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Using a proper cooling procedure, a controllable amount of nonmagnetic structural disorder can be introduced
at low temperature in (TMTSF)2ClO4. Here we performed simultaneous measurements of transport and magnetic
properties of (TMTSF)2ClO4 in its normal and superconducting states, while finely covering three orders of
magnitude of the cooling rate around the anion ordering temperature. Our result reveals, with increasing density
of disorder, the existence of a crossover between homogeneous defect-controlled d-wave superconductivity and
granular superconductivity. At slow cooling rates, with small amount of disorder, the evolution of superconducting
properties is well described with the Abrikosov-Gorkov theory, providing further confirmation of non-s-wave
pairing in this compound. In contrast, at fast cooling rates, zero resistance and diamagnetic shielding are achieved
through a randomly distributed network of superconducting puddles embedded in a normal conducting background
and interconnected by proximity effect coupling. The temperature dependence of the ac complex susceptibility
reveals features typical for a network of granular superconductors. This makes (TMTSF)2ClO4 a model system
for granular superconductivity where the grain size and their concentration are tunable within the same sample.

DOI: 10.1103/PhysRevB.97.014521

I. INTRODUCTION

Most of the recently discovered so-called “unconven-
tional superconductors,” such as the quasi-one-dimensional
(Q1D) organic superconductors [1,2], copper oxides [3],
two-dimensional organic superconductors based on bis-
ethylenedithio-tetrathiafulvalene (BEDT-TTF) or related
molecules [4–6], and the layered iron pnictides [7], share a
unifying property: they exhibit a general phase diagram where
superconductivity has a common border with a magnetically
ordered phase. For such superconductors, the stability of
superconductivity against nonmagnetic defects provides im-
portant information toward understanding of superconducting
(SC) properties such as the pairing symmetry. As a particular
example, in the ruthenate superconductor Sr2RuO4 [8], a
strong reduction of Tc by a small amount of nonmagnetic
impurity lends support for triplet p-wave pairing [9]. Since
the nonmagnetic impurity effect is still actively debated for
systems such as multiband superconductors [10] and topo-
logical superconductors [11,12], a detailed and controlled
investigation of the impurity effect is an important subject.

Q1D organic superconductors are textbook examples of
unconventional superconductivity, with the competition be-
tween density wave (insulating) and pairing (superconducting)
orderings, namely the Peierls and Cooper divergences [13–15].
Reviews can be found in Refs. [16–18]. In the case
of (TMTSF)2PF6, a prototype of the (TMTSF)2X family,
where TMTSF is the tetramethyl-tetrafulvalene electron-donor
molecule and X is a monovalent anion, the balance between
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the two possible ground states is controlled by the magnitude
of the kinetic coupling between molecular stacks [19,20].
Hence, the interplay between Peierls and Cooper channels
can be controlled by an applied hydrostatic pressure: Under
low pressures, a SDW ground state is stable [1,16] due to
the good nesting of the warped Fermi surfaces, whereas
superconductivity is stable above ≈9 kbar when antinesting
terms become dominant in their dispersion relation.

The only ambient-pressure superconductor in the
(TMTSF)2X family, namely (TMTSF)2ClO4, was found
shortly after the discovery of (TMTSF)2PF6 [2]. The SC order
parameter of the (TMTSF)2X family has been thoroughly
investigated mainly on (TMTSF)2ClO4 [21–27]. Although
the debate is not fully settled yet, one of the most plausible
scenarios is the magnetic-fluctuation driven nodal d-wave-like
pairing, as strongly demonstrated by the field-angle-dependent
heat-capacity measurements [26,28]. Such a possibility has
been indeed theoretically proposed even from early days
[29–33]. We note that, within this scenario, the gap nodes
are accompanied by nontrivial topological features, as in
the case of the nodes in d-wave superconductors [34].
Thus (TMTSF)2X is a candidate for topological nodal
superconductors [35], which are of interest in the context of
recently developing topological materials science.

The impurity effect on the (TMTSF)2X family has been
investigated for a long time. The remarkable sensitivity of
superconductivity to irradiation [36,37] has first been consid-
ered as a signature for triplet pairing [38]. However, defects
introduced by irradiation in a controlled way [39] can often be
magnetic [40]. Hence, the suppression of superconductivity by
irradiation-induced defects must be taken with care since local
magnetic impurities can act as strong pair breakers even on
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s-wave superconductors. A softer way to introduce nonmag-
netic impurities in the (TMTSF)2X series is to produce a solid
solution of isoelectronic anions. The solid solution procedure
of (TMTSF)2ClO4, replacing with the tetrahedral anion ClO4

with ReO4, leads to a suppression of Tc due to genuine
nonmagnetic impurities [23,41]. These results provided strong
evidence for the realization of a non-s-wave pairing state in
(TMTSF)2X.

The ambient-pressure superconductor (TMTSF)2ClO4 pro-
vides another unique means to control its unconventional
superconductivity by disorder. This material exhibits super-
conductivity below Tc ∼ 1.3 K if the sample is cooled slowly
[2,42,43]. However, if the sample is cooled fast enough in the
vicinity of 25 K, (TMTSF)2ClO4 undergoes a spin-density-
wave (SDW) transition towards an insulating ground state be-
low 4–5 K [44–46]. This significant feature of (TMTSF)2ClO4

is actually related to the noncentrosymmetric nature of the
tetrahedral ClO4 anion located on the inversion centers of
the full structure. At high temperature, the thermal motion of
the ClO4 orientation makes it possible to preserve inversion
symmetry on average since ClO4 occupies randomly one or the
other inversion-symmetry-related orientations. The structural
disorder between two possible orientations no longer persists
at low temperatures below TAO = 24 K, because an entropy
gain due to the reduction of degrees of freedom triggers the
anion ordering below this temperature.

