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Calorimetric and resistive measurements of amorphous "splat cooled" Lat Ga„ foils
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The heat capacities, transition temperatures, electrical resistivities, and upper critical fields have
been measured for a series of La~ „Ga„alloys with x =0.16—x =0.28. Values of the Debye temp-
erature, density of states, and electron-phonon coupling constant have been determined from
these measurements. Superconductivity in this amorphous system is of the intermediate-coupling

. nature with A. =0.& and the ratio of the non-phonon-renormalized density of states to that of the
free-electron model is N„(0)/(1+ Q NF, = 2.2. Specific-heat data as a function of concentration
suggest a change in short-range order for x between 0.22 and 0.26.

I. INTRODUCTION

Considerable progress has been made towards the
understanding of amorphous superconducting metals
since their discovery by Buckel and Hilsch. ' However,
most of the experiments on amorphous superconduc-
tors have been directed toward the simple (nontransi-
tion) metals. A survey of the available experimental
data on the simple' amorphous metals leads one to
the following conclusions: (i) they are strong-coupling
superconductors with electron-phonon coupling con-
stants as large as 2.4 values of 2he/ks T, around 4.5;
(ii) the electronic properties are well described by the
simple free-electron model with the exception of the
alloy systems of Bi and Pb which appear to be more
complicated; and (iii) n'(re) F(re) is enhanced at low

frequencies as compared to the crystalline phase.
Amorphous transition metals (a-TM) have received

much less attention than the simple metals. Recent
experiments which are providing the first insight into
the properties of a-TM suggest a much more compli-
cated and interesting behavior than for simple amor-
phous metals. The systematic study of the effect of
valence electrons per atom g in 4d and Sd transition-
metal alloy films by Collver and Hammond3 shows a
smooth variation in T, except for a sharp triangular
peak at a b of 7. This behavior is markedly different
from the crystalline behavior where T, varies strongly
with b. Specific-heat measurements by Shull and
Naugle4 showed amorphous La„~Au„alloys to be
only intermediate coupling superconductors, and tun-
neling measurements by Tsuei et al. ' indicated weak-
coupling superconductivity in several a-TM alloys.
These results are very interesting in light of the very

general argument by Bergmann to explain the univer-
sally strong-coupling behavior observed in simple
amorphous metals in terms of additional phase space
for electron-phonon scattering, resulting from elimina-
tion of the requirement to conserve crystalline
momentum with the amorphous structure.

As a follow up to studies of the amorphous
La~ „Au„system, 4' measurements of the properties
of a new but similar amorphous transition-metal alloy
system La~ „Ga„with x =0.16 to x =0.28 are present-
ed. The "splat-cooled" foils were made at Cal Tech
where resistive measurements of the superconducting
transition temperature, temperature dependence of the
electrical resistivity, and upper critical field were done.
Similar samples were mailed to Texas AEcM Universi-
ty, where the heat capacities of the foils were meas-
ured. X-ray studies at Cal. Tech. both prior to mailing
and on returned samples after heat capacity measure-
ments were completed, were used to establish the
amorphous character of the bulk of the samples
although traces of a crystalline phase were also ob-
served. The heat-capacity measurements have been
analyzed to extract values of the Debye temperature,
electronic density of states, the jump in the specific
heat at the transition temperature, and transition tern-
peratures and relative abundances of the phases. The
temperature dependence of the upper critical field and
the value of the residual resistivity also have been
used to calculate the electronic density of states. An
estimate of the electron-phonon coupling constant has
been extracted by use of the transition temperature
and Debye temperature in the McMillan formula. '
The results of these measurements are presented as a
function of x and are compared to similar results for
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amorphous La~ „Au„and crystalline La. Since efforts
to crystallize these samples resulted in embrittlement
and destruction of the sample, presumably due to oxi-
dation even in the 10 -Torr vacuum, no comparison
is offered with crystalline alloys of the same composi-
tion.

II. EXPERIMENTAL PKTAILS

A. Sample preparation and resistive measurements

The samples used in these experiments were
prepared by induction melting of the appropriate con-
stituents on a silver boat under an argon atmosphere
and quenching them from the liquid state using the
"piston and anvil" splat-cooling technique. 9 The sam-
ples produced by this method are typically 1.5—3 cm
in diameter and approximately 0.005 cm thick. The
foils were scanned immediately after quenching with a
General Electric di6'ractometer (Cu Ea radiation).
To insure that the samples did not oxidize or crystal-
lize, they were sealed in evacuated tubes except dur-
ing mounting in the experimental apparatus. These
tubes were stored at 250'K to prevent recrystalliza-
tion.

