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Spin-triplet f-wave-like pairing proposed for an organic superconductor„TMTSF …2PF6

Kazuhiko Kuroki,* Ryotaro Arita, and Hideo Aoki
Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan

~Received 18 September 2000; published 7 February 2001!

By examining how the spin- and/or charge-fluctuation exchange can contribute to pairing instabilities, we
propose that a spin-tripletf-wave-like pairing with ad-vector perpendicular to theb-axis may be realized in
(TMTSF)2PF6 due to~i! a quasi-one-dimensional Fermi surface,~ii ! a coexistence of 2kF charge fluctuations
and spin fluctuations, and~iii ! an anisotropy in spin fluctuations. Fluctuation-exchange study for the Hubbard
model confirms the point~i!, while a phenomenological analysis is given for~ii ! and~iii !. The proposed pairing
is consistent with various experiments.
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I. INTRODUCTION

Spin-triplet pairing is conceptually fascinating, but the
seem to be few examples. Recently an organic super
ductor, (TMTSF)2PF6, has attracted much attention since
triplet pairing is suggested from an observation of largeHc2

1

as well as from a Knight shift experiment,2 while the absence
of Hebel-Slichter peak and the power-law decay ofT1

21 be-
low Tc

2 suggest an anisotropic pairing with nodes in the g
If triplet pairing is indeed realized in (TMTSF)2PF6, its

mechanism is a challenging theoretical puzzle: in
pressure-temperature phase diagram for this material the
perconductivity lies right next to the 2kF spin density wave
~SDW!, so that if one seeks an electronic origin, a sp
singlet d-wave-like pairing mediated by spin fluctuations
most naturally expected as proposed by several author3–5

If, on the other hand, one assumes a phonon-mediated a
tive interaction, triplet pairing, with nodes in the gap in ge
eral, would seem less favorable compared to singlets-wave
pairing without nodes. Recently, Kohmoto and Sato6 have
proposed that this difficulty in the phonon mechanism m
be circumvented for TMTSF compounds, where they sh
that the quasi-one dimensionality of the Fermi surface, al
with the presence of spin fluctuations, makes a tripletp-wave
pairing without nodes on the Fermi surface7 dominate over
s-wave pairing. However, it is not clear if such a nodele
gap can be reconciled with the absence of Hebel-Slic
peak and the power-lawT1

21 in (TMTSF)2PF6.
If we turn to another prominent candidate for triplet s

perconductivity accompanied by SDW fluctuation8

Sr2RuO4, Takimoto recently proposed thatcharge fluctua-
tions ~or more precisely orbital fluctuations! should arise
from repulsions between degenerate 4d orbitals, and that the
coexistence of spin and charge fluctuations may lead
triplet pairing.9 This makes us recall an experimental fa
that a 2kF charge density wave~CDW! actuallycoexistswith
the SDW in (TMTSF)2PF6 as suggested from x-ray diffus
scattering.10 In another theory for Sr2RuO4, Sato and
Kohmoto,11 and independently Kuwabara and Ogata,12 have
proposed thatanisotropyof the spin fluctuations, known to
be present experimentally,13 may give rise to a tripletp-wave
pairing. The anisotropy of spin fluctuations is also presen
(TMTSF)2PF6.14 Moreover, Sr2RuO4 has two quasi-1D
0163-1829/2001/63~9!/094509~5!/$15.00 63 0945
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Fermi surfaces~although they are weakly hybridized to re
sult in two 2D Fermi surfaces!, so the ruthenate seems
share several features with the TMTSF compound, altho
the strong charge fluctuation employed in Takimoto
mechanism is yet to be detected experimentally in Sr2RuO4.

However, the triplet pairing mechanism of (TMTSF)2PF6

cannot be the same with that of Sr2RuO4 since dW ~the

d-vector characterizing the triplet pairing! 'zW ~easy axis of
the spins! is experimentally suggested in the former,1,2 while

dW izW in the latter.15 In the present paper, we propose tha

triplet f-wave-like pairing with dW'zW can take place in
(TMTSF)2PF6 due to acombinationof ~i! the quasi-one-
dimensionality of the Fermi surface,~ii ! coexistence of 2kF

spin and charge fluctuations, and~iii ! the anisotropy in the
spin fluctuations. In the first part of the paper, we focus
how the quasi-one-dimensionality works favorably for t
triplet pairing, and perform a fluctuation-exchange~FLEX!16

calculation for the on-site repulsion Hubbard model on
lattice for (TMTSF)2PF6. Then, in the second part, we dis
cuss phenomenologically how the triplet pairing can beco
competitive against the singlet when charge fluctuations
exist with spin fluctuations. We finally point out that th
anisotropy in the spin fluctuations should further favor trip
pairing with dW'zW.

