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This Comment shows that the anisotropy of the band structure of the (TMTSF)2X conducting salts

derived from experimental data t~:tb.'t, = 300:30:1 is not inconsistent with large superconducting precursor
effects around 10 or 15 K. This is a temperature domain which is about 10 times higher than the max-
imum temperature for the onset of long-range ordered three-dimensional superconductivity (T, = 1.2 K).
Furthermore, there is a large number of experimental results which are not consistent with single-particle
transport properties at low temperature. Likewise the interpretation of the pseudogap and the magne-
toresistance in terms of spin-density waves has to our knowledge no experimental support. The existence
of superconducting fluctuations seems, at least presently, to be the only consistent interpretation.

The quasi-one-dimensional organic salts of the type
(TMTSF) 2X (TMTSF = tetramethyltetraselenafulvalene, X
=PFb, AsFb, TaFb, C10q, Re04, . . . ) exhibit a wide variety
of interesting low-temperature properties: unusually high dc
conductivity sensitive to magnetic field, superconductivi-
ty, ' 5 spin-density waves (SDW), ' SDW superconductivity
competition, " and order-disorder transitions of the inor-
ganic anions. ' " An overview of the properties of the
(TMTSF)2X compounds can be found in recent conference
proceedings' and in review articles. " A particularly debat-
ed point has been the possibility of important effects of su-
perconducting fluctuations above the critical temperature
T, = 1.2 K, as proposed by the present authors on the basis
of conductivity'' and tunneling" measurements. In a re-

centt

Communication ' Kwak reanalyzed the plasma-edge
data of Jacobsen et al. ' and concluded that the resulting
band-structure anisotropy is far too small to allow large fluc-
tuation, i.e. , the superconducting transition should be essen-
tially mean-field-like. In the present Comment we point out
that the results of Kwak are not inconsistent with strong
fluctuations. Furthermore, we comment on several errone-
ous or misleading statements of Ref. 18, showing that the
"flaws" in the fluctuation picture, mentioned by Kwak, are
actually nonexisting. Finally, we show that there is a
number of experimental results which are hard to reconcile
with single-electron transport, whereas superconducting
fluctuations provide at least a qualitative explanation.

Following Kwak, ' we approximate the triclinic structure
of the (TMTSF)2X salts by an orthorhombic one. Fur-
ther, we assume a tight-binding band structure

e(k) = —2 g t, cos(jk, ) —Et: (1)
j-a, b, c

where a is the direction of the molecular stacks, t„ ti„and
t, are transfer integrals, and EI: is the Fermi energy. We
neglect the weak dimerization of the stacks, which modi-
fies the single-electron energies near k, = 7r/2a, but not
near the Fermi level kF ——3m/4a. We thus have a =3.6
A, b =7.7 A, and c =13.5 A. The analysis of Ref. 18 then
yields t, =0.35 eV and t, /th=10. The value of t, is very
large compared to other organic conductors, ' and is also

larger than calculated values ' by more than a factor 2. The
problem may lie in the Drude fit of the optical data' espe-
cially in the determination of the background dielectric con-
stant. A reasonable compromise seems to be t, =0.25 eV.
Using the relation for the conductivity anisotropy,

~./~b (at./btb) ', —— (2)

—2h. b Re(Q „Q +I „)—2X, Re(Q „Q „~t)

(3)
where (m, n) number the chains in the b and c directions,
and P „(x) is the superconducting order parameter on
chain (m, n). The coefficients in F are

n = n' ln(T/T, ) = n'( T/T, —1)
n'= 8m T /7((3)mutX[(27rr T) ') ]

p = u'(2muF)X[(27rr T) ']

y = 1/2m

A~ ——t, /muF, j =b, c.2 2

(4a)

(4b)

(4c)

(4d)

(4e)

one finds a,/ah= 2.5, i-n agreement with results of Greene
et al. However, other groups' ' ' have reported
a-, /a-b ——(2-4) x 10, requiring, from Eq. (2), t, /tb & 30.
Because there are inherent uncertainties both of the Drude
fit and of Eq. (2), we assume t, /tb = 10-20. The anisotropy
in ihe b-c plane is much less problematic: both from con-
ductivity and critical-field anisotropies one obtains'
tb/t, =30. As noted in Ref. 18, the above results imply a
Fermi surface open in the transverse (b, c ) directions.

A measure for the importance of fluctuation effects can
be obtained from the first fluctuation correction to the
mean-field transition temperature T, , as calculated from
Ginzburg-Landau theory. For mean-field theory to be
valid, this correction should be small. For an open Fermi
surface a Ginzburg-Landau-type free-energy functional has
been derived previously' ' ' as

2

E = g J~ dx a I g .I'+ ply .I'+ y-
mn Bx
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Here vF is the Fermi velocity, m=kF/uF is the Fermi-
surface effective mass, the electron lifetime parameter 7 is
related to the mean free path l by != v Fr, f (x ) is the
Riemann's ( function, X(x) is the Gorkov function26

T, = T.'(I —T, /J) (6a)

and P(x) is the diagamma function. From Ref. 25, to
lowest order in the fluctuations, the critical temperature is

1

8 m2 1 1 1+x
7 (3) 8 2 2 2

t !

