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We propose a mechanism of nodeléssave superconductivity in a quasi-one-dimensional organic super-
conductor under anion order. It is shown that a split of the Fermi surfaces due to the anion order eliminates the
line nodes of ad-wave gap function on the Fermi surfaces, and a small finite energy gap appears in the
quasiparticle excitations of superconductivity. We discuss that temperature dependences of thermal conductiv-
ity and the NMR relaxation rate observed in a quasi-one-dimensional organic superconductor (FRIOGF)
can be explained consistently by the small energy gap.

Anisotropy of a superconducting gap in organic superconnot seem to be small enough to explain the experimental data
ductors is an important subject, since it is closely related tan which the peak is not seen at all. Further, although the
the pairing mechanism. In particular, a mechanism of an anNMR experiment was not made at low temperatures, a ten-
isotropic superconductivity by pairing interactions mediateadency of T; '« T3 was seen above 0. Thus, if we be-
by antiferromagneti¢AF) fluctuations was proposed by Em- lieve the NMR data at the present, it is plausible that an
ery in the quasi-one-dimension4Q1D) superconductors @anisotropic gap function which gives a quasiparticle density
(TMTSF),X,! and has been studied by many authors, peof states similar to that given by a gap function with line
cause of the proximity to the spin-density wave. For ex-nodes develops at least fd=0.6T..
ample, it was shown that the phase diagrams and line nodes " @ddition to the inexplicability in the NMR data, the

are semiquantitatively reproduced by this mechanism in glollowing two pc_)i_nts are not c;larified_i_n explanations based
microscopic calculatiod.At present, however, there is not on the triplet pairing(1) The triplet pairing seems to contra-

any experimental evidence that clarifies the origin of thed'Ct that the proximity to th_e_ antiferromagnetism may favor
> ; : the d-wave superconductivity.(2) There has not been
pairing interactions in those compounds.

. . . . observation of a reentrant superconductin hase, which
For this subject, an NMR experiment was made in a Q1D P gp

. 3 . Is expected if a sufficiently high field is reached
superconductor (TMTSELIO, by Takigawaet al." In their oy nerimentally” although the high critical fiefican be
data, the nuclear relaxation rafg * did not exhibit a coher- explained by the triplet pairing.
ence peak(Hebel-Slichter peakjust below the supercon-  |n this paper, we propose a mechanism of nodeless
ducting transition temperatuf,, and it was proportional to  d-wave superconductivity which could explain the behaviors
T2 at lower temperatures. These results suggest that the sprentioned above, which appear to be inconsistent with each
perconducting gap function is anisotropic and has line nodegther. First, we assume pairing interactions mediated by the
on the Fermi surface. By calculating the relaxation rate, HaAF fluctuations. In the absence of anion order, the line nodes
segawa and Fukuyama proposed two possibilities, singleire obtained nedt,= =+ 7/2, as in a result of a microscopic
pairing with the gap function\(k)~cosk)+C (whereC  calculation’? When anion order occurs, the lattice periodicity
<1) and triplet pairing withA(k)~sin(,).* Here, we changes in thé direction, and the Brillouin zone becomes
choose thex axis in the direction of the highly conductive half in thek, direction. Since the degeneracies are removed
chain, i.e., thea axis, and they axis in the direction of th®  py potentials due to the anions, which are staggered itthe
axis. direction, the Fermi surfaces split at the new zone boundary,

However, recently Belin and Behnia observed a temperanear which the line nodes are situated. Hence, the line nodes
ture dependence of thermal COI’]dUCtiVity which indicates th%re eliminated for appropria‘[e parameters_
nodeless gap.t may appear to contradict the NMR data at  Recently, Yoshincet al. estimated the staggered poten-
low temperatures, but as they pointed out, the NMR experitials due to the anion ordeE,~0.083t from their experi-
ment was made only fof =0.6T, which may not be suf- mental data of magnetoresistarfogheret denotes the hop-
fiCientIy low to determine the power dft. On the other hand, pmg energy a|0ng the chain. We will show below that the
the absence of the peak Bf * just belowT still suggests an  value of E, is, as an order of magnitude, large enough to
anisotropic superconductivity. Hence, they argued the posseliminate the nodes of thé-wave superconducting gap near
bility of the triplet superconductivity with a gap function ky=* /2.
A(k)~sin(k), which is anisotropic, but is finite over the ~ We start with a two-dimensional tight-binding Hamil-
whole open Fermi surfaces. tonian

For this triplet pairing, the Hebel-Slichter peak is much
smaller than that for the-wave pairing since the coherence __ . At NPS PN S
factor is canceled in the momentum integral which gives the H= i;o- t'JCi"CJ”JriE,; E'Ci”C'”Jriz,j: Vi€ Cin® G
relaxation rate. However, in a theoretical predictiandoes (1)
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0.5 ; T ; T effective interactions due to the exchange of the spin fluc-
¥ ;i tuations are of long range in the direction, but of short
range in theb direction?® Thus, we take interactions up to
) O O a5 those between nearest-neighbor chains

Vi(q) = —v1(gyx)cogqy). (6)

The functionsVy(q,) andv4(qy) have very sharp peaks at
ay= = 7/2, reflecting the behavior of(q,w).