The ordering transition has been studied by several tech-
niques. In particular, diffuse x-ray work has shown that, while
ClO4 anions adopt a uniform orientation along a and c axes,
they alternate along b [47] when the crystal is cooled very
slowly through TAO, to reach the so-called relaxed state [44,48].
Since the dynamics of the anion orientation was shown to be
slow [44,49,50], fast cooling (i.e., cooling much faster than
17 K/min by quenching) enables us to retain anion disorder
even below TAO in a metastable state with a single pair of
Fermi-surface sheets resembling closely that of (TMTSF)2PF6.
Consequently, the good nesting of the single-pair Fermi sur-
faces at ±kF for the quenched material stabilizes the insulating
SDW state. In contrast, with the slow enough cooling rate,
the alternating order of the anions along the b′ axis leads to
a folding of the Fermi surface, opening a gap at ±b∗/4 and
resulting in doubling of the Fermi-surface sheets. This folding
suppresses the SDW state by disturbing the Fermi-surface
nesting, instead allowing superconductivity to appear below
1.2–1.3 K.

Although the two extreme situations, namely the relaxed
and quenched states, with SC and SDW ground states respec-
tively, have been fairly extensively studied from the early days,
only limited studies have been published for the intermediate
cooling-rate regime, where superconductivity is moderately
suppressed [23,51,52]. High-resolution x-ray investigations
[53–55] have shown that samples in the intermediate cooling-
rate regime exhibit a peculiar anion ordering, in which domains
with ordered anions of finite size are embedded in a disordered
background. In the regime up to 5 K/min, high-resolution
x-ray-diffraction measurements have determined both the vol-
ume fraction of ordered anions and the average size of ordered
domains [55].

Here, we report on the resistivity ρc∗ along the least
conducting c∗ axis [56] simultaneously measured with the

ac susceptibility χac under carefully controlled cooling across
TAO, in order to address the changes of properties of the normal
and SC phases by the increase of disorder. With the experimen-
tal settings especially designed for the present investigation, we
explored the cooling rate around TAO from 0.02 to 18 K/min
with fine steps, nearly covering three orders of magnitude.
We believe that the present study is one of the most careful
impurity-effect studies in any unconventional superconductor,
because we control the amount of the defects in identical
samples, in a reversible way, and with very fine intervals.
From our transport and magnetic measurements, we reveal
that the intermediate cooling-rate regime of (TMTSF)2ClO4

cannot be considered as a state exhibiting an average anion
order/disorder evolving according to the cooling rate, but
instead as a state comprising a cooling-rate-dependent volume
fraction of well-ordered domains with the rest of the volume
occupied by disordered anions. We also study the evolution
of the onset Tc of χac(T ) and that of ρc∗ (T ). We note that Tc

under fast cooling has been studied using a time-dependent
Ginzburg-Landau theory [57]. However, this earlier study was
only based on transport properties.

II. EXPERIMENT

For the present study, two single crystals of (TMTSF)2ClO4

from the same batch grown with an electrocrystallization
method have been used. Simultaneous transport and suscep-
tibility measurements have been performed on one sample
(no. 1; with the size of ≈2.4 × 0.7 × 0.1 mm3). The results
thus obtained will constitute the core of the paper. With
a slightly different setup with an additional thermometer
directly attached beneath the sample, the ac susceptibility
was measured for another sample (no. 2; with the size of
≈1.5 × 0.4 × 0.1 mm3). Results for sample no. 2 and details
of the measurement setup will be given in the Supplemental
Material [58].

For both experiments, the samples were cooled down with
a commercial cryostat (Quantum Design; Physical Property
Measurement System (PPMS)) with an adiabatic demagne-
tization refrigerator (ADR) option. In order to control the
disorder in the ClO4 orientation within a sample, we first raised
the temperature to 50 K and kept it for more than 1 h to
fully randomize the anion orientations. The sample was first
cooled in a controlled way down to 10 K using the temperature
controller of the PPMS. After further cooling down to 1.8 K,
the temperature was kept at 1.8 K and the dc magnetic field
of 2.5 T applied. The sample chamber was then evacuated
with a turbomolecular pump to achieve high-vacuum adiabatic
condition. Then the magnetic field was turned off to reach ∼0.1
K, and the transport or magnetic data were collected during
warming. See Fig. S2 of the Supplemental Material [58] as
well as Fig. 8 of Ref. [59] for details of the cooling sequence of
the ADR option. We should comment here that the sample was
always in the field-cooled condition although all measurements
were performed in zero dc field.

The resistivity of the sample was measured with the re-
sistivity option of the PPMS. The current of 10 μA (1 mA for
measurements at high temperatures) along the c∗-axis direction
was reversed to cancel the thermoelectric voltage. The ac
susceptibility was measured with an ac field of ∼0.17-Oe rms
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at 3011 Hz (sample no. 1) or 887 Hz (sample no. 2) parallel to
the c∗ axis, using a conventional mutual inductance method
with a miniature susceptometer [59] fitting into the ADR
option of the PPMS. The output signal of the susceptometer
was measured using a lock-in amplifier (Stanford Research
Systems, SR830). To correct a small mixing of the real and
imaginary parts in the lock-in amplifier signal, an additional
phase factor θ is adopted: �χ ′

ac ∝ �Vy cos(θ ) + �Vx sin(θ )
and �χ ′′

ac ∝ �Vx cos(θ ) − �Vy sin(θ ), where �Vx and �Vy

are changes in the reading of the lock-in amplifier. The value
of θ is chosen as θ = 1.5◦ and 8.5◦ for samples no. 1 and no.
2, respectively, so that �χ ′′

ac = 0 for T > Tc and T → 0 for
the 0.020-K/min data.