The samples mailed to Texas A&M University were
at ambient temperature throughout the trip (a few
days), but were maintained at 250'K after their arrival
until mounted for measurements. After completion
of the heat-capacity measurements representative sam-
ples were returned to Cal Tech for further scanning.
No noticeable deterioration of the samples was ob-
served over periods of several months.

The electrical resistances of the samples were meas-
ured with a standard four-probe technique as a func-
tion of temperature in a variable-temperature cryostat
surrounded by a superconducting solenoid with a max-
imum field capability of 8 T. At temperatures below
30'K, the temperature was measured with a calibrated
Ge resistance thermometer with an accuracy of
+0.02'K. At higher temperatures a Pt-PtRh thermo-
couple was used to measure the temperature of the
sample. The upper critical field (H, 2) was determined
from resistive transition curves with the field oriented
transversely to the sample. The temperature for H, 2

measurements was determined with a carbon resistor
calibrated against a Lake Shore Cryotronics standard
carbon-glass thermometer. The transition temperature
was chosen as that temperature at which the resistance
had decrease to half the residual resistance. Electrical
resistivities were calculated using measured dimen-
sions of the foil. The uncertainties in this value arise
principally from the uncertainties in the measurement
of the foil thickness, which was done with a microme-
ter. Mass densities p were measured by weighing
the sample in air and then suspended in toluene.

B. Heat-capacity measurements

For the heat-capacity measurements, a piece of the
foils about 0.5 in. in diameter with a weight of 10—30
mg was used. Due to the small heat capacities of
these samples, the standard adiabatic technique is not
adequate. Consequently, the ac technique of Sullivan
and Seidel' and the relaxation method of Bachmann
et al. "were employed in the measurement of the
heat capacities. The ac technique was used to meas-
ure the background heat capacity which was as small
as 8 x.10 8 J/K at the lowest temperatures. After the
sample was added, the more reliable relaxation
method was used. These techniques are now well
known so only details peculiar to this particular
calorimeter will be described.

The sample is mounted onto a 0.5-in. diameter,
0.008-in. thick sapphire substrate, with between 200
and 500 p,g of UHU-Plus epoxy. ' The working ther-
mometer is a graphite film of DAG154" painted over
the 0.007 x 0.1-in. gap between two silver contact pads
evaporated onto the sapphire. This thermometer was
calibrated each run against a calibrated Cryocal Ge
resistance thermometer with an accuracy of +0.007 K
between 1.8 and 8 K, which is mounted in a copper
constant-temperature reservoir. An evaporated Bi
film provided the substrate heater. Four 0.00125-in.
Au —7-at. %-Cu leads were epoxied to the substrate
and silver painted to the heater and thermometer
contacts. The mass of the epoxy and silver paint are
less than 200 p,g. The other end of these leads is indi-
um soldered to sapphire heat sinks, which in turn are
indium soldered to the constant-temperature reservoir.
These wires. provide both electrical contact to the
heater and thermometer and the thermal conductance
to the bath; consequently, the accuracy of the meas-
urements was reduced appreciably when this elaborate
heat sinking was omitted.

Measurements of the sample heat capacity is a two-
step process. First the background heat capacity of
the substrate is measured with the ac technique.
Then, the heat capacity with the sample epoxied to it
is measured by the relaxation method. With
OD = 527 K, ' the sapphire substrate heat capacity was
much less than the total heat capacity; consequently, it
was necessary to use the less reliable ac technique to
measure its heat capacity, particularly at the lower
temperatures. At higher temperatures, the substrate
heat capacity was also measured with the relaxation
technique; good agreement between the two measure-
ments was obtained. The heat capacity of several mil-
ligrams of UHU-Plus epoxy was measured in a
separate experiment. These values were used to
correct for the epoxy which held the sample to the
substrate. It should be noted that the total addendum
never contributed more than 10% of the sample heat
capacity so that a 10% error in its determination
results in at most a 1% error in the sample heat capa-
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city.
To test the accuracy of the specific-heat measure-

