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We present a microscopic theory of fluctuation-mediated pairing mechanism in organic superconductors
(TMTSP),X, where the experimentally observed coexistencekpfcharge fluctuation andk? spin fluctuation
is naturally taken into account. We have studied, within the random phase approximation, the extended Hub-
bard model at quarter filling on a quasi-one-dimensional lattice, where we consider the off-site repulsive
interaction up to third next-nearest neighbors along with the on-site repulsion. The results show that spin-triplet
f-wave-like pairing can be realized in this system, dominating over sidgheive-like pairing, if X spin and
2ke charge fluctuations coexist.
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It has been a long standing issue to clarify the superconHubbard model at quarter filling on a quasi-one-dimensional
ducting state of quasi-one-dimensioiigl.D) organic super- lattice within the random phase approximatiRPA). We
conductors(TMTSF),X (X=PF;, CIO,, etc), so-called the consider off-site repulsions up to third nearest neighbors
Bechgaard salts? One may expect unconventional super-along with the on-site repulsion in order to naturally take
conducting states due to the quasi-one-dimensional nature @ifto account the coexistence df2charge and - spin fluc-
these materials as well as the electron correlation effects gefuations. The merit of adopting RPAis that we can easily
erally seen in organic materials. In fact, an unchangedake into account the off-site repulsion as compared to fluc-
Knight shift acrossT,,® along with a largeH,,*® supports @  tyation exchanggFLEX) approximation, where it is by no

realization of spin-triplet pairing. As for the orbital part of means easy to take into account distant interactiHis.
the order parameter, there have been NMR experif@nts  The model Hamiltonian is given as

which may be regarded as evidence for the presence of nodes
(although this is still controversiglwhile a thermal conduc-
tivity measurement suggests absence of nédes. H=- > ticlc,+UX mn + X Vinn;,
Theoretically, the triplep-wave pairing state in which the (.o i li=jl=my
nodes of the pair potential do not intersect the Fermi surface
has been proposéd!® However, the occurrence of triplet wherec/ creates a holgnote that(TMTSF),X is actually a
pairing in (TMTSF),X is puzzling* from a microscopic  3/4 filling system in the electron picturevith spino=1, |
point of view since superconductivity lies right next tolg2 at sitei=(i,,i,). Here,(i,j) stands for the summation over
spin density wavgSDW) in the pressure-temperature phasenearest neighbor pairs of sites. As for the hopping param-
diagram!? Naively, SDW spin fluctuations should favor eters, we taket; =t, for nearest neighbor in thenost con-
spin-singlet d-wave-like pairing as suggested by severalductive) a direction, and;=t, for nearest neighbor in thie
other author$?~*>One should note, however, that the insu- direction. We choosg,=0.2t, to take into account the quasi-
lating phase is not pure SDW at least for some anionsgne-dimensionalityt, is taken as the unit of energy through-
namely, ke charge density wav€CDW) actually coexists out the studyl andV;; are the on-site and the off-site repul-
with 2ke SDW!®17In fact, one of the present authors hassive interactions, respectively. We take distant off-site
proposedf that tripletf-wave-like[see Fig. 1c) for a typical  repulsions because it has been shown previously that nearest
pair potential pairing may dominate ovep-wave pairing neighbor and second nearest neighbor off-site repulsion is
and become competitive againdtwave-like pairing[see necessary to have coexistence & Zpin and &- charge
Fig. 1(b)] due to a combination of quasi-1@isconnected  density waveg® Here we take off-site repulsions up to third
Fermi surface and the coexistence &-2SDW and X  nearest neighbors, nameW; =V, Vi, andV, with m=|i,
CDW fluctuations. A similar scenario has been proposed by-j,|=1,2, and 3respectively. The effect of the third nearest
Fuseyaet al!® Concerning thef-wave versugl-wave com-  neighbor repulsiony,, will be discussed at the end of the
petition, it has also been proposed that magnetotunnelingaper. The effective pairing interactions for the singlet and

spectroscop¥ via Andreev resonant statéss a promising  triplet channels due to spin and charge fluctuations are given
method to detect thé-wave pairing. as

However, there has been moicroscopictheory for this
hypotheticalf-wave pairing in(TMTSF),X starting from a . _ 3,2 1 2
Hamiltonian that assumes only purely electronic repulsive” (Q.@) = U+ V(@) + 3Uxs(q, @) ~ 5[U + 2V(Q) Fxc(G, @),
interactions?? To resolve this issue, we study an extended (1)
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Vi(g, @) = V(Q) - 3U%x(q, @) = 3[U + 2V(9) Px(q, @), Ve=0V1=0V2=0
(2 (a

within RPA, where
V(@) = 2V, cosqy + 2V, cod2q,) + 2V, cog3qy), (3)

and o, is the Matsubara frequency. Herg, and y, are the 0%

spin and charge susceptibilities, respectively, which are

given as
0
0 0.01 0.02

Qo) = Xo(, @) T
ST 1= Uxelg,e)
Xold, @)
Xe(d o) = Sy @)

