference on Strongly Correlated Electron Systems 2014 (SCES2014) IOP Publishing
Journal of Physics: Conference Series 592 (2015) 012113 doi:10.1088/1742-6596/592/1/012113

VCA cannot be applied to the Hesenberg-like spin models. We in particular consider the case
at t1 = to = t and ¢, = ¢’ [see Fig. 1(b)], including the two limiting cases at t; = t3 = ¢ and
th, = t' = 0 [isotropic triangular lattice, see Fig. 1(a)] and at t; = to = t), =t = ¢’ [square lattice
with the isotropic next-nearest-neighbor hopping parameters, see Fig. 1(c)]. It has been reported
that the 120° ordered phase is realized for the isotropic triangular lattice shown in Fig. 1(a) [7]
and the collinear ordered phase is realized for the lattice shown in Fig. 1(c) [22]. In this paper, we
will discuss how the above two ordered phases change when the hopping parameters t; =ty =t
and t,, = t’ are varied as 0 < t’ < ¢, which has not been studied so far.

We employ the method of VCA based on the self-energy functional theory [19, 20, 21].
The advantage of VCA is that the spontaneous symmetry breaking can be treated within the
framework of the theory. The stability of the ground state of the original system can be examined
via the calculation of the grand potential 2 of the system from the exact self-energy. The grand
potential ) is expressed as a functional of the self-energy ¥ based on the self-energy functional
theory:

Q] = Q4+ Trin(Gy' —%) ' —Trin &,

where ' is the exact grand potential of the reference system and Gy is the noninteracting Green
function. We use the exact self-energy Y’ of the reference system, which is replaced by the Green
function of the reference system G'~! = fol — ¥/, To investigate the spontaneous symmetry
breaking in VCA, we introduce the Weiss fields as variational parameters. In the present case,
the Hamiltonian of the reference system is given by H' = H + Hy,; + H, with

Hyi = hui |Y ea-Si+> es-Si+ > ec-S;
€A i€B 1€C
Hcol = hcol Z eiQCOI.m (niT - nii)a

(2

where ep, eg and ec are the unit vectors rotated each other by 120° defined on the A, B and
C sublattices, respectively, and S; is the spin operator at site i [16, 17]. hyi and heo are the
strengths of the Weiss fields for the 120° ordered and collinear ordered states, respectively. We
define Q.. to be either (m,0) or (0,7). We use the clusters of the size L. = 2 x 3 = 6 sites for
calculating the 120° ordered phase and L. = 2 x 2 = 4 sites for calculating the collinear ordered
phase. Note that longer period phases such as the spiral phase mentioned in a different system
[15] cannot be treated in the present approach.

3. Results of calculation

Figures 2 (a) and (b) show the calculated results for the grand potential  — Qg (per site) as a
function of the Weiss field, where (g is the grand potential at zero Weiss fields. We find that
the grand potentials of both the 120° ordered and collinear ordered states have two minima at
h =0 and h # 0 and a maximum between the two minima, indicating that the stable point
of heol and hiyi changes discontinuously from zero to a finite value at the critical point of ¢'/t.
More quantitatively, we find that hi; # 0 at t//t < 0.214 and heo # 0 at '/t > 0.589, and that
the nonmagnetic disordered phase appears at 0.214 < ¢/ /t < 0.589. These results indicate that
both of the magnetic phase transitions from the disordered phase are discontinuous, or of the
first order, with respect to the parameter t'/t.

Figures 2 (¢) and (d) show the calculated ground-state energies E = Q + u (per site) of the
120° ordered and collinear ordered phases compared with the energy of the disordered phase
as a function of t'/t. We find that the critical point of the 120° ordered phase is located at
'/t = 0.214 and that of the collinear ordered phase is located at '/t = 0.589, and the disordered
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Figure 2. Calculated results for (a) the grand potential (per site) as a function of the Weiss
field hgyi, (b) that of the Weiss field hco, (c) the ground-state energy (per site) of the 120°
ordered phase compared with that of the disordered phase as a function of ¢/t, and (d) that of
the collinear ordered phase. In (a) and (b), the stationary points are marked by black dots. In
(c) and (d), the inset enlarges the region near the critical point.

phase appear in-between at 0.214 < ¢/t < 0.589. The ground-state energies of the ordered and
disordered phases cross at the critical point [see the insets of Figs. 2 (c¢) and (d)], indicating
again that the two magnetic phase transitions are of the first order.

Finally, let us calculate the magnetic order parameters of the 120° ordered and collinear
ordered phases in VCA. The order parameter M may be defined as the expectation value of the
one-body operator O as

ZOQB <c s Z/ %Tr [06(Q, 2)],

where G is the one-particle Green function G = (Ga L_yy )*1 calculated in VCA and the path C
in the contour integrals encloses the poles of the integrand on the real axis below the chemical
potential. The one-body operator for the 120° ordered phase is defined as O = ), eq, - S; for
the three sublattices a;; (= A, B and C) of the triangular lattice. The one-body operator for the
collinear ordered phase is defined as Ogo1 = 3 >, €/ (n;4 — n;)) with Q = (7,0) or (0, ).
Figure 3 shows the calculated ground-state phase diagram as a function of ¢'/t, where the
order parameters M;,; for the 120° ordered phase and M., for the collinear ordered phase
are given. The 120° ordered phase appears at 0 < t'/t < 0.214, which vanishes abruptly at
t'/t = 0.214. The collinear ordered phase appears at 0.589 < '/t < 1.0, which vanishes abruptly
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Figure 3. Calculated ground-state phase diagram of the square-lattice Hubbard model at
half filling with the anisotropic next-nearest-neighbor hopping parameters, where the order
parameters (or sublattice magnetizations) M, and M, are shown as a function of ¢/ /t.

at ¢/t = 0.589. The disordered phase then appears in-between. The phase transitions to the
two magnetic phases from the disordered phase is thus of the first order.

Note that the present Hubbard model in the strong correlation limit may be mapped onto the
frustrated spin-1/2 Heisenberg model defined on the same lattices with the exchange coupling
constants of J;; = 4t?j JU for the bonds with the hopping amplitude ¢;;. Assuming J = 4t?/U and
J' = 4t" /U at U/t = 60, we predict that the 120° ordered phase appears at 0 < .J’/J < 0.045,
the collinear ordered phase appears at 0.347 < J’/J < 1.0, and the nonmagnetic disordered
phase appears in-between, i.e., at 0.045 < J'/J < 0.347. We note that the metastable magnetic
phases exist at 0.214 < ¢//t < 0.239 (or 0.045 < J'/J < 0.057) for the 120° ordered phase
and at 0.502 < ¢/t < 0.589 (or 0.252 < J'/J < 0.347) for the collinear ordered phase. The
corresponding Heisenberg-model calculations have not been carried out as far as we know, which
should be done in future and compared with the present results.

4. Summary

We have employed the method of VCA based on SFT to study the effects of frustration in the
spin degrees of freedom on the magnetic orders of the square-lattice Hubbard model at half
filling with the anisotropic next-nearest-neighbor hopping parameters at zero temperature. We
have focused in particular on the strong correlation region of the model and have shown that
the disordered phase appears between the collinear-ordered and 120°-ordered phases. We have
also shown that the phase transitions to the two ordered phases from the disordered phase are
of the first order.

Although we have restricted ourselves to the study of the Hubbard model at ¢; = to in this
paper, the full magnetic phase diagram of the t; —ty — t;, Hubbard model in its entire parameter
space needs to be clarified for future study, including the presence of the spin-liquid phase caused
by the frustration in the spin degrees of freedom.
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