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Unconventional superconducting mechanism in strongly correlated systems
with peculiar band structures

Tsuguhito Nakano

Abstract

The band structure strongly governs the electronic properties of solids. This fact holds
even in strongly correlated electron systems, where the focus tends to be laid on the
electron-electron interaction. In the present study, we investigate unconventional super-
conductivity of two strongly correlated materials. We adopt models which have realistic
band structures that reproduce the first principles band calculations, and apply a many-
body method called FLEX, which takes into account the spin fluctuations appropriately.

The first one is a pressure-induced superconductor '-(BEDT-TTF),ICly, which has
the highest 7. among organic superconductors. This material is essentially a two-band
system due to the dimerization of molecules. Applying FLEX to the two band model with
realistic band structure, superconductivity with 7, = 10K is obtained in a certain pressure
regime, which is consistent with the experimental results. Also, this result is similar to
that of the previous single band model study, where strong dimerization is assumed. We
find that although the dimerization is actually not so strong, the characteristic band
structure peculiar to this material makes the single band theory work well. Moreover,
this very character of the band structure is found to be the origin of the high T, of this
material.

The second one is ProBayCu;O15_g5, which exhibits superconductivity with 7, = 15K
from 6 = 0.2 to 0.5. Unlike other cuprates, the superconductivity occurs in the CuO
double-chain structure, which has a double-well band structure. A previous purely one-
dimensional study has suggested that as the band filling is increased with increasing 9, the

number of Fermi points changes from two to four due to the double-well band structure,



and this induces superconductivity. However, based on a detailed analysis of the band
structure, we find that the number of Fermi points is four and does not change due to the
slight two dimensionality present in the actual material. Thus, the reason of the disap-
pearance of superconductivity in the low ¢ regime is not clear, and also the application of
a purely one-dimensional theory is questionable. Here we adopt a quasi-one-dimensional
model that takes into account the two dimensional band structure, and apply FLEX that
takes into account the nearest neighbor repulsion. We find that the superconductivity
with T, = 10K occurs in a certain band filling range due to spin fluctuations arising
from the double well band structure, while a suppression of the superconductivity occurs
around 1/4 filling due to the effect of the nearest neighbor repulsion. Assuming 6 = 0
corresponds to 1/4 filling, this result explains the experimentally observed § dependence
of the T,.. Also, auxiliary field quantum Monte Carlo, which is an exact numerical method,

is performed on a simplified one-dimensional model to verify the FLEX results.
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000,00000000000022000000,0000000000000000

01000000000000 GreenOOOOOOODOO,Green0O000D0O0ODODOO
0000 (0D000oo0o0O0)000o0ooooooooooo.

9



() _
o= 7(0) +
ke | ki Pk, i)
>
kK’ ig
o= Q.-.’f@.-@ + V-, i(s—¢'))
k ic ki k. ie

0 2.2: Green0O0OODODODOO0OOOOODODOOOO010GW, Q0 ODODDO000. 00O
O00000 GreenOO GO, 0000000 V(g)OODODO.

kK, L0y o)
i(e—¢") E Ei(a”—a)) E E
kg KL

U 23: GreenO0OD 20000000000000000D0CCOOOOO0OO.

10



Gik,ig) Gl(k,ig) Glk,ig) Gl(k,ie)
—_— = —>— 4+  —

U 24: Dyson000. 0000000000000000O00OCO GreenODO.

n00000GW =00 00ooo0. 02300x®00000000000
00000000,00001,2,30000000000000Green00 GO00O0
000000000000000,400000000020000,x0 000000
000000000000000. 000000000000000000,00000
00,0000000000000000000000000O000000. 00000
00 Y(k,ic,) 000000000000000O0O0OO,0000000 GreenOOO

Gk, ic,) = GO+ qOvaO L qOygOygO ...
— G(O) (k;7 Zgn) + G(O) (k, ign)Z(ky ien)G(k7 Z.en)
1

T e — & — S(k, icy) (222)

000 Dyson0 00000000000 (024). 000000 GreenOOOOOODODO,
gogooobbobbbbbbobbbooobooobobbbbbboooooooooaaay
gboboobooooooobn.

OO0b00o0b0ooo0ooboobooboobooobog,0obg GreenDOOOOoOOO
O0000,000000000,00000000000000. RPA(Random Phase
Approximation) 0 0 000000000000 0000O00O250000, bubbleO O
O,0000 ladder U000 Feynman 0000000000000 O0OOO0OOO0OO
gbooogb,boooboboogboogbboobbobbooboob.bboon,d
gboboboooobobbuooobbuoogbbuooobbuooobboooboog,on
gbboogboooboogboooboog,buoobboobbuoobboobog.

bubble | ladder DO OO0 DOOODOO0ODOOOOOODOOO,

1
Xd%w%):—ENE:G@%+qJ%+4MﬁG@%J%) (2.23)
K.

11



bubble ladder

keo k.e,—c
_<_
~1(q) = ©
+
ktq, eto, o ktq, eto, o

U 2.5: bubble, ladder 00 Feynman D0 000 0O.
th)(k-k’,s—s’)

'0’--..0‘
B ; '
kg, o
-c
1) —O 1 ( ] (I
ig.o) U U !
------ = -== - - ! 1 1
O =
-9 + +
— o —O —O —O
oD GTIT
. : : X
(e} —O (e} o o
+

U 26: RPAOOOOOOOOOOOODOODOO.

12



1 f(€ k+q — [(E(k))
=5 Z F (2.24)

— [£(k+q) — (k)]
DDDD.DDDwm:%mﬂmeZﬂ]&MDDDDDDDDD,fDDDDDDDD
0000.00000000000q, 000004w,00000-0000000000
0oo0O0000000oooO.

Hubbard 0000 000000000000O0O0OD,000000000 GreenO DO
000000000000000000.000000000000002600000
00000000D000000 (bubbeD0 000000000000 O0000). 000
000000000000000000 VO(q,w)D,

Z(k‘) = ﬁiN Z V(l)(k’)G(O)(k . k/) (2'25)
D(g) = U? Xo(q) 2 Xo(q) )

_ 3 Xoiw 1 Xoi(q) 772

EN [1 _'L[XO(Q)] ol {1 +—(]XD(q)} Ux0(q) (2.26)

0000. 000 k= (k,ie,), ¢ = (q,iw,) 000000000. 0000000000
O.laddee 0000000 bubble00O00O0O0O00O0OOO000, 0000000000
0000000,000000000000000.00, HatreeFockODOOOOOODOO
000000000000000000000,000000000000000000
oooo.o

vy OoooOooOoO0O00O00000000000000000000000000. O
00,0000000000000000,

B8
@ ion) =5 [ due (57 (@S (<0.0)) 2.27)
1 [P .
X2 (g, iwy,) = N/o du " (S*(q,u)S*(—q,0)) (2.28)
1 [P .
wlaion) = 5 [ du e plg.u)o(-g,0) (2.29)

gbooobodg. ogn,

1
S(q) = 5 Z C;rc 51081,820k+q 52 (230)

k751752

13



(e}

> S
_<_I<_
(e}
:
9 -0 (e} =
OO - +
-0 -0 —C
(e} —0 (e}
+

x°° =

SO>S
+

0 27: RPAODDO x7%,x° ,xf0000000.

SH@) =) chicrial, ST(@) =Dk qiom (2.31)
k k
. 1
5°(@) = § 3 (chychrar — chycia) (2.32)
k
plq) = Z(CLTCknLqT + C;relckH'Ql,) (2.33)
k

OO0 PauliDO00D0. 0000000000000 =xf=yx,. 0000000,

X0 = 3 1@ @) 1 0) - T @)] = 5 [0~ )] (2:3)
Xe(q) = % X'T(@) + XM e) + X" (@) + X (@)] = [x"T (@) + x"(9)] (2.35)
noo,
B
X""/(q, W) = %/0 du e™mv ;<c£ya(u)ckﬂa(u)c,turqa/ck/o/) (2.36)
]' g TWmU 1 i
-+ /0 du e SNUB)eL o ()ensgo (W)l gmcroryoe  (2:37)
k'

14



000, x" =y, x"T=x00000000000. GreenOOOOOO bubble O,
ladder OO0 D00 0O0O0O0ODODODOOOO0OODODOOOO0O2700000. 000000
O00O000000ObubbledODDOODOOODODOODOO x°000,0000 bubbled O
00000000 x° °0000000.00,x0,000000000000000
oooooo.oooog,

_ XO(Q)
— 00 _ O —0 _ 2
Xs(q) = X7 — x = U@ (2.38)
oo o —0o XO(q)
= =47 2.
O00.0000 (226000000000,
3 1
WW@ZQU%&ﬁ+§ﬂM@%4ﬂMM) (2.40)

0o00,vWOoOo0o0000000000000000000,00000000000
000000000000.00000000 (225000000000, Dyson000
(222)00000000000000000 GrenOOOOOOO.

bubble, ladder 0000000000000 0,000000000000 (2.38), (2.39)
00000.00000000000000,Uy —1000000000000000
0000000000000000.000,0000000000000000000
000000000000000000,000000000000000000000
oooooo.
FLEXOOOOOOOOOOOD,000000000000 GrenOOOO0OO S[G]
000000000000. 000,023020300000000,1000000
000000000 Gren0O00O0O00000 220000 ¢Y 0000000000
GrenO0OOO00 GrenJ000000000000000.00001000000
00000000000.00000000000000000000,0000000
000 G,0000,G000000000000000000000,0000000
0000D0D000000000 GOO0O000,00000000000000. 00
0 Luttinger-Ward ] 0000000000 QMW[G|00D0.00000,0000000
»[G)0 QYY[G]0 GO0O00000000000000000 [16).
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i * Gk VY (k-k)
= + -_ @ B R .
P

< self consistent loop >
%) =x(@[1-Ux(@)]™

) = O R 1@) =@+ Ux(@)] ™
- VIO=U3%(9)/2+1(9)/2]

U 28 FLEXOOOOO.

000,00000000000000000000 QX [¢)000000,00000
00000000000 Dyson00000000000,00000000000000
00000,000,0000000000000,00000 (self-consistent) O Green
0000000000000 (Baym-Kadanoff O OO0 0)[17).