1+[U+2V(a)]xo(q @)
Here, xo is the bare susceptibility given by

1 fegy) — f
Xo(d, @) :NE M
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FIG. 1. Calculation results fdd=1.6, Vy=V,=V,=0: (a) Tem-
with €.=—2t, cosk,—2t, cosk,—u and f(ep) perature dependence bffor singlet(solid line) and triplet(dotted
=1/[exp(e,/T)+1]. xo peaks at the nesting vecto® line) pairings. Contour plots ab) ¢4(k) and(c) ¢(k) atT=0.01. In
[=(w/2,m7) herd of the Fermi surface. The terms propor- (b) and (c), the solid lines represent the Fermi surface and the

tional to ys and x, in Egs. (1) and (2) represent effective dotted lines denote the nodal lines of the pair potentials.

pairing interactions due to the spin and charge fluctuations, ) o .
respectively. The chemical potentialis determined so that Waves, is expected to make spin anlgélwave pairing com-
the band is quarter-filled, which iz=-1.38. We takeU Petitive against singled-wave pairing’ .

=1.6 throughout the study, which is large enough to have We now discuss the calculation results. First, we focus on
strong X spin fluctuationglarge y<(Q)=x<(Q,0)] but not the case where spin fluctuation is dominant, e\g5V;

so large as to drive SDW instability at high temperatures™=VY2=0- As shown in Fig. 1, the magnitude af for the

The off-site interactions are chosen so thist 2harge fluc- singlet case is much larger than that for the triplet case. The
tuations are induced as will be discussed. In the actual n€sulting singlet pair potentiaby(k) changes sign as +-+-
merical calculation, we takli=400x 40 k-point meshes ex- along the Fermi surfacgsee Fig. ib)]. We call thisd-wave
cept for low temperatures, where we také=800x80  Pairing, wheregy(k) is roughly proportional to cdgk,). On

meshes. the other hand, the triplet pair potentialk) changes sign as
To obtain the onset of the superconducting state, we solv&—+~+— along the Fermi surfacgsee Fig. ic)]. We call
the gap equation within the weak-coupling theory: this f wave, whereg(k) is roughly proportional to sink}.
tanHBe, 12) The results here are expected from the previous FLEX
an (% Studyi"s
—_ ,t — ! - !
AACk) = %VS (k-k".0) 26, AK'). (5) We now discuss the cases where we turn on the off-site

repulsions. In order to to have the coexistence lyf &pin
The transition temperatuii: is determined by the condition, and X charge fluctuations as experimentally observed,
A=1. In the weak coupling theory dependence of the pair namely, to have x4(Q)~-x.(Q) =—x(Q,0, U~-[U
potential A(k) is neglected. Although this approximation is +2V(Q)] must be satisfied as mentioned earlier. To accom-
quantitatively insufficient, it is expected to be valid for plish this,V, has to be close tbd/2, as can be seen from Eq.
studying the pairing symmetry ofi(k) mediated by both (3). Namely, since the& component ofQ is Q,=/2, theV,
spin and charge fluctuations. In the following calculations,term in Eq. (3) is dominant forq=Q, making U~-[U
we study triplet and singlet cases with(k)=-A(-k) and  +2V(Q)]if V,=U/2. Thus, we choos¥;=U/2=0.8. As for
A(K)=A(-k), respectively. We defineby(k)=A(k)/A,, and  the other off-site repulsions, we first chodgg=1.2 andV,
¢(k)=A(k)/ Ay for singlet and triplet pairing, respectively, =0.5 as a typical value. As shown in Figgapand 2b), xs
whereA), is the maximum value of the pair potential. andy. peak aroundk,,ky,) =+ (7/2,m), +(w/2,-m) and the
Equations(1)—(4), show that wherlJ ~-[U+2V(Q)] is = maximum values are both about 9.1, so that we have the
satisfied,[VX(Q)| ~ [Vi(Q)| holds, apart from the first order situation where R- spin and & charge fluctuations coexist.
terms, which are negligible in the limit of strong spin and /or As shown in Fig. c), the magnitude ok for triplet pairing
charge fluctuationgbut turn out to be important in the actual is now much larger than that for singlet pairing. The corre-
cases considered lajefThis, along with the disconnectivity sponding singlet pair potentigl(k) has thed-wave form as
of the Fermi surfacgnote that the number of nodes inter- shown in Fig. 2d), while the triplet onegy(k) has thef-wave
secting the Fermi surface is the same betwéeand d  form as shown in Fig. @). Note that the result oRpe
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\ FIG. 3. Calculation results fdd=1.6,V,=1.2, andV,=0.5:(a)
o Temperature dependence ®ffor singlet (solid line) and triplet
0 oor g 002 (dotted ling pairings forV,=0.78;(b) temperature dependence)of
@ ¢s(k) . @ 9t ‘ . for singlet (solid line) and triplet (dotted ling pairings for V;
A SR VTV J =0.75.
kb : ko
° @ ‘ @ ° d wave. Thiss wave pairing is induced by charge fluctuation,
M iy h which does not totally cancel out with spin fluctuation in Eq.

