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Alloying effect on superconductivity in amorphous lanthanum-based alloys
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The effect of alloying on the superconducting properties of amorphous, liquid-quenched La-based alloys
containing Al, Ge, and Au is studied. The transition temperature T, of these superconductors depends
largely on the La content and is not very sensitive to the second alloy constituent throughout the composition
range investigated (-65—83-at. %%uoLa) . From th edat aonT„ th e temperatur edependenc eof th euppe r
critical field H„(T), and the residual-resistivity values, we estimate the coherence length ((0), the density
of states at Fermi level N(EF), and the electron-phonon coupling parameter X as a function of alloy
concentration. The implication of these results is that the electron-phonon interaction strength (I ) is
essentially constant, suggesting that superconductivity in these alloys is of a localized nature.

INTRODUCTION

There has been considerable interest in Lan-
thanum and its compounds because of their unusual
electronic and structural properties. Two allo-
tropic forms of La exist: the dhcp (T,=4.9 K)
and the fcc (T, =6.1 K) phases. Relative to its
position in the periodic table, La has an anoma-
lously high superconducting transition temperature
(T,) and, in fact, under high-pressure conditions
(o 150 kbar), it has the highest observed T, (=12 K)
for any elemental superconductor. ' For polycry-
stalline La,"or stoichiometric La compounds like
La,Al, LaCu, and La,Ga, ' in which La was deter-
mined to play the dominant role in the supercon-
ducting properties, extremely large positive
values of the pressure coefficient of T„(BT,/
SP)~ „have been observed. From recent tunnel-
ing studies, it has been found that La is a moder-
ately strong-coupled superconductor at normal
pressure and that the coupling increase in strength
under increasing pressure. ' There is also some
evidence of phonon softening as a result of high
pressure. ' Another interesting property of La is
its anomalously low melting point as compared with
those of other group-III-B elements with similar
outer electronic configuration for the neutral atom
(i.e. , Sc, Y, and Lu). ' Its negative thermal-expan-
sion coefficient at low temperature is also unusual. '

It is now experimentally established that the T,
of pure La and some of its compounds depends
largely on the La-La nearest-neighbor distance. '~'

However, there is no general agreement on the
type of electrons primarily responsible for the
other unusual properties of La and its compounds.
In some models, La is regarded as a pure sd-band
transition metal, ' while in others it is assumed
that a narrow band of 4f electrons is present near
the Fermi level. »' Among the 4f-band models,
there is a further split of opinion as to the impor-

tance of the 4f electrons in the observed super-
conducting properties of La and its compounds.
For example, in order to explain the strong in-
crease of T, with pressure in La, Ratto et al. '
claim that the 4f electrons at the Fermi level
actually inhibit superconductivity. In their model,
increasing pressure results in a reduction of the
f-electron character at the Fermi level and there-
fore produces an increase in T,. On the other
hand, %ittig and co-workers' ' believe that the
presence of 4f states close to the Fermi level
enhances superconductivity in La. They assume
a degeneracy of 4f states with conduction-electron
states, resulting in a hybridization between them.
with the 4f electrons taking on conduction-electron
character. High pressure is thought to increase
this hybridization and therefore results in the T,
increase in La and other La-based materials. The
occurrence of phonon softening in La under pres-
sure, its low Debye temperature and low melting
point have also been discussed by Qluhl .et al. ' in
terms of the enhancing effect of the 4f electrons.

One way to gain additional insight into the prob-
lem is to study the effects of other elements on
the various properties over a significantly wide
range of alloy concentration. However, most
elements of interest have limited or vanishingly
small solubility in La so that such a study is im-
possible. For this reason, previous efforts have,
until recently, been concentrated on some stoich-
iometric compounds of La.' Because of their
limited number, it is difficult to see any syste-
matic trend in the correlation between the elec-
tronic structure and superconductivity. Amor-
phous alloys provide systems in which the same
structure can persist over a large composition
range. Recently, superconductivity in amorphous
La-Au alloys has been reported by Johnson et al.'
However, the composition range over which sharp
superconducting transitions were obtained in these
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alloys were relatively small. In this paper we
report on superconductivity in two new La-based
amorphous alloy systems La-Al and La-Ge, pre-
pared by the liquid-quench technique. .The La-Al
system is particularly interesting since it is rel-
atively free from the problem of rapid oxidation
in air, unlike the La-Au alloys. . Furthermore,
the amorphous structure is found over a much
larger range of concentration than other La-based
systems reported previously. The observed
changes in superconducting parameters of the
alloys will be discussed in terms of current theo-
retical models.

mined as a function of temperature for a number
of the La-Al alloys. This was done using a super-
conducting magnet capable of producing fields up
to 30 kG. Temperatures during the H„measure-
ments were obtained using a 100-Q Allen-Bradley
carbon resistor which had been calibrated in zero
magnetic field with a Ge resistance thermometer.
The critical fields were obtained by fixing the per-
pendicular magnetic field value at the sample and
determining the corresponding transition tempera-
ture in the manner discussed above.

