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A novel family of ternary superconducting metallic glasses of the form (Pb;_,Sby),_, Au,

have been prepared by the method of melt quenching and studied by x-ray diffraction and elec-
tron microscopy. For y =0.5 and 0.25, and 0.35< x < 0.7, measurements of superconducting
properties suggest that these glasses are phase separated into two amorphous phases. X-ray-
diffraction studies also suggest a phase separation. The two amorphous phases have been direct-
ly observed using electron microscopy and selected area electron diffraction. The scale of the
domain structure is 1000—2000 A. All of the superconducting properties measured can be un-
derstood in terms of the observed separation of amorphous phases.

I. INTRODUCTION

The first evidence of phase separation in metallic
glasses was reported by Chen and Turnbull.! On the
basis of small-angle x-ray-scattering experiments,
they concluded that the metallic glass Pd;4AugSig un-
dergoes a phase separation into two glass phases at a
sufficiently high temperature. Such a phase separa-
tion can be understood by comparison with the case
of spinodal decomposition in metastable crystalline
solid solutions. A sound theoretical treatment of this
problem has been given by Cahn.? In a binary alloy a
single-phase solid solution lying within the spinodal
boundary is unstable against decomposition into two
phases of differing composition. The existence of a
spinodal region requires a positive heat of mixing of
two constituents phases in some region of the binary
phase diagram.

In the present study, we have examined the prob-
lem of phase separation in a series of ternary metallic
glasses of the form (Pb,_,Sb,)|_,Au,. These glasses
were prepared by rapid cooling from the liquid state
using techniques described elsewhere.’ Both the
“‘gun technique’’ and the ‘‘piston and anvil tech-
nique”” were used. All of these glassy alloys were
found to be superconducting. By studying the varia-
tion of superconducting properties with alloy compo-
sition, it was possible to clearly identify composition
ranges for which phase separation had occurred. In-
vestigation of the structure and morphology of these
samples using x-ray-diffraction techniques together
with electron microscopy confirmed the existence of
phase separation in the range of compositions stu-
died.

II. EXPERIMENTAL RESULTS .
Samples were first prepared using the ‘“‘gun tech-
nique.” The samples were quenched onto a copper
substrate maintained at a temperature of 77 K by im-
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mersing one end of the substrate in liquid nitrogen.
The samples were kept in liquid nitrogen following
the quench and transferred to a cold-finger assembly
attached to a Norelco diffractometer where prelim-
inary x-ray-diffraction patterns were obtained. The
sample could be maintained at a temperature of

T =200 K with this arrangement. Based on these
diffraction scans, a metastable ternary phase diagram
was determined. This diagram is shown in Fig. 1.
The figure shows that a broad range of ternary com-
positions exist for which an amorphous phase is ob-
tained. Note that no binary amorphous alloys were
obtained.

Next, the samples were allowed to warm up to
room temperature. After a period of one hour, the
x-ray-diffraction scans were repeated. Evidence of
crystallization was found in some of the samples. In
particular, those samples lying near the boundary of
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FIG. 1. Metastable ternary phase diagram showing re-
gions of the Pb-Sb-Au system which form a metallic glass
under rapid quenching conditions (cooling rate of
~ 10%°C/sec). Some of the alloys were quenched onto sub-
strates cooled by liquid nitrogen as discussed in the text.
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the amorphous phase range in Fig. 1 had partially
crystallized at room temperature. On the other hand,
several of the amorphous alloys did not crystallize.

In particular, samples with y =0.25 and 0.50 and
0.35 =< x =0.70 did not crystallize. These composi-
tions were chosen for further studies.

The “‘piston and anvil’’ method with a room-
temperature substrate was then used to produce foils
of those alloys found to be stable against crystalliza-
tion at room temperature on a practical time scale.
The foils produced have an area of several cm? and a
thickness of about 40 um. Amorphous alloys of
composition (Pb,_,Sb,)_ Au, with y =0.5 and
x=0.4, 0.5, 0.6, and 0.7 were found to be initially
amorphous and stable against crystallization at room
temperature. The x-ray scans were repeated at inter-
vals of several days on these specimens.- No evi-
dence of crystallization was observed for a period of
several weeks in those samples with 0.40 = x =< 0.70.