III. EXPERIMENTAL DATA

Figure 1(a) displays the temperature dependence of ρc∗ up
to 50 K upon cooling at 0.02 K/min. A clear anomaly at TAO =
24.5 K is observed. By comparing the fittings using polynomial
functions to the ρc∗ (T ) data above 25 K and below 12 K, we can
notice that ρc∗ (T ) jumps by �ρc∗ ≈ 0.23 � cm, as indicated
with the red arrow. This resistance drop reflects the decrease
of the elastic scattering due to anion ordering.

Figures 1(b)–1(d) show the evolutions of the imaginary
and real parts of the ac susceptibility [�χ ′′

ac(T ) and �χ ′
ac(T )

respectively] and of ρc∗ with the cooling rate. All three
quantities show that the sample cooled down at 0.02 K/min
exhibits superconductivity below Tc(0.02 K/min) ∼ 1.3 K.
The superconducting features were progressively weakened
upon increasing the cooling rate. We comment that the small
upturn in �χ ′′

ac(T ) and �χ ′
ac(T ) below 0.3 K is probably

extrinsic, since such behavior was not observed in another
sample (sample no. 2; see the Supplemental Material [58]).
Perhaps the upturn could be attributed to the small background
signal originating from the attached electrical leads and silver
paint used for the resistivity measurements.

Based on these raw data, the cooling-rate dependence of
various superconducting properties can be examined: Tcχ is
defined from the onset of �χ ′

ac(T ) and Tcρ by the peak in the
second derivative of ρc∗ (T ). The zero-resistivity temperature
Tc,ρ=0 is the temperature where a linear extrapolation of the
steep transition in ρc∗ (T ) reaches zero. We found that Tc,ρ=0

is approximately equal to Tcχ . The evolutions of the different
Tc’s with the cooling rate are given in Fig. 2(a). The small
difference in Tcχ for samples no. 1 and no. 2 can be attributed
to different ordering configurations which can exist even in
samples of the same batch. As noticed in previous x-ray studies
[49], no perfect long-range order of anions exists even in the
slowest cooled samples. Let us moreover note that Tcχ is not a
thermodynamic quantity and, as we will later see, derives from
a specific phase distribution within the sample.

Next, we focus on the change in the shielded volume frac-
tion. Since the samples cooled at rates smaller than 0.02 K/min
are fully in the relaxed-state regime and are expected to display
perfect diamagnetism at low temperatures, we will consider
this cooling rate as a reference. Figure 2(b) displays the
cooling-rate dependence of the relative SC shielded volume
fraction vshield, which is obtained from the zero-temperature
extrapolation of �χ ′

ac(T ) divided by its value for 0.02 K/min:
vshield ≡ |�χ ′

ac(T → 0)|/|�χ ′
ac(T → 0, 0.02 K/min)|.

FIG. 1. Normal and superconducting properties of
(TMTSF)2ClO4 for sample no. 1 at various cooling rates. (a)
Interlayer resistivity ρc∗ vs T at 0.020 K/min showing the drop of
the elastic resistivity �ρc∗ = 0.23 � cm at TAO as indicated by the
red arrow. (b) Change in the imaginary part of the ac susceptibility.
(c) Change in the real part of the ac susceptibility. (d) ρc∗ (T )
simultaneously measured with the data in (b) and (c). The inset
presents ρc∗ (T ) on a broader temperature range for 0.020, 0.52, 2.5,
7.6, and 18 K/min. For the 0.020- and 18-K/min data, the results of
the fitting, performed using the procedure explained in the text, are
presented with the broken curves.

The zero-temperature extrapolation of �χ ′′
ac averaged on

the 0.1–0.3-K range is also given in Fig. 2(d). We will discuss
the meaning of this quantity in Sec. IV C.

The normal-state residual resistivity ρc∗0 presented in
Fig. 2(c) is obtained by fitting the relation ρc∗ (T ) = ρc∗0 +
AT + BT 2 to the data between 6 and 12 K [see the inset
of Fig. 1(d), as well as Fig. 1(a)]. We chose this fitting
range to avoid the influence of the downturn of ρc∗ (T ),
quite prominent below 5 K especially in fast cooled samples.
We note that the low-temperature downturn in ρc∗ (T ) is
ascribed to the sliding of SDW fluctuations [60] and will
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no.
no.
no.
no.

Sample no.1

Sample no.1

Sample no.1

Sample no.2

FIG. 2. Cooling-rate dependence of superconducting properties
for sample no. 1, and its comparison to that of sample no. 2. (a)
Cooling-rate dependence of the various critical temperatures: the
blue circles correspond to Tcχ , the purple closed squares to Tcρ ,
and the purple open squares to Tc,ρ=0. The red circles indicate
Tcχ for sample no. 2. (b) Cooling-rate dependence of the relative
shielded volume fraction vshield for samples no. 1 (blue) and no. 2
(red). (c) Cooling-rate dependence of the residual resistivity ρc∗0.
(d) Low-temperature dissipation, as measured by �χ ′′

ac for sample
no. 1. The �χ ′′

ac data have been averaged in the temperature range
0.1 K < T < 0.3 K.

be examined in detail in a forthcoming publication. Such a
fitting procedure is justified by previous extensive investi-
gations ascribing scattering against spin fluctuations as the
source of the dominant linear temperature dependence of the
resistivity [61–63].