RESULTS AND DISCUSSION

EXPERIMENTAL PROCEDURES

The alloys were prepared by inductive melting
of the weighed constituents under argon. Samples
were then prepared by the liquid-quenching techni-
que, " in which the melted alloy is splat cooled
between a "piston and anvil. " The main improve-
ments we introduced that seemed to insure a high
yield of single-phase amorphous alloys included
the following: (i) doing the quenching in a vacuum
of better than 10 ' Torr (this probably helped to
reduce the oxygen content in the samples) and (ii)
the ability to remelt the alloy very quickly prior
to quenching.

Several criteria were used to check for the
amorphous structure in the samples. The struc-
ture was determined by x-ray diffraction which
gave the intensity as a function of scattering angle
(28). For a, single-phase amorhphous sample, the
x-ray (Cu K o.) pattern gave a prominent broadened
peak centered at about 28 = 30.5 . Samples that
were relatively nonbrittle and had thicknesses
less than 0.075 mm were usually found to be
amorphous. In a few cases there were samples
that exhibited amorphous characteristics, accord-
ing to the above criteria, but still showed evidence
of two phases in the superconducting transition.
This took the form of a step in the resistance
versus temperature curve. Only those samples
with a single transition were used in the data

, reported in this work.
Transition temperatures were determined resis-

tively by means of the standard four-point probe
technique. Temperature measurements with an
absolute accuracy of +0.05 Kweredone withacali-
brated Ge resistance thermometer. By definition,
the point at which the resistance of the sample
reducted to 50/p of its normal-state value (R,) was
taken as T,. The transition width 4T was arbi-
trari"y defined as the temperature interval be-
tween points corresponding to 0.1 Rp and 0 9 Rp
of the transition curve.

Upper critical magnetic fields H„were deter-

The alloys reported here were of the form
La,, Pf„(M -=Al, Ge, or Au) with the following
ranges of x. 0.18&~~0.34 for Al, 0.17& g &0.22
for Ge, and 0.18 & x & 0.25 for Au. Of the three
alloy systems, La, Pl„(with x~ 0.20) was the
least chemically reactive and, in fact, hardly
showed any signs of oxidation even after several
weeks of exposure to air. On the other hand, the
La-Ge and the La-Au alloys oxidized so rapidly
in air that it was necessary to cover them with a
protective coating until ready for measurements.
Under the same conditions, it was much easier
to obtain the amorphous structure in the La-Al
system than in the other two alloy systems.

In all three alloy systems the temperature coef-
ficient of resistivity values were nearly zero for
x & 0.20 and became progressively more negative
with increasing values of x. Residual-resistivity
values [p(o)] for all the amorphous alloys varied
from about 120 p, Q cm for small x to about 200
p, Qcm for the large-x values. Details of the tem-
perature-dependent resistivity measurements of
these alloys and a discussion of the results in
terms of current physical models on resistivity
in amorphous materials will be presented else-
where.

Over the whole range of compositions studied,
the superconducting transitions were quite sharp,
as shown for the case of the La-Al system in Fig.
1, which gives the normalized resistance as a
function of temperature for several samples. A

plot of T, versus composition is given in Fig. 2.
Kith the exception of the points for the La-Ge
alloys, the transition widths &T were equal to or
smaller than the symbols used to represent the
data points in Fig. 2. T, varies linearly with com-
position for the three alloy systems, though this
is more obvious for the La-Al and La-Au alloys.
It is interesting to note that the straight lines
drawn through the three sets of data are parallel
to each other, and that they extrapolate to approxi-
mately 6 K, which is roughly the T, of P-La, the
fcc phase of pure crystalline La.' The alloys con-
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FIG. 1. Normalized ~esistance as a function of tem-
perature for a series of amorphous La-Al alloys ob-
tained by quenching from the liquid state.