FLEXOOODOOOOOOOOOOOO, RPADOOOO bubbled, ladder 0000
000000000000000 Gelg) —»G(q)0000000000. 00000 RPA
000000000000000000000000000G®0 00000000
ooo,

x(q) = N g G(k+ q)G(k) (2.41)
_ xlg)

Xs.eld) = = U@ (2.42)

S(k) = ﬂiN zk: VO (k- EYG(K) (2.43)

v — gUQXS(Q) + %UQXC(Q) —Ux(q) (2.44)

000 (O 2.8). self-consistent 0 Green 0000000000, 000 x(q), xselq), 00
000000000000000VW(()00¢000000000000000000
000000,000000000000000000RPADOOOOOOOOOO.O
0O RPAOOOD, Dyson 000 (222) 000000 Green 0000000000000
00,000000000000000000000000000.
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O000o0ooon0 Greenl O,
Foor(kyu —u') = (T cgo (0)C_gor (1))
O00000. 00,00 GreenO OO Eliashberg 0 0O,
G(k) = GO(k) + GO(k) [S(k)G (k) — ¢(k)F' (k)]
Fi(k) = GO(—k) [S(=k)F1(k) + ¢(—k)G (k)]
ogo.ood ¢(k)DDDDDDDDDD (DDDDDDDDD)D
or1(k) 11 (k)
L) —
oo <¢1T(/€) ¢y (k) )
o(k) = == S VO (k= K)F(K)

(2.48)

(2.49)

D00000. 000000000 Vv®Oo000000000000. 0000000
ooooor7roo0boobon, F,eUbooboobooboo 200b0o0bOO
0,(246) 00 Dyson 0000000, 000 (247)0000000,00 GreenO0O0O

Dyson O O 0J
Fi(k) = G(~k)o(~k)G(k)

gobobo,ggboboboboooogn

0000 (029),000000000000000000000O0O0T.000.

(2.50)

(2.51)

(2.52)

0000000000000000,000000000(@OD0)0000000O0O0O

O0(000)00000,0000000000ooooo.

o(k) = o(—k) for singlet
o(k) = —o(—k) for triplet

(2.53)



0000000000000000000 §S=0,52=0,00000000 S=1,5*=
~1,0,1000. 00, PadliDd0O00

¢(k) = —¢" (—k) (2.54)

000. 000000000000 $°=000000000000000000000
00 (000000000,8=0,+4100000000000000),(2.53), (2.54)0,
0000000000000 S =000, (248)00000000000,

o1 (k) = =1 (k) for singlet
o1 (k) = ¢ (k) for triplet (2.55)

oooooo.
000000000 Green0 0000000000, F(k),Fi(k)D0 00000000
000000000000000000000007,000000000000000
0,F0200000000000000000, y, x.e, X000000000000.
0000000000000000000002100000000000000000,

1
¢U 7o(k) _ _N_ﬁ Z V(Q.bubble)(k _ k/)FU —a(k/) + V(2'ladder)(/€ . k/)Fg 70(_k/) (256)
k/

0000,000 (254), (255)000000,000000000 Fk)=F(—k),000
000000 F(k)=F(—k)00000000.000000000000000000,

2);singlet _ [ 3 X2(q) ] [ 2 X(q)
VERE @ = U+ U @) U T v,
=U+ gUQXS(q) - %UQXC(q) (2.57)
2);triplet _ [ 3 X2(Q) ] [ 2 X(Q)
vERE ) =V P e T Y T o),
=U—1U%4®—1U%J@ (2.58)

O0000000000.0000 (252)000000,000000000R0O.
OoOoobooo7.000000,00 Elashberg0D OO0 OOO AODDOO,

A¢@0::—3%§§:vﬂxk—%ﬁcxyxx—kq¢@q (2.59)
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F(k) G(k) G(-k)
— - > @ <

U 29 000000000000 DysonO0O00O. 0000000O0O0O0DODO GreenOOOOO.

V(Z.bubble)(k_k ,) V(Z.ladder)(k+k,)
_ & * + - .
g ——
—c G 8} -0
F(k) F(k')

|
V(Z. bubble)(q) ---d--d---
------ (o —G+ (e -0
SOoTO
+

2. ladd
V( “ er)(q) G o ol
— ———
...... = , o+ , e
[ — —el
-© -c -c

0 210: 0000000000000000000000 v®Oooooooo.
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OO0 x=10000000 7. 000.007T.000000000 M NOO0DOODOO,
gbobobooooobbbooooobn.

2.3 EliashbergO U ODOOOOOOOODODODOOONO
Fermil 0 OO

Hubbard 0000000, 000000000000000000,00000000
0000000D000000000 Eliashberg00000000000000000.0
D000Fermi000000000000000000000000000000000
00000000000000000000.00000000000000000000
00000,000000000000000000000 HubbardOOOOOOOODO
0.00000 FermiOO0 2.11(a)0, FermiD 000000000000 Q = (£, +7)
ooo.

00000 (224)00, x(q) 00000000000 QO00000000. FLEXOO
0000000 x(q)00000000000000 GreenD 0000000000 ((2.41)
0), GrenO OO FermiDOOO0OOODOO ((222)0)00,

Ux(q) — 1 (for ¢ = Q) (2.60)

000.000 (242)000,

xX°(q) — large. (for g = Q) (2.61)

000.00, %(Q) > x(Q) 000,
DDDDDDDDDDDDDDDDD,DDDDDDDDD(2.57),(2.58)DDDDDD
goooooooon,

V(Q;Singlet) (q) ~ gUQXS(Q) (262)
N 1
Y Giplen) () —§U2XS(CI) (2.63)
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Oob0od,q=QUDb0000000bbooobooooobboobooboooooDn
goo.

00, Eliashberg 000 (259) 00000 00000000000O0O0O0OOOO0OOO
00000000, (25900000 ¢ok)0D00O0 00000000, GreenO OO
FermiOODOOODOOOOOOO,00000000 FermiODOOOOOOO,

T Liwers VO (k= K)o(K)o(k)

Y =, P (260
000,(262000 k-4 =Q000000000000,
L T > eers VA (Q)o(krs)p(k + Q) (2.65)
N 2 9% (k)
A0000D000000O0,
VO(Q)p(k)p(k+Q) <0  for k € Fermi Surface (2.66)

00000000000000000000.
0000 vesnede)(Q)>000000,00000000000000000000 Q
D000 FermiDOOOO0O0O (¢(k)¢(k+Q)<0) 000000000000 00MO
0000.0000,0211(bh)000d,»_,00000000000000000000
00000000000000000000000000
de»_,00000000000000000000000000O000O0O0O0O00O0
0000000000. 00004, 0000,z y00000¢(k)=0000000)
000000000000000 (02.11(c). 00, Fermi0000000000000
00,Fermi0 000000000, 0000000000000000000000 sO
0000000 (0211(d). 000,00000000000000000000000
00000000,0000000 (FermiD000)0000000000000000
ooooooo.
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(m,70)

(-m,-m) 1stB. Z. (-1,-7r)

(c) dxy (d) extendeds

(n,7) - (n,7)

(-m,-m) 1 (-m,-m)

0 211: (0000000000000 Femi0OO000000. (b)d,e_,00000000.
(¢)d,, 00000, (d)00 sO0000.
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2.4 2000 HubbardOUOUOOOO FLEXOO

@-(BEDT-TTF),ICL,000000000000,20000 Hubbard 00O D0 000
000000 (FLEX)OD00000 [18, 19]
2000 Hubbard 000 21000,

HZ—Zth‘jﬁcfjcfa—l—ZUo‘n%ni (2.67)
a,,@i,j,a e
good.0ododud.000odbododbd bdooooooooooooon

000000 U*=U(const.) 000000000,

OO0 00 0010000 GreenO OO
Gas(h,u) = = (Teg, (w)ell ) (2.68)
w0000, 7000000000000000.0000,Fermi0D00000ODO0O0O0O
en=02n+ )T (ne Z)00OO000O0O,
T
Goplk,ic) = —/ et <Tcza(u)cﬁ>du (2.69)
0
OoO0.000boob,0bbobbO0nb DysonO O,
(G (B)]ap =[Gy (B)]ag — [E(K)]ag (2.70)

00000 2120. 0000000 k= (k,ie,) DOD0ODO. 00,Gek)DODOOOOO
gboooboogoooboo,

0 1
G N 2.71
as (k) L’en—i—,u—ek B (271)

000,¢000000000000,,000000000000.
000000000 S(k) 0,

Zask) = 32 3 Casll — V. (0) (272

O0000000.000,¢=(q,iwn) 0wy, =2mrmT, me Z0O boson0 0000000
good.

23



V@ (q) O bubbled ladder 1000 00000000000,00-000000000
000000000 21300,

W\ 72 x(q) o[ x(a) o
Vo (@) =U [I—UQXQ(q)]ag+U lI—Ux(q)Lg U Xanla)

3. x(a) 1.0 x(@ o
—3Y |:[_UX(C])]aﬁ+ v LJrUX(Q)Lg U xesld) (273)

2
ogoo. ladderD,bubbleDDDDDDDDDDD Xaﬁ( )OO
Xas(q) = Z Gap(k + q)Gpa(k) (2.74)

gob.bdgggbbobbdgooboboooooboobboooooonon.
gboobobooggbobb,obbbod

Xais ( / et (S5 (q,u)S5(—q,0)) (2.75)
Xay (4) / en (S7(q,u)S5(—q.0)) (2.76)
Xas(d QN/ e (pa(q, u)ps(—q.0)) (2.77)

(2.78)

goo

_ % SN T g (2.79)

k o,0/

S*(q) = S*(q )izsy( ) (2.80)

k

00000000 =20 =x3s000. 00000 bubble, ladder 0000000
ooooooooooo,

x(q)
Xas(a) = L e )] (2.82)
N ()
Xas(q) = { T Ux(q)Lg (2.83)
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Gap(h) 0

U 2.12: Green 0O0O Dyson 000 O000000OO.

0000, (273)00

VA3 (9) = SUNs(0) + SUXs(0) — UXap(9) (2.84)

O00. (270)000 (284) 0000000000000 00O0O0O0O0OO GreenOOOO
Oo0ooooo.
00 GreenO OO,
Fop(k,u —u') = (Teg (w)ely, (u))) (2.85)

000000000 Fgk) = Fe(—k), 00000000 Fus(k) = —Fsa(—k) 00O
(00000,0000000 8 =000000000).
000000000000000000000000000

bus(F) = 5 SV = K) Fug ) (2.86)

000,000000000VvV®O,

. 2
Kﬁmmzww+m{ x(q) } +Uﬂ x(q) }
af aB

1 — (Ux(q))? 1—-Ux(q)
_ 3. o] x(9) Sl x(@)
= U+ 30 ll—wq)]aﬁ 3¢ wa(q)]aﬁ
= Udop + gUZX;ﬁ(q) — %U%(gﬁ(q) (for singlet) (2.87)

Vogz;triplet) _ U(;a,@ + U3 |: X(Q) :|
af

WLJW e



;;;;

bubble ladder
k.o k—o
0 e
_ - a
Xoaplqd B o B
k+q,c k+q, o
-G
v 2 ———
U 1 :
Vap(g) 8 © o LN L
...... = —c + °
+ +
c -G c — -G -G
O OO
G -G c c c
+

0 2.13: FLEXOOOOOOOOO, 000000000000 DDOO.
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V(Z.bubble)(k_k ,) V(2.ladder)(k_k ,)

Fop(k’) Fpa(-k")
Ve (2. laddcr)( o
Ve P09 ) o Ubag B Q) .
1 oL
- + =
(e —c +
[} (e
- [ ——
OO T e
- PP

0 214: 000000000000000000 VO,

:U%ﬂ—hﬂ{ x(9) }w_}w{ x(9) ]w

2 [1-Ux(a) 2° [1+Ux(q)
1 S 1 (& :
= Ubup — §U2Xaﬁ(q) - §U2Xaﬁ(q) (for triplet) (2.88)
000 (O 2.14).
000000000000 DysonOO0O0O (2.86) 00000 EliashbergO OO,
T
o) =~ 37 VD~ K)o ()G (K 0wy () (2.50)
k/7a/”8/

000 (0215). 000000000000 A NDOOO,
T
Abag(k) = =52 Y Vag (k= ) Gaar (K)Cpir (—K ) bur (K') (2.90)
k/7al7ﬁl
O007.=T(\=1)0000000000. 000 power method DO O ODO.

