Solid State Communications. Vol. 42, No. 8, pp. 575-577, 1982,

Printed in Great Britain.

0038--1098/82/200575—-03303 00/0
Pergamon Press Ltd.
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A model is proposed to account for the large increase in the measured
penetration depth of superconducting, amorphous La,,Cuje when the
specimens are annealed sufficiently long near, but below, the crystalliz-
ation temperature. It is suggested that a metailurgical phase separation
occurs with domain dimensions in the submicrometer range. Penetration
depth measurements as a function of temperature in a weak magnetic
field are a useful tool to detect changes in phase separation in high-x

materials.

THE RESISTIVITY p of amorphous La,oCusy above

the superconductive transition temperature T, (= 3.7K)
is about 170 uS2~cm, implying that the electron mean
free path [/ is of the order of the interatomic distance. It
is of interest to find out if the mean free path corrections
to the theory of superconductivity by Gor’kov [1] are
valid for such small values of /. In La,oCus, the value

of I is much smaller than the BCS coherence length £,
the Ginzburg—Landau (GL) coherence length

£(t = T/T,) and the GL penetration depth A(¢). Nis a

suitable parameter to test the / dependence of the theory.

To this effect we have performed weak field penetration
depth measurements on amorphous La;oCuz,.

In the dirty limit A is directly related to p and T,
both of which can be readily measured:

A = Mg/ = 1.296 x 107%(p/T, )2, )
where

A = (eV3)/[2V2NO)evr],

p = 3/[2¢*vp N(0)],

and

&0 = (0.181wp)/(XT)

have been used.
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In equation (1) p is in -cm, T, in K and X in cm.
N(0) is the density of states per unit energy at the
Fermi surface for one spin direction and v is the
Fermi velocity.

It has been shown [2] that heat treatment below
the crystallization temperature (390 K) modifies p and
T,, although the resistive transition width, AT,
remains sharp during the whole annealing process. It
was then concluded [2] that the system can be con-
sidered as homogeneous from a superconducting point
of view. Consequently, the measurements of p, T, and
\ as a function of heat treatment permits verification of
equation (1).

The samples were ribbons 13 um thick, 0.1 cm wide
and 3 cm long obtained by ultrarapid cooling from the
molten alloy, using a rotating cylinder technique [3].
The present results were obtained on three different
samples, all of which had similar initial critical tem-
peratures (T, ~ 3.70K). The differencein T, among
the samples was less than 200 mK. The transition width
of the as-quenched samples was less than 30 mK. Their
resistivity before heat treatment increased slightly as
the temperature was decreased. The annealing pro-
cedure and the behavior of the three samples was similar
to that reported for samples 2 and 3 in [2]. The total
reduction in p produced by heat treatment was about
30%, with a corresponding decrease in T, of about 20%.
Further annealing at constant temperature (330K) did
not change p nor T, on a time scale of several hours.
Partial results for one of the samples have already been
reported [4].

The experimental penetration depth 8(¢) was
measured by means of a SQUID. Details of the
apparatus and measuring techniques are given in [5]. The
values of () were obtained in the range of field and
temperature at which the magnetic flux expulsion was a
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Fig. 1. Expelled flux for H, = 1 Oe as a function of
y = (1 — t*Y"2 for one of the samples. The different
curves correspond to different stages of annealing.

reversible function of temperature and proportional to
the applied field, indicating that the sample remained in
the Meissner state. The experimental penetration depth
is defined by

1
8(r) = i -‘o H(x, t)dx, Q@)
where H, is the applied magnetic field. In our exper-
iments H,, was applied parallel to the surface of the
ribbons and the temperature was swept from ¢ ~ 0.5 to
well above T,. The change in magnetic flux, A®(?),
produced by the temperature dependence of 5(¢) was
measured as a function of temperature. Since the sample
remained in the Meissner state A®(¢) is

AN(t) = 2wH[8(2) — 8(t = 0)).
At t = 1 this becomes
A1) = 2wH,[df2 — 8(t =0)]. (3a)

where w is the width and d the thickness of the ribbon.
In equation (3) it is assumed that §(r ~0) <€d <w.
8(t =~ 0) can be obtained from equation (3a) if w and d
are known. On the other hand it can also be obtained
from equation (3) if the phenomenological relation

(©))

8(») = 5(0)y is assumed to apply, where y = (1 — t*) /2.

In any event, since heat treatment is performed on the
same sample, the variation of 8(0) was obtained with
good precision.

Figure 1 shows A®(y) as a function of y for one
of the samples. The different curves correspond to dif-
ferent T, values obtained by annealing. It can be seen
that the temperature dependence is well described by
8(») = 6(0)y. The values for 5(0) were obtained from
equation (3).