II. FORMULATION

We first consider the on-site Hubbard model,H
5(^ i , j &st i j cis

† cj s1U( ini↑ni↓ , in the hole picture on a

quasi-1D lattice (utSu.ut I u) depicted in Fig. 1. There aren
50.5 holes per site. Since sites A and B are inequivalent
tS1ÞtS2 and t I1Þt I2 ~dimerization of the molecules!, we
adopt the two-band version of the FLEX18,19 ~although we
shall see that the dimerization is not essential in our ar
ment!.

For later discussions, we first recapitulate the one-b
version of FLEX in a general fashion, where we proceed:~i!
Dyson’s equation is solved to obtain the renormaliz
Green’s functionG(k), wherek is a shorthand for the wave
vector k and the Matsubara frequency,i en , ~ii ! the
fluctuation-exchange interactionV(1)(q), given as,20
©2001 The American Physical Society09-1
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V(1)~q!5
1

2
Vsp

zz~q!1Vsp
12~q!1

1

2
Vch~q!, ~1!

consists of the contribution from longitudinal (zz) and trans-
verse (12) spin fluctuations~sp! and that from charge fluc
tuations~ch!. For the on-site Hubbard model in particula
Vsp

zz5Vsp
12([Vsp)5U2xsp and Vch5U2xch, where the

spin and the charge susceptibilities are given
xsp(q)5x irr(q)/@12Ux irr(q)# and xch(q)5x irr(q)/@1
1Ux irr(q)#, respectively, using the irreducible susceptibil
x irr(q)521/N(kG(k1q)G(k) (N: number of k-point
meshes!. ~iii ! V(1) then brings about the self-energy,S(k)
51/N(qG(k2q)V(1)(q), which is fed back to Dyson’s
equation, and the self-consistent loop is repeated until c
vergence is attained.

Tc is the temperature where the eigenvaluel of the fol-
lowing Éliashberg equation for the superconducting ord
parameterf(k) reaches unity.

lmfm~k!52
T

N (
k8

fm~k8!uG~k8!u2Vm
(2)~k2k8!. ~2!

Here, the pairing interactionVm
(2)(q) is given as

Vs
(2)~q!5

1

2
Vsp

zz~q!1Vsp
12~q!2

1

2
Vch~q! ~3!

for singlet pairing,

Vt'
(2)~q!52

1

2
Vsp

zz~q!2
1

2
Vch~q! ~4!

for triplet pairing with totalSz561 (dW'zW), and

Vti
(2)~q!5

1

2
Vsp

zz~q!2Vsp
12~q!2

1

2
Vch~q! ~5!

for triplet pairing withSz50 (dW izW). In the on-site Hubbard
model,Vsp@Vch is satisfied, so thatuVt

(2)u.(1/3)uVs
(2)u holds

with Vti
(2)5Vt'

(2)[Vt
(2) .

In the two-band version of FLEX,G, x, S, and f all
become 232 matrices, whose elements are denoted asGab
etc. witha,b5A or B in the site representation, which ma
be converted to the band representation with a unitary tra
form. Since the Fermi surface lies in the lower band

FIG. 1. The lattice considered with the hopping integrals tak
to be tS1522.8, tS2522.5, t I1510.2, t I2510.5, t I3520.5 in
units of a typical energy scale, 100 meV, for organics after Ref.
09450
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quarter filling, we concentrate on Green’s function and
order parameter in that band, denoted asG and fs ,f t , re-
spectively. As for the spin susceptibility, we diagonalize t
232 matrix xsp and concentrate on the larger eigenvalu
denoted asx. To ensure convergence at low temperatures
the two-band system we had to take 64364 k points anden

from 2(2Nc21)pT to (2Nc21)pT with Nc up to 8192.