Inductive and resistive measurements of the super-
conducting transition temperature were made both on
‘‘gun-quenched’ samples and ‘‘piston and anvil’’ -
quenched samples. Again, care was taken to ensure
that the gun quenched samples were maintained at
low temperature by transferring the samples to the
probe under liquid nitrogen. This precaution was
‘taken to avoid possible crystallization of the less
stable samples. The electrical resistance as a function
of temperature was measured using a standard four-
point probe technique. Sharp superconducting transi-
tions were observed in most samples. A summary of
results is shown in Fig. 2. The superconducting tran-
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FIG. 2. Electrical resistance (arbitrary units) as a function
of temperature showing superconducting transitions for
several (Pb;_,Sb, ) _,Au, alloys.

sition temperature was taken to be the midpoint of
the resistive transition. The transition temperature is
plotted as a function of composition for the two alloy
series (pbo,‘ISSbO.ZS)l—xAux and (Pb0'5Sb0'5)1_xAux in
Fig. 3. An obvious change in the slope of the T, vs x
curve was observed in both alloy series as can be
seen in the figure. This will be discussed in Sec. III.

The upper critical field H,, was measured for the
alloy series (PbgsSbys) —xAu, using samples prepared
by both techniques. The critical field was determined
by plotting the resistance of the sample as a function
of applied field at constant temperature. The field
was applied normal to the direction of current flow
and was produced by a superconducting NbTi
solenoid. Again, the midpoint of the resistive transi-
tion was used to define H,,. The results obtained
were very similar for samples of the same composi-
tion prepared by the two different methods. For clar-
ity, only the results for a series of (PbgsSbys)_xAu,
samples prepared by the piston and anvil method are
presented. The temperature dependence of H,, is
shown for this alloy series in Fig. 4. For those sam-
ples with Au content x > 0.4, the H,, curves show
two distinct regions of behavior. The curves are
linear at high temperature but show an abrupt change
in slope at a lower temperature. This behavior will
be interpreted in Sec. III.

A detailed x-ray-diffraction study was carried out
for samples of the (PbgsSbys)—xAu, series with
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FIG. 3. Superconducting transition temperature as
a function of composition for the two alloy series
(Pbg 75AUg 35) |—xAu, and (Pbgs);_4Au,. The two points
shown for x =0.70 are the T,’s of the two separated phases
as determined by application of a magnetic field. This is dis-
cussed in the text.
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FIG. 4. Upper critical field H,,(T) for a series of
(Pbg sSbg s) | _xAuy alloys. :

0.35=x =0.70. The foils studied were those
prepared by the piston and anvil technique. For

x < 0.35, the samples began to crystallize during the
scans which were taken over a period of 24 h. The
diffraction stage was enclosed in a vacuum chamber
and the specimen could be cooled to approximately
T =200 K by mounting it on a cold finger. A hor-
izontal Mylar window of thickness 0.002 in. was used
to allow x rays to pass in and out of the chamber.
The entire sample stage was mounted on a GE scan-
ning goniometer using Zr-filtered Mo K a x-ray radia-
tion. A diffracted beam monochromator was used to
eliminate inelastically scattered x rays. The diffrac-
tion patterns were obtained by step scanning with
counting intervals of 150 sec. Typical results are
shown in Figs. 5 and 6 for the alloy compositions

x =0.35 and 0.55. The most striking feature of the
x-ray patterns is the clear splitting of the first diffrac-
tion maximum into two submaxima. This splitting
was observed in all alloys with 0.35=<x =0.70. For
alloys with x =0.20 and 0.25 the second submaxima
did not seem to be present. However, evidence of
crystallization (sharp Bragg peaks) was already
present before the x-ray scanning had progressed
completely through the region of interest. A rough
x-ray scan was taken over a 20 min period and
showed no evidence of the second submaxima in the
x =0.20 sample. It is thus clear that the relative
height of the second submaximum increases with in-
creasing x for x = 0.35 while this maxima appears to
disappear entirely for x ~ 0.20.

