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Amorphous superconducting lanthanum-gold alloys obtained by liquid quenching*
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Results of x-ray diA'raction, electrical resistivity, and critical magnetic field measurements are presented

for amorphous superconducting lanthanum-gold alloys obtained by liquid quenching. The transition

temperature of the alloys is -3.5'K. The bulk nature of the samples along with the stability of the

amorphous phase at room temperature make this an ideal system for the study of superconductivity in

the amorphous state, Estimates of intrinsic parameters including the coherence length ( and penetration

depth X are presented and discussed. The observed linearity of H„(T) and its extrapolated
low-temperature limiting value are discussed and compared to predicted behavior for H„(T).

I. INTRODUCTION

A growing body of literature exists on the sub-
ject of superconductivity in highly disordered and
amorphous materials. To date, however, experi-
mental reports of superconductivity in amorphous
materials all concern thin films obtained by vapor
deposition on a cryogenic substrate. Amorphous
phases thus obtained anneal into crystalline states
at rather low temperatures. For example, amor-
phous bismuth films with a superconducting tran-
sition temperature T, = 6 'K (Ref. 1) are found to
crystallize above 20 K. '3 Furthermore, the amor-
phous phase can only be obtained for films with
thickness less than about 600 A. Amorphous gal-
lium films with T, = 8. 4 'K (Ref. 5) anneal into
crystalline PGa above 15 'K. ' Superconductivity
in "amorphous" transition-metal alloy films has
also been reported. However, the electron dif-
fraction patterns (containing three to four diffuse
rings) used to characterize the structure of these
films are consistent with the existence of a highly
disordered microcrystalline structure. Unfortu-
nately, the effects of low density, microcrystal-
linity, gaseous contamination, and large internal
surface area may all play a significant role in the
superconductivity of thin films. Thus results for
thin films may not be comparable to those obtained
for a bulk metallic glass the density of which is
close to that of the corresponding crystalline phase.

In this paper, we report the results of x-ray dif-
fraction analysis, electrical resistivity measure-
ments, and critical magnetic field measurements
for bulk amorphous superconducting La-Au alloys
obtained by liquid quenching. Based on these ex-
perimental results, estimates of several intrinsic
parameters characteristic of the superconducting
state are presented and discussed in conjunction
with the observed behavior of H,z (T), the upper
critical field. Samples used in this work are in
the form of foils having an area of about 1 to 2 cm
and a uniform thickness of about 60 p.m. Regard-
ing the stability of the amorphous phase, it should

be noted that no crystallization is observed at room
temperature during periods of several weeks.

II. EXPERIMENTAL PROCEDURES

Alloys of the form Au„La, „o „were studied with
0—x~ 40. For 16 —x —30, alloys mere investigat-
ed at intervals of every 2 at. %. In addition, sev-
eral alloys of Cu-La and Ni-La were studied and
an amorphous superconducting phase was obtained
in these systems. Most of the results reported are
for Au-La alloys. Alloys were prepared by induc-
tion melting of the appropriate constituents on a
silver boat under an argon atmosphere. Samples
were then quenched from the liquid state using
both the "gun" and the "piston and anvil" tech-
niques described in Ref. 9. The cooling rate from
the liquid state is estimated to be of the order
106'C/sec.

The structure of each sample was checked by
x-ray scanning with a Norelco diffractometer
(Cu Ku radiation). Lattice parameters of the as-
sociated crystalline phases were obtained from
Debye -Sherrer films using the Nelson-Riley extrap-
olation function. Electrical resistivity as a func-
tion of temperature was measured using a standard
four-probe technique. The temperature was deter-
mined using a germanium resistance thermometer
with an accuracy of + 0. 02'K. Critical magnetic
field (H,~) measurements were performed using a
superconducting solenoid for magnetic fields up to
40 kQ oriented transversely to the sample and tem-
peratures down to l. 85 K. The temperature for
H,2 measurements was determined by measuring
the vapor pressure over the liquid-He' bath.