III. FLEX RESULTS FOR THE HUBBARD MODEL —
ADVANTAGE OF THE QUASI-ONE DIMENSIONALITY

In Fig. 2, we show contour plots ofuG(k,ipkBT)u2 ~a!,
x(k,0) ~b!, fs(k,ipkBT) ~c!, and f t(k,ipkBT) ~d! for T
50.015. The Fermi surface as identified from the ridge
uG(k)u2 is a pair of warped quasi 1D pieces. The spin s
ceptibility x(q,0) has a peak atQ.(p,p/2) ~or (p/2,p/2)
in the unfolded Brillouin zone in the absence of dimeriz
tion!, as expected from the nesting vector and in agreem
with experimental results.21,22 The singlet pairing order pa
rameter is seen to change sign in such a way that~i! fs(k)
5fs(2k), and~ii ! fs(k) has opposite signs across the ne
ing vectorQ so that the repulsiveVs

(2)(Q) @Eq. ~3!# acts as
an attractive interaction in the gap equation. We call
singlet pairing a ‘‘d-wave’’ in that the sign offs(k) changes
like 1212 if we rotationally scan the Fermi surface
which is consistent with previous studies.3–5

For the triplet pairing, by contrast,Vt
(2)(Q) is attractive

@Eqs.~4! or ~5!# with Vsp
125Vsp

zz), so that the order paramete
should have the same sign acrossQ. This requirement, along
with the condition for a triplet order parameterf t(k)
52f t(2k), can be satisfied by adding extra nodal lin
alongka;0 andka;p ~mod 2p). We call this pairing an ‘‘
f wave’’ in that fs behaves this time like121212
along the Fermi surface.

A virtue of the quasi-one dimensionality is that the ma
nitudes,ufs(k)u anduf t(k)u, are almost identical around th

n

.

FIG. 2. Contour plots ofuG(k,ipkBT)u2 ~a!, x(q,0) ~b!,
fs(k,ipkBT) ~c!, andf t(k,ipkBT) ~d! for n50.5, U58, andT
50.015.
9-2



o

b
e

l.
re

g,

D
-

.
be
ipl
ve

is

m

‘

at

ai

e

ir-
lly

d
ns-
do.

s

c-
ro-

rge

nt

e-
y, if

the

ng
t
ent

ode-

ari-

a-

SPIN-TRIPLETf-WAVE-LIKE PAIRING PROPOSED FOR . . . PHYSICAL REVIEW B63 094509
Fermi surface as seen from Figs. 2~a!, 2~c!, and 2~d!. In fact,
the ‘‘ f wave’’ here is to ‘‘d wave’’ whatp wave is tos wave
in Kohmoto-Sato’s picture6 in that a singlet is converted int
a triplet by introducing extra nodes that do not affectuf(k)u
on the Fermi surface. In such a situation, the difference
tweenls and l t comes almost entirely from the differenc
betweenuVs

(2)(Q)u and uVt
(2)(Q)u in the Éliashberg equation

~2!.
Our result shows that the ratiol t /ls indeed tends to 1/3

at low temperatures~Fig. 3; solid line!, which reflects the
ratio uVt

(2)(Q)/Vs
(2)(Q)u.1/3 in the on-site Hubbard mode

The ratio approaches to 1/3 as the temperature is lowe
because the ridge inuGu2 sharpens so that the triplet pairin
with the order parameter vanishing aroundka50,p, be-
comes more favorable. We can also confirm that quasi-1
exploited in realizingl t /ls.1/3 by pushing the system to
ward 2D with larger value oft I2 andut I3u, for which the ratio
ls /l t deviates from 1/3 even at low temperatures~Fig. 3;
dashed line!.

IV. EFFECT OF THE CHARGE FLUCTUATION

We have so far seen that the difference inl between
singlet ‘‘d’’ and triplet ‘‘ f ’’ can directly reflect the differ-
ence betweenuVs

(2)(Q)u anduVt
(2)(Q)u in a quasi-1D system

The ‘‘ f wave’’ proposed here is an appealing candidate,
cause it can account for both experimentally suggested tr
pairing and the nodes in the superconducting gap. Howe
even for a quasi-1D system, ‘‘f ’’ is only 1/3 competitive
against ‘‘d’’ as far as the on-site repulsion Hubbard model
concerned—to make ‘‘f ’’ dominate over ‘‘d, ’’ we need to
haveuVt

(2)(Q)u.uVs
(2)(Q)u. So at this stage we depart from

the Hubbard model to argue phenomenologically how so
factors in the actual (TMTSF)2PF6 that are not taken into
account in the simple Hubbard model can indeed make ‘f ’’
competitive against ‘‘d. ’’

An important experimental fact for (TMTSF)2PF6 that
cannot be explained by the on-site Hubbard model is th
2kF CDW actually coexists with the 2kF SDW.10 The coex-
istence of spin and charge fluctuations can favor triplet p
ing as pointed out for Sr2RuO4 by Takimoto mentioned