- (1) because the wave vector at whighpeaks deviates from
that for x.. Since thes-wave pair potential has the same sign
FIG. 2. Calculation results folJ=1.6, Vo=1.2, V;=0.8,V,  0on most of the portion of the Fermi surface, almost all the
=0.5: (a) x(k) at T=0.01; (b) x.(k) at T=0.01; (c) temperature  pair scattering processes on the Fermi surface, mediated by
dependence ok for singlet (solid line) and triplet (dotted ling the attractiveinteraction[note the minus sign in E¢l)] due
pairings. Contour plots ofd) ¢(k) and(e) ¢(k) atT=0.01.In(d)  to charge fluctuation, have positive contributions to super-
and (e), the solid lines represent the Fermi surface and the dotted¢onductivity, making singlet pairing much more enhanced
lines denote the nodes of the pair potentials. compared to the case with nonzeky. Conversely, the

> hgingee S rather unexpected from the previous phenomel-presem results show ths, has the effect of stabilizingk2

ogical argument because wheg.(Q) = x«(Q), the f wave is charge fluctuation, which has a tendency to shift towaidgls 4
only degeneratavith the d wave in the previous theory. The

origin of this discrepancy is the first order terms in E(s. Vo=1.2 Vi=0.8 V=0

and (2), which are neglected in the phenomelogical theory. @) yc (b)

Thus, we have obtained a remarkable result here, namely, tt
f wave cancompletelydominate over th& wave when R
spin and charge fluctuations coexist.

In order to further look into this point, we next redude
from 0.8, thereby suppressing the charge fluctuation. Thi
maximum value ofy. (not shown is 5.2 and 3.2 forV;
=0.78 andV;=0.75, respectively. Although the maximum
value of y. is smaller than that of (=9.1) in these cases,
for the triplet case is still larger thatv;=0.78 or competi-
tive agains(V,;=0.79 that for the singlet case as seen in Fig.
3. This means thatwave pairing has a chance to be realized () $s®
even if spin fluctuation dominates, as far2ig charge fluc- ‘
tuation existg®

Finally, in order to look into the effect of the third nearest
neighbor interactiorV,, we setV,=0 leaving the other pa-
rameters the same as in Fig. 2. As seen in Fig),4he peak
of x. is slightly shifted towards K (g,=7) when V,=0, =
compared to the case d,=0.5 shown in Fig. 2a). [xs iS

the same as Fig.(d sinceV, does not affecys within the FIG. 4. Calculation results fod=1.6,V,=1.2,V;=0.8, V,=0:
present formalisn).In this case, the singlet-triplet competi- (g) y (k) at T=0.01; (b) temperature dependence Xffor singlet

tion becomes much more subtle as seen in Fi§).4The  (solid line) and triplet(dotted ling pairings. Contour plots ofc)
reason for this can be found in Fig(c}, namely, (k) in &(k) and(d) ¢,(k) at T=0.01. In(c) and(d), the solid lines repre-

this case has the same sign on most of the portion of theent the Fermi surface and the dotted lines denote the nodes of the
Fermi surface. In other words, it is more like thevave than  pair potentials.
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fluctuation when only, andV; are present, and this effect Let us also comment on the one-dimensional fluctuation
in turn suppresses singlet pairing because in that case gffects that are not taken into account in the present RPA
strong cancellation occurs between the third and the fourtlpproach. We have recently performed ground state quantum
terms in Eq.(1). Since the screening effect is known to be ponte Carlo study for the Hubbard model with only the
weak in quasi-one-dimensional systems, it is likely that suchy, gjte repulsion on a quasi-1D lattice, in which SDW fluc-
a_distant off-site repulsion is present in the aCtuaItuations strongly dominate over CDW fluctuatidfisn such

(TMTSF),X. > . :
. . , case, it is expected thdtwave pairing strongly dominates
To summarize, we have presented a microscopic theory Ogver f-wave pairing from the standpoint of RPA, but our

pairing mechanism in organic superconductdrMTSF),X, S g
where we have taken into account the coexistence of khe 2 Monte Carlo results show thatwave pairing is surprisingly
charge fluctuation andk2 spin fluctuation by considering competitive against-wave even though spin fluctuations
off-site repulsions up to third nearest neighbors. We have> charge fluctuations clearly holds. Thus, the one-
shown that thef-wave triplet pairing symmetry can be real- dimensional effects that are not taken into account in the
ized in this system whenk2 charge density fluctuation and present approach are expected to work in favor offthe@ve
2ke spin density fluctuation coexists. Surprisingly, the condi-pairing. In this sense, we believe thiivave pairing can
tion for realizingf-wave pairing is eased compared to that indominate overd wave in a parameter regime with off-site
thelnp:ﬁ?go;:pgrevcgmhgl?egf:éIteh(i(eiij.t he realistic shape of th(rieepulsions smaller than those adopted in the present study.
) ' ; his point remains as an interesting future problem. In any
Fermi surface observed in the actudMTSF),X.2" Al- case, our overall conclusion thiatvave superconductivity is

though the influence of this effect on ttievave pairing is i . .
h ikely to be taking place in thg TMTSF),X compounds
expected to be small because theomponent of the nesting should not be altered even if we take into account the one-

vector is close tar/2 a detailed analysis remains as a future”. ,
dimensional effects properly.
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