OO00oooboobOo,0b000ob00bgb o,pO00b00b00ODbOODbODbObO,000
OO0O0o0D0oOoon0, GreenOOOOOOOODDOODDOOD,0D0y0DO0ODOOOO
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., P AN

Fap(k)

Vop®k-k')

bap)) = 2 *

a B

Fotﬁ(k )

Eliashberg e.q.

o koo
p kP

U 2.15: 000000000 DysonO0O0OQO EliashbergO OO .

o,(k), Green0 O G,(k)00O00O0. 00O000,00000,00000000000
0000 x25(q), x2s(@) 000000 xo,x. J0O xoO OO,

28



2.5 00U HubbardOOOUOOO FLEXOQO

PryBa,Cu;045_5(Pr247) 00 0000000000000 0OOOOOOOOOO Hub-
bard0 OO 0O HubbardO DO DO OODOO. OO HubbardODO DO OO O OOOODO,

H==)_ > ticlotio +U Y nini + % > Vinignjo (2.91)
o i ij

%
OO00000D0. 00 HubbardODOODOODO FLEX, RPA, 00000 0DO0OOOODO
00000 [22,25,26,27,28,29|00000000000000O000O0OO.000O0OO
00000000 Esirgen000000000000QO HubbardD OO0 FLEX[22, 25]0
Ood, 2470000000000 DOODOODOOODOODOODOODOOO0OOODOn.
0000000 7T.000000000000 ¢k)D0000ODOODOOO,DysonO0OO,

G k) = Gyt (k) — (k) (2.92)

OO00000D00DO0D0O00O00b000Od GreenODODOODOO, OO Eliashbergd OO

T
Mo(k) = == D VI (k= K)GK)G(=K)o(K) (2.93)
kl
Do000000000000.
000000000000000000000000000000000000000
0000000000.00000000000 (291)000000,00000000
000000000000000000000000000.00000000000 2

dooooooooooooooouooo200o0oooooooooo. oooo,
1
V:§§:/dMWMT—W%@Mﬂwxﬂwywm@wq:

1 .
= QZ > V"(R.Ry, R.Ry): . ,CRoCR oy CRr
o0’ Ra,Ry,Re,Ry
(2.94)

VU (R,Ry, R.Ry) = /drdr’gb*('r — R)é(r — Ry)o(r — )¢ (r' — Ry)o(r' — R,)
(2.95)
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ooooo,

1
B d i .
V = —5 Z Z Vexc(Rava RCRd) . CRao'CRbU/CRdU/CRCO' .
00’ Ra,Rp,Rc,Ry

(2.96)
Ve (R,Ry, R.Ry) = /drdr’¢* (r — R,)p(r — R)v(r —r")o*(r' — Ry)p(r' — Ry)
(2.97)
goo:....:gougood.ooooooooooog,
Vi (R,Ry, R.Ry) = V¥ (AR; Ar, Ar') (2.98)
dooooboooooooooooo. oo,
VdiT(Ra —-R;R,—R,,R.— R;) =V“R,—Ry;R, — R., R, — R;) (2.99)

O00000000.00000000000000000000O0ODOO (O 2.16).
000000000000 (HbardOOOOOOODDODOOOOODOOOOOOO)DO

goodoooobobboobboboob oo oo, boggoooooobon

000, ¢ (r—R)o(r—R,) 0000000000000 0O0O0DOOOODODOOOOO,

O0D00O0ODODODODOODOODODODOODODODOODODODODODODOD. o000 (291)0000

guoddobbbobbbtoooooooooobbbo.
Oooooooooooooodgooooo v, goooooooov,ooo v,o

0000, 000000000 Ve (0;0,0) = U, Ve<(0;0,0) = U, V4r(;0,0) = V,,

VA (=2;0,0) = Vg, Vero(0; 2, &) = V(0 —2, —2) = V,, (x —y) 00000

vdirere (@ Ar, Ar') = Z e iQARydirere (AR A Ar) (2.100)
AR
O000 ARODOD Fourier DO DO ODOO,
U+ 2[V,cos(Qz) + V, cos(Qy)] for Ar =Ar' =0

0 for Ar = Ar’ = £z, +3
(2.101)

VI(Q; Ar, Ar') = {

30



V(AR AR AP)

c RC Ra (0}
—>—

+
Ar’ }( Ar
e
d R

<«
o’ R b G

—>

AR

v

VE(AR;Ar,Ar’)
Rc o Ry o
>
r
E Ar
Rq o’ Ry o’
—

0 2.16: 000000 Vdi?“’ yexce,
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U for Ar=Ar"=0
Ve(Q; Ar, Ar') = V, for Ar = Ar' = +3 (2.102)
V, for Ar = Ar’ ==y
000 Ar(Ar') =0,+2,+90 indexO00000000000. 0000000 (2.94),(2.96)
000000 Fourier OO O OO,

Z Z Z VAT (Q; Ar, Ar')e Artik!-Ar!

0,0/ AT AT kK ,Q

ch(k + Q)ey (R)ch, (K)ey (K + Q) : (2.103)

- __ Z Z Z Ve:tc Q Ar A’r’) —ik-Ar+ik/-Ar’

0,0/ AT AT kk',Q

&k + Q)co (k)ch (K)o (K + Q) (2.104)

O0000C. 00000000000 00000,0000000000000 Ar, A7/
OindexOOOOOOOOOOODOOOODOODOOODODODDOOD.
Green 00D O0000D0D0DDO,000000000000XMWO

T

SOk = 3 e FATV(Q = 0;Ar, A1) 3 2R AT G0 (2.105)

AT, AT 1%

goo

Vy = 2V —yewe (2.106)
0D00.0000 Fermion 0000000000000 k= (k,i,)000000000.

Oo00bO0bobooooobo21700b0bOn, Hartree O FockODOOODOOOO

0oo0.00000,
>3 (k) = % > G- Q)e—itk-Q-@ar-ar) {VaxvVr 3 (@; Ar, Ar')  (2.107)

QAT AT’

OO00. VvV UDOUOOOOOoOOO FLEXO bubbleUOODOODOODOOOO ladder O
gbogobgboobodgbdoobobuoooboboooobooo.og,gbogoa

—(). / T ik (AT AT g /
X(Q: Ar, Ar') = —— D e G(K + Q)G(K), (2.108)

kl
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Vdir(Q;Ar,Ar )

VCXC(Q;Ar,Ar )
Q0 c k+0 k0 o c k’'+0
— — - =
Ar’ }( Ar Ar’ E Ar
kK o c K kK ©

(¢) k’

O ©
2= E N\

0 217: 000000 Ve yveeegpODOOOODODODOOO.
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O000000. 00 @ =(Q,iw,) O boson000O0O0O0O0OOODOO. Hubbard OO

OFLEXOOOOOO,000000000 factord D000,
gobobbooogoboob,gobbouooooooon,
T

(34) _ —i(k-Q)-(AT-AT) .
2k =< D e Q Gk — Q)
Q,AT AT’
1 _ B 3 _ _ /
X {?@()@ —xX)Va+ ivm(Xs — X)Vm} (Q; Ar, Ar')
ooo
Noe(Q; AP, AT = Y [I + Vi) ™' (Q; AT, A7)
Vin(Q) = =V4(Q)

(2.109)

(2.110)
(2.111)

gooobobobbbbbbbbo. b218000000000000000000O00O00

gobo.booggobooobood,

Y(k) = W (k) + 2@ (k) + 26 (k)

(2.112)

Ooo0. dgobooobbooobod Dbysond000oooobooooboooon

Green OO QOQOO.

000, 0000000000000000D0000 (2109 0000000000
O, 0Jdddddddddd0ooouooboooboboOo. Esirgenddogogg

(K,—-K)— (k,—k)0000000000000000000000,

1
INCRSEESY Pvmxsvm - 51@@%} (k — k' Ar, Ar')

, 12
AT AT

x citkar+k'.ar’)

1 - !
+ 5‘/;(07 A’f’, A,r/)ez(k~A7' -k -AT)

1 1
Ft(kv k/) = Z l_évmisvm - 5‘/:1)_60%:| (k - klv AT) Ar,)

AT AT
% ei(k-ArJrk'-Ar')

1 : .
+ 5%(07 A'f', A,r/)e’t(k-A'r -k AT
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Ooooo0o,0000000 HebbardOOOODOO FLEXOOOODOOOO. Ve, 000
OO0D0000,singlet, triplet U0 0000000000000 0ODOODOOOOOO

;

Vi(0; Ar, Ar') = < (Ar = —Ar' = +7) (2.115)

V, (Ar=Ar = +3)
_V, (Ar = —Ar = +i

Vi(0; Ar, Ar') = 4 (Ar v=+8) (2.116)
V, (Ar =Ar' ==19)
-V, (Ar =—-Ar' = +y)

ooo.
FLEXOOOOO,0OOOO0O0OO000O0000000000000000, 0000
000000000000000000000000000.000000000,00
0007 ~0005t0000,k000064%x640,00000000 n=—8192~ 8192
01638400000000.0000000000 ¥, xse Vi, Va, Ve, ¥, 0000 (OO0
0000000000000000000)+1200000000000000000. 0
00000000000 0000000000000005x5000000
000000000000000000000000000. 004000000 Pr247
00000,000000000000 FermiD000000000O000O000000
00000000.00000000000000000000000,25x16000,
16334000 00000000000 30GBOO0OONDOONDOONDONONOOO, 000
000000000000 ((MO00000000system A, 0000000 55GB)00
0000000.00000000000000000,00000000000000
00000+0007T>00040000000000.000000000000000
00000 16CPUODOOOOOODOOODD’OOONONOOND. 0000000 OODO
000,0000000000000000000000000000000000.
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k+Q
wO»= A Ar

0

v

k VT Ar,AF?) k’;Q

= arf| ) Vi @iArAr

I

AT

k-Q

v

2= | xe Va

+
0

_|_

{d > m, c—s }

U 218 0000000000000000O00O.

36




26 0000O0OO00O0ODO Monte Carlol (AFQMCQ)

Pr2470 0000000000000, 000000000 FLEXDOOO FermiO OO
000000000000 00O0000D00oo0ooooo,00o00o0ooooog
000000000, 000000000 Monte Carlo O (finite temperature Auxiliary
Field Quantum Monte Carlo method ; AFQMC) O 0 O 0O O [10, 30].