FIG. 3. l t /ls plotted as a function of temperature for the p
rameter values adopted in Fig. 2~solid line!, or for t I252t I3

51.2 ~dashed line!.
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above.9 This can be seen in Eqs.~3! and ~4!, where an in-
crease inVch enhancesuVt

(2)u and suppressesuVs
(2)u ~as far as

Vsp.3Vch for isotropic spin fluctuations assumed for th
time being!. Now, if we take the coexistence of 2kF SDW
and 2kF CDW in (TMTSF)2PF6 to be Vsp(Q).Vch(Q),

Eqs. ~3! and ~4! dictate thatuVt
(2)(Q)u.uVs

(2)(Q)u, so ‘‘ f ’’
does indeed compete with ‘‘d, ’’ but the competition is still
subtle.

V. SPIN FLUCTUATION ANISOTROPY

Is there any mechanism that further favors the triplet pa
ing? Magnetic anisotropy is, in our view, one. It has actua
been revealed experimentally for (TMTSF)2PF6 that the
SDW has an easy axis in theb direction,14 which implies that
Vsp

zz(Q).Vsp
12(Q) is satisfied forz taken to beib. In such a

situation, the ‘‘f ’’ pairing is more favorable in theSz561
channel sinceuVt'

(2)u.uVti
(2)u. The condition for ‘‘f ’’ domi-

nating over ‘‘d’’ now readsuVt'
(2)(Q)u.Vs

(2)(Q), or

Vch~Q!.Vsp
12~Q! ~6!

from Eqs.~3! and~4!. This last condition should be satisfie
in (TMTSF)2PF6 because the spins do not order in the tra
verse direction even in the SDW phase, while the charges
We stress thatdW'zW with zWibW is consistent23 with the experi-
mental result: it is when the magnetic field is appliedparallel
to the b-axis that ~i! Hc2 becomes largest at low
temperatures,1 and ~ii ! the Knight shift is unchanged acros
Tc.

2

The mechanism in which the anisotropy of the spin flu
tuations favors triplet pairing is reminiscent of the one p
posed in Refs. 11 and 12 for Sr2RuO4, but a crucial differ-
ence is that Refs. 11 and 12, which do not consider cha
fluctuations, conclude ap-wave pairing withSz50 in agree-
ment with the experimental results suggestingdW izW in
Sr2RuO4.15 Let us see how this would occur in the prese
context. IfVsp

zz.(2Vsp
121Vch), we can see from Eq.~5! that

Vti
(2)(Q) becomesrepulsive, which will mediate a triplet pair-

ing having an order parameter with opposite signs acrossQ.
This requirement, along with the triplet conditionf t(k)
52f t(2k), can be satisfied by putting nodes only atka
.0 andka.p, thereby making the order parameter nod
less on the Fermi surface as in Refs. 6 and 7. Specificall
Vch/Vsp

zz and Vsp
12/Vsp

zz are both sufficiently small, the pairing

interactionsVs
(2) ~favoring ‘‘d’’ !, Vt'

(2) ~‘‘ f ’’ !, and Vti
(2) ~p!

will all have similar magnitudes, so thep-wave pairing, with
no nodes on the Fermi surface, should dominate over
others. Thus, the ‘‘f ’’ pairing is not realized unlessVch/Vsp

zz

is significant even if Eq.~6! is satisfied~see Fig. 4!.
In this context, a possibly related problem is the pairi

symmetry in (TMTSF)2ClO4, another candidate for a triple
superconductor. For this compound an NMR experim
suggests a presence of nodes on the Fermi surface,24 while a
recent thermal conductivity measurement suggests a n
less gap.25 If we adopt the latter result, the nodelessp-wave
pairing should become a strong candidate. Then a comp
9-3
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son of the magnitude of the charge fluctuation as well as
direction of dW between (TMTSF)2ClO4 and (TMTSF)2PF6
will be a crucial test.

Having discussed the lower bound ofVch/Vsp
zz for ‘‘ f ’’

pairing, how about an upper bound? WhenVch/Vsp
zz@1, sin-

glet s-wavepairing withfs(k);constant should enter as th
dominant pairing. This is becauseVs

(2) becomesattractive
for Vch.(Vsp

zz12Vsp
12), so that fs(k) no longer has to

change sign. AsVs
(2)/Vt'

(2) tends to unity with the increase o
charge fluctuations, the ‘‘f , ’’ with its nodes on the Fermi
surface, should thus give way to the nodelesss. All the above
reasoning is schematically summarized as a generic p
diagram in Fig. 4.