FIG. 3. Upper critical magnetic field H, 2 as a func-
tion of temperature for a series of amorphous La-Al
alloys ~

taining Ge tended to have higher T,'s than other
alloys with the same La content while the Au alloys
generally had lower T,'s.

Results of critical field measurements are
shown in Fig. 3 for a number of La-Al alloys. It
can be seen that, within the temperature range
available from the 30-kG magnet, the H„(T)
curves are linear and approximately parallel to
each other. This linearity of H„(T) over a temper-
ature range large compared with the zero-field
transition temperature T„has been observed for
a number of amorphous superconductors. '" The
values of (dH„/dT)r r for the La-Al alloys are

co
comparable to the La-Au values obtained by John-
son et at. ' The average value of the initial slope
for the five La-Al samples of Fig. 3 is 25.4 kG/K.
From the definition of the upper critical magnetic
field II„, the zero-temperature coherence length
can be determined from the following expression:

where p, is ihe flux quantum. The values of ((0},
calculated from Eq. (1}vary from 53.6 to 62.4 A

for the amorphous La-Al alloys. These short-
coherence-length values are typical of supercon-
ductors in the extreme "dirty limit. " This is to
be expected" since amorphous materials are char-
acterized by very short normal-state electronic
mean free paths l (of the order of an atomic spac-
ing), and extremely high Ginzburg-Landau para-
meters g.

The density of states at the Fermi level N(Er)
can be estimated from a knowledge of the initial
slope of the upper critical field (dH„/dT}r and
the residual resistivity p(0). The relevant expres-
sion is"

(@ )(1 )
nh(d „/dT) r,—o
16kae'y, p(0)

(2)
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FIG. 2. Superconducting transition temperature T, as
a function of composition for amorphous La-oe, La-A1,
and La-Au alloys.

where A is the electron-phonon coupling and all
the other quantities are expressed in Gaussian
cgs units. Equation (2} was modified from
Gor'ko'v's original expression" to give the con-
ventional units of states eV ' atom ' spin ' for the
density of states. The results of this calculation
are given in Table I. In Fig. 4, we see that, for
the La-Al alloys, N(Ez)(1+ X) decreases mono-
tomically as the Al content incre" ses.

Recent tunneling experiments on La under high
pressure' have shown that its electron-phonon
coupling parameter X increases with pressure.
The opposite effect on X is observed on alloying
as the La content is decreased. For example,
in the La-Al alloys, we estimate that X changes
from 0.81 to 0.68 when La is lowered from 80 to
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TABLE I. Properties of the amorphous La-Al alloys.

at. /o Al
p (o)

{pQ cm)
Tc0

(K) (kG K ')
( (o)
(A)

N(EF) (1+X)

{states eV ' atom ' spin ')

20
22
25
27
32

163
172
181
185
194

4.43
4.30
3.98
3.82
3.23

—25.4
—26.7
—25.0
—23.9
—26.2

54.1

53.6
57.4
60.1

62.4

1.37
1.24
1.13
1.09
1.05

68 at. %. These X values were obtained from
McMillan's equation, "which gives T, in terms
of X, the Debye temperature 8D, and the electron-
electron Coulomb pseudopotential p, *. Debye tem-
peratures were estimated from recent specific-
heat measurements on similar alloys. " In accor-
dance with normal practice, and in the absence of
tunneling data, we used a fixed value of 0.1 for p, *.

As discussed by McMillan, "the electron-phonon
coupling parameter can be expressed

A = N(E~)(I')/M((e'),

where (I') is the squared average electron-phonon
interaction, M is the atomic mass, and (&u') is the
squared average phonon frequency, which is relat- .

ed to OD through a proportionality constant. "
From the estimated change in e~ when the Al con-
tent is increased from 20 at. % to 32 at. % and the
calculated values of A and N(E~), it is found that
{I') remains fairly constant over the composition
range for the La-Al alloys studied, changing by
only 6/o. The value of (f2)/M(~') is found to be
even more constant (see Table II). In fa,ct, the
ratio of this quantity at the two extremes of com-
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FIG. 4. Plot of the unrenormalized electronic den-
sity of states near the Fermi surface, N(E+) (1+X)
vs lanthanum content for the La-Al alloys.

position for the amorphous La-Al alloys, for
example, is nearly 1.0. Since the last observa-
tion implies that X is directly proportional to
N(E~), it can be concluded that the observed change
in A. , and therefore in T, results directly from
variation in N(Ez).