Systematic decreases of all characteristic temperatures are
observed with increasing cooling rates, as expected when disor-
der is increased. However, although the decrease of Tcρ levels
off at a value of ≈1.25–1.30 K above 1 K/min, Tcχ reveals
a faster decrease above the same cooling rate. The shielded
volume fraction for T → 0 steadily decreases with increasing
cooling rate. Concomitantly, we notice an acceleration in the
decrease of vshield above 1 K/min. No more than 50% of the
sample volume is shielded at 18 K/min.

Explaining the difference in behavior between Tcρ and Tcχ

is the major issue of the present work and will underline the
interpretation proposed in Sec. IV C.

Sample no.1

Sample no.1

FIG. 3. Dependence of Tc’s and relative shielded volume fraction
vshield on ρc∗0 for sample no. 1. (a) Tcρ as a function of ρc∗0, compared
with Tc,ρ=0 and Tcχ . The dotted curve presents results of fittings of
Tcρ with the AG formula [Eq. (2)]. The fitting has been performed in
the range 0 < ρc∗0 < 0.05 � cm. The inset shows the same data in a
wider range. (b) vshield as a function of ρc∗0. The inset shows the same
data in a wider range.

IV. DISCUSSION

A. Determination of the anion-ordered volume

So far, quantities such as Tc, ρc∗0, or vshield were plotted
against the cooling rate in Fig. 2. Since the amount of impurities
introduced by the cooling may depend on samples, as well as
on the details of the cooling procedure, the physical picture is
better conveyed when representing Tc and vshield as functions of
the residual resistivity, as shown in Figs. 3(a) and 3(b). These
figures reveal two regimes: below around ρc�0 ≈ 0.05 � cm
(corresponding to the cooling rate of ≈1 K/min), Tc, by
all definitions, exhibits a steady decrease with increasing
cooling rate whereas vshield stays ∼100%. However, above this
threshold, Tcρ becomes nearly independent of the cooling rate,
whereas vshield clearly decreases. This fact suggests a possible
change in the sample behavior. Particularly, the substantial
decrease in vshield indicates that rapid cooling is no longer
equivalent to creating local defects, and instead promotes the
formation of clusters of disordered regions.

Expecting the picture of local defects to be no longer
adequate at large cooling rates, it is important to derive
the actual volume fraction in which bulk superconductivity
develops since, in an inhomogeneous superconductor, it could
be smaller than the shielded volume.

This volume fraction can be reached viewing the normal-
state sample as a two-component composite conductor with
resistivities ρMin and ρMax for ordered and disordered regions
respectively. Such a problem of the mixture between two
conductors of different conductivities is formally identical [64]
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FIG. 4. Volume fraction of the anion-ordered domain derived
from resistivity (p, obtained from the effective-medium theory in
this work, purple circles) and from high-resolution x rays (vXRD, from
Ref. [55], blue crosses), compared with the shielded fraction evaluated
from the ac susceptibility (vshield, black squares). The broken arrow
shows the estimate for the ordered volume from x-ray measurements
at 100 K/min [53].

to the effective dielectric permeability of a two-component
dielectric medium treated by Landau and Lifshitz [65]. The
mixed conductor can thus be described at the lowest order
by a three-dimensional (3D) effective-medium theory with an
effective conductivity σeff = 1/ρeff , which can be derived as

1/ρeff = [p(1/ρMin)1/3 + (1 − p)(1/ρMax)1/3]3, (1)

where p is the volume fraction of the anion-ordered domain.
The resistivity in the ordered region ρMin is given by ρc∗0 for
0.02 K/min, based on the assumption that the system at the
lowest cooling rate provides ρMin. The data in Fig. 1 lead to
ρMin = 0.030 � cm. For the disordered resistivity ρMax, the
change in the elastic contribution �ρc∗ across TAO, coming
from the frozen anion disorder, must be added to ρMin, i.e.,
ρMax = ρMin + �ρc∗ = 0.26 � cm [66].

Figure 4 compares the ordered volume fraction p obtained
from Eq. (1) with the shielded volume vshield and with the
ordered volume fraction vXRD derived from x-ray measure-
ments (Ref. [55]). Considering the uncertainties in the x-ray
determination, there is a fair agreement between vXRD and
p, particularly in the fast-cooling regime. p obtained at high
cooling rates is also of the same order as vXRD at even higher
disorder (broken arrow on Fig. 4). Both p and vXRD reflect
the size of the ordered domains, which can reasonably be
assumed to be SC. In contrast, vshield measures the shielded
volume fraction. Obviously, p and vXRD are always smaller
than vshield: in particular, at the highest cooling rate achieved in
this study, vshield is of about 50%, whereas p is reduced down
to 36%. This fact can be seen as the signature of persistent
shielding currents penetrating non-SC regions. The derivation
of the relation between the ordered volume fraction and the
cooling rate (Fig. 4) enables us to show howTcρ and the residual
resistivity evolve against the disordered volume fraction; see
Fig. 5. This figure reveals the occurrence of a regime change
for both Tcρ and ρc∗0 around 30% disordered volume fraction.
This feature will be studied more extensively in the following
sections.
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FIG. 5. (a) Tcρ , (b) ρc∗0, and (c) low-temperature dissipation as
measured by �χ ′′

ac, plotted against the disordered volume fraction
1 − p derived through Eq. (1). Deviation from the linear dependence
(broken lines; fitted in the range 1 − p < 20% in all panels) occurs
when the first finite disordered cluster emerges. At complete disorder
(not accessible before the onset of the SDW ground state above
18 K/min), the resistivity would amount to ρMax = 0.26 � cm, as
indicated by the open circle. The �χ ′′

ac data in (c) have been averaged
in the temperature range 0.1 K < T < 0.3 K.

