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Correlation between enhanced paraconductivity o-' near the superconducting transition tem-

perature T,o and enhanced upper critical field H, 2 at low temperature is observed in bulk amor-

phous superconductors. It is pointed out that the presence of inhomogeneities is responsible for
this observation. Phase inhomogeneity causes cr' to diverge as e near T,o where

6 = ( T —T,o)/T, o, while statistical fluctuation in alloy composition yields the usual result

cT ~ 6 . Various models of enhanced H, 2 are discussed. Comparison with new data on both

homogeneous and inhomogeneous amorphous Zr3Pd samples is made.

Recently, the temperature dependence of upper
critical field H, 2( T) in glassy superconductors has
been a subject of substantial interest. '~ It was re-
ported that in some amorphous transition-metal-alloy
superconductors, enhancement of H, 2( T) above the
values predicted by the Ginzburg-Landau-
Abrikosov-Gorkov (GLAG) theory was observed. '3 ~

Meanwhile, it was noted that in other alloys H, 2( T)
followed the theoretical curve. 2 The authors of Refs.
2 and 4 suggested that the unusual behavior of
H, 2( T) could be explained by spatial inhomogeneities
on a scale of the order of the superconducting coher-
ence length. Recently, Clemens et al. ' studied the
effects of inhomogeneities on H, 2(T) in neutron irra-
diated samples. In this paper, we point out a correla-
tion between the temperature dependence of upper
critical field H, 2( T) at low temperature (T (0.6 T,o)

and paraconductivity o '(T) near T,o which lends ad-

ditional support to the above suggestion. Since the
degree of spatial inhomogeneities depends on the
metallurgical conditions of the samples, new data on
both homogeneous and inhomogeneous amorphous
Zr3Pd samples will be reported. Using a distribution
in critical temperature which can describe either sta-
tistical fluctuation in alloy composition or phase inho-
mogeneity, expressions for o '( T) near T,o are
derived. Various models of enhanced H, 2(T) are
discussed. These results are compared with experi-
mental data obtained thus far.

Amorphous ribbons of Zr3Pd were prepared ac-
cording to the method outlined in Ref. 5. The amor-
phicity of the ribbons was checked using a standard
x-ray diffractometer (Ni filtered Cu Ea radiation).
The specimens used in the measurements were long
strips of width —1 mm, length —1—2 cm, and
thickness —25 p,m. Sample resistivity was measured
from T,o to —2T,O in a four-point probe. The
current used was 5 mA. Temperature was monitored

using a carbon resistor and a Hg nanometer with an
accuracy of 1—2 mK. Temperature in the liquid-
helium bath was regulated to equal accuracy. This al-
lowed an accurate determination of conductivity near
the transition temperature. The virgin samples used
in this experiment had transition width (defined by
10'/0 and 900/0 point on the resistivity curve) of —5

mK. Upper critica1 field was measured using a super-
conducting magnet in fields up to —60 kG and tem-
peratures down to —1 K. The temperature was mea-
sured from the vapor pressure of helium. The
overall technique had been given elsewhere. The
transition width at constant temperature in a high
field was typically -4 kG. The critical field was tak-
en at the 50'/0 point on the resistivity curve.

We point out here that for all the glassy supercon-
ductors with the exception of Zr3Rh reported in Refs.
7 and 8, a'( T) near T,o (the temperature at which
the sample resistivity vanishes) diverges faster than

(e = ( T —T,o)/T, o), the theoretical prediction of
Aslamazov and Larkin (AL). Incidentally, all sam-
ples except Zr3Rh exhibit enhanced H, 2 values above
the GLAG curve. Earlier, it was suggested that the
rapid divergence of o.'(T) near T,o for one-
dimensional samples could be accounted for by a dis-
tribution in T,. Thus, it is suggestive that the
enhancement in H, 2( T) might be an unique property
of inhomogeneous glassy superconductors. This as-
sertion can be tested by studying samples of the same
alloy treated under different metallurgical conditions.
We start with two samples numbers 1 and 2 of amor-
phous Zr3Pd which show no detectable crystallization
in x-ray diffraction. The reduced paraconductivity
ln(o '/o 0) (oo is the normal state conductivity at low

temperature) plotted as a function of ln e for both
samples are shown in Fig. 1. They follow the AL
prediction near T,o. Sample 1 was then annealed in
vacuum at 280'C for 10 h. Evidence of the onset of
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FIG. 1, Ln(0'/oo) as a function of inc for four amor-

phous superconductors, where ~ is (T —T,p)/T&0. Data on

La78Au22 and Mo3oRe70 are taken from Ref. 7. Data are to

be compared with dashed straight lines for ln~ (—4.