ments, the heat capacities of pure Au and In samples
were measured and compared to accepted values from
the literature. The Au sample was a small piece of
0.05-in. wire which had been annealed at temperature
near the melting point. The In sample was a foil
rolled from indium wire and also annealed just below
the melting point. The masses of these samples were
adjusted to give a heat capacity comparable to those of
the Lai „Ga„foils. A fit of the Au data to
C = y T +P T' gives a value of OD =163.1'K and

y =0.79 mJ/mole'K', which compared favorably with
literature values of 164.6 and 0.79 by Corak et al. ,"
and 163.2 and 0.69 by Martin. ' This represents an
overall agreement within better than 3% with these
previous measurements. The In data was compared to
that of Clement and QuinnellI7 and Bryant and
Keesom. ' The overall agreement with the previous
measurements was within 2.5% in this case. The
measured value of the discontinuity at the supercon-
ducting transition is 9.8 mJ/mole'K compared to
9.75 mJ/mole'K2 reported in Ref. 17.

III. RESULTS

A typical x-ray diffraction scan is shown for a

LaQ78GaQ22 alloy in Fig. 1. There is slight evidence for
regions of crystallinity in the x-ray scans of those sam-

ples with Ga concentrations of x (0.20 and )0.22,
but crystalline inclusions appear to constitute a few
percent of the sample for the, other concentrations.
The resulting values for the nearest-neighbor distance

(nnd) and the effective microcrystal size p, from a
Debye-Scherrer analysis of the x-ray data are given in
Table I. The values of p, are typical of metallic
glasses.

The temperature dependence of the electrical resis-
tance of LaQ7gGaQ22 is shown in Fig. 2. At low tem-
peratures, the temperature coefficient of resistance
a =Ro dR/dT for this alloy is negative. A negative
coefficient of resistance was observed for all of the al-

loy concentrations with x «0.20 in the range of this
study, but for x =0.16 and 0.18, n was positive.
Values of the electrical resistivity p of these alloys are
also shown in Table I. The uncertainty in the deter-
mination of values of p is about 15% as a result of the
difficulty in measuring the thicknesses of the foil sam-
ples. The crossover point for the sign of 0.
corresponds to p = 150 p, 0 cm in agreement with the
general trend observed in metallic glasses. At tem-
peratures near 450'K, the sample begins to crystallize.
This exact temperature depends on the heating rate,
which was 3'K/min for the data of Fig. 2, ~here a
precipitous drop in resistance indicative of crystalliza-
tion occurs at T =460'K.

The upper critical field 0,2 as a function of tempera-
ture is shown in Fig. 3 for a LaQ786aQ22 sample. As
may be seen, H, 2 depends linearly on temperature
over the range accessible to this experiment. Meas-
urements of H, q(T) were made only for samples with
x =0.22 and 0.20; consequently, only values of
(dH, 2/dT) r r for these two alloys are given in Table

I. The resistive transitions from which these data
were determined exhibited a dependence on the
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FIG. 1. Typical x-ray diffraction scan.
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TABLE I. Measured properties of splat-cooled amorphous La~ Ga„ foils.

X ray Resistive measurements

x nnd' p, T, 6 T, ' p —dH, 2/dT

(A) (A) ('K) ('K) (p, 0 cm) ( T/'K)
&m

(g/cm )
Tc

('K)

Calorimetry measurements

hT, hC OD y

( K) (m J/'K mole) ('K) (m J/'K mole)

0.16 3.59 20

0.18 3.57 19

0.20 3.55 18

022 3 54 18

0.24 3.52 19

4.0. 0,3

3.9 0.1

3 8 0.1

3.7 0.1

3.6 0.08

0.26 3.51 19 3.5 0.2
0.28 3.51 19 3.4 0.3

123

168

200

219

193

2.25

2.25

6.07 + .05

6.24 + .05

6.25 + 0.5
6.28 + .05

6.22+.05

6.28 + .05

6.42+.05

3.94

3.84

3.64

3.62,3.52

3.68,3.54d

3.39,3.22

3.09

0.24

0.13

0.11

0.19

0.26d

0.29

0.16

31.9

46.1

' 39.5
34.8

39.2d

28.9

22,6

109.6

109.6
108.6

115.3

118.7
117.8

5.91

6.10

5.52

6.72

6.84d

5.43

4.11

'Nearest-neighbor distance.