B. Local defect regime

Let us call the low cooling rate regime (�1 K/min) “regime
I,” where both Tcρ and Tcχ decrease linearly with ρc∗0 [i.e., in
the range ρc∗0 � 0.05 � cm; see Fig. 3(a)]. In this regime, ρc∗0

then is a good measure of disorder. Hence the usual analysis
for the dependence of Tc on nonmagnetic disorder in d-wave
superconductors [67,68] can be undertaken.

The Abrikosov-Gorkov theory [69] (AG) extended to non-
magnetic impurities in the case of non-s-wave superconduc-
tivity gives

ln

(
Tc0

Tc

)
= 	

(
1

2
+ αTc0

2πTc

)
− 	

(
1

2

)
, (2)

where 	(x) is the digamma function, α = h̄/2τkBTc0 is the
depairing parameter, τ is the elastic scattering time, and Tc0 is
the limit of Tc in the absence of any scattering (i.e., the limit
of ρc∗0 → 0). The fit of Tc derived from Eq. (2) to the data is
presented in Fig. 3(a). Clearly, Tcρ is well fitted in the slow-
cooling (small ρc∗0) regime. This fact provides firm evidence
that the superconductivity of (TMTSF)2ClO4 is of non-s-wave
nature, and is consistent with previous works [23,24].

If driven by local defects only, the critical value of the
residual resistivity for the suppression of superconductivity
would read ρc∗0c = 0.24 � cm from the fit to Tcρ shown
in the inset of Fig. 3(a). This value is practically identical
to the critical resistivity ρc∗0c = 0.23 � cm obtained for the
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suppression of superconductivity on the ClO4-side of the
(TMTSF)2(ClO4)(1−x)(ReO4)x solid solution due to the pres-
ence of nonmagnetic ReO4 anions [28]. This gives additional
confidence in the fact that, in regime I, the destruction of
superconductivity can be explained by the effect of local
defects.

The nature of disorder in the present situation of an anion
misorientation is quite different from the disorder in a solid
solution [24]. The anion misorientation leads to disorder of
the local electronic structures. Hence, anions, to be active
scattering centers, must form large enough clusters exhibiting
a local electronic structure (the single sheet Fermi surface
at ±kF) differing appreciably from the double-sheet Fermi-
surface structure in the ordered regions [70]. Such a condition
requires the broadening of the Fermi surface due to a finite size
of clusters to be kept at minimum, leading in turn to be at least
50 unit cells along the a axis [71].

The next task at hand is the derivation of the elastic
mean free path for the best ordered sample. According to
magnetotransport data, we have 9 × 10−12 sec as the value for
τ at the liquid-helium temperature in the best-ordered situation
[72], leading in turn to a corresponding mean free path l0 along
the a axis [73] of 1620 nm, taking the a-axis Fermi velocity of
vFa = 1.8 × 107 cm s−1. Such an estimate for the mean free
path is also in fair agreement with previous transport results,
namely l0 = 1400 nm [74]. From the fitting of the AG theory
to Tcρ in regime I, the average mean free path at the border of
regime I is obtained as l = 972 nm at 1 − p ∼ 0.3. Since Tcρ

is nearly constant beyond this regime, l is reasonably assumed
to be invariant, on average, for 1 − p > 0.3.

Furthermore, as already explained, the extrapolation of the
AG formalism [inset of Fig 3(a)] leads to the critical value
ρc∗0c = 0.24 � cm, which is eight times larger than ρMin. Thus,
the critical mean free path lc corresponding to ρc∗0c is given
by lc = l0/8 = 202 nm. This is in good agreement with the
critical mean free path lc,d-wave = πξ0 ∼ 220 nm expected for
the suppression of d-wave superconductivity [67], given the
measured SC coherence length along the a axis, ξ0a = 70 nm
[75].

We comment here on the width of the superconducting
transition. We claim that a broad distribution of the scattering
length provides in turn a distribution of Tc. Indeed, it has
been reported that, even in the ordered phase achieved by
very slow cooling, in which ClO4 anions are ordered in one
of their two possible ordering patterns, the domain size is
largely distributed [49]. This is also supported by the fact
that (TMTSF)2ClO4 ordinarily exhibits a broader supercon-
ducting transition than the pressure-induced superconductor
(TMTSF)2PF6, which does not have any anion disorder be-
cause the PF6 anion is a centrosymmetric anion. Moreover,
as analyzed above using the AG model, scattering centers in
regime I are small-sized disordered clusters. It is reasonable
to assume that these clusters nucleate on the walls between
ordered domains, because disorder ordinarily tends to develop
in the vicinity of preexisting disorder, namely the domain
walls in our case. Then, the somewhat broad transition and
the double-transition-like feature for our slowly cooled data
(e.g., 0.02 K/min) can be attributed to such anion disorder
remaining even under slow cooling. In addition, the sample
can contain microcracks, which are often formed in organic

crystals during cooling due to thermal-contraction strain, and
such microcracks can also contribute to the broadness of the
transition, by modulating Tc and/or by introducing additional
weak-links within the sample. In sample no. 1, we indeed
observed a few small jumps in the temperature dependence of
resistivity from room temperature to the lowest temperature.
Such jumps indicate formation of a small number of microc-
racks.

