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Amorphous Zr6&Co35 alloys were prepared by melt spinning with different cooling rates. The x-

ray diffraction patterns, superconducting transitions, and normal-state magnetic properties were
studied. The differences in x-ray results and superconducting T, 's between these samples were
small. The temperature and field dependence of the magnetic susceptibility were both found to vary
significantly with cooling rate. This is interpreted in terms of the effect of varying cooling rate on
Co-rich clusters.

INTRODUCTION

The basic fact that a glass is not a unique, well-defined
structure has received increased attention only gradually
for metal glasses. A reason may be that it is still too diffi-
cult a question to ask how the microstructure of a glass
affects the physical properties. There is mostly an unfor-
tunate division in the literature between papers dealing
only with structural characterization of glasses and those
dealing only with physical properties.

Nevertheless, several methods have been attempted to
correlate physical and structural properties. One possibil-
ity is to prepare samples of similar composition by dif-
ferent methods. Another approach is to allow the struc-
ture of a given sample to relax by a suitable heat treat-
ment. A third method is to liquid-quench samples of
similar composition and use different cooling rates. Only
in a few cases, however, is there a physical understanding
why a certain structural change leads to the observed
change of a measured property. A detailed description of
the relevant structural changes would seem to be beyond
the present possibilities.

In this paper we report on some effects of structural
changes in a metal glass induced by different cooling rates
in melt spinning. X-ray diffractograms are obtained, the
superconducting transition temperature T, is measured,
and the temperature and field dependence of the normal-
state magnetic susceptibility 7 are studied. Zr65Co35 is
chosen for this investigation since it is easily formed in
melt spinning, has a convenient T„and contains a large
fraction of a magnetic element. With different cooling
rates there are significant differences only in X, however,
particularly in its field dependence, while T, . remains
largely unaffected. This experiment permits a simple
physical interpretation of the relation between P and cool-
ing rates in terms of the different distributions and sizes
of small Co-rich clusters.

II. EXPERIMENTAL TECHNIQUES

The samples were prepared from Zr of 99.8 wt. %%uonom-
inal purity (Alfa Ventron) and Co of 99.998 wt. % nomi-
nal purity (Johnson and Mattey). Appropriate quantities

were arc-melted several times under reduced pressure of
Ar gettered by molten Zr. The weight losses in this pro-
cess were small. Attributing them to losses only of Co
gives the following series of nominal compositions for the
different samples with sample thickness in pm, Zr con-
centration in at. %%uo . (20,64.62), (30,64.58), (50,64.62).

Melt spinning was performed by melting the samples in
an induction furnace and pressurizing the liquid by Ar
gas through an orifice onto a rotating drum. Oxidation of
the samples was prevented by pouring liquid nitrogen into
a large container below the apparatus just prior to melting
so that the drum was surrounded by nitrogen gas. It
proved to be difficult to control the thickness of the rib-
bons reliably by varying the ejection pressure and wheel
speed. ' By a series of different attempts it was possible to
obtain ribbons of sufficient quantities and homogeneity.

The thickness of the ribbons was measured with a mi-
crometer. This procedure overestimates the true thickness
by a small fraction due to the roughness of one surface.
The results for the samples used were 22+4, 31+2, and
50+2 pm. The scatter includes measurement errors and
variations along the length of the samples. Due to these
uncertainties the samples are designated by their thickness
as 20, 30, and 50 pm, respectively. The widths of these
ribbons were approximately 0.2, 1, and 1 mm, respective-
ly.

A rotating drum of copper was used for the 20- and
30-pm samples and a stainless-steel cylinder for the 50-
pm sample. The cooling rate of this latter sample was
therefore presumably even lower than a comparison be-
tween the different thicknesses would suggest.

Pieces of each sample were examined by Mo Ka radia-
tion at room temperature. The instrument was equipped
with a curved monochromator of LiF in the diffracted
beam, a scintillation counter, a pulse height analyzer, and
a step scanning control. Readings were taken for 100 s at
steps of 0. 1 in 6.

The superconducting transition temperature was mea-
sured resistively by a dc technique with four edges of Cu
pressed onto the sample surface. The measuring current
was a few mA. The temperature was obtained from a
calibrated carbon resistor.

The magnetic susceptibility was measured as a function
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of field up to 1.3 T and temperature in the range 4—300
K. A Faraday method was used. Several pieces of each
sample of length =1 cm were bent into a V form and-
suspended by a calibrated gold wire. For the 20-pm sam-

ple 12 such pieces were required for a sample mass of 6
mg. With such small masses the accuracy of the measure-
ments is somewhat reduced and amounts to approximate-
ly 1%.

III. RESULTS AND DISCUSSION

The x-ray results are shown in Fig. 1. k is the magni-
tude of the scattering vector, k =4m. sin8/A, . These spec-
tra show that the samples are x-ray amorphous. The
value of k at the first peak, kz, is within 2.60+0.01 A
in all cases. Thus there are no appreciable differences in
the nearest-neighbor distance for these samples. This
value of k~ is in agreement with those reported previous-

ly ' for Zr64.Co36.
Other differences between the different samples are also

small, smaller, e.g., than those observed after thermal re-
laxation of an amorphous Zr-Cu alloy, where the half
width of the first peak decreased by 4% after relaxation.
In the present case the half width of the first peak is
0.50+0.01 A ' for the 20- and 30-pm samples and
0.49+0.01 A ' for the 50-pm sample.