Here, we make a simplification that the peak widths of
Vo(ay) anduvq(q,) are similar, which is qualitatively justi-
] fied whent'/t<1. Further, in order to express the sharp
05 ; , . peak, we employ Lorentzian form
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FIG. 1. Fermi surfaces of theH) and (—) electron bands for A (G Q™+ G5
1/4 filling, whent’=0.1. Solid and broken lines show those for and putVy(dy) =dof(dy) andv1(ay) =g1f(dy).
Ey=0.083 andEy=0, respectively. Since the peaks are situated at the nesting vectors which
connect the ¢) and (—) electron bands, the peak width

with effective interactions/;; . We define two subchain&  corresponds to the width of the area near the Fermi surfaces
and B, and site energieg;=Ey and —E4 for ie A and in which the pairing interactions are efficient. Therefore, we
i € B, respectively. The hopping energigs are assumed to can assume that important contributions to the superconduc-
be zero unless the sitésindj are nearest neighbor. For the tivity mainly come from the pairing of electrons near the
nearest-neighbor siteg; =t wheni andj are on the same Fermi surfaces as in the starndard weak-coupling theory.
chain, whilet;;=t’" wheni andj are on different subchains. Hence, we can pL(tc(fk)ch(k?U:O whenEg andt’ are not

)

We use units witlt=1. too small, sinck and —k cannot be near the Fermi surfaces
The bilinear terms of the Hamiltonian are diagonalized byof () and (=) electron bands, respectively, at the same
the transformations time. This approximation is appropriate qualitatively when
Eys>kgT, and the experimental resulEy=0.083t in
— (s) (TMTSF),CIO, satisfies this condition.
Ay o uasck,o- (2) . K
s=+,- Hence, we obtain a gap equation
with a=a,b ands=+,—, where we definey; ,=c; , for 2 ) ) )
i eA andb; ,=c; , for j e B. We obtain A®(K)=— N > VE (K kWS (kHAGI (K, (8)
1 E 1/2 . K's
Uas = —Up- =U(ky) = > 1+ E_GH , 3) where we define
y
"k’
1 2 WED (k') = 1 tanr( K )>,
Ua =Up. =0(k))=| 5(1-Eg/Ey)| 2EC(k") 2keT

(€)

and the dispersion relations of tf® electron bands

EC (k)= VL (k) 124+ [AED(K) ]2,

(k)= — 2t cogk,) —sE,(ky), 4 o . , _
The effective pairing interactiongs) are obtained as
whereE, = \/ey2+ Eg2 and e,= —2t’ cosk,). These forms of
the dispersion relations were used by Yoshétal. to ex- VR (k") =VE(k,k")
plain their experimental resultsThe Fermi surfaces are 5
modified by the staggered potential as shown in Fig. 1. In :E Vo(k—k")| 1+ —2
particular, the Fermi surfaces split at the boundary of the 2|0 EyE)’,
new Brillouin zone k,= * 7/2). ’
We write the Fourier transformation &f; as (k=K' |Ey€Ey,|}, (10)
V(@) =Vo() +V1(q) 5 T

with intrachain and interchain interactiong and V,, re- VE Ik, k) =V (kK')
spectively. Since the spin fluctuations are enhanced by the 1 E2
Fermi surface nesting with nesting vectay,~ (=, =—[Vo(k—k')( 1— 9,)
+/2), which is equivalent ta@,,~(0,= w/2) in the pres- 2 EyEy

ence of the anion order, the spin susceptibiltyq, w) has leye,|
peaks atq=q,,. The peak width is very small in thp, —Vl(k—k’)y—y,},
direction, while it is broad in the, direction? Therefore, the EyEy
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whereE, =E(ky) ande,’ = e (ky).

Since the contributions from the electrons near the Fermi
surfaces are dominant as we discussed above, we replace the
effective pairing interactions with those on the Fermi sur-
faces. Further, for the sharp peak of the pairing interactions,
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we introduce an effective cutoff energy.. Thus, we rewrite
the right-hand side of E(8) as

N J - %p“’)(o,k’) f " deW (K} k)
— /2 T y —w¢ x0Ty

X KE (ky kYA (K)), (1)
where we define
K (ky k) =VE (ky ky), (kS () k)
+VE((ky ky) (— kS (K)) K))),
(12

A (k)=AO(£kE)(k,) k).