C. Evidences for a granular behavior

Let us now call the higher cooling-rate regime “regime II,”
for which ρc∗0 > 0.05 � cm and 1 − p � 0.3. In this regime,
Tcρ is nearly constant (Tcρ = 1.27 ± 0.03 K), whereas the
width of the resistive transition, measured by Tcρ − Tc,ρ=0,
increases as the cooling rate increases and the system becomes
more and more disordered. In this regime, the macroscopic
SC coherence is weaker than what would be expected if
superconductivity was controlled by local defects only.

In this section, we will demonstrate that this behavior can
be interpreted as a consequence of granular superconductivity:
SC puddles, consisting of an assembly of grains where ClO4

anions are ordered along one of the ordering patterns (up-
down-up-down ... or down-up-down-up ...; labeled as A or B,
respectively) [49], are distributed within a metallic background
consisting of anion-disordered regions.

The progressive establishment of superconductivity in
regime II resembles in several respects the situations ob-
served in the studies of superconductivity in 3D granular
compounds [76] and in 2D hybrid superconductor–normal-
metal–superconductor arrays [77–79]: superconductivity first
appears in disconnected grains which couple via the proximity
(or Josephson) effect at lower temperatures.

The system considered in this work differs from other
granular materials [76] insofar as, as we will see, the av-
eraged puddle size is larger than the SC coherence length
(the averaged coherence length within the ab plane is ξ0 =
45 nm; from the upper critical field measurements [75], ξ

were evaluated to be 70, 30, and 2 nm along the a, b, and
c axes, respectively; and the averaged ξ0 mentioned here is
evaluated using the geometrical mean

√
ξaξb), but is smaller

than the penetration depth. Thus, bulk superconductivity is
first established within each puddle while cooling. Moreover,
there is a strong coupling between neighboring puddles since
the interpuddle background (disordered regions) is metallic,
albeit with a resistivity (ρMax = 0.26 � cm) about ten times
larger than the puddle normal resistivity (ρMin = 0.030 � cm)
(see Sec. IV A). Let us emphasize that, in the present system,
the grain size is tunable and solely governed by the cooling
rate using a single sample.

Thus, Tcρ corresponds to the temperature at which su-
perconductivity begins to appear within each puddle. It is
governed by the puddle size L. Although the puddles probably
have a broad distribution in size, an estimate of the upper limit
of L can be derived from the AG approach. Assuming that the
electronic mean free path l is limited by L, one then obtains
l � L = 970 nm. Such a large puddle size implies that they
are composed of an equal weight of domains A and B, whose
individual dimensions are of the order of 39 nm at 5 K/min,
according to direct x-ray measurements [55]. However, let us
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keep in mind that this estimated L reflects the size of the largest
puddles, which have the highest Tcρ .

A close look at the shape of the resistive transition shown in
Fig. 1(d) reveals that it takes place in two stages (particularly
visible on the run at 18 K/min). First, the resistance drops by a
factor of about 2 before leveling off and giving rise to a second
drop whose long tail ends at around Tcχ . The temperature width
of the first transition �T1 is analogous to the one measured in
regime I [�T1 � (Tcρ − Tcχ )|regime I � 0.2 K]. It seems natural
to ascribe the first drop to the onset of superconductivity
in individual puddles, �T1 reflecting the distribution in the
puddles size. The second resistive drop can then be attributed
to the progressive establishment of SC coherence over the
whole sample: the SC puddles progressively couple through
proximity effect to form SC clusters. Let us also note that the
value 1 − p = 0.3, at which regime II begins, is actually quite
close to the percolation threshold for site percolation in a 3D
cubic lattice [80,81].

Given the current structural knowledge on this system
[49,55], it is difficult to assess the shape and individual size
of the SC puddles. However, the nearly constant value of �T1

signifies that there is little change in the puddles’ size distribu-
tion in regime II, at least before the interpuddle coupling sets
in. This assumption is also supported by x-ray data [49]. The
decrease of the ordered volume fraction p with the cooling rate
therefore must be related to an increase of the average inter-
puddle distance d. The typical value of d can be crudely ap-
proximated assuming spherical puddles forming a simple cubic
lattice: p = [(4π/3)(L/2)3]/(L + d)3. For example, spheres
of diameter L = 970 nm lead to d = 130 nm at p = 0.36.

We here would like to comment on the distribution of the
interpuddle distance d. Although we assumed in the above
analysis that d is the same for all puddles, we do not think that
the actual distribution of d is so sharp. Indeed, when this is the
case, the final resistance drop would be much sharper, as ob-
served in, e.g., Ref. [79]. In the other limit, when there is a wide
distribution in d, the final drop would be much broader and ill-
defined [82]. Thus, the actual d distribution in (TMTSF)2ClO4

is in a somewhat intermediate situation between the two limits.
Nevertheless, we continue to use the constant-d assumption,
which is the simplest model to capture the physics behind, in
the model calculation and analysis below.