AFQMCOOODOO0OO0ODO0OO0ODOODOODO0ODDOODOOO,0D000bO0obOoog
O Hubbard-Stratonovich 0 0 0000000000000 DOO0O0O0DOO0ODOOODOOOO
O00000,0000000000D0000D0000000D0DO00O Monte Carlod O
O000.0000,000000000000000O000DODO0O00O0DDO. FLEXOODO
000000000000 00DO00DODO0O0O00DO00bOoobOoO0obODOOoOoooOog
000000, 0000000000000000000000O00DO000DO0OooOoOd,
0000000000000 0O0DbO0ooDOoO,o00bDoo00obob0oooDoooon
OO00000d0.d00,00000000000oo0ooooooooooooooog
O00,00000000000000,00000000000 Hubbard-Stratonovich
O00000D0000 Boltzmann OO OOODODODOODOODODOODODOOOOO
00000000000, 00000/000000000000,00000000000
OO00DO00oO0DoDdooooooooooan.

000000000 w000, HubbardO0 OO0 OOOOODOOO,

H=—t Z <CI7UC]"U + c;(,cw) + Uznﬁ”ii — 1 Z Nio (2.117)

<i,7>,0

= Hy+ H,

O000.000000000000 (0)0,

~ TrOexp(—FH)
(0) = Trexp(—H)

(2.118)

OO000oobobobobobo,0b0b00b0oboobogblneard00ooooonogn
O. Trotter 00 (D00 L)0OO

7 = Tre ™M = Tr(eA7H)E
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L
=Tr[[(e 21 27) + O(7%) (2.119)
l

00000 timeslice( 0 00)0000 ATH,0 ATH,O 720000000000000
ooooo
Hubbard-Stratonovich O O O Stratonovich 0 00000000 sOOOO,

ATU

1
e~ ATUmimy — — Z exp {)\s(nm —n;y) — (niT—l—nil)} (2.120)
2
s==%1
goodooooob,200b0b 1gddogogooo.ooo,

ATU
4

A = 2arctan { / tanh( ) (2.121)

OO000 bilineer 000000 OOOOO,

Z=Try_ [H QLNeATHOT exp {Z [Asy + A7(p— U/2)] nn}]

=1 ]

% [H QLNeATHOL exp {Z [_)\Sil + AT(,U — U/Q)] g }] (2122)

=1 7

Sil

OO00000D0b0ob0ooogdD timeslicel0000O00ODOODOOOOODOODOOO
goo.

gbobbbougooobbbooooobobo. bog,obbbooooobbbod
goobodad,

Dy, = exp [Z CZTUVJ(Z)z‘iCia] exp | —AT Z czUlCijcja (2.123)
i irj
—t for nearest neighbors
0 otherwise
Va(l)ij = 5ij [O')\Sil + AT(ILL — U/Q)] (2125)
BY = e 270 — pobo (1) (2.126)
bp=e 2% (1) =0 (2.127)
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00000, (2123) 0000000000,

L
Z = TTZHDZTDll (2128)
sa 1

000 (5 000). 00000000 bilinewr 000000000000000 Fermi
000000000000 0000000.000,00000 A BOOOODO e 4e B
O0000e 000000,

_ota B _ i
eZij CiAUCJeZij ¢ Bijc; =e 2o evlvey (2129)

000000000000,30000000000000000000000 [10]. (2.129)
ooooo,

f f ’
TreXois ~CiAiici g2ij ~¢iBij¢i — Tye™ 2w cvlver

=St [T e Hnw )

{nr} v
= H(l +e)

= det(I + e e P) (2.130)
O0000.000 (21300000000, (2.128)00 (2.126)00000,
Z =Y []detll + B;B] - B
il o

= detM;detM, (2.131)
Sil
gobobouooggobood.
Stratonovich 0 O s; 0 O O (configurations){s;} 000000 (Auxiliary Field) 0 OO
OooboooobooOo. 00000 detMydetM; O Boltzmann weight 1 00000 OO
00000,00000000000 ((0))0

ZS“ TrO Hl DlTDll
(0) = ~
Tr{O)detMdetM
_ Lusy ! !
a Z

(2.132)
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O00000.000(0)000 s, 0000000000
<O>:TI"OH1D1TDIL
detMydet M,
O000000000000000O0OO0, (21290000 (2130)00000,000 ¢ =
S ili)eu = ¥, (uli)e, 00000000,

(2.133)

<cw(l)c;r-a(l)> - {%AU(Z)} “ (2.134)
<C;ra(l)0ja(l)> = 6ij— < o)l (1) >
- I
- [A (l)il " AU(l)Li (2.135)
goooo. ouao,
A?(l) =B/ B{_y---B{B} -+ B, (2.136)

gob.oug,bboobuooobobod,

G(l+1) = B G() B, (2.137)
doooooo. oo, 0bo0o0ooooooooool >KLood,
1
(1)l (la)) = | BBy 1+ Biy1+———— 2.1
(ci(li)cj(l2)) { W By lQ+1]+A(l2)L (2.138)
1
(cl(h)e; (1)) = {mBZQBZQ—l BBy - 'Bl1+1]ji (2.139)

0000000, (213) 0000 FermiDOOOO0O0OO0OODOO0DOO0OO0OO0OOOOO
0o0o0000o00000000.00,00B()DD0OOOODOOOOOOOOOODOODO.
00000000000,00 configurationd 000 WickO OO (Bloch - De Dominicis
000)00000000000000, Stratonovich DO O0O0O00000000,00
Ooooooooooooooooooooocoooooooooogo. oooogo
configuration 0 00000000000, 0000 {s,}000000 {s}O0O0D0O0D0OO
00o0000,00000000000.0000 {su}00,s;——s, 0000100
000000000000 {s}00000000000000,

detM{detMi

R - 2 2.140
detMTdetMl ( )
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00000000,00 {s;}000000 (Boltzmann 0 0) 0

detMidet M| = P({sy})signP({su}) (2.141)
P({Szl}) = |detMTdetML| (2142)

OoooboO,00b0b0ob0bob0bOobbOdn Metropolis O

p({sa} — {sa}) = mln{ ((‘F{le];))} (2.143)

= min{1,R} (2.144)

OO0O000DO0000000boO0,0000000 configuration0 000000000
0.000000 N,0000000000000000000, (2.132)00

>0 sign{ P({sa})}(O) (2.145)
> sign{P({su})}
0000000000000000. detM;detM, 00000000000, OO0 signP
00,00000000000, (214500 0/0000000000000000000.

ooooooooooo.
Stratonovich 00 s, 00000000000 A(,)00000, sy — —s, 0000,

A(l) — A7(1)" = [ + A (i, 1)] A7 (1) (2.146)
A%(i, 1) = §ji0pi(e” 21 — 1) (2.147)

000000, (2.140)00
R == 1 + [1 - GJ(Z)“] Aa(i, l)” (2148)

0000, Green 0 OO,

(2.149)

goooog.



00000 {sy} — {s4}’000000000 (2.144)00 (2148) 00000000, 0
00000000,00000000 (2.134)~(2.139)0, 0000 (2149000000
000000000,00000000 (2145000000000. (2149)0000,0
0000000000000000000000000,000000 (2.134), (2.135)0
000000000000000000000. 000 exp(—fH)0HOOOOO0O
00000000000,00 40000 (0000000)00 (21350000000
0000,00000,0000000000000000000000,0000000
000. 00000000000 B.B,,---B,0000000,0000000000
O0000O0O0E. Y.Loh0OOOOOOODOO000O [31).

00 Trotter 00 0 (2.119)000 O(Ar2)000000. 000000,

Z = Tre A7H02g=ArH o= ATHO/2 | O(AT?) (2.150)
D000000000.0000, (212600

BlO' — e*AT}C/QeV(l)efAT/C/Q (2151)

= byb? (1)by, (2.152)
O00. 0000000000 (2.146), (2.148), (2149 0000000,
G(l) = by 'G™ ()b, (2.153)

000,(21260)0000000. 000 G™0 (2.152)000000 GreenOOODOO.
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030 D000 F-(BEDT-TTF),ICL
0000000002000
Hubbard0 OO DO OO0

3.1 OO

000000000000000000000000000000,FLEXOO000O
00000000000000000000000000000. 0000000000
000000000000000000000000000 2000 3/4000000
Hubbard 0 00,24000000 200000 FLEXOODOOOO,0000000 T,
0000000000000000. 0000000000000000000000,
000000000000000000000.0000000000,0000000
00 Hubbard 0000 FLEXOOOOOOOOOOODOOO0O0,0000000000
0000000000000000,00000000000,FermiD0000000
00000,Femi00000000000000000000O0O0O0O0O0OOOOOO
0000000000000000000,00000000000000000000
oooooooo (3.

3.2 Ooooood

gbobob,bgggobbobouooobbbooo,buooobbboooobbn
gbobobooggoboboooooboboboood.
gobobooooobbboooo,ggogobobooooobooboboooon,

43



gbobbooogbbboooobboogbbbuooobbuooobbooan
gbobbooogbbboooobboogbbbuooobbuooobbooan
uo.

gbbbobood~0obbbooogb,goobbboood.

gbogdboogb,gobbugbbuodgbba,boogobooobboogboo
goo.

gogooobbbbboobo,obbobbbbbbobbbbboboooooon
goboo.

gogooobbbbbbobbbtoddooouo,dooooooooooon
gboogdgboogboogb,obbuoobbuoobb,bboobbogbbo
goboo.

00000000 [33,34,35,36. 0000000000000 0O0O0OOOOOOOOO
gobob,buogggbbobouooobbboooobb,ooobbbbouooob
Dooog,00d,bodbo,Mettgonoogonbboooboobog.0oboo
gbobogdgboogboodgbooobboobboobboobuoo. gobbuoon
0000000 g-(BEDT-TTF),ICLO00O0O0O00OO0OO0OO0OOOOOODOO,000
gboboboogoobbuooobbooogbbuooobbooobbooob,bboa
goboo.

3.2.1 #-(BEDT-TTF),000000000

00000000000 g-(BEDT-TTF),ICLO00000003.1000. 00000
000000 (0000)0000000ICLO00O0 3.1(a) 000000000000
0 (0000)BEDT-TTF OO ((bis)ethylenedithio-tetrathiafulvalene ; BEDT-TTF 0O O
O0ETOO0OO0)00OODOOOOO00O00OO0ODOCOOO. O00ooooooooooo
goodoobobobobboooog 2.1gduoboooobbooooooooo.
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(

a)
S S S_ _S
[ Is>z< I j BEDT-TTF(ET)
S S

(b)

bid

0 3.1: BEDT-TTF OO (a) O B'-(ET),ICly(b).
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0000000002K00000000000,0000000000000000
0000000.000000000#00000000 B-(BEDT-TTF),X(X=I;, IBr,,
AuL,)000000,000000 (0000 T.=15,27,38K) 00000000000
(000 00000000000000).00000000000000000000
(r,+7,0)000000000000000.