FIG. 2. Reduced upper critical field as a function of re-
duced temperature. H, 2(0) is the GLAG value at T =0.
The values of T, for annealed sample 1 and sample 2 are
2.68 K and 3.04 respectively. The upper critical field gra-
dients near T,o are equal to 26 and 24.0 kG/K, respectively.

crystallization was observed in the sample and its
paraconductivity measured. As can be seen in Fig. 1,
the annealed sample 1 exhibits the same rapid diver-
gence in o '( T) near T,p as in most of the amorphous
superconductors mentioned earlier. The transition
width of the annealed sample is —30 mK which is
comparable to the other inhomogeneous samples.
%e have also included data on amorphous Mo30Re7p
and La78Au22 from Ref. 7 for comparison. Normal-
ized upper critical field versus normalized tempera-
ture for annealed sample number 1 and sample
number 2 are shown in Fig. 2. It can be seen that
the H, 2(T) data for the homogeneous Zr3Pd sample
(d T, —5 mK) follow the GLAG curve while those
for the inhomogeneous sample (hT, —30 mK) are
enhanced above the theoretical curve.

Before we apply the model of T, distribution to dis-
cuss the a'( T) curves, several comments are made
on the general shape of these curves for bulk super-
conductors. Near T,o, say inc & —4, the Maki-
Thompson (MT) contribution to o' is negligible. "
However, for in~ & —3, the MT term becomes com-
parable to the AL term for a pair breaking parameter
of e, =0.5. This value is typical of amorphous tran-
sition metal superconductors. " In addition, this re-

gime also signifies the breakdown of the slow varia-
tion approximation in the Ginzberg-Landau free en-

ergy functional. ' Recently, it has been pointed out
that a short-wavelength cutoff is also required for the
MT contribution. " Because of these complications
and in lieu of a complete theory, it is meaningful to
consider only the region dominated by the AL contri-
bution, that is inc & —4 in the present model. Then,
only inhomogeneities on the scale of & 8(p (the
zero-temperature coherence length) contributes to
the composition fluctuation. Below and above T,o,

say T =0.5 and 1.5 T,o, inhomogeneities on the scale
of gp becomes important. We also restrict our discus-
sion to the case of composition fluctuation due to in-

cipient decomposition or crystallization on the scale
of gp in the amorphous host. Then, this fluctuation
weil below and above T,o would be larger than that
near T,D. Macroscopic phase separation with two

phases percolating each other such as in Pb-Sb-Au al-

loys will not be discussed. ' Extending the model in
Ref, 9 to a three-dimensional superconductor, the to-
tal resistivity near T,o can be written in the following
form:

t

R (T) l "" o'o T,. T,p-
g

' '
dT, , (l)

Ro y "' ~'AL(T. )+~o
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where g is the normalized T, distribution function, y is the characteristic width of this function, and a AL( T,) is the
AL contribution from the sample region with transition temperature at T,. T,p is the temperature at which
resistivity vanishes. By changing variables to y = (T, —T,p)/y, expression (I) becomes

~(T) (T- T o-yy)'"
&p -" (T —T,o yy—) +1.$( T, o+yy) , , g(y)dy, (2)

where r~ = e /32k'gpa. p. Without loss of generality, we have extended both the lower and upper limits of integra-

tion to —~ and + ~, respectively. Defining the moments of the distribution function as M„= J1 x"g (x) dx,

we obtain the following expression for o.AL(T) up to its second moment:

r r

o AL( T) o AL( T o)
I yW 3y'M2 rrAL( Tr:o)1+ + = 1+

Op Op 26 8& Op
(3)

X

N(gp)

&/2
'

Tg 3/4

dx

Taking N((o) to be 10"atoms and (dT, /dx) =0.1

K/at. % for amorphous Zr-Pd alloys, "one obtains

y =0.08~ . To observe positive deviation from the
AL term, one requires that e —y as can be seen
from expression (3). This puts an upper limit on
E + 4 x 10 K or lne & —10. Therefore, within the
temperature resolution of the present experiments,
the correction term is very small. It can be said that
statistical fluctuation in composition does not alter
the temperature dependence of AL paraconductivity.
This can be compared with the nonstatistical fluctua-
tion where a simple relationship between y and e

cannot be obtained. The present result agrees well
with the data on the otherwise homogeneous Zr3Pd
and Zr3Rh samples.