Once superconductivity of individual puddles is estab-
lished, further cooling enables interpuddle phase coherence
via proximity effect through the normal metallic region in
between, in a somewhat similar manner to the behavior of Nb
islands on Au [79]. Macroscopic coherence is then reached
when the first percolating path connects one end of the sample
to the other. For phase coherence to be established between
neighboring puddles, the thermal energy needs to be smaller
than the proximity effect energy [78,79,83] for the local SNS
junction: kBT � EJ = h̄Ic

2e
where EJ is the Josephson energy,

and Ic is the Josephson current running between neighboring
puddles. Using the expression for Ic in SNS junctions given
by the Usadel equations in the diluted limit [83,84], one
determines the temperature Tcχ at which the macroscopic
coherence is established:

Tcχ = 2h̄

πe2k2
B

�2
0(Tcχ )

Tcχ

A
ρN

1

ξN(Tcχ )
e−[d/ξN (Tcχ )], (3)

where ρN is the resistivity of the normal metallic regions (N)
and should be close to ρMax in our case, A is the averaged
section of the junctions, �0 is the SC gap in each puddle:

�2
0(T ) = 8π2

7ζ (3)
k2

BT 2
cρ

(
1 − T

Tcρ

)
(4)

for T close to Tcρ , and ζ (3) � 1.202. In the Usadel equations
ξN, the normal-state coherence length in the N region, is
determined by the dirty limit:

ξN(T ) =
√

1

3

h̄vF

kBT
l. (5)

Notice that the clean-limit coherence length ξ 0
N = h̄vF/kT

is much larger than ξN, d, and l ∼ (ρMin/ρN)l0 ∼
(ρMin/ρMax)l0 ∼ 190 nm in our case (for example, ξ 0

N = 1400
nm and ξN = 290 nm at 1 K) and thus the dirty-limit treatment
is justified. Combining Eqs. (3)–(5), the relation between Tcρ

and Tcχ can be expressed as

Tcχ = C√
Tcχ

(
1 − Tcχ

Tcρ

)
e−[d(p)

√
Tcχ /α], (6)

where C and α are constants. This equation can be numerically
solved to analyze the data.

Let us now compare this expression to our experimental
results in Fig. 6. Assuming d(p) for the model of spherical
puddles forming a simple cubic lattice, the observed evolution
of Tcχ with p is compatible with that evaluated from Eq. (6) (the
red curve in Fig. 6). The fitting parameters obtained are α =
100 nm/K1/2 and C = 5.2 K3/2. The value of α in turns gives
ξN = α/

√
T = 120 nm at 0.75 K. This value is in reasonable

agreement with what is expected in the disordered region [85].
The fitting result C � 5.2 K3/2 also compares favorably with
its theoretical estimate: assuming A ∼ L2 ∼ 9.4 × 10−13 m2,
vF = 1.8 × 105 m/s, l = 190 nm, and Tcρ = 1.27 K, we obtain
C theo � 49 K3/2. Considering the randomness in the local
distribution of puddles size, of their shape, as well as of the
interpuddle distance that is not taken into consideration in
our very crude model, C from experiment and theory agree
reasonably with each other.

A second argument for this granular scenario comes from a
previous specific-heat study performed on a sample cooled at
the rate of 10 K/min [51] (corresponding to 1 − p = 57%; see
Fig. 4). This study revealed a broad SC anomaly starting around
1.1 K and reaching a maximum around 0.85 K. This tempera-
ture for the maximum specific heat matches Tcχ , whereas the
onset of the broad transition roughly corresponds to the border
between the light-blue and light-red regions in Fig. 6, namely
the temperature domain where the pair condensation begins
to be significant thermodynamically speaking. Furthermore,
specific-heat data have revealed that the entropy involved in
the SC pairing of this sample cooled at 10 K/min [51] is only
50 ± 10% of the total electronic specific heat. This feature
is in fair agreement with the ≈40% value for the bulk SC
volume fraction derived in Fig. 4. These agreements provide
additional support for our scenario. As demonstrated above,
the proximity effect together with percolation represent a
reasonable approach for understanding the development of the
superconducting state in regime II.
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FIG. 6. Dependencies of Tcρ (purple circles) and Tcχ (blue circles)
on the disordered volume fraction 1 − p for sample no. 1. Note
that Tcχ is practically equivalent to Tc,ρ=0. For comparison, we plot
Tc from the specific-heat study [51], with 1 − p values estimated
from the curves in Fig. 4. For these data, the upper error bar
corresponds to the onset of the transition, and the lower error bar
to the peak in the electronic specific heat. In the light-blue region,
superconductivity develops within individual puddles. On the border
between the light-blue and light-red regions, the proximity effect
starts to induce SC coherence between puddles. The large scale phase-
coherent superconductivity establishes progressively in the light-red
region as a result of the interpuddle proximity effect coupling. The
broken curves indicate the region used for the analysis based on the
proximity effect: Tcρ is assumed to be constant (1.27 K) as shown
with the magenta curve and Tcχ is calculated by solving Eq. (6). The
red curve is obtained by fitting the theory to the Tcχ data in the range
1 − p > 40%. The resulting fitting parameters are C = 5.2 K3/2 and
α = 100 nm/K1/2.

Third, another support for our scenario is provided by the ac
susceptibility data. Indeed, it is striking that a magnetic signal
is only perceptible below Tcχ , when the measured resistivity is
only a small fraction of that of the normal state. This signifies
that the part of the sample contributing to the initial resistivity
drop is, in all likelihood, formed of small isolated SC puddles
which size (L � 970 nm) is smaller than or of the order of the
SC penetration depth (λ > 1000 nm [86,87]), so that these are
invisible to ac susceptibility measurements. The dissipation
is then due to currents circulating in the normal (disordered)
regions [88].