000000,00000000000000000000000,00000000
0000000000000000000([37. 03200000000000000-
0000O000. 00 p082GPa0 0000000000 D, 00000000000
Tmer = 14.2K(@p = 8.2GPa) 00 0. 0000000000000 000O0000O0DO
000000000 7,000.002K00000000 Néel OO TwO, 00000
3GPa0 0000000000000 ESROOODOOONOOOOOO0OOO[38. 000
000,000000000000000000000000000000000000
00.0000000000000000000000000000000000000
00000000000 000000000000000000,0000000000
0000000000000 00000000000000000000000000
oooooo.

00000000000, (BEDT-TTF),X(XO0OOOD)00O0O000000000
0000000000000 000000000. 000000, 0000 X0000
BEDT-TTFOOCOOO 05000000000, X000000000000000
000000000000, OO0 BEDI-TTFOOOOOOOOODOOOOOCOO0OO
00,000000000000000000000000, ET 000 HOMO(Highest
Ocupied Morecular Orbital) 000 050000000000 3/40000000000
0. 00ETO00O00CO,ETO0000000000000000-0000000
0,000000000000000000000000000ETO0O0 HOMOOO
00000. 000000000000000000000000, 3/40000000
00000000000000000. 0000000 BEDT-TTFOOOETOOOO
000000000000, ET0000000000000000000000000
00000000000000000000000000,0000000000000
000000000,00000000000000000.
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W e T T T T
*
% ‘1‘ M 1
i I ‘.. -
g "ﬂ Ts * D“It-'
I {i”
] 3 & 84

EAFI g ‘1

zero=resistivity point

TR EEEE N T T FE . Y e FE . )

g1 2 3 4 & & T B 9 10
P (GPa)

0 3.2: B-(ET),ICLO0000000 (00 [37]0000.)
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0 33: 00000 ETOOOOO (polytype). DO0ODOOOOOODO ETOOOOO. OO [35]
g

000000000000, 00000000000ETO000000000000.
ETO000000000000+0000000,ET0000000000O0000O0
0000000000000 00000. 00000000000 ET00000000
0000,0000000000.000000000000000000000000
0000000000000.0000,ET0000000000000000000
0000000000.0330ET00000000 (polytype)D000. 0000 a
B,k 0, 0000000000000,0000000ETOO00O0O0OOO0OOOOOO
00000000.000000000 B-(ET),ICLO 4000000000

4000000200 ETO0000000OO0D200003/40000000000
00.000p,p.00000000000000000000, 0 p,0000000
000000000000. 000000000 FermiJOOO0OO0OO0O0O00 FermiO O
ET0000000D000000000D00000000000000 [41. 00000
0000A0000000000C00000O000O00N0OD. 30000000000
000000000 B-(ET),l; 0 Fermi OO0 3.4(a) 0000 [43]0

00,00000ICL0000000000000000000000000000 B
000000000000000000,/400000000000. 0 34(0)0 80
00000000000000000000 FermiOOOOO [43). 00 4000000
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0 34: 40000 f#O00ETOOD0DD0000000000000000000000000
0FermiD. # 0000000000000 p,000 p,000000000 FermiOJODOO
00000. Fermi 00 §-(ET)els 0 F-(ET),ICL, 0000000000, 00 [43]
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(0000000000D0. 0000,00000000000000¢p,)000000O0
ooooooo,0gbuogboobooboobd Fermi000000O00O. OODOO
gbogobgboobodgba,ggbobbooboo,obbogbuogbuooboobo
goobobod. ggobobuooodguobl1oogoobobouoooobobo.booan
gboboboooobbbuogbb,ugooubbbooodbbuooobboogbn
000000000000000000,00000000. 000 3/40000000
Doooobobooob,obboobbooobboob.bbod Mottt OO
0.00,0000000000Mott0000000000.000000 F-(ET),ICIL,
OooooOooOoOoOoOOOOOOOOOOO0O0ODOO0OOOOO0OOOOOOOOOg. (O
34b)0000 FermiOD0O0O0O0D0D0000O0O0O0OO0OO0OOOOOOOOODO,00000
Doooobobooobooobboobboobboobog, Mottt oonoQg
Oooo0o0o0O0o000oooooooOoOoUooooDoooo.,)
gb,b0bodggobobouogoobobo,bbbuooobbobooooooon
ooooboobooboobuoobuoobuoobo,00boobo0obd Mottt O
gobobboogoobobboooggboobooooooboog,.

3.22 0OUOOO0OOO0OOOOOOOOO

000000000000000000000000000 B-(ET),ICLO00000
0000, 0000 MettO0ODOODOO0000O00000000, 00000000 8-
(ET),ICL00000000000000000,00000000000000000
ooo.

0000000000, #-(ET),ICLO00000000 200 ET000000, OO
00000 ¢p,)00000000¢p,)00000000000000000 (0 3.5(a)
000) 0000EBTO0000000000000000,000000000000
00000000000000000,000 HOMOOOOO0O00000000000
00000000.00000000000000000000,0000000000
0DUOO00.0000000,00000000000000000000000000
000000000000000000000000,000000000000000

20



(a) (b)

hole €F - -/~ - - - u
2? dimarization,

— im0 - - - -
i gap A i i
dimer \/ 1/2 filling

3/4 filling

) . dimer model
dimarization

limit O\ L D

—_— )T T\ T -1(q,)/2
\
N t t,=-1(q,)/2+t(c)
\ O t=-tpy2
original model Uldimer
(x) ‘

Usimer=21(p, )+ UR(1+423(p) )/ U2

)
O > =ET molecule (site) = dimer (site)

U 35:2000000,00000000000000000000000D.

000000000000000,000000000000000000000. O
00000000000000000000000000,0000000000000
0000000D000000010000000000000000000000000
0 (0 3.5()000).
0000000000000000.000035b)000000000000 t(p,)
000000000,00000000000000000000000. 000000
0000000000000000000000000000000000000000
000000000,000000000000000000000000000000

ol



0000000 ([35]. 000200000000,0000000000 tgme-00000
goadd
H:—t(cJ{chath.c)—l—UZniTnu (3.1)

)

00000000000000000000000000000000 Ugimer = 2taimer +
U/2(1+42, /UX)Y/20000000.0000000000000000000000
000000,0020003/4000000000000000,000000 1/200
O000000000. 000 Uy 0000, Mott 000000000000 O00O000O
000C0.00000000000,00000000000000000000000
0, 8-(ET),ICLO0,0000000000000000 «(ET),XO0000000O00O
0oooooooo [39).

00000000000000000000.000000000000000000
0000. 0000000000000000R00000000000R 00000
000,0000000000000 8000 /A00000000000000O000O.
000000000000 chemical pressure J 00, 0000000000000000
00O00000000000000O.

0oo, B-(ET),ICL O B-(ET),;, 00000000000000000000000
0000000000000000000000000.000000000000000
00000000 Hukel DOODOOODOOO0O0OOO0O0OOOOOOOOOOOOOOO0O
00.0000000000000000000000000000,000000000
0000000000000 FLEXOOOOOOOOOD.0000,000 (g,¢.) = (,7)
000 Fermi0 00000000000 O00000O00O0000000O0000000
0,0000000040000000 FermiDO0O0000000000000 (O340
FemiOOO0),000000000000000000000,00000000000
000.000000000007,=18KO00000. 0000000 dpe_,00000
00000,000000000000000000000000000 [40, 41, 42]

0000,0000000000000000000000000000000. 0 3.6
000000000000000 FemiDOOOOO0O. 0000000O0000O0O00O
0000000,00000 10000000 FermiOO 8GPa0OOOOO0OO0O, O

o2



0GPa m”
£

126Pa @

Enongy [e¥]
o = &
H £

0 36: 00000000000000 @-(ET),IClL, 0 Fermi0000000000000. O
0 [43]00.

00000000000 000000 A000 FermiDOO0O0OOO0OO0OO0OO0OOOO.
000000000000 B-(ET),;00000000000 FermiOO, 000000
08GPa 00000, 0000000 (g,¢) = (7,7n) 00000000 (g,¢) = (r,0)
0000000000000C0.00,000000,00000000000,0000
00000000 (Hubbard0ODOOOOOOOODO0O00000OOD)00000
000000000000000000000 43, 031000000000 (000
16GPa0 00 0000000000000 O00000000O00DO000O0DO0O00On
0000000000000). 0000000000000000000000 ¢(p,) O
0000000000 ¢(p,)0000000.
O00000000000000000FemiO0O00000000000000000O
000000000000, 00,0000000000000000000000, O
0,00,00000,03100000000000000000000000000
FLEXOOOOOOO. 000000000 U=025~035V00000000. 00
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03.1: 0000000000000 @-(ET),ICLO000000000000000000. 16GPa
0000000000, (00 [43)00)

(OO :eV)
P (GPa) | t(p1) tp2) @)  tg) t(c)
0 -0.181 0.0330 -0.106 -0.0481 -0.0252
4 -0.268 0.0681 -0.155 -0.0947 -0.0291
8 -0.306 0.0961 -0.174 -0.120 -0.0399
12 -0.313 0.142 -0.195 -0.122 -0.0347
16 -0.320 0.188 -0.216 -0.124 -0.0295

OO000ooob0ob0oboboboobooboOo. o000 4~ 18GPaODO OO, 00D
Doobobobooboobobg200b000000,b0bob2Kk000boooo
OO00bOO00O0o0o0o0oDbOo. Ooboob FermiODO pO0D0OO0O0OO0OO0ODOOOODO
O, (k. k)= (r,0)0000000000DO0O0O0OO0DOOOOd, 000000000
000000000 44). 037000000000000000 FermiO, 000000
goooo.

3.23 0000

O00,0000000000 g-(ET).IClL, 000000000 0O0OOOOOOOO, O
gobobooogoobooo,gobbbooooboboogoboobog. ggan
gbobbooogobbbouoooobbbooooobobouoooobon.

e U0 FLEXOUODDUOOODOOOODOODODDOOODLODOO.ODODO, D
gbbbuooogbbbouooobobbuoodobbooobbooobbooon
good3i1bobbbbbb,jgooooooooobbooboboougoag.
0000000000 ¢¢p,) 00000 t(p,)0000D00O0ObB50000000,0
00000000000 16GPad0 000 t(p) 00000 170000000O0ODO.
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0 3.7 000000000000000000000000000000000000000
(00)0 Fermi 000000000 (00. 000000 FermiOO k, 00 b0,k 00 ¢000
000. (00 [44)00)

e 00000000 DOO0DDO0DOONONOOON0000000 Ugme 0000
00000000,00000000000000¢(p,)00000000000U0
00000000000. 00000000000000000,00000000
0000000000 Ugmer (t(p)) 0000000000000,

e 10D DODOOODOODDODDOODOO k-(ET),Cu(CNS), 00D D DOOOOO
gooobo,bbobbbbbbooubouooooobobbbbooooooon
gbobbbooooobbbuoooobobboooooobon.

e 000D DODDODODODDDDOOODOOD(OODDOOO)ODODOOT.0O0DODOOOO
goo.