The sup erconducting T, was found to be within
2.67+0.05 K for all samples. The widths of the transi-
tions, which increased with increasing cooling rate, were
in the range 6—20 mK. The result for T, is in agreement
with previous reports such as 2.65 K for a similarly
prepared alloy using high-purity Zr, 2.70 K obtained by
Babic et al. , and 2.71 K from interpolation in the results
reported by Altounian and Strom-01sen. On the other
hand, Karkut and Hake found T, -2.5 K. As they
pointed out, such a low value is possibly due to impurities.
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FIG. 1. X-ray diffractograms of Zr65Co35 for (a) 20-pm, (b) 30-pm, and (c) 50-pm thick samples. k is the magnitude of the
scattering vector =4m sin8/A, .
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The range of T, variation for the present samples is
small. For instance, the effect of relaxation experiments
is generally ' to decrease T, irreversibly by 0.2—0.3 K.
Furthermore, T, in Zr-Co alloys varies appreciably with
composition. It decreases linearly with Co concentration
in this concentration region ' by about 0.12 K/at. %.
These observations and the narrow superconducting tran-
sitions indicate homogenous samples of well-controlled
composition with small structural differences between
samples of different cooling rates.

The magnetic susceptibility was found to be somewhat
field dependent which we ascribe to minor ferromagnetic
inclusions. For the true magnetic susceptibility 7 one can
write
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FIG. 2. Temperature dependence of g for. three Zr65Co35
samples of different thickness.

where Xz is the measured apparent susceptibility at field
strength B and ro is the weight fraction of ferromagnetic
inclusions of saturated magnetization o. One obtains X
by measuring Xz at various sufficiently high fields and
extrapolating linearly to 1/B =0 according to Eq. (1).
Such a field dependence is often observed in amorphous
Zr-Co and Zr-Fe alloys. ' '"

The temperature dependence of g is shown in Fig. 2
and the temperature dependence of the field dependence,
~cr, is shown in Fig. 3. At room temperature 7 is within
19.7+0.2 mJ/T kg for all samples and therefore, within
measurement error, almost independent of cooling rate
over the range of cooling rates employed. Our result for X
at room temperature is in good agreement with 19.65
mJ/T kg given by Babic et al. and higher than that ob-
tained by Altounian and Strom-Olsen who report 18.7
mJ/T kg for the valence susceptibility of amorphous
Zr'65Co35 from which a core contribution of the order of a
few mJ/T kg should be subtracted to obtain the measured
susceptibility.

The prominent features of Figs. 2 and 3 are the follow-
ing: With decreasing temperature X decreases for inter-
mediate temperatures and increases at low temperatures.
There is thus a minimum in 7 at a temperature T;„
which, increases with decreasing cooling rate. The field

FIG. 3. Temperature dependence of coo., defined in Eq. (1),
for the same samples as in Fig. 2.

dependence, coo, decreases monotonically with increasing
temperature. It increases at all temperatures with decreas-
ing cooling rate.

As discussed previously, " the temperature dependence
of coo may be due to one or several of the following mech-
anisms. With decreasing temperature (i) the apparent
sizes of ferromagnetic clusters increase, (ii) successively
more such clusters may become saturated, and (iii) the sa-
turation moment of the clusters may increase.

These clusters are presumably a small fraction of the
matrix. A lower limit is obtained if it is assumed that o.
of Eq. (1) is due to saturated Co with o =160 Am2/kg.
The range of values of cocr spanned in Fig. 3 would then
correspond to cluster fractions in the range 6—40 ppm.
Real cluster fractions may be significantly larger. In
amorphous ZrCo alloys the Co moment decreases gradu-
ally with increasing Zr concentration. A moment of
-0.2pz/Co atom was observed' at 4.2 K in amorphous
Zr3sCo62 and clusters of this composition would therefore
correspond to weight fractions up to 40 times 1.'7/

0.2=350 ppm (where 1.7 is the ferromagnetic Bohr mag-
neton number of pure Co). Even somewhat larger frac-
tions cou1d be imagined. The Co moment disappears rap-
idly above 40 at. % Zr, however. ' It is interesting to note
that T, is not appreciably affected by the different cluster
arrangements. T, is strongly depressed in many super-
conductors with paramagnetic impurities already at the
level below 100 ppm. ' In the present case we may ex-
pect' the size of the clusters to be at most of the order of
a coherence length go. In Zr6&Co35 fQ was found to be'
about 70 A.

These qualitative estimates serve to set a rough scale for
these clusters. In reality a distribution of clusters of dif-
ferent sizes and Co concentrations is expected. In particu-
lar, the Co-rich clusters will decrease in number and aver-
age size when the cooling rate increases.