An additional bonus from the coexistence of strong sp
charge fluctuations and the anisotropic spin fluctuation
that these effects may serve to enhance the transition
perature for triplet pairing. Namely, a flaw in triplet supe
conductivity mediated by isotropic spin fluctuations is th
the absolute value of the triplet pairing interactionuVt

(2)u is
only one third of the effective interactionV(1) that deter-
mines the normal self-energy as seen from Eqs.~1! and ~4!
@or Eq. ~5!# with Vsp

zz5Vsp
12@Vch. This is in contrast with

the case of singlet pairing, whereVs
(2) is nearly identical to

V(1). Since a large self-energy correction results in a sh
quasi-particle lifetime,V(1) suppressesTc while V(2) en-
hances it, andV(1).3uVt

(2)u in the Hubbard model generall
results in aTc , if any, too low to be detected in FLEX
calculations.26,27 This difficulty is resolved for largeVch

and/or smallVsp
12 , for which uVt'

(2)u approachesV(1).

VI. INTUITIVE PICTURE IN REAL SPACE

We can give an intuitive picture in real space for t
singlet-triplet competition. In the presence of only 2kF
SDW, the spins are aligned in thea direction as shown in
Fig. 5~a!. On the other hand, it has been proposed that
coexisting 2kF-SDW-CDW phase should have a spin a
charge alignment shown in Fig. 5~b!.28–30 The spin-charge
alignment of a pure 2kF CDW is given in Fig. 5~c!. Given
these spin-charge configurations, we now consider pairin
real space. If we neglect for simplicity the weak dimerizati
to unfold the Brillouin zone, the singlet ‘‘d-wave’’ order

FIG. 4. A phase diagram against the charge/spin axis (Vch/Vsp
zz)

and the spin anisotropy axis (Vsp
12/Vsp

zz). The solid line is according
to Eq. ~6!, while dashed lines are schematic.
09450
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parameter will essentially have a cos(2ka)-like
ka-dependence@cos(ka)-like dependence with nodes atka

5p/2,3p/2 in the folded Brillouin zone#, which roughly
means that the singlet pairs are mainly formed between s
separated by two lattice spacings in thea direction. This is
consistent with the alignment given in Fig. 5~a!. Similarly,
the triplet ‘‘f -wave’’ order parameter has a sin(4ka)-like
ka-dependence@sin(2ka)-like in the folded Brillouin zone#,
which implies that triplet pairs are formed between si
separated by four lattice spacings, which goes along with
configuration in Fig. 5~b!. Finally, the singlets-wave pairing
with a constantfs(k) means on-site pairing, which is con
sistent with Fig. 5~c!. We stress here that although the pa
ing mainly takes place in thea direction as suggested from
the fact that the order parameter is nearly constant in thekb

direction, the two-dimensionality of the system is crucial
our mechanism since it is the warping of the Fermi surfa
that gives rise to thef-wave like sign change of the orde
parameter along the Fermi surface.

VII. SUMMARY AND FUTURE STUDY

To summarize, we have proposed a possible competi
between singlet ‘‘d-wave’’ and triplet ‘‘f -wave’’ pairings in
(TMTSF)2PF6 due to~i! the quasi-one-dimensionality of th
Fermi surface,~ii ! the coexistence of 2kF spin and charge
fluctuations, and~iii ! the anisotropy in the spin fluctuations
The microscopic origin of the charge fluctuation remains
be identified. Since there is no orbital degeneracy
(TMTSF)2X, the origin cannot be the one proposed
Takimoto for Sr2RuO4. In fact, the mechanism of 2kF SDW-
CDW coexistence in (TMTSF)2PF6 has been investigated b
several authors. Some assume electron-lattice coupling28,29

while others envisage a purely electronic origin in terms
off-site repulsions up to second nearest neighbors.30 It would
be an interesting future problem to investigate microsco
cally the singlet-triplet competition and to evaluateTc by
taking these effects into account.