"Effective microcrystal size from Scherrer formula.
'5 T, defined for 0.1—0.9 of normal-state resistance.

Specific heats of samples from two different batches with this nominal concentration were measured.

measuring current as a result of flux flow. The data
shown in Fig. 3 were determined in the limit of I 0.
A detailed discussion of the flux flow regime will be
published separately. Values of the mass density p,
resistive transition width AT„and transition tempera-
ture T„ in zero magnetic field are also included in
Table I for the alloys.

The specific heat divided by absolute temperature is
plotted in Fig. 4 as a function of the square of the ab-
solute temperature for a sample with each of the alloy
concentrations except x =0.18. No specific-heat
measurements were made at this concentration. The
straight line represents the best fit above T, to

C =yT+PT

subject to the condition that the entropy at T, of the
sample as calculated from the measurements of
specific heat in the superconducting state is identical
to that calculated using the extrapolation of this fit

below T„ i.e., that at T, the entropy of the normal
state and superconducting state is the same. With the
assumption that the T' term can be explained by the
Debye model for the low-temperature specific heat,
the coefficient P may be expressed in terms of the De-
bye temperature OD. Although the Debye model
should not'be expected to describe the phonon spec-
trum of amorphous metals, in the long-wave limit the
discreteness of the lattice becomes unimportant. Thus
disorder should not significantly effect the form of the
spectrum. A jump in the specific heat 4C at the su-
perconducting temperature is readily observable. The
principal results of these measurements are summar-
ized in Table I by values of T„ the width of the super-
conducting transition (d T,), OD, and y. The uncer-
tainties in the determination are approximately half of
AT„15%, 2%, and 10%, respectively.

It should be noted that two very closely spaced tran-
sition temperatures may be distinguished for the sam-
ples with x =0.24 and x =0.26. The transitions for
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FIG. 2. Temperature dependence of normalized electrical
resistance,

FIG. 3. Upper critical field H, 2 as a function of tempera-

ture.
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FlG. 4. Specific heats for amorphous La~ „Ga„alloys.

x =0.20 and 0.22 are very clean and sharp, whereas
those for x =0.16 and 0.28 are broader. Overall, the
agreement between T, determined by the calorimetric
measurements and that determined by resistive meas-
urements is excellent except for the sample with
x =0.28. For this sample, the calorimetric measure-
ments indicate that the bulk of the sample transits
about 0.3 K lower than the resistive transition. A
bump in the specific heat at 2.15'K is evident for the
samples with x =0.24 and x =0.26. A similar feature
was observed for amorphous Lap 76Aup 24 samples, '
Surprisingly, x-ray scans.of these particular samples
indicated only small amounts of crystalline phase, not
significantly in greater abundance than for the other
concentrations of Ga where this feature is not detect-
able.

IV. INTERPRETATION AND DISCUSSION

The x-ray patterns indicate that these samples are
rather homogeneous amorphous metals. Some cry-
stalline inclusions of the order of a few percent are
evident from x-ray studies in all of the samples. Only
for the samples with concentrations near x =0.25 is a
superconducting transition readily observed (indicated
by the small bump in C at T =2.15 'K) that is
definitely not associated with the amorphous phase.
This phase cannot be identified by its superconducting
transition temperature and constitutes at most 2%—5%
of the sample. . The bulk of the sample indeed transits
into the superconducting state at T, identified with the
amorphous phase.

As in our earlier paper, 4 the decision to express the

cubic term in the specific heat as a OD rather than in
terms of the coefficent P in Eq. (1) implicitly assumes
the validity of the Debye model to describe the low-

energy part of the vibrational spectrum in amorphous
solids. In addition to the fact that there may be evi-
dence for additional structural excitations in amor-
phous metals'9 which could lead to a larger value of
P than would be expected from sound velocity meas-
urements, it should be noted that the temperature
range of these experiments is barely in the region
where one might expect a true T dependence of the
vibrational contribution to the specific heat. A final
determination of OD will require very low-temperature
specific-heat measurements which are just commenc-
ing at Texas A&M University. In spite of possible re-
visions in the value of OD with the availability of very
low-temperature heat-capacity measurements, it is in-
structive to examine the values of OD as a function of
x, and to use these with values of T, to estimate the
strength of the electron-phonon coupling constant A. in
this alloy system.