This simple physical picture provides a consistent inter-
pretation of the main features of Figs. 2 and 3. mo in-
creases with decreasing cooling rate because the number
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TABLE I. Representative results for amorphous Zr65Co35 alloys.

Sample
thickness

(pm)

20

30
50

Nominal
composition
(at. go Zr)

64.62

64.58
64.62

kp'
(A-')

2.60+0.01

Eked'
(A-')

0.50+0.01

0.50+0.01
0.49+0.01

T.
(K)

2.67 ~0.05'

ST,"
(mK)

13,20

6,7,10
7

g at 300 K
(mJ/T kg)

19.7+0.2'

Tmin

(K)

20

40
60

coo at 300 K
(mJnkg)

1.15

1.47
3.12

k~ and Ak~ are the position and width at half maximum of the first peak in the structure factor.
AT, is the width of the superconducting transition. In some cases T, was measured on different pieces from the same ingot.
'T;„ is the temperature where g has a minimum.
Results for all samples within limits given.

I

and average size of clusters increase. Thereby the proba-
bility increases that clusters of larger Co concentr'ation are
formed which carry a larger moment. Hence both co and
o. increase. The Curie temperature also increases with in-
creasing cluster size. Therefore, more clusters contribute
to coo. already at higher temperatures in the more slowly
cooled samples and the temperature dependence of coo is
stronger and displaced towards higher temperatures in
these samples.

Above 100 K 7 and its temperature dependence are
similar for the different samples of Fig. 2 although the
correction to the measured susceptibility has a different
magnitude and temperature dependence for each sample
as seen in Fig. 3. This result supports our view that a
magnetic field of 1.3 T is sufficient to saturate most of
the ferromagnetic clusters at these temperatures and that
Fig. 2 thus, in contrast to a recent contention by Kaul, '

displays the true magnetic susceptibility for our samples
at these temperatures. Furthermore, the positive tempera-
ture dependence of X at higher temperatures is similar to
that of polycrystalline Zr. ' This observation and a num-
ber of . different results' all suggest Zr-like Fermi-
surface properties of amorphous Zr-based alloys.

The rise in 7 at decreasing low temperatures may be
due to superparamagnetic clusters and (or) ferromagnetic
clusters which are unsaturated at our measuring fields.
More such clusters may be expected in the more slowly
cooled samples and the temperature dependence is then
stronger.

The minimum in 7 which develops from the combina-
tion of these two mechanisms is therefore displaced to-
wards higher temperatures with decreasing cooling rate.
A few aspects of Fig. 2 are not accounted for by this sim-
ple model. Specifically we do not understand why dX/dT
at high temperatures is so small for the 20-pm sample,
nor why dP/dT is significantly higher than the high-
temperature value for all samples in the temperature re-
gion just above the minima. The experimental results are
summarized in Table I.

IV. SUMMARY AND NEW PROBLEMS

Structural changes have been introduced in an amor-
phous ZrCo alloy by cooling with different rates from the
melt. We have found that the magnetic susceptibility is a
sensitive probe to these small structural changes, more

sensitive than the otherwise structure-sensitive supercon-
ducting T, and certainly more sensitive also than the
rather structure-insensitive x-ray results. To describe
these results we assume that there are small regions in the
samples which are rich in Co and ferromagnetic. The size
and weight fraction of these clusters depend on cooling
rate and temperature, This model accounts for all of the
main features of the influence of varying cooling rates 'on

X. We thus obtain a simple physical picture of a relation
between structure and property for an amorphous metal.

In this paper we have not further pursued the study of
the small differences in x-ray and T, results, but rather
used these results as an indication that the structural
changes involved are small and as an additional check on
our sample quality. The present method, however, shows
promising potential in the further study of the interesting
and difficult problem of the relation between structure
and physical properties in disordered systems. For the
present alloys other interesting physical properties include
the resistivity and its temperature dependence and various
superconducting properties such as T, and its field depen-
dence and the excess conductivity above T, .

It is of particular interest that the present alloys are su-
perconducting and contain a large fraction of a magnetic
element, the distribution of which can be monitored to
some extent by the cooling rate. This would suggest the
possibility for one to study the problem of how supercon-
ductivity vanishes with decreasing Zr concentration and
how ferromagnetism eventually emerges. For instance, it
has been argued ' ' that spin fluctuations depress T, in
ZrCo and ZrFe alloys already at smaller Co concentra-
tions than that presently studied. If there were spin fluc-
tuations in this alloy, however, they would presumably be
enhanced by the presence of ferromagnetic inclusions.
Since the fraction of these clusters can be varied by more
than a factor of 2 by varying the cooling rate, without any
corresponding important change in T„we find it likely
that spin fluctuations are not significant in depressing T,
in ZrCo alloys up to 35 at. % Co. We also note that the
magnitude of P in this and similar alloys supports the
view that spin fluctuations are small or negligible at these
concentrations of a late transition metal. " This and re-
lated problems would merit further studies by attempting
to obtain a larger range of different cooling rates and by
increasing the magnetic component somewhat while
remaining in the superconducting phase.
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