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THE superconducting transition temperature, T, defines the point
at which the free energies of the superconducting and normal states
of a material become equal. Just above T, thermodynamic fluctu-
ations produce small, transient regions of the superconducting
state, giving rise to an anomalous increase in the normal-state
conductivity known as paraconductivity. This situation is analogous
to the fluctuating regions of correlated spins found near the
Curie-Weiss transition in ferromagnets. Such fluctuations are of
theoretical significance in that they provide a direct probe of
critical phenomena in general, and a stringent test of scaling
theories, which describe the approach to the critical point. Paracon-
ductivity effects are strongly dependent on the dimensionality of
the system, although for conventional superconductors, three-
dimensional fluctuation conductivity has to our knowledge never
been observed. Here we report the observation of pure, three-
dimensional paraconductivity in single crystals of the recently
discovered' superconductors K;Cg, and Rb;Cy,. In addition to
probing the critical state near T, these measurements allow the
indirect determination of the residual, normal-state resistivity.
High-quality single-crystal specimens of K;Cy and Rb;Cyq
were prepared by doping vapour-transport-grown Cg, crystals
with alkali metals. The synthesis followed a method similar to
that described previously” for K,;Ce,. We used the standard
in-line four-probe contact configuration and kept the d.c. prob-
ing current small (10-100 wA) to minimize Joule heating effects.
The insets to Fig. 1a and b show, for K;Cy, and Rb;Cq,
respectively, the (normalized) resistivity p(7) as a function of

temperature over an extended temperature range. As demon-
strated previously” for K;C,,, the temperature dependence of
p for RbyC, is metallic. This behaviour is in contrast to the
nonmetallic temperature dependence of p(T) found for Rb-
doped Cy, when Cg, crystals grown from a CS; solution were
used’. Although the origin of this discrepancy is unknown, a
nonmetallic p(T) may result from incomplete doping or an
impure host crystal. OQur resistively determined T, values (transi-
tion midpoint) for K;C,, and Rb;Cg, are 19.8 K and 30.2 K,
respectively. We note that the overall functional form for p(T),
except at temperatures below 50 K, is similar for K,;C,, and
Rb,C,. The temperature dependence of p(T) is reproducible
over many samples in both cases.

Figure 1a and b also shows p(T) for K;Cqy and Rb;Cq in
greater detail near T, (the temperature scale has been normalized
to 7. in each case). Just above T, the resistivity for both
materials deviates from its normal-state behaviour before drop-
ping precipitously at T.. We associate this deviation with super-
conducting fluctuations. It should be recognized that iden-
tification of fluctuation effects of small magnitude requires data
with a high signal-to-noise ratio. In an earlier investigation® of
the resistivity of K;Cgy, fluctuation effects near T, were not
resolved because of large scatter in the data.

The paraconductivity, o', is obtained by subtracting the
extrapolated normal-state conductivity o, from the measured
conductivity. To establish an appropriate baseline for the para-
conductivity, we have tried various power-law extrapolations
using the temperature range 1.47,< T < 2T, to establish fitting
parameters for the extrapolation. For both materials, a linear
—T curve provides an adequate fit (solid line in Fig. 1a and b).
In K5Cyo, a T° curve (dashed line in Fig. 1a) provides a slightly
better fit at higher temperatures (7~ 60 K). But as shown in
Fig. 1q, the difference between the two extrapolations is small
in the relevant temperature range near T, and both are con-
sistent with p measured near T, at high magnetic field (also
shown in Fig. 1a). Without further physical basis, in our analysis
we shall use the T° extrapolation for K;C,, and the linear =T
extrapolation for Rb;C,,. Our conclusions of three-dimensional
paraconductivity are not sensitive to which extrapolation is used.
The baseline choice does affect the determined numerical value
of the residual normal-state resistivity (see below), but different
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reasonable extrapolations lead to resistivities all within 20% of
one another.

As first derived by Aslamazov and Larkin (AL)*, the excess
conductivity ¢’ is given by®

o~ (4 1172 (1)

where D is the dimensionality of the specimen and t is the
reduced temperature defined by 1 = (T~ T,)/ T,.. This AL term
is known as the regular fluctuation conductivity, which is due
to the direct acceleration of the fluctuation-induced supercon-
ducting pairs of quasiparticles. In addition to the AL term,
Maki® and Thompson7 (MT) have derived another contribution
known as the anomalous fluctuation conductivity. The MT term
results from the scattering of the normal quasiparticles by the
superconducting fluctuations and is small when “pair-breaking’
effects are large.” In three dimensions, the excess conductivity
may be expressed as®
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where & is a pair-breaking parameter. The first term on the right
is the AL term, and the second is the MT term. o, is a prefactor
to be defined below.

Figure 2a and b shows on log-log plots the experimentally
determined o' against T/ T, for K,C,, and Rb;C,,. The insets
show log-log plots of ¢’ against r for the same data sets. The
paraconductivity data for K;C,, and Rb;C,, can be well accoun-
ted for by assuming an effective dimensionality D = 3. For K;C,
(Fig. 2a), we find that including a MT contribution improves
the fit (although the AL term dominates). From our best fit, we
obtain a pair-breaking parameter § = 0.58 for K,C,. For Rb;Cq,
(Fig. 2b), we find that a good fit is obtained only if the MT
term is negligible, which implies a large 8. This is consistent
with Rb;C, having a stronger electron-phonon coupling con-
stant (resulting in a higher T,) than K;Cg, (ref. 9). Only for
D =3 do we obtain good fits to the paraconductivity data of
K.C,, and Rb;C,,. The inset to Fig. 2b shows how the data of
Rb,C,, compare to paraconductivity fits with D=1 and D=2
in addition to D =3.