(5)
with

t 1/2 ' I/2 1 1/2
Ebfc 4 . tc 4J= X [ (24rr T ) ] — arcsinh —+

, 2, , &c, &b &b

~aarcsinh-
~c

tb 0.884$ p

7.2 f
(6b)

In the second part in Eq. (6b) we have used tp/t, =30 and
have introduced the BCS coherence length $ p= 0. 18vF/T, .
In the "clean limit" l » gp one has X=1. Following our
above discussion, for tt, = 25 meV and tb = 12 meV (the first
value has also been obtained theoretically ') one derives
J = 40 K and J = 20 K, respectively. These values are cer-
tainly consistent with a mean-field behavior around T, = 1

K, as proposed by Kwak. ' On the other hand, the picture
of strong fluctuations' '' implies T, =10-15 K, so that,
from Eq. (6a), fluctuation effects can no more be con-
sidered as small. Further, the assumption of the "clean
limit" is far from obvious. For example, the Drude fit to
the low-temperature plasma edge' implies f =10a, leading
to J =3-6 K. Together with T, =10 K this value of J im-
plies large fluctuation effects. This shows that the band-
structure parameters derived by Kwak' are actually con-
sistent both with either a mean-field-like transition at T, = 1

K or with T, = 10—15 K and large fluctuation effects.
Theory cannot decide for or against one of the possibilities
from the band-structure data alone. In any case, even being
optimistic, the above theory cannot be expected to be accu-
rate to within less than a factor 2. This is especially true in
quasi-one-dimensional systems with their competition
between superconducting and density or spin-wave instabili-
ties.

Assuming the strong fluctuation picture to be valid the
above numbers imply a longitudinal Ginsburg-Landau
coherence length $, (0) = 3gp[X(0.884/p/I) ]' /4 of about
20a. Further, as discussed in Ref. 16, above T, strong fluc-
tuation effects can be approximately describeQ replacing T,
by an effective temperature Tp= T, /3. Using t, /tt, =10—20
we then find a crossover temperature, defined by
gp(Tq') = b, Tt,

"= T, . Above Tt,
' the fluctuations are essen-

tially one dimensional so that the analysis developed in Ref.
16 and showing good qualitative agreement between the
fluctuation picture and the measured resistivity should be
valid. Below T, strong fluctuation effects can no more be
accounted for by the Hartree-Fock-type theory used in Ref.
25. For relatively wide (on an atomic scale) superconduct-
ing strips, having a small Ginzburg critical region around
T, , the low-temperature conductivity can be described in
terms of the dynamics of the phase of the order parameter
alone, leading to much higher conductivity than obtained
from Ginzburg-Landau theory. However, in the present
case the Ginzburg critical region around T, is comparable
to T, , and furthermore there are non-negligible interchain
correlations below T, . Thus the theory of Ref. 28 is not
applicable in the present case. A transport theory valid
under these conditions is still lacking. These points imply
that the theory we presented previously' is inapplicable

I

below T, . Therefore we do not think that the problems re-
lated to the parameter 8 and discussed by Kwak' can be
taken as conclusive evidence against the fluctuation pic-
ture.

In J & T, [Eq. (6a)], fluctuations reduce the actual tran-
sition temperature T, so much below T, that Ginzburg-
Landau theory can no more be used as a starting point. For
this, a recent theory ' considering only phase fluctuations,
taking into account their quantum nature and treating inter-
chain coupling in a mean-field approximation, has demon-
strated that the relations between T, ( « TP), the conden-
sation energy and the normal-state specific heat are BCS-
like, the linearly temperature-dependent normal-state specif-
ic heat being due to phase fluctuations rather than to single
electron excitations. Further, the critical region around T,
is quite narrow. These results allow an interpretation of the
specific-heat results of Garoche et af." in terms of the fluc-
tuation picture contrary to the assertions of Kwak. '

Our above arguments do not allow to discriminate
between the two pictures: (i) a mean-field-like transition at
T,p = 1 K, assuming the "clean limit" to hold (i.e. ,
I » gp=0. 2uF/T, =800a =3000 A) and implying essential
single-electron transport above T, ; or (ii) the picture of
strong fluctuations, with T, = 10—15 K and i & gp= 80a.
Let us now discuss some experimental results we find hard
to understand within the mean-field —single-particle picture,
whereas the fluctuation picture provides an (at least qualita-
tive) explanation.

The main feature of the low-temperature electronic prop-
erties of conducting phases in this family of compounds is a
depression of the density of states and the sensitivity of this
depression to magnetic fields. This is directly demonstrated
in three different experiments: (1) specific heat, (2) thermal
conductivity, and (3) low-frequency spectroscopy.