As the temperature is lowered, in between Tcχ and Tcρ ,
intergrain coupling starts, so that SC clusters form, resulting
in a first percolating path at Tc,ρ=0 � Tcχ , but also in a sizable
shielded volume. Then �χ ′

ac begins to decrease, while �χ ′′
ac

increases due to enhanced dissipation: as the SC volume
expands, the current density in the remaining normal regions
becomes also larger. More generally, as has been mentioned in
the early studies of filamentary superconductors [76,89–91],
the peak of �χ ′′

ac reflects a multiphases compound. Here, it
arises from a balance between the normal and SC regions:
the peak occurs at a temperature Tpeak when approximately

half of the sample is shielded, as shown by the value of
�χ ′

ac|Tpeak
� −0.5. This explains why, at higher cooling rates,

Tpeak shifts to lower temperatures: at high cooling rates the
initial density of SC puddles is lower, so that the coupling
needs to be stronger, or the temperature lower, to achieve the
same SC volume in the sample.

Finally, the T → 0 limit of �χ ′′
ac is a measure of the

dissipation and hence an indirect probe of the disordered
volume fraction. This is illustrated in Fig. 5(c). As can be
seen, �χ ′′

ac(T → 0) is almost constant and close to 0 until
1 − p � 0.3 [or equivalently, the cooling rate �1 K/min; see
Fig. 2(d)], before drastically increasing with the disordered
volume fraction. The fact that �χ ′′

ac does not vanish even
for T → 0 provides yet another strong indication that normal
regions persist in this limit.

Let us remark that this behavior is at variance with the
behavior of cuprate high-Tc superconductors (HTSCs). Indeed,
in these compounds, the two peaks observed in the measure-
ments of �χ ′′

ac have been attributed to the onset of intra- and
intergrain superconducting currents. Moreover, the initial drop
in �χ ′

ac is steep in temperature, simultaneous with the resistive
Tc, and corresponds to the penetration of the field within
each superconducting grain [92,93]. Finally, �χ ′

ac always goes
to −1 in the low-temperature limit. In our case, however,
the shielding is not always total, the drop in �χ ′

ac is broad
in temperature, and only begins at Tcχ where the resistivity
measurements show that the percolation threshold is almost
reached. In the present case, given the large size of the normal
regions, the magnetic signal is more likely to be due to currents
within the normal regions than to the penetration of currents
in the SC regions, contrary to HTSCs.

V. CONCLUSION

Our precise study of the normal and superconducting
properties of (TMTSF)2ClO4 by simultaneous transport and
magnetic measurements, using a carefully controlled cooling
procedure and covering cooling rates of four orders of mag-
nitude, has revealed a crossover between a defect controlled
d-wave and granular superconductivity in an inhomogeneous
conductor with increasing cooling rate.

At cooling rates up to about 1 K/min, nonmagnetic disorder
originates from small-volume clusters of disordered anions.
The clusters are randomly distributed and act as local scattering
centers. Superconductivity is suppressed by this disorder and
the behavior of Tc versus the residual resistivity can be ex-
plained by the Abrikosov-Gorkov theory adapted to impure d-
wave superconductors. Above 1 K/min and up to 18 K/min, Tc

for the resistivity onset remains independent of the cooling rate
whereas Tc for the onset of the ac susceptibility signal keeps
decreasing. In this fast-cooling-rate regime, the system behaves
as a set of randomly distributed SC (anion-ordered) puddles
embedded in a normal conducting background with disordered
anions. The fraction of the sample volume comprising ordered
anions has been derived using the theory for an effective
medium composed of two regions with different residual resis-
tivities. Zero resistance and diamagnetic shielding are achieved
through proximity effect links between the bulk SC puddles.
The volume fraction of bulk SC puddles is about 30% smaller
than the macroscopic screened sample volume measured by
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the real part of ac susceptibility. This feature provides an
additional argument supporting the proximity effect picture
in the fast-cooling regime. We emphasize that the case of
(TMTSF)2ClO4 investigated in the present study is likely to
be relevant for other 1D or 2D molecular superconductors
when disorder arises either from molecular disorder or from the
competition between other ground states [94–96]. Similarly,
the granular behavior at high disorder concentration can occur
in other unconventional superconductors, particularly when
the disorder is introduced chemically and forms clusterlike
structures. Thus the present study provides a guideline and an
insight toward future investigation of impurity effects in a wide
variety of unconventional superconductors.

When considering the competition between SC and SDW
in the two materials (TMTSF)2PF6 and (TMTSF)2ClO4, it
becomes clear that the corresponding driving mechanisms
are different. For (TMTSF)2PF6 under pressure, from the
high-pressure SC side, SDW develops as a consequence of a
decrease of the unnesting term in the band structure (improving
nesting in turn). Only in a narrow pressure regime close to the
critical pressure can SC coexist with SDW albeit in distinct
domains in the sample. In (TMTSF)2ClO4 on the other hand,
the intermediate state consists of a mixture of anion-ordered
puddles embedded in the anion-disordered background whose
volume fraction depends on the cooling rate.

It would be particularly interesting to pursue this study
to further understand how the electronic granularity arises
from disorder. Comparing ac susceptibility measurements—
in zero and finite magnetic field—in the different crystal
orientations or STM measurements such as those performed

on electronically inhomogeneous NbN thin films [97] could
for example provide information on the size of the SC puddles
and the mechanism responsible for their formation. Finally, let
us note that the flexibility brought by the cooling procedure in
tuning both the density and the dimensions of SC puddles and
proximity effect bridges makes (TMTSF)2ClO4 a promising
candidate in which more advanced investigations of meso-
scopic superconductivity could be undertaken. One could, for
instance, probe the quantum-critical metallic states that have
been predicted to arise in such systems [98], study how grain
superconductivity and proximity effect each contribute to the
specific heat, as this issue has not yet been clearly settled [99],
or study the localization-delocalization transition both in the
three- and two-dimensional limits [100].
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