Here, the functiork&)(k,)>0 gives the value ok, on the
Fermi surface of thes) electron band ak,. The function
p9(0k,) expresses the density of stateseatO andk, of
the (s) electron band ofk,>0, which is calculated as
p(0ky) =1 4mtsinkS (k)1

Therefore, in the limit off — T, we obtain the linearized
gap equations in a form of eigenvalue equations

2
NAG (k)= — f —p(0k|
( y) S§+ —al2 T p( y)

xKC(ky kAU (ky), (13

where A=1/In(2€ w./mkgT) with the Euler constanty
=0.57721--. The eigen solution which belongs to the

FIG. 2. The gap functions on the Fermi surfaces. The solid,
dotted broken, and dotted lines show the solutions Ege=0.2,
0.083, and 0, respectively.

#0, we find that the line nodes vanish but the gap functions
A and ACY) still have opposite signs. The magnitudes
|A®)| take minimum values at the zone boundary, and it is
found that the minimum values increase Wi}.

Figures 3 and 4 show the densities of states near the
Fermi level forE;=0 and 0.2, respectively. It is found that
the energy gap opens whép# 0, but except for the small
energy gap ned=0 the behavior of the density of states is
very similar to that forEg=0.

The eigenvalue. can be regarded as an effective dimen-
sionless coupling constant. The valuexdfg, is estimated
to be 29.9, 25.1, and 14.8, fd&,=0, 0.083, and 0.2,
respectively. One could make an estimationTgfif the val-
ues ofgy/t andw, are given, but in practice since an effect
of self-energy renormalization, especially that from the
pseudo gap, is very strorfigwe need a more careful treat-
ment for a quantitative discussion.

In conclusion, we propose a mechanism of a nodeless

maximum positive eigenvalue gives the momentum depend.wave superconductivity under the anion order. The mo-

dence of the gap function nedr=T..
We solve Eq(13) numerically forE,=0, 0.083, and 0.2,

mentum dependence of the gap function is calculated in a
model with pairing interactions mediated by the AF fluctua-

whent’=0.1. The chemical potentigt is adjusted so that tjons. It is found that the line nodes are located near the
the filling of holesn=1/4. Since it was found in a micro- poundary of the half Brillouin zone in the absence of the
scopic calculatiohthat the range of the interaction are over
30 sites along the chain, and that interchain interactions are
much weaker than intrachain interactions, we use the param-
etersqy/7=0.01 andg,/g,=>5 as an example. The qualita-
tive result that we will show below is not very sensitive to
the values of these parameters.
Figure 2 shows the numerical result 4f9(k,), where

the normalization constant is defined by

JW/Z %
—7l2 T
which must increase as temperature decreases. Vidgen
=0, the result in the absence of anion order is reproduced.
We have usuatl-wave superconductivity with line nodes at
ky~ = /2 (dotted lines. The gap functions\*) and A"
have opposite signs equivalently to thaf|k,|=</2)>0 FIG. 3. Density of states near the Fermi level, wHgg=0.

and A (w/2=<|k,|<m)<0, which corresponds to the pairing Solid and broken lines show the results for the)(and () elec-
with A(k)~cosky) in a more simplified model. Whek,  tron bands, respectively.

psc” (E)

1/2
A= |A(ky)|2} : (14

E/A
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FIG. 4. Density of states near the Fermi level, whgp=0.2.
Solid and broken lines show the results for the)(and (—) elec-
tron bands, respectively.

anion order, and because of their locations, the line nod

vanish in the presence of the anion order.

Thus, the energy gap of the quasiparticle excitations o
superconductivity becomes finite as shown in Fig. 4. Such
small energy gap would not be observed very well in experi-
ments at high temperatures négy. Since the behavior of
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the density of states is very similar to that #85=0 except

for the small energy gap, and the gap function changes its
sign depending os= *, temperature dependences n&ar

of observed quantities are expected to be similar to those for
the d-wave gap function with line nodes. In particular, it is
expected that a Hebel-Slichter peak does not occur just be-
low T, and a tendency off; *«T? is observed near and
below T, in NMR relaxation rate.

On the other hand, we could expect behaviors of a full
gap superconductivity for low temperatures. As temperature
decreases, the superconducting gap develops, and finally the
temperature becomes smaller than the finite energy gap. For
such low temperatures, the electronic thermal conductivity
should become vanishingly small.

These behaviors may explain the recent experimental re-
sults of the thermal conductivity and the NMR relaxation
rate in (TMTSF)CIO, consistently. However, quantitative
confirmation by fitting the experimental data seems to be

ediﬁ‘icult, because detailed information on the pairing interac-
ﬁons, such as those in momentum, frequency, and tempera-
}ure dependences, is needed for this purpose. In the future,
observation of the Knight shift may clarify whether the pair-

Shg is singlet or triplet?
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