In order to further study the above splitting of the
first maxima, electron microscopy and diffraction
were carried out on samples of the composition
(Pby sSbgs)oasAugss. The foils were thinned by etch-
ing with a (30—70%) mixture of perchloric and acetic
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FIG. 5. X-ray-scattering intensity as a function of scatter-
ing angle for amorphous (Pbg sSby s)g¢sAUg 35

acid. The electron microscopy revealed that the etch-
ing process was nonuniform with the etch preferen-
tially attacking selected regions of the sample and
leaving an obvious domain structure with domain
sizes of about 1000—2000 A. A micrograph showing
these domains is presented in Fig. 7. The light areas
are thinner than the dark areas due to preferential
etching. Selected area electron diffraction patterns
were taken in each of these regions as shown in the
figure. The diffraction pattern in each domain type
was found to exhibit a single first diffraction max-
imum. The diameter of this maxima changed abrupt-
ly on moving the beam from one region to the other
as shown in Fig. 8. This shows conclusively that the
alloy is phase separated and that the two submaxima
observed in x-ray diffraction arise in fact from
separate amorphous phases. Direct comparison of
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FIG. 6. X-ray-scattering intensity as a function of scatter-
ing angle for amorphous (Pby sSby s)g45AUg s5. Arrows
show positions of diffraction maxima corresponding to
Pb—Pb (Sb—Pb or Sb—Sb) neighbors and Au—Au neighbors
as discussed in the text. These are labeled Pb and Au,
respectively.
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FIG. 7. Electron micrograph of a typical region in a
chemically thinned specimen of (Pbg sSbg s)g45AUg ss.
Domain structure is clearly visible.

FIG. 8. Transmission electron diffraction patterns for
selected regions of micrograph shown in Fig. 7. Regions are
indicated in Fig. 7.

the magnitude of the scattering vectors which
characterize the diffraction maxima can be made. In
electron diffraction we find K &, =2.21 A-!and 2.85
A=1(£0.05 A-") for the patterns shown in Fig. 8.
For the corresponding x-ray-diffraction pattern (Fig.
6) we obtain K X8, =4 sinf /A =2.24 A~! and 2.80
A-1(+0.01 /&"), respectively, for the two submaxi-
ma where 2034, =14.55° and 18.20°, respectively.
The x-ray and electron diffraction give values of
K ax, Which are in good agreement. Thus we have
made a clear identification of two amorphous phases.
In order to fully characterize the structure of the
two amorphous phases observed, we would need a
detailed diffraction pattern for each separate phase.
This in turn could be Fourier transformed to obtain
the separate pair-correlation function G (r) for each
phase. This is beyond the scope of the present study.
On the other hand, one can obtain a rough estimate
of the typical distance between nearest-neighbor
atoms in an amorphous alloy from the position K
of the first maximum of the diffraction pattern of the
alloy by using the Debye formula.*3 This formula
relates the position of the first diffraction maxima to
the dominant period of spatial oscillation in the corre-
sponding G (r). The spatial period is given by*

_ 1232 1.230m)
2Sil10max K max

Using the K., values from x-ray diffraction gives
d,=3.45 A and d,=2.76 A for the two submaxima.
Crudely speaking, d is a rough estimate of the typical
first-nearest-neighbor distance in amorphous metallic
alloys. The metallic radii of Pb, Sb, and Au are
rm=1.75, 1.59, and 1.44 ,&, respectively. The sum of
two Au radii gives 2.88 A whereas any other sum of
two radii gives a value in the range 3.03-3.5 A. On
this basis, one can speculate that the distance
d,=2.76 A would most likely correspond to neigh-
boring Au atoms. This in turn would suggest that
the second maximum (in Fig. 6) at 20 =18.20°
(which corresponds to d,) is associated with a Au-
rich phase. The observed phase separation would
then involve a Au-rich and Au-poor phase. The
disappearance of the second submaximum at low-Au
concentration (x =0.20) would then imply that these
Pb,Sb-rich alloys are single phase. This above argu-
ment should, nevertheless be treated with some cau-
tion since the Debye formula does not always yield
accurate nearest-neighbor distances.