We observe no evidence for granular superconductivity. The
coherence volume of the superconducting order parameter
grows as the temperature approaches T, unless limited by
reduced dimensionality. For a granular superconductor with
grain size of L, the functional form of the excess conductivity
crosses over from three-dimensional behaviour to zero-
dimensional behaviour when the Ginzburg-Landau coherence
length &(T) exceeds L/3 as T approaches T, (ref. 10). In the
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FIG. 1 Normalized resistivities as a function of 7/7_ for K;Cg (&) and
Rb;Cqolb). Circles are experimental data and solid lines are linear extrapola-
tions to the normal-state resistivity. For K;Cq,, @ T2 extrapolation is also
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presence of 0-D crossover, the data of Fig. 2a and b would
deviate upwards away from the theoretical curves based on 3-D
fluctuations with decreasing reduced temperature 1, and there
would be a region of steeper slope (=2} at small . Such behaviour
is not observed for either K;C,, or Rb;C,, (see insets to Fig.
2a and b). The absence of a 0-D crossover down to 1= 0.0005
in our data gives a lower limit for the domain size of about
0.6 wm. This dimension is at least 100 times larger than the
measured values of £(0)'"'", and therefore guarantees that phy-
sical parameters measured on these samples reflect intrinsic
properties.

An important parameter in describing electronic transport in
K;C¢y and Rb,Cy; is the absolute magnitude of the resistivity.
Because of uncertainties in sample dimensions, contact position
and current distribution profiles (if a van der Pauw configuration
is applied), it is difficult to make an accurate direct determination
of the resistivity. Experimentally, we observe identical normal-
ized fluctuation resistivity curves (therefore, identical o'/ ¢,) in
different samples with somewhat different estimates of p(0)
based on direct measurements. However, the normal-state con-
ductivity o, may be determined indirectly through the measured
normalized conductivity (o'/a,), because the excess conduc-
tivity prefactor o, is related to the independently determined
coherence length £(0) by
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Using equation (2) together with the experimentally determined
values (0/ 0)x =2 X107, (0ere/ 0)re =73 X 107%, £(0) =
45 A (ref. 11) and £(0)x, ~24 A (ref. 12), we obtain the zero-
temperature residual normal-state resistivities  p(0), =
0.12mQ cm and p(0)g,=0.23 mQ cm, where the subscripts K
and Rb represent K,C,, and Rb;C,, respectively. The different
extrapolations of the normal-state resistivity produce an uncer-
tainty of about +£20% in p(0). The resistivity values are reason-
ably consistent with our most reliable direct measurement on
K;Cqo (~0.5mQ cm) and with infrared studies’® on Rb,Cq,
(~0.4 mQ cm). The results also agree with our theoretical calcu-
lation'! (p(0)x =0.2 mQ cm) based on H.. measurements and
a theoretical calculation® (p(0)x = p(0)xy, =039 mQ cm) in
which a maximum disorder (defined as equal distribution of
two possible orientations of C, in a face-centred cubic structure)
was assumed for both K;C¢, and Rb;C,,. Our results suggest
that Rb;Cy, may have a more C, orientational disorder than
K;Cso-

As this is, to our knowledge, the first observation of pure 3-D
paraconductivity in any isotropic superconductor, it seems
appropriate to address the difficulty of observing similar
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shown along with a high-magnetic-field resistivity point. Insets: normalized
resitivities against temperature for K;Cqp (@) and Ro5Cgn(b).
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FIG. 2 Log-log plots of normalized fluctuation conductivities against 7/T7,
for K4Ceol@) and Rb;Ceo (b). Insets: log-log plots of normalized fluctuation
conductivities against reduced temperature t=(T — 7)/ T, for K;Cg, (@) and
Rb4Ceo ().

behaviour in other materials (most conventional supercon-
ductors are, of course, three-dimensional). For conventional
3-D superconductors, the fractional change in normal conduc-
tivity o'/ o, ~(kT./Ex)(1/ kAN T/(T—T.)"? is of order of
10°7(T/(T - T.)"*, too small to be observable in any meaning-
ful temperature interval above T.. Here E is the Fermi energy,
ke the Fermi wave vector, and [ the mean free path. To observe
3-D fluctuation conductivity, large concentrations of impurities
or defects have to be induced, and these are usually accompanied
by granularity or reduced dimensionality. For anisotropic-
layered high-T, materials, the situation is more complicated.
Paraconductivity has been reported for many different com-
pounds in various forms, but no consensus about the dimension-
ality in these materials has been reached®'". In the fullerene-
based superconductors, the intrinsic orientational disorder
(leading to a relatively high intrinsic resistivity or short mean
free path), short coherence length and high T, together greatly
extend the useful temperature range for measurement of the
fluctuations and allow direct observation of the fluctuation
phenomena in pure single crystals. Our results demonstrate that
these systems are genuinely 3-D superconductors as opposed
to lower-dimensional or granular superconductors. O
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