FIG. 5. An intuitive picture of pairing in real space at quart
filling. The arrows point the direction of the spin, while the leng
of the arrows represent the amount of charge. Cases for purekF

SDW ~a!, coexisting 2kF SDW and CDW~b!, and pure 2kF CDW
~c! are shown. The pairs are depicted by dashed lines.
9-4



ns
te
fo

m.
ter
ter

SPIN-TRIPLETf-WAVE-LIKE PAIRING PROPOSED FOR . . . PHYSICAL REVIEW B63 094509
ACKNOWLEDGMENTS

We thank Tetsuya Takimoto for illuminating discussio
and sending Ref. 9 prior to publication. We are also indeb
to Mahito Kohmoto, Masao Ogata, and Masatoshi Sato
09450
d
r

valuable discussions. One of us~H.A.! also thanks John
Singleton for discussions on the SDW/CDW proble
Numerical calculations were performed at the Compu
Center, University of Tokyo, and at the Supercompu
Center, ISSP, University of Tokyo.
e
e

i-

-

.

*Present address: Department of Applied Physics and Chemis
The University of Electro-Communications, 1-5-1 Chofugaoka
Chofu-shi, Tokyo 182-8585, Japan.

1I.J. Leeet al., Phys. Rev. Lett.78, 3555~1997!.
2I.J. Leeet al., cond-mat/0001332~unpublished!.
3H. Shimahara, J. Phys. Soc. Jpn.58, 1735~1989!.
4K. Kuroki and H. Aoki, Phys. Rev. B60, 3060~1999!.
5H. Kino and H. Kontani, J. Low Temp. Phys.117, 317 ~1999!.
6M. Kohmoto and M. Sato, cond-mat/0001331~unpublished!.
7This type of pairing was first considered in Y. Hasegawa and

Fukuyama, J. Phys. Soc. Jpn.55, 3978~1986!.
8Y. Sidis et al., Phys. Rev. Lett.83, 3320~1999!.
9T. Takimoto, Phys. Rev. B62, R14 641~2000!.

10J.P. Pouget and S. Ravy, J. Phys. I6, 1501~1996!.
11M. Sato and M. Kohmoto, J. Phys. Soc. Jpn.69, 3505~2000!.
12T. Kuwabara and M. Ogata, Phys. Rev. Lett.85, 4586~2000!.
13H. Mukudaet al., J. Phys. Soc. Jpn.67, 3945~1998!.
14K. Mortensenet al., Phys. Rev. Lett.46, 1234~1981!.
15K. Ishidaet al., Nature~London! 396, 658 ~1998!.
16N.E. Bickers, D.J. Scalapino, and S.R. White, Phys. Rev. Lett.62,

961 ~1989!; G. Esirgen and N.E. Bickers, Phys. Rev. B55, 2122
~1997!.

17L. Ducasseet al., J. Phys. C19, 3805~1986!.
18S. Koikegami, S. Fujimoto, and K. Yamada, J. Phys. Soc. Jpn.66,

1438 ~1997!.
try,
,

H.

19H. Kontani and K. Ueda, Phys. Rev. Lett.80, 5619~1998!.
20In Eqs. ~1!,~3!–~5!, we omit the first and second order terms,

which are negligible when spin and/or charge fluctuations ar
strong, although we have taken those terms into account in th
actual calcuation.

21J.M. Delrieuet al., J. Phys.~France! 47, 839 ~1986!.
22H. Kawamuraet al., J. Phys. Soc. Jpn.55, 1364~1986!.
23A.G. Lebed, K. Machida, and M. Ozaki, Phys. Rev. B62, R795

~2000!.
24M. Takigawa, H. Yasuoka, and G. Saito, J. Phys. Soc. Jpn.56,

873 ~1987!.
25S. Belin and K. Behnia, Phys. Rev. Lett.79, 2125~1997!.
26R. Arita, K. Kuroki, and H. Aoki, Phys. Rev. B60, 14 585

~1999!; J. Phys. Soc. Jpn.69, 1181~2000!.
27K. Kuroki and R. Arita, cond-mat/0004381~unpublished!, have

recently proposed that a triplet pairing can dominate with poss
bly a finiteTc even when mediated by isotropic spin-fluctuations
in the on-site Hubbard model, provided the Fermi surface con
sists of disconnected pieces~as in triangular or honeycomb lat-
tices! with the nesting vector lying within each piece.

28N. Kobayashi and M. Ogata, J. Phys. Soc. Jpn.66, 3356~1997!.
29S. Mazumdaret al., Phys. Rev. Lett.82, 1522~1999!.
30N. Kobayashi, M. Ogata, and K. Yonemitsu, J. Phys. Soc. Jpn

67, 1098~1998!.
9-5