Figure 2 shows 8(0)/60) as a function of T/T; =
7, where 8,(0) and T; are the initial values obtained in
the as-quenched samples. In the same figure the dashed
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Fig. 2. Annealing effect on the penetration depth, nor-
malized by the value of the as-quenched samples, as a
function of 7 = T,/T; for three different samples.
Sample 1: x, T;; = 3.75K. Sample 2: 0, T; = 3.65K.
Sample 3: 0, T; = 3.57 K. The dashed line represents
typical values of (o/T,)"'? normalized by those of the
non-annealed sample.

line represents, within 15% accuracy, the values of
(p/T.)"? normalized by that of the non-annealed
material for all measured samples. It is seen that
equation (1) describes well the penetration depth when
72 0.9. For 7 < 0.9, the value of §(0) increases
although €o/T)"'? remains practically constant. What is
more important is that over the whole range of 7-values
p « T, and neither p nor T, show any unusual behavior
in the vicinity of 7 = 0.9. The average value calculated
from 1.296 x 1072(p/T;)"? is 0.9 x 10 cm in good
agreement with the measured value §,(0) ~1.07 x 10™*
cm for7 2 0.9.

Equation (1) describes then quantitatively the
behavior of the penetration depth for 7 2 0.9. This is
surprising, not only because of the extremely short
mean free paths, but also because superconductivity in
La is complex [6]. We plan to investigate equation (1)
for other amorphous materials.

In order to explain §(0) for 7 <0.9 we want to
point out that great interest has lately been focused on
non-homogeneous superconductors. Quite recent
measurements of the upper critical field, H,,, in
amorphous materials have been interpreted [7] on the
basis of a non-homogeneous distribution of electron
diffusivity in the bulk of the specimens. We propose that
annealing produces a metallurgical phase separation in
the submicrometer range. Penetration depth measure-
ments as a function of temperature in a weak magnetic
field are a useful tool to detect such changes in high«
materials. The behavior of §(0) for 7 <0.9 can be
interpreted as being characteristic of inhomogeneous
superconductors. The penetration depth will be affected
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Fig. 3. Shown is the superfluid density and the local
magnetic field near the surface of the specimen after
phase separation has occured. This is a schematic plot
of the simple model.

X

by inhomogeneities whose characteristic parameters are
different from those of the matrix in which they are
embedded.

We propose a very simple model to explain the
observed behavior of 8(0). For 7 2 0.9 the material is
homogeneous on the scale of 5(0). When 7 0.9 a
phase separation starts to occur which nucleates
“normal” (weakly superconducting) regions within the
superconducting matrix whose dimensions are compar-
able to or smaller than A(#). The thickness of the super-
conducting regions must be larger than £(¢) since
measurements of (dH,,/dr) at T, do not show any sig-
nificant change when passing through 7~ 0.9. We
visualize a simplified two-dimensional periodic struc-
ture with “normal” and superconducting regions of
thickness d,, and d;, respectively. In Fig. 3 we show
schematically the distribution of the square of the
order parameter and the local magnetic flux density as
a function of the distance x from the surface. Notice
that we have taken |y|? finite in the “normal” region
although much smaller than in the superconducting
matrix. Therefore, the flux can penetrate continuously
and reversibly into the “normal” regions and the
magnetic field is for all practical purposes uniform over
d,. H(x) must have the shape shown in Fig. 3.

The experimental penetration depth is then

8(r) = MeX1 +(dnld)f(¥))),

where A(z) = MOW(2), R2) = z/[exp(z) — 1] and

z = d,/\(¥). Equation (4) shows the following limiting

values:
(a)ford, -0,
{b) for d, > A\(z),
(c) for d; £ (1),

@

()= A1)

8(1)>N\1); and
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(M) = 1+ (dnfd)[t —2(»)2 +2*(»)/12+ .. ]
(4a)

We notice that if z(y) is small the temperature
dependence of 5(¢) is similar to that of A(¢). Equation
(4a) indicates that precise measurements of the tem-
perature dependence of 8(z) allow an independent
determination of d, and d, provided X(0) is obtained
from the data for 7 > 0.9. Experimentally, small differ-
ences in the temperature dependence between the as-
quenched and heat treated sample are found [4, 5].
Unfortunately, it is difficult to determine the correction
term in equation (4a) since the approximation
A(#) = M0)y has intrinsic deviations that might also
change with annealing. Considering this and the
experimental error, equation {4a) is used only to indi-
cate that for r €09, d,/d, ~0.8.

Until further metallographical information is
available the proposed model should be interpreted to
be more of a qualitative than quantitative nature.

X-ray diffraction analyses in the as-quenched samples
are typical of amorphous metals [8]. Preliminary data
for heat treated samples show modification in the
X-ray spectra. Further studies are in progress to
identify the origin of the modifications. It is interesting
to notice that the time evolution of p and T, with
annealing is consistent [9] with a nucleation and
growth process.
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