30000000000000. k(ET),Cu(NCS), 0,0 3300000000000
oo400 ETOOOOOOOOOO,00b000bO0o0bO0o0bOoobOoobOoobo
gobobooooobobob,gggb2000gbboboooo.4boboooon,d
Doobobobooboboboboo 2000000 FermiJ0O00O0D0ODOO 20
OO0 FermiODOODO,00000000000000000000O0000O00O000O0ODOO
00000000000 (35,45, 0000 T, =128KO00000000000O0O. O
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original 4-band model dimer model (2-band)

ksl ii ﬁ Eaid ﬁd— —I--"‘l * ﬁ
'T:--._u e _‘“--_}E-"":‘ -:.;\%’éi
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O00b0000 FFermi0DO0000,00003D-1DOO0ODOOOOOOOOODOO0OO0O
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0000000000000 Pr2Aa7TO000D00OO0ODOOOdO=000Pr12400000
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00 200000000000000,0000000d0000C000C0000000
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000000000000000000dO00,p0000000dp00 (0 4.7(a))0
00.000zgrzg00000000000000000d, p00000000400
0000,00000000000000000000000000000000. 00
00000004, p000000000C0C0000:000,000000000000
000d, p00000O00000O00O0OO0+1,+200000.00000000
O unit cell 100 0000000000000 0 wfold00020000000. OO0
00000000000 0000dp00000000,ppd00O00000,d0O0
00,p00000,000dp0000000 AD,

H =ty Y (plydivio +hc) + 1ty » (plypisio +hic)

1,0 1,0

+Ua > (naitnai) + Up > (pitngi)) + € > plobio + €4 »_ dlydio (4.1)

A i i

O000.p,d00p(d)0 000000000 CO0OOODO. heOOOOOODODOODODO.
dpO0OOQ0OO0OoOoboOooooooobOo,0bob0boboobooboobd Hubbard
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00000.000000000d0000 p00000000000000000,0
47(b)000 p0000O0O0000 ADDOOOOOONOOOOOOD 200000000
,p000000000000000000000000000000 ¢, ~—t3,/(-A)
000 (00000000000t =ty ~ —2/A). 0000000004000
00000000000000#x0000000,0000000 UO0000 Hubbard
oo,

H = Z 21 {CZO_CZ‘_HJ + hC} + 1 {CZUCH_QJ + hC} + UZ Uz (42)

googd. bbodbbuogbooobuogobooobooobobooobbooobo
gbobbobooooobb.obbboodybodag,bbuooogbbobuooobbn
0000 t(<0)00000000000000O

~ t1 cos(k) + to cos(2k) (4.3)

000,00000000000000 (doublewell)DODODOOOO.

Hubbard DO OO0 4.7(c)0inset 0 000000000000 OOOOOOOOOO
000000000,0000000000000000 J=4t/(-0)0000000
O000000O0O0. 000000000 (0)D0oOoOoOoOooOoO. 000 HubbardO
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1o 1o

1 1
+ Jl Z (Sz . Si+1 - Znini—kl) + J2 Z (Sz . SZ‘+2 - Znini-f—?) (44)

i i

(4.5)

000.000 G =c(l—ny), Si=1%, & o,,6,0000000000000
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gboooogg.
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OOoooboobdobobobooob,0boboboooboyYyiaooooooobooo
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000000000 48()000.00d00000O0O0O0O0O0O0OO0O0O0O0 k=0,47
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ooboooboooboboooboobooooobo,oboboboooobooboboobogoo
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OO00-Luttinger 00 (TLOD)000OCOO0O0ODOOO0OOOOOOOODOODO,O00
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ooboooboooooooboooooooboo,ooo,bob0 Ssbw, cbwogn

Ogc(r) ~ 7“_[1+(1/Kp)] (46)

Cspw.cow(r) ~ cos(2kpr)r~ 05 (4.7)

ODoo00o00d0d K,>1000000000000000000000000000.0
00 Luttinger 00O 00 K,0,

9 1/2
K,— TUF + ga + Gy (4.8)
2TVE + ga — G,

O,9,,0.000 FermiOOOOOOOOOOOO0OO0OOOOOO0OO0O0OO0OOODOOOCOOO.
HubbardOO OO OOOOOO g, =0000000000000, K,=10g,=0,0
000U —-000000000000. 00, FermiOO 40 (£kp,+hkp) 000000
g,buogggbbobubboooobboobbbo. ooob,

Csc(r) ~ /2K (4.9)
Copw(r) ~ cos(2(kps — kpi)r)r—2% (4.10)
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0004/, 00000000000000000000.000,0000000000
00000000000000000000000000000000000000,0
00 twit000O0O000000000000000,

Zy = exp [% > ilng - nu)] (4.11)
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e 00O, Iy, X-SOOOODOODOODODOOODODODODOODO

ekp, kg =0,m) = ZAn,ka:O,ﬂ cos(nky) + const. (4.12)

0002000000000000.000000000000000000 cos(3k)
goboboogoobob. gbbbbodoooobobboooobboboooon
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1. Original Hubbard chain 2. Single band mapping
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e D0 OOO e(k) = 2(t1 cos(ky) + t1 cos(2ky) - - - + toq cos(ky) + 2t1, cos(ky) cos(ky) +
..)00000000000000,000000000000 Apg,—o, Apsyer O
S(kb,kazo,ﬂ')lj oooood tl,tg,"',toa,"',tgal] ogog.

e DODLODLOOOLOOOLODLODLDLDLDOOOOO,bDLODLOODLOOOOUOO0O0O0O000n
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Cm — Cm exp(imm) (4.13)
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ko =m(X —8) ;4 = 0.12, 4y = —0.39, A3 = —0.029
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t, = 0.095,t = —0.43,t3 = —0.056 00

toa = 0.015, 1, = —0.012, to, = —0.015, 3, = —0.008 (4.14)
0000 (VOD). 000000000000000000000000000000
0000000000000 4130000.000000000000000000.
00,00,00,0000000000000000000 Wien2K0O 0O OO Pr2470

0000000000000000000,00000000000000000000
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t1 = —0.099,t, = —0.434,t3 = 0.072, ¢, = —0.038
toa = 0.0133,t1, = 0,t,0 = —0.034,¢,4 = 0.008 (4.15)
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Dﬁg%mmmm,DDDDDDDDDDDDDDDDDDDDD.D4m@DDD
4.16(a), 0 420(2) 0000 V; = 0eV, 0.7V 000 Fermi 0000000000000
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00000000000. 0000000000000000007,000000,00
000000000000,000000007,00000000000000000.
000, ~09000000,Fermi 000 ke ~ +x/4, ke ~ +37/40000, O
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|[euter _ fimner| — /o (4.19)

O00 UmklappOOQOOO0O0O. 00000000 DOOOOOOOO0oOoOooonoooon
000000000000 [61,8). D000DO0D0ODOO0OOOOOO é~0.6000 7,00
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Hebel-Slichter 0 0 000000 T<7,00000 7°000000000000000
oooo [72.
NMROO,0000000000000000000000000000000,00
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0000000000000000000. 0000000000000000 7,00
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000000000000000000000),000000000000000000
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0000000000000 Gren00O0000000000000000(S)000
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~ /0 de (— 9% [(Im< N >FS>
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000000.0000000000000000,000007,000000000
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0 Dyson O 0O O I,
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0000000000000. #(e)0 t-matrix 000,

~
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00000000000000000000000000000000,BCSO0000
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goob. bodgoobobbooooobobo,oobbobboooooboboooan

117



gboooo.
Oo0O0oooOoonD,AFQMCOO0O426000000000000,0D00000000O
Ut,teddbbobuogggoboobuoogoboob.oobo,ogobooog,

H = Z [tl {C;‘ro-ci-l-lff + hC} + 1o {CIO_CZ‘_FQJ + hC}] + UZ NNy (431)

000.00000000000000000¢%/t,=-025000000000000
00 —t=¢:0000000=4000.00000000s00000000000
Oo00d. 0b0b0ob00FLEXgboooooobobooobobobooooooo
000 t/t,=-0250,0000000y00000¢,=0000000000000
00000000000000000 (04260000000).

Doooobobooob pr24a70000O00DOO0OODOODODOOODODOOOO
O |t1/t2] =02200000,0000000000000000000 (0 4.27)0,00
OO0 FLEXO QMCOOUOODUOODOOoODOoooooboboboooooo.

4280000000, ggobobogooobboogbboogoooa.og
OO0 ArFQMCOOO0O0DOOOOODOOOODO TLOODOOOOODO, FLEXOOO
Oooboodoooo431000000000,000000000000004d0 o,
gbobboooobbbuogbbuooobbuooobbooob,booogoobobo
00000000 FermiDOOOO (78 OODOODOOODOODO,00000D00000O
OO0o0ooOobO0obOobOo,20b0b00b0ob00ob0OoboOo,00o0gooOonD AFQMCOD
gboogboogboodgbboodbboobboobboob.bboobboob
OO0 AFQMCODOOO0OOO0,0D000000DOOO0bObO0OO0oDobOOn.

oog,bo0dbogbogbolgbogbooboo TLoboobooboon
00000000000 (o000 100000000000 00 TLOODODODODOOO
oooobooobo,0bo0boobooboobd FermiO00OOOOO TLODOO
000000000000000000000,Pri24000000000 [v6j0000O
O000000000). 0000 FLEXOOOOODODODODOOOOOOoooooooao.
Oo0Oo00FLEXDDODDODODDODODOODOODOOODbOOOobOoOOn.

goboboogggb,bbbgogobbobooobboooobogobboon
OO00O0DO0oDOobD. ODOoboobDOobD AFQMCODODODOObOOoOoOoD T'=o0t000O
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QMC FLEX

0 426: 00000D0O0O0O0O0OOODOOOO FLEXOODOOOO.

QMC FLEX
Purely 1D model Simplified Q1D model o/o\o ° o
[t1/t2]=0.25 H ‘e o o o o
|t1/12/=0.25,
60 o o 00 (T> ) 10,-0.05¢ e

TDDDDDDD

Realisitic model for Pr247

[t1/t2]=0.22, 19,~0.031,
+ long range hopping

0 427 00000000000O0O.

superconductivity
of Pr247
7 FLEX O QMC
Fermi liquid 000 Q

Quasi-1D model
{o,: finite

m model

TL-liquid 6,=0

\4
~

A

T~t()y

0 428 00000,000000000000000000D0DO.
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O.00,00000000000b0d0b00000¢,=00x000,y0000000
gonroooO,bbbobooouoouuuooooobbbboood. oo, g0dgo
gobobooogoobobbooooobobooo. gg,bbboooooobobboooon
gogooboobbbbobboboobbobbbo. obboboboboboooooooaag,
OO0000ODO0AFQMCOOOOOODODOOFLEXOODOOOODOOODOODO
gbbboooobbobo,b0bbbuooobbbooogbn.

l. Jgdoooooooo,oboouddddduooooooobobooboboogadad
FLEXOOOOODOOOODOO.