A precise determination of A. for these alloys must
await the availability of good tunneling data which is
almost impossible to obtain with foil samples.
Although derived using a particular model for the
quantity n'(co) F(co), the McMillan expressione for T,
of strong-coupling superconductors provides a way to
estimate A. in the absence of detailed tunneling data.
The values of X determined from this expression with
values of OD and T, from the specific-heat measure-
ments and with p, '=0.1 are listed in Table II. These
values for A, lie between 0.7 and 0.9, close to those re-
ported for Lap 8pAup 2p and Lap 76Aup 24 in Ref. 4, and
significantly smaller than the values of X —2 observed
for all simple (nontransition) amorphous superconduc-
tors. 2 Also listed in Table II are values of LLC/y T, for
these samples. These values vary from 1.37 to 1.97
with an uncertainty of approximately 20% due to the
difficulty of determining both hC and y within better
than 10%. In general, the agreement with the BCS
weak-coupling theoretical value for this quantity 1.43
is reasonably good.

The value of the density of electron states at the
Fermi level N(0) can be determined from the
coefficient y of the linear term in the specific heat for
a weak-coupling crystalline metal. Calculations by
Bergmann et a1. ' indicate that a strong electron-
phonon interaction may modify the temperature
dependence of the electronic contribution to the
specific heat so that this type of analysis would not be
applicable. Although the calculation depends on the
details of a'(co) F(co), the fact that X estimated above
is not too large suggests that this effect is negligible
for the present alloy system. Aside from the structur-
al excitations for amorphous metals discussed above,
there appears no obvious reason to expect that a simi-
lar analysis to determine N(0) should not apply for
amorphous metals. The heat-capacity measurements
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TABLE II. Derived properties of amorphous La~ „Ga„ foils.

x ~ aC/yT, W, (0) . N~ (0) . N (0)/1 + X N„(0)
c2

(states/eV atom spin) (states/eV atom spin) (states/eV atom spin) (1+) )NFE(0)

0.16 0.85

0.20 0.84
0.22 0.82

0.24 0.80
0.82'

0.26 0.77

0.28 0.75

1.37
1.97
1.96
1.43
1.56'
1.57
1.78

1,25

1.29
1.17
1.43

1.45'
1.15

0.87

1,26

1.05

0.68
0.70
0.64
0.79
0.80'
0.65
0.50

2.1

2.3
2.1

2.6
2.7
2.2
1.7

'These values are from the second sample with the same nominal composition as listed in Table I.

of Ref, 20 indicate that the non-T' term associated
with these excitations should have negligible effect on
the value of y determined at temperatures of these
measurements. Values of N~(0) determined with the
values of y from Table I are also listed in Table II.
These values may be compared with the values for
Pure crystalline La and amorPhous Lap gpAUp2p and
Lap 76Aup 24 which are 2.1, 1.50, and 1.33
states/eV atom spin), respectively.

For an isotropic weak-coupling superconductor the
density of states may be calculated from the slope of
the upper critical field, '

I

2

(())
)ter d&cz

c2 8p
(2)

where 4p is the flux quantum and p the electrical
resistivity. Strong-coupling corrections considered by
Rainer and Bergmann are probably negligible for
these intermediate to weak-coupling superconductors
but in any event could not be calculated without a de-
tailed uz(co) F(co) as determined from tunneling meas-
urements. If kFL »1, where L is the electron mean
free path, one might expect this relation to hold for
amorphous metals. With values of p given in Table
I it appears that these samples marginally meet this
criteria. On this assumption, values of NH (0) for the

c2

two samples for which dH, z/dT have been measured
are listed in Table II. These values are in excellent
agreement with the values N~(0) from the specific-
heat measurements. The agreement is much better
than the nearly 20% uncertainty expected for NH (0)

c2

or even the 10% uncertainty in N„(0). Such excellent
agreement is fortuitous; nevertheless, the validity of
Eq. (2) appears to be established in this instance. The
poor agreement between N, (0) =1.33
states/(eV atom spin) for Lao 76Auo z4 and
N~ (0) =0.85 states/(eV atom spin) noted in Ref. 4 is

c2

somewhat surprising in view of the agreement for the
two La~ „Ga„. samples since kFL is not significantly
different for these two different alloys.