III. DISCUSSION AND INTERPRETATION

The results of Fig. 3 suggest that superconductivity
is dominated by one phase for Au concentrations up
to x =0.35 in the (PbgsSbgs)—xAu, and
(Pbg 75Sbo2s) 1—xAu, alloys. The change in slope in
the T, vs x curve near this concentration can be un-
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derstood by assuming that alloys with x = 0.4 contain
significant amounts of two superconducting phases.
One phase, with Au content x = 0.40 has a supercon-
ducting transition temperature 7, = 3.2 K and
remains present in alloys with x =0.4. Since the
scale of phase separation (~ 1000—2000 A)is large
compared with the superconducting coherence length
of this phase, no appreciable degradation of the
T. of this phase should occur as a result of the
proximity effect.® The H,, curve (Fig. 4) of the
(PbgsSbg s)osAug4 sample has a single slope which
can be used to estimate the coherence length of the
~associated superconducting phase using the relation

¢ |
27THC2

&)=

A linear least-squares fit to the data yields H.,(T)
=10.5(7. — T) (kOe) which in turn gives
1/2

e (94 A) ,

&)=

.

where T, =3.24 K. This gives an estimated £(0)
=94 A which is more than an order of magnitude
smaller than the domain size (1000—2000 A). This
verifies the assertion that the proximity effect should
not degrade the transition temperature of the high T,
phase. The presence of a phase with Au content
x = 0.40 in alloys with x > 0.40 should result in a
nearly constant 7, with increasing x. In other words,
the superconducting properties for two-phase alloys
with average Au content x > 0.4 are governed by a
Au-poor phase with x = 0.40. This is exactly what is
observed in the variation of 7, with x (Fig. 3). T, is
much less dependent on composition for x > 0.40.
The H,, curves in Fig. 4 yield additional informa-
tion. As x increases above 0.4, the H,, curves
develop two branches. At x =0.7, this effect is very
pronounced. One can explain these results by assum-
ing that the two phases found in x-ray and electron
diffraction have different intrinsic upper critical-field
gradients (dH,/dT);_as well as different T, values.

For example, in the case of x =0.7, one phase with
T.=2.7 K and (dH,,/dT) =7 kOe/K and a second
phase with 7, = 2.1 K and (dH,,/dT) = 12 kOe/K
will account for the observed behavior of H,,. Ac-
cording to the above argument, the high 7, phase is
presumably rich in (Pb,Sb) while the low 7, phase
contains a higher Au concentration. Both 7,.’s were
plotted in Fig. 3 for comparison. The use of the
magnetic field allows the properties of both phases to
be separately estimated.

The simple picture used here to interpret the su-
perconducting properties of these alloys assumes two
phases of uniform composition. In the case of a spi-
nodal decomposition process, a concentration gra-
dient will exist and this simple picture will not be ex-
act. The qualitative features described should
nevertheless persist. The anomalous behavior of the
T.(x) and H,,(T) curves could still be understood as
being due to phase separation. The exact nature of
the decomposition process in the present alloys is not
known. Studies are presently in progress aimed at
determining the exact composition of each phase in
the phase separated alloys. A study of the corre-
sponding liquid alloys is also being carried out.

Finally, it is also important to point out that the
kinetics of phase separation have not been addressed
in this article. It is not known, for example, whether
phase separation occurs in the liquid alloy before
quenching, during the quenching process, or follow-
ing the quench. The comparative instability of these
materials at room temperature make a systematic
study of kinetics difficult. As such, direct informa-
tion regarding the temperature dependence of the
phase-separation process must await further studies.
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FIG. 7. Electron micrograph of a typical region in a
chemically thinned specimen of (Pby sSby 5)g 45Aug ss.
Domain structure is clearly visible.



FIG. 8. Transmission electron diffraction patterns for
selected regions of micrograph shown in Fig. 7. Regions are
indicated in Fig. 7.