2. 00000oboO0oobboooobboOoobobooobboOoobobobOogn, FLEX
gbobboooobobbbouooobbboooobbboaod.

OO00,00000000000D0000000DO0ODO0ODbDODbDO,00 FLEXDO QMC
goobooooobbooooob.bbobbooooobobboooooboob,od0n
ooboooboooQMCcObOoboooooooo,boboooooooog.

4.5.2 000000

gobobooggobooboad,

P(T) = = ﬁA HAL(0,j) + h.c)d 4.32
( )_Nw;w/o( ()AL, ) + h)dr (4.32)

00000000, A,00000 00000000
ANa(®) = 9a(6) (cirira) T cifcivar) (4.33)
é

00000000 —, 0000000 +000. ¢g,(6)044200000000,000
OO0O000ob0o0oo0oboo0oboob0ooo0o.0oADODDOODObOOODbDOODOO
OO00,0000000000DO0DO00000000 cutoffO0. OOODOODOD
U ocbbD0O0OO0OOOObObObODODbObObObOoO0o000uoooooooobboon
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superconducting

1 " )
susceptibility
P(T)~<ci: ciss. G "Gju > = 8 5 O 6@5'
l ! !

0 429: 000000 P(M0O0ODOODUODOD. 0100000000000 (uncorrelated O 0O O
O0000). 00000000 46,f00000000000.

gb.dgd,gbobodg429000ggob,bbbooooobobooooaoon
gob,gggooobooogn,

1 B

- %M} /0 (G (7)Go (7)) 7 (4.34)
00000 (uncorrelated D000 0O0O00ODO). G(T)z—(TcZ-(T)c;(O»DDDDDDD
O Green0O0O0OD. 00000000000 0O0ODODOOOOOOOOO P(T)—P,(T)
ooooo. P(M)-P,(7T)>0000,0000000000000000000000
0000 (000000 0)0000000000Dooooono 0. (Doooo, o0
0000000000000 00000000000O0000OOooODoooooooon).
gboboboogoobobugobooobbboobboo,gggobobooogoon
oobO c,O0oobooboob,0boboobbooboooobooobooooobbooboo
gbobbooodob,gogbbbbuooobbog.

FLEXOOOOO ¢,(6)000000000,00000000000 FLEXOOOO
gogobobobbbbbbbbbbbbobdudgdg. bbb n=205,080001.00
Ooooob. doobododibn=05,080 FLEXOODOOOOODooooO
gooooo,bobbbbbbbobbodabbbobbodgd. ggggudgdgedgy
OoO00OoO00ooOOo0ooo,0b0bo0bobo00oboo0A=13000.
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0.5 A B4 | : . ;
-0.5 ) .. -0.5 \/

7=0.1t —— ‘T:O.lt—
1 T=(‘)‘01t---‘ ------ | 7=0.017 - B
6 4 2 0 2 4 6 6 4 2 0 2 4 6
) )
—— FS —— FS
—— node of gap (FLEX) —— node of gap (FLEX)
- artificial gap -----artificial gap
7=0.1¢ 7=0.1t
ok g ky E E
e Ky
( 0.6cos(ky)tcos(dky) ) ( cos(2kx)-0.25)
7=0.01t 7=0.01t
k E 3 E
ke ky
( 0.6cos(ky)+cos(4ky) ) (10.8cos(2kx)-cos(5ky)-0.25)

0 430: 0000000000000 T =014, 000000 FLEXOOOOODODOOOOO
00000000000 000O0000D (D0)0 FermiDOOODOODOOOOOO (ODDO). O
goooooodob booooboboobooobbooboboboboboboboboooo
ob boboooooobooooobooo.
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4.5.3 00O Monte CarloO0 OO OOOQOOoOoO0O

O0T7T=01¢t000001t00 FLEXOOODOO»n=05,0800000000000
O0000,0000000000¢((6)000000000DO04300000,000000
O00 FermiO0OO0O0O0O0O00O0O0O0OOODODOOO. T=0.01t00g¢(6)0000O0O
OPr2470 000000000 (0423)000000000000,000000000
oogboboboooobob.T=01r000U0n=05000000000000.
O0n=08000T=01t00=500000000.00000000 AFQMCO
goobooggbooog.

Eliashberg OO DO OO0DO0OO, 0000000000000 O0OOO0OOOODOOO
OoooO0obOoo0oooDoobooo0obooDobOoooDOoboDOUArFQMCOODOOOoo
gbbogdboboogbbuogbugubboobouobobobobo,bbuobooogbn
gbboboooobbbbouoooobbbuooodb,godboooobbbboooon
gbood.bogod,ggbobodbbobooooboooboobooboonon
O00. 0000000 FLEXOOOOOOOOOOOO,000430000000, g(d)
gbobogdbbogbbog,buogoobgbogobboouooboooboann
oboooboobooboobooboob,o0boobooboobog,d4300
gbobobobodgb,ooboboubogbuodgboobobobobobobboobd
OO0, 00000000000 AFQMCOOOO0ODOODO.OD00ODO431000000
gboobodbbodbbobobobugboboboooboooooo %fdk]A(k)P:l
goooog.

n=0.5

04320 =05000 AFQMCOOOO00000000000000000. FLEX
D0000000000000 A(k,) = 0.6cos(k,) + cos(4k,) 000,000 cos(k,),
cos(4k,)0000000 P(T)—P,(T)>000000000000000. 000000
00000000000000000000000000000.0 43200, AFQMC
0 FLEXOOOODOODOO0OO0OO00000000. 000000000000 ¢ =a/40
00000, AFQMCO FLEXOOOOOOOOOOOO. 00, n=0500 FLEXO
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cos(2kx); (n=0.5,1.0)

©) O

cos(4ky)

cos(5kx)
e) o)

C

e}

e}

o

@) .+O

cos(6kx) ; (n=1.0 only)

.+O

O

cos(kx)-cos(2kx)
O @]

e}

@)

cos(2ky )-cos(Skx ) ; (n=0.5,1.0)

O O .-'_ (&) .-|- O O

e O o o o e

cos(kx )tcos(4kx ) ; (n=0.8,1.0)
O O .-i_ o .-i- O O

& O ) ) o e

cos(2kx )-cos(6kx ) ; (n=1.0 only)
e o 9 (6} 5) o e

O O O O O O

0.6c0s(kx )+cos(4ky ) ; (FLEX @ n=0.5 )

O .-l— O (&) O .-|- ]

0.8c08(2ky )-cos(Skx )-0.25 ; (FLEX @ n=0.8 (T=0.017) )

O ] .-l- (&) .-'- O @]

& o e} ) e} &

cos(2kx )-0.25 ; (FLEX @ n=0.8 (7=0.17) )

©) O .-'- @) .—i- @) O

& O ¢ e} ¢ &

0 431: 000000000000 0O0ODO00OOD.
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oboobooobooboob,reEXOobDoooboboboboobuobobobgon
OO0 FLEXODOODOODOOoooOooobooboooboooooo.

n=0.8

04330 n=0800000000. 000000000000 FLEXODOODODOOO
000000 (Tr=001)000(T=01)00000000000,000000000
OO00000 AFQMCOODO00O0. 0000000000000, FLEXODOOOO
O0000000000 A(k,) = 0.8cos(2k,) — cos(bk,) —0.250 0 A(k,) = cos(bk,) O
goodooobobobboo.gobobbbboo, oo oobbbbuooooo
000.000,r=0500000000000000000 A(k,) = cos(ky), cos(4k,)
000000, cos(k,) 0000ODODOODOO,00000000D0OO0DO00O00O00O0 =05
O0000000000000,00(0000000000)000000000. cos(4k,)
OPT) -P(TOODODODDOOD. O0OD,00T=01t0000 FLEXOOOOOOOO
O A(k,) =cos(2k,) — 0250000000000, 000 T=014t000000000
D000, AFQMCO FLEXOODODOOODO. AFQMCO T=01t00000000O0
Jo0o0o0ooobooooobD,ddbD FLEXO T'=001t000000. 0DO000O0O0O
00000 FLEXOO AFQMCOOOOOOOOOOOe, =3#/500000. 000
00, AFQMCO0O00 T=001t000 FLEXOOODOOOOO Q=3x/5000000
guodduoooobobbooooooooo.

T=01t0 FLEXOOODO AFQMCOOODDODODDODODDOODODDOODODDOODODOOO
O00000000. 04340 FLEXO AFQMCOOODO0ODDOODDOOODDOODODOO
Green DO O0O0O0O |G (k= (kyyn/2),inT)| 0000 (GreenO0O O Fermi OO OO OO
O0000). AFQMCOO FLEXOOOO-000O FermiD (0)O0O0 “O00000” 0O
000 Q0000000000000 00000O0OODO0000O0OOD)0boOoOo
goddooobbbbooooooooooooooooogo,gg
0 FermiO (0)00,0000000 FermiO (0)00 “00000070000 Q,, Qs
goobooooobb, FLEXgooobbobooooobooboboooo,booon
0000000000,n=050000Q,0Q,00,00000 ¢ =7r/400000
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0.04 0.04
cos(4ky)  -m- cos(5k,) A
0.03 |- COS(4kx) Pu -~ g 0.03 - COS(SkX) Pu R
S i 0.6cos(kyytcos(4k) 2 | & | cos(2k,)-cos(5ky) R
ol s 0.6c08(ky)+eos(dhy) P, 2 N cos(2k,)-cos(Sky) Py “
. 002 4 e . 002
= \ = m
N N i
< - 1 < Fo
001 | 1 0.01 | lm
im
- T I AKX \EL\
A A\ N
0 ‘ 4 0 R
0 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8
0.04
L cos(ky) e
cos(k,) P, =
0.03 | B
o cos(2k,) —y—
E - cos(Rk) Py —v— 1
~  0.02 E
sl
~ !
< L |
o
\\
0.01 | E
L \ i
e — K ; "

T/t

0 4.32: (a) 0O Monte Carlo0 0000000, n=0500000000000000000
O0oooooOd. (hAFQMCO FLEXOOOOOOODDOOODO.
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P(T), PAT)

P(T), PAT)

0.04 - ‘ 0.04
| cos(5k,) - i cos(ky) — |
' cos(5k,) P, = costk) Py o
03 b 4 .8c0s(2k,)-cos(5k,)-0.2 A 03 | _
0.03 it 0.8cos(2k,)-cos(5k,)-0.25 0.03 0s(2k)-025 v -
i 0.8cos(2k,)-cos(5k,)-0.25 P, & <
n = r cos(2k)-0.25 Py, -~ 1
B A
0.02 E . 002 f g
» S
\I\ oY - ,’ 4
001 | | g 001 | g
A I \ i
0 , W = 0 Ve g : ! 4
0 0.2 0.4 0.6 08 1 0 02 0.4 0.6 0.8 1
T/t T/t
0.04
cos(4k,) -l
cos(4k,) P,  -=-
003 cos(ky)+cos(dk,) —a— |
cos(ky)+cos(4ky) P, —a—
0.02 E
0.01 |- i
0 - U] 0 L
0 0.6 038 1 -1 0 T