The values of the density of states determined from

specific-heat measurements and/or critical-field meas-
urements are enhanced by the electron-phonon in-
teraction. For comparison with calculations of the
density of states which do not include the electron-
phonon renormalization, those should be divided by
1+8.. Values of N„(0)/(1+5), the non-phonon-
renormalized (NPR) density of states, are given in
Table II. The NPR density of states for many of the
amorphous simple (nontransition) metals is predicted
accurately by the free-electron model. This model is
not expected to apply to the amorphous transition me-
tals with large d-band contributions. Values of
m, "/mo= N(0)/(1+ X) N„s where NFs is the free-
electron value of the density of states are listed in
Table II. The values of NFE were calculated with the
densities from Table I and under the assumption that
La and Ga each contribute three free electrons.

Values of four of the important parameters, OD, A. ,
N(0), and T, which have been determined, are
displayed as a function of alloy concentration x for
amorphous La~ „Ga„and La~ „Au„alloys in Fig. 5.
The behavior of these properties as a function of x ap-
pears to be similar for the two different second consti-
tuents, and the magnitude of the parameters are gen-
erally the same within about 10%—15%. There is a re-
latively smooth behavior of the properties as a func-
tion of concentration except for OD. One perhaps can
visualize a rather constant density of states to about
x =0.25 and then a rather sharp drop with increasing
x. The break appears more dramatic for OD, however,
where a constant value of OD = 109 'K is observed for
Ga concentrations up to x =0.22, which suddenly in-
creases to OD = 118 K over a narrow concentration
range between x =0.22 and x =0.26. It is in this
same narrow concentration range that two distinct,
very closely spaced transition temperatures can be
resolved in the specific-heat data for both the Ga and
the Au alloys. This is very close to the composition
with x =0.2 at which the Bernal holes in the Bernal
model for random packed structures would just be
filled with one Au or Ga impurity atom on the aver-
age. It can be conjectured that additional impurities
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V. SUMMARY AND CONCLUSIONS

A systematic study of a large number of properties
of well-characterized Lai „Ga„alloy samples over the
full range of concentrations for which splat cooling
yields the amorphous phase has been presented, The
amorphous samples exhibit bulk superconductivity

added above this concentration may result in a
modification of the short-range ordering at the La
sites and produce the observed changes in properties.

The ratio of the OD values for the Ga alloy and the
Au alloys at the same concentration are within about
5% of the inverse ratio of the square root of their den-
sities, well within experimental accuracy (p =9.4
g/cm' for La076Au024 and p =8.9 g/cm' for
LaasAu02). Since the low-temperature specific heat is
determined by the low-frequency acoustical modes,
this implies that the elastic moduli do not depend
strongly on the choice of these two impurities.

and are weak- to intermediate-coupling superconduc-
tors with A, =0.8 in contrast to the amorphous simple
(nontransition) metals which characteristically have
A. & 2. For these samples which have kFI. ) 1, the
calorimetric determination of N(0) is identical within
experimental accuracy to the determination from
critical-field measurements. Within the limitations of
trying to describe a band structure for amorphous me-
tals, the d electrons result in a non-phonon-
renormalized density of states N, (0)/(1+ k), about
twice the free-electron value. The Debye temperature
for these alloys is approximately 110'K. The relative
magnitudes of OD for the alloys with Au and with Ga
are consistent with the measured changes in density
for the two alloys.

At concentrations slightly above x =0.22 an abrupt
change of about 10% in OD, a change in the concen-
tration dependence of N(0) and the appearance of two
closely spaced transition temperatures are observed. . It
is conjectured that these observations may reflect a
qualitative change in the short-range order of the La
atoms when the impurity atoms have just filled the
Bernal holes in the dense random packed structure.
Other measurements such as photoemission, Hall
effect, and thermopower may be more sensitive to
such a change.

It is hoped that further studies of this type incor-
porating as many different measurements as possible
on a single system and extending to other amorphous
transition-metal systt;ms will lead to as complete a pic-
ture of the nature of the amorphous transition metals
as has been developed for the amorphous simple me-
tals.
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