III. RESULTS

A. Structure analysis

An approximate nonequilibrium phase diagram
illustrating the compositional range of phases pres-
ent in liquid-quenched Au, La~oo „alloys is shown
in Fig. ].. This diagram is based on the results of
x-ray diffraction analysis. For 0 —x~ I4, a crys-
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FIG. 1. Phases present in liquid quenched La-Au al-
loys as a function of gold concentration (at. %). The fcc
solid solution is designated as P', the amorphous phase
as A, and the new cubic crystalline phase as 6.
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FlG. 2. X-ray diffraction. intensity as a function of
scanning angle (28) for amorphous Au2&La78.

talline phase (designated as P') is obtained having
the fcc structure of P-La with Au in solid solution.
In the range 14 x 18, liquid-quenched alloys con-
tain both the P' phase and an amorphous phase.
For alloys with 18 x 26, a single amorphous
phase can be obtained. For 26- x~ 30, alloys con-
tain both the amorphous phase and a new cubic
crystalline phase the structure of which has not
been determined. No amorphous phase was ob-
served for x~ 30.

The x-ray diffraction intensity as a function of
scattering angle (28) for the alloy Au, 2Lavs contain-
ing a single amorphous phase is shown in Fig. 2.
The pattern shows a broad maximum centered at
30.7' with a full width at half-maximum of 4.8'.
According to the Scherrer formula, this corre-
spondstoaneffective microcrystal size of 17 A,
which is typical of a glassy metal. It has been
sho~n that although only n-La (hcp) is stable at
room temperature, P-La (fcc) can be retained by
rapid quenching. On the basis of the anomalously
large coefficient of diffusion for Au in P-La, it has
been suggested that impurity Au atoms occupy the
octahedral interstitial voids in the fcc unit cell. '
In view of these facts, it is probable that the struc-
ture of the P' phase resembles that of P-La with
Au atoms occupying interstitial voids in solid solu-

FIG. 3. Resistance ratio R/Rp as a function of temper-
ature for (a) amorphous Au22La78 obtained using the
"gun" technique, (b) amorphous Au»La78 obtained using
the "piston and anvil" technique with p~=3. 0x10 Qcm,
(c) liquid-quenched La containing the P phase obtained
using the "gun" technique.

tion. Assuming that the single amorphous phase
should be formed when each unit cell of P-La con-
tains an average of one interstitially dissolved Au

atom gives an estimated composition of AuppLa8p

for the single amorphous phase consistent with the
observed composition range and the Bernel model
for random-packed structures. ~ Although no sig-
nificant annealing effect is observed at room tem-
perature during periods of several weeks, it was
found that annealing at 100'C for several hours re-
sults in the onset of crystallization. Spontaneous
crystallization is observed at temperatures of
about 150 to 200 C.

B. Electrical resistivity

Results of electrical resistivity measurements
as a function of temperature for two Au»La» sam-
ples and liquid-quenched lanthanum containing
P-La are shown in Fig. 3. A sharp resistive tran-
sition (transition width = 0. 1'K) with T,= 3.4'K,
indicative of a single phase, ''s observed for the
amorphous Au&&La&8 samples. For liquid-quenched
lanthanum, a much broader transition with an on-
set temperature of 6.0'K (T, of P-La) is observed.
Resistivity measurements for single-phase amor-
phous samples (18~x-'26) gives a temperature co-
efficient of resistivity [1/po(T)][dp(T)/dT] of order
10 'K ~ and a residual resistivity pp in the range
2 x 10 4 to 4 X 10 Q cm at 10 K, characteristic of
a, glassy metal. Critical current density (J,) mea-
surements give 4,-10' A/cms at a temperature of
1.O'K.

To illustrate the dependence of T, on alloy com-
position, a plot is shown in Fig. 4. In the figure,
vertical bars are used to indicate the transition
widths. It can be seen that alloys containing a
crystalline phase have rather broad [transition
width = (1—2) K] transitions. For alloys contain-
ing less than 18-at. 1o Au, the onset temperature
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ordered crystalline sample is rather different from
that of the amorphous sample. A lower value of

H,2 (T) is obtained for T & 2. 6 K, and significant
departure from linearity can be seen. It should be
mentioned that the transition from the super conduct-
ing state to the normal state was completely revers-
ible. Values for H,2(T) obtained by decreasing H

with H& H,z (T) initially are to within an experimen-
tal error of - 50 0, identical to those obtained by
increasing H with H& H, z (T) initially.

IV. DISCUSSION
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FIG. 4. Superconducting transition temperature as a
function of alloy composition. Vertical bars indicate the
width of the transitions.

for superconductivity (T, ) is about 6 K; this can
presumably be identified as the transition temper-
ature of crystalline P-La. Alloys containing more
than 26-at. % Au have a broad transition which is
complete only below 2'K. This lower transition
temperature may be associated with the new un