0 433: n=08000043200000000.
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n=0.5

22 1.8

:8 / AFQM [ RV k\ 1A4 Ly \\
o A i i\
| : 5 A .:" / “‘n

Q

LA\

LT TE NN

08 * \ /' .\ / 0:4 ‘\,_. r,,' Q, ‘\.,,,"

|Gk, inT)|

0.6 ¥ . E 7 L FLE (inner-inner)
04 X Vi \\ Fd 0.2 Q
.\-“ el e gpo 0 beoheet AFQMC (outer-outer;
0.2
- b - 0 T

o

9x

n=0.8
Q2 Qi

22 35

R NS
T \ il T g

L P AV : AN A

0.8 i ." 4 4 1 3 &
| ; ! RN / L d )
06 [ ¥ / ! \ ; ] n'ff_‘ M_‘# (L i‘*v;
’ +
T

|Gk, i)

[

—— [FLE

.
.'!'f
P2

0.4 5 bt AFQMC

0.2 0

0
ky 9x

0 4.34: QMCO FLEXOOOOO n=0.5,08000000000000 GreendO. T =0.125¢
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0000,n=0800Q, Q,0000000,000 FermiDOOO000O0000O00O
0000000000 hmpOOO0OO0O00O. 000 AFQMCOOCOOOOOOOO
000000000000 FLEXOOOOOOOODOOOO.
000000,n=0800,FLEX0000000Q,, Q000000000000
00000000000000000000000,Q,00000000000000
00000, FermiOODOO0000000000000 cos(2k,) — 02500000000
Eliashberg 0000000000000, 000000000000000 AFQMCOO
000000000Q, Q,00000000,“0000007Q,000 FermiOO OO
000000000 cos(5k,) 00000000000000000000000. FLEX
00000000000000000 Fermi0OO00O0O00O000O00O0000000O
0000 cos(5k,) 00000000. 00000 AFQMCOOODOO FLEXOOOOO
000000000.00045100000000,7=014t000000,n=0.80
000000 TLO0O0000O00000O00FLEXOOOOOOOOOOOO00000O
00000000000 0000000000000. 00000,000000000
000,0000000FLEXOOOO AFQMCOOOOOOOO0O0O0O, 00000
FLEXOOOOOOOO»=080000000000000000000.

n=1.0

n=1000 FLEXOOOOOOOO,0OOOoOoooooooooobooboooo. oo
00004350 000000000000 uncorrelated 00 D0 0O0O0O0OODOOO. O
O Green 0000000000000 OO0OOOOOO,0436(a)000000O0O0O0O
O0000000000000O0,uncorrelated0 000000 0O0O0OOOO0OOO. O
ooobobooooboobo.obobboboboboooooboUobOo,boboogo
00000000 FermiD 0000000000000 0ODOOOOO (O 4.36(b)). D0OO
0000 7/20 00000000000 (O 4.36(c)), FermiDO0O0O00O0O k, =7/4, 37/4
O0000,0000000000,umklapp00000000OOO0O. uncorrelated
O00ob0obobooooob0oboboobobobooob0ooDooDooDooDooooon
O [90].
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P(T), PT)

0.04

cos(ky)

cos(ky) P,

€08(2k,)-cos(6ky)  —<—t

cos(2ky)-cos(6ky) P,
cos|

x
cos(4k) P, —— |
0.03F

cosky)+eos(dky) A
cos(ky VP, i

0.02} cos Y E——

0.01}

0 0.2 0.4 0.6 0.8

T/t

—

U 435 n=10000000000.

gbobboooobbboooobobboood.

<C;-r Cj + C;r- C; > U=4

4.35
<CZC]' + c}ci>U:0 (4.35)

oooo,0bd:.0yj0000000000000O00O00OOUOODLOODODODOO
O000000. 0000 i—y]=1,200,000000000)0000000000O
O0000000000000437(2) 000000 (0000O0ODO0ODODODO (43500
O0,0000000000000D0D000D0). n=09000000000000C00
0000,(0000000000000O0)00000000DO000ooOUoooDoO
gbooboogogboog.

oooooOoOoOoOoOoOOoOOOOOOODOODODOODO (ODOOO0)0OODOOOOO
00000 (ladder) 00 (0 4100)00000000000000OO,00000000O
oooboobooboobooooboob,vboobobbobobobbobon
O00,000000000C00000,0000000000D000000 (O 4.37(b)).

U000 FLEXOODOODODOOD 4380000, 0000 FLEXODOODOODO
OO0o0O0DoOoArFQMCOODODOODOODOODOOD.0OO0O,0D0Db00DbObDOOO
OOoooOoD, AFQMCO0000D0O0O0ODO0O0ODOO0O0O0ObOOO0bOOoobOOobObOOoDO
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(@

1.8
1.6
1.4
1.2

[G(k,inT)|

0.6

0.2

08}

0.4

1.6 T T
n= 4 =4 O 1
=08 - U=0 = T=0.1¢ /,/’

14 -
n=0.9 - 4 ./,;r
n= 12 - n 50 ]

y g e
y g =5
A g S
T=0.1¢ A CETTog
v oot -
0.8 e -
[ - o
I/l
0.6 i
u
04 el
02
15 1 05 05 1 15
T
ky
()
7 T T
6 7=0.1¢ n=1.0 Xs(q) -

qx

0 4.36: ()00 GreenDOODOOOOOOOOOOO. (bp=100000000000000
00000000000 000U=00U0U=4000000. (epp=10000000000.
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(a) + +
<ci'cp <Cj ¢> 1/ <Ci C> 1
. T T 1 T T T
1 . :
- o R S
|i-j| for intra chain U=4 v | 7.\““'\:—\,?:‘\‘
U=0 e intra chain e~ \: T
|i-j| for inter chain U=4  +—— \
U=0 1 r inter chain —=— \
0 \\
\
\
\
-0.6 " " . . 0.5
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
n n
(b)

+ +
<Ci ¢y <Ci C>

double chain

inter chain #,/t,=-0.15 —®—
t/h=025 —o—

leg

t/t)=-0.33 --=- /i =0.15 o
intra chain #,/t,=-0.15 —*— rung 4/6=0.25
/1= 0. -l
t/t,=-033 —-*- t/t=0.15 —=—
0-5 Il Il Il Il 0 5 Il Il 1 1
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
n n

0 437: 00000000000000000000000000O0. (0000000000
0,000000000=000=40000000 (0)00U=4000000U=000000
(0). (b)0ODODOOO #/t,000000 (0)00000000000 (ung) 00000000
0000000 (0)0 (0000000000. 000000 32x2000000.8=6
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(b)

+ +
<Cj Cj>U:4/ <Ci Cj~u=0

FLEX FLEX
U=4.0 inter chain

intra chain

094
intra chain
U=1.0 inter chain

intra chain

U=0.05 inter chain
intra chain

QMC

0.8
o inter chain

0.4

02 intra chain

0.7 =
QMC i
U=4.0 inter chain

intra chain

U=0.0 inter chain
intra chain

02 0.6

-0.4

0.5
0.5

-0.6

0.6 0.7 0.8 0.9

O 4.38: (a) FLEXOOOOOOODO,OOODOODOOOOOOO0DOO0OOo0ooooooooo
0000ooOo0oo. (hyp=0000000000O0O00O0OO. DOODODDODOOODODOO,0000
ooooQQMCOOoOoooooooDog.

000000D00000,0000000000000000000000000, 00
00000000000000000000,0000000000000000000
00000000 AFQMCO0O0D0000000000000000000.

0 (435 0000000000000000000000000000000000O
00D0. 000,000 |/t =025,U =4000000,000000000000
000 (ce; + cle)/e¢="* 000, 4/, 000000000000 =0000000
000000000 {de+cle) ' 000000000000000D0000O000
000004390000, 00000 |/t =025, U =4000000000000
00000000,n=09000U =00 |/t =0200000000000000
000,00n,=100000U=00 |t/t,/=0150000000000000000
000. D00 UO0O0000000000000000000000,0000000
0000000000000000000000000000000000. 00000
000,0V00000000000000000000020000000000000

gboboboogd,dibn=100000nrn=090000,0000000000¢0,
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|i-j| for intra chain
1/ty=-025, U=4  +—x—
1/ty=0.15, U=0 -
1/6=020,U=0 ~< -
1/6y=0.25, U=0
1/ty=-033, U=0 -

dom oo b

0.6 +

04 +

0.2 +

|i-j| for inter chain

1/6,=-025, U=4 +—+—
4/6=-0.15,U=0 %~
14/6=-020,U=0 ~®~
1/6=-025,U=0 -~
4/6=-033, U=0 -a -

0439 000000000000000000O00ODO0O0OOOOOOOOOOODOO.OU =4,
ti/to = —025000000000 (OD0)00 (0o0)0000. DO0OO0O0,00000000
ti/te 000 U=0000000000.

gbobbogobbbog,ggbbboooobobboodbbuooobboogbn
gobobobooboobooboboobog. 04400 FLEXDOOOODOODODOOO
0 ¢/t =0.15,0.20,0250 00000000000 Eliashberg 000000000 OO.
t1/t,000000,A0100000000000000000000OOOOOO0O0O
000000000000 0oooO000ooo0o0ooooO0. (oo, 000000
ooouvbooobogboboboooboboboboobobob,t=00000000
gbbouggobbbooogbougobbo,ooobbboobobbooogbn
obooobouvboobog FLEXDDODODOODDOODDOODODO,0b0o0o0booboa,
O000000000000). 0000000000000 000000000OPr2470 6
gobobbougooboboogoobobobooooobooog.
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[t)/ty]=0.25  ——
[6/65]=0.20  --x- |
[t/8,]=0.15 -~

0.8

06| n=0.94

0.4

0 0.002  0.004 0.006  0.008 0.01
T/t

0 4.40: t;/tc 0000000000000 EliashbergO00OOOOODO.

O0,000000000000000D00DO00O00O0O Monte CarloOD OO, OO0
obhoobobobobobobobobobob. FrLEXDOOoooonogdg

1. n=0500 FLEXOOUOODOOOOoOOooOooooobooboboooo,oood
goooogg.

2.n=0800 FLEXO T =01t000000ogoboboooboooo,oon
Oooboboboobobobob FLEXODOOOoOoobobobooboobooo
OO0O00O0O0bO0O0bOo0bO0oooobobo0obObooboooooDboog, AFQMC
gbbbbouooobbbooooobbbooooobbbooooobn.

3.n=100000000000000, FLEXODOOODDODOOooooooooboo.
P,(rO00O00O0Mott000D00O0O000OD. D0D0O0O0D0O0OO00OOO0ODOOOOO
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