At low temperature (T & 3 K) the electronic contribution
to the specific heat of (TMTSF) 2C104 has been measured as
a function of a magnetic field applied along the c' direc-
tion. 3' An increase of W(Et:) ranging from 70 to 100% is
observed in a field of 20 kOe. Similarly, the study of the
thermal conductivity ' of (TMTSF)2C104 and (TMTSF)2PF6
at ambient and 12 kbar, respectively, clearly shows a signifi-
cant drop of K below 50 K. This behavior is striking for two
reasons. (i) In the same T domain crd, is strongly T depen-
dent4 and therefore one could expect heat to be carried by
the electrons when a-d, reaches = 2 && 10' (0 cm) ' at heli-
um temperature according to the Wicdcmann-Franz propor-
tionality relation between K, and o. . (ii) The drop of K di-
minishes significantly, especially below 25 K, by the applica-
tion of a magnetic field (the largest effect is achieved for
H along the c direction). This sensitivity to a magnetic field
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demonstrates that the drop of K at low temperature can be
attributed to a modification of the electronic structure and
cannot be a simple phonon effect. In terms of the
Wiedemann-Franz law, the field dependence of K is in strik-
ing contrast with that of o-' because opposite field depen-
dences are observed experimentally.

Various spectroscopic techniques have provided an esti-
mate of the energy width of the depression of the density of
states around the Fermi energy. Schottky tunneling' ' per-
formed on (TMTSF) 2PF6 under 11 kbar or on
(TMTSF)2C104 at ambient pressure point to an approximate
width 2A = 3—4 meV of the pseudogap. Likewise, the far-
infrared reflectance of (TMTSF) 2C104 (Ref. 35) studied
down to 2 K reveals an optical absorption threshold (sensi-
tive to magnetic field) around 3.8 meV. Below 30 K a dras-
tic increase of the dc conductivity is observed upon cooling
instead of the drop which can be inferred from the decrease
of N(EF) at low temperature in a single-particle model.
The frequency dependence of the conductivity provides a
low, nearly frequency- and magnetic-field-independent value
of the conductivity above 30 cm ' or so [a.(cu ) 30
cm ') = 2000 (0 cm) '] contrasted with the large dc con-
ductivity & 10' (Il cm) '. The gap is observed at 3.8 meV
and thus a giant conductivity (strongly field dependent)
peak of width =1—2 cm ' is expected at zero frequency
when comparing dc and far-infrared reflectance data. In
summary, the above-mentioned experimental data strongly
suggest the existence below 30 K or so of a significant pseu-
dogap in the single-particle density of state around the Fer-
rni level. The occurrence of a deltalike zero-frequency, col-
lective mode of the electrical conductivity is also indicated.
In (TMTSF) 2PF6 and (TMTSF) 2AsF6 at ambient pressure
the ground state is clearly a SDW state. ' Therefore, we
may consider magnetic fluctuations towards the SD% order-
ing as the origin of both the conducting collective mode and
the single-particle energy spectrum. We infer that such an
interpretation of the precursor effects is very unlikely for

the following reasons.
(i) Commensurability of the SDW instability would be ex-

pected to prevent (possible) fluctuating SDW's from
contributing to the dc conduction, especially at very low
temperature when kT ( co„;„(where cu~;„ is the pinning en-
ergy of the commensurate SDW).

(ii) There are no signs of magnetism in the low-
temperature conducting phases provided either from NMR
data" ' or from low-field ESR experiments. Both ex-
perminental techniques are known to be very sensitive to
the onset of magnetism.

Kwak' argues that tunneling data can be interpreted by a
static SDW ordering. Likewise the large magnetoresistance
could be due to small pockets induced by SD%'s. However,
the above points (i) and (ii) rule out such an explanation.
Furthermore, whenever a SD% state is stabilized in the
(TMTSF)2X series, i.e., in (TMTSF)2PF6 or AsF6 at low
pressure or in the 8 state of (TMTSF)2C104 under high
field it is further stabilized by the application of a magnetic
field. " ' In contrast the anomalies in the tunneling data,
heat conductivity and specific heat are suppressed by the ap-
plication of a magnetic field. Finally we should mention
that small pockets of Fermi surface in (TMTSF)~PF6 under
pressure or (TMTSF)2C104 (Ref. 45) (8 state) exist only
under high magnetic field, after a field-induced phase transi-

11,32, 46

In conclusion we have shown that the existing results on
the band-structure anisotropy t, :tb.t, = 300:30:1 of
(TMTSF)2X salts are not inconsistent with large fluctuation
effects around T, = 10—15 K. Furthermore, there is a large
number of experimental results that are inconsistent with
single-particle transport properties. Likewise the interpreta-
tion of the origin of the pseudogap and the magnetoresis-
tance in terms of spin-density waves has, to our knowledge,
no experimental support. The existence of superconducting
fluctuations seems, at least presently, to be the only con-
sistent explanation.
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