Before we examine the various models of H, 2, it is
appropriate to discuss the possible forms of inhomo-
geneities in amorphous samples. For the alloy sys-
tems studied, they undergo eutectic crystallization
into phases with different compositions from the

If one takes g (T, —T,p/y) to be an even function,
then for o AL( T p)/0 p & 1, the additional divergence
in o.AL( T) varies as e ' '. As discussed beforehand,
the characteristic width y depends on the coherence
length g(T). Thus one would expect that very near
T,p, say inc & —6, the inhomogeneities will be aver-
aged out on the scale of g( T) and the usual e '~2

dependence should be recovered. Straight lines of
slopes —I/2 and —5/2 are drawn in Fig. 1 for com-
parison. The agreement is reasonable.

Next we consider the case of statistical fluctuation
in bulk samples. For a large number of atoms N(g)
enclosed within a characteristic volume ( at alloy
composition x, the composition fluctuation varies as
[x/N(g) ]'~'. Putting the temperature dependence
into g, this becomes [x/N(gp)1' 2e'4 for ( —e '

Then the characteristic width y for the T, distribution
function is given by the approximate expression

amorphous hosts. For example, evidence of crystal-
line La2Au and n-Zr embedded in amorphous La-Au
and Zr-Pd alloys was observed. " If crystallization
were not suppressed during the supercooling process,
there would be a tendency for the composition of the
regions in the neighborhood of these crystallites to
fluctuate. Another form of inhomogeneity might oc-
cur, for example, in alloys where several intermetallic
compounds or a sizable homogeneity range for an in-
termetallic compound exists in the composition of in-
terest. Then, there would be a tendency towards mi-
croscopic incipient decomposition. This happens
especially in ternary alloys where a large choice of
short-range order is available. Examples of macro-
scopic phase separation ( & gp) had been reported in
several amorphous ternary alloys. ' We have noted
in our paraconductivity studies that the characteristic
distribution in T, on a scale of —10(p is approxi-
mately 30 mK. The deviation from GLAG prediction
on the H, 2( T) curve is more noticeable for e & 0.6
corresponding to a scale of & 1.3$p. On such a scale,
the degree of inhomogeneity is expected to be quite
large. Thus, it is meaningful to incorporate distribu-
tions in T, and H, 2 in any model attempting to dis-
cuss the trend in H, 2( T). Various authors have
developed models along this line. 4

We would like to point out that an additional
mechanism for the enhancement of H„( T) might be
taking place in inhomogeneous samples. If inhomo-
geneous superconducting regions are present in a
sample, there will be inhomogeneous normal regions
as we11. From free energy considerations, the flux
lines will be more favorably trapped or pinned in the
normal regions. It would be difficult to mathemati-
cally formulate this problem for three-dimensional
superconductors. However, one can imagine bun-
dling and twisting of flux lines as they seek for the
normal regions. Normally, these vortices would have
filled a homogeneous type-II supercondutor. In an
inhomogeneous superconductor, as $ decreases with
temperature to the point when it is comparable to the
scale of inhomogeneities, vortex pinning by the nor-
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mal regions becomes appreciable. There will be a
redistribution of vortices and as a result, the density
of vortices in the still superconducting regions will

decrease. This in turn allows an increased critical
field for these regions. From our experimental
results, this suggests that the inhomogeneities are on
the scale of $0. This idea is similar to the case of lay-
ered superconductors where anomalous 0,2( T) paral-
lel to the layers were observed. " This was attributed
to the fact that when g is comparable to the period of
the layers, the normal cores of the vortices can fit
between the layers where they have no pair-breaking
effect on the superconducting layers. For inhomo-
geneous bulk samples, similar effect might have

played a role on the upper critical field. However,
from a naive topological point of view, one would ex-
pect this effect to be less dominant than in layered
compounds.
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