The above results have several interesting im-
plications: First, the constancy of (I')/M(uP) is in
agreement with a recent work of Varma and

haynes.
" They found that this quantity is approxi-

mately constant for a given class of similar
materials which are characterized by a dominant
orbital of the same nature near the Fermi surface.
Second, though the observations agree with the
claim that superconductivity in the amorphous
state is largely determined by the parameter
q=N(E~) (I'), it is further noted that, for those
La-based alloys, variation in q is determined
by N(E~). Originally taken to be a pureLy local
atomic parameter, "

q is now considered to repre-
sent an overlap integral among the atoms. " Third,
all the observations suggest that, in the La-based
alloys, the mechanism responsible for supercon-
ductivity is localized at the La atom, and that
variation in T, is largely dependent on the La-La
nearest-neighbor distance. The last point is con-
firmed in Fig. 2, where T, is shown to be relative-
ly insensitive to the second constituent, and also
demonstrated in several experiments. "

Wittig et gl."have developed a model of super-
conductivity in La in which the dominant orbitals
near the Fermi surface are f orbitals. In order
to explain the strong increase in T, with pressure
for La, Wittig' argues that the band structure of
La is of the form (sd)' '4f' and that the degeneracy
of the 4f states with the conduction electrons could
lead to an appreciable hybridization. In this
model, the effect of pressure or in our case,
alloying with nonmagnetic elements, is simply
to change q, the fraction of a conduction electron
bound in a 4f scattering resonance. Pressure
increases q and therefore increase T„while
alloying presumably decreases p, resulting in the
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TABLE Il. Properties of the amorphous La-Al alloys.

at. % Al

Estimated OD

(K)
N(E )

(states eV ' atom ' spin ') X/N (EF)

20
22
25
27
32

112
113
116
117
121

0.81
0.79
0.76
0.74
0.68

0.75
0.70
0.64
0.63
0.62

1.08
1.13
1.17
1.17
1.10

observed systematic T, decrease in Fig. 2.
The possible relation between this kind of

hybridization and X [or N(E~)] is provided by the
recent microscopic theory of Hanke et a/. which
seeks to explain the interdependence of phonon
softening and high T, in some transition-metal
compounds, Hybridization between localized d
states and extended p states at the Fermi level is
shown to result in anomalously high nonlocal di-
electric function (i.e. , an increase in the screen-
ing). This increased screening accounts for the
observed phonon anomalies or soft modes and a
consequent increase in T, due to an enhancement
of A.. Future theoretical work extending the con-
cepts of Hanke eg al. to La is desirable since it
could shed some light on the still baffling topic of
the electrons responsible for superconductivity in
La. Encouraging signs that the theory can be
applied to La include its high T„ the observation
of phonon softening under pressure, and the
moderately strong-coupling character of La even
at normal pressure [2b,(0)/ke T, = 3.75].'

In a recent paper, Butler" has also shown the
crucial part that f-like electron states at the
Fermi surface can play in the superconductivity.
of transition metals. His detailed calculations
are for 4d transition metals for which he shows
thai the most important contributions to X result
from processes involving scattering between d and

f states. For the early rare earths and actinides,
Butler speculates that the effects of d f(and-
possibly f-g) scattering could be even more im-
portant in producing high T, due to the more ad-
vantageous positioning of the atomic f orbitals.
However, in his view, achievement of high T,
may not be possible for these materials because

of exchange effects. For La, in which such ex-
change effects are not expected, we believe that
the unusually high T, is consistent with Butler s
theory.

In conclusion, we have found that changes in T,
of La-band amorphous alloy of Al, Ge, and Au
result mainly from changes in N(E~). From the
observed near constancy of (P)/M(aP) and (I')
over a large concentration range it can be inferred
that localized electronic states play a prominent
role in the superconductivity mechanism. As
far as superconductivity in these amorphous alloys
is concerned, the added elements, Al, Ge, and
Au appear to act as diluting agents, merely
varying the La-La nearest-neighbor distance
which affects the overlap integral q among the
atoms. Aside from the convenience provided by
working with these amorphous materials, especial-
ly the possibility of a systematic change in prop-
erties, we note that structure is not a fundamental
consideration. This is demonstrated by the recent
high-pressure work" on amorphous La»Au» for
which the T, behavior under pressure was quali-
tatively the same as the behavior of polycrystalline
La, and stoichiometric compounds like La3A1,
La,Ga, and LaCu. ' Because of the rather attrac-
tive oxidation properties of the La-Al system, a
tunneling study on it will be useful in providing
more definitive information on the electron-phonon
coupling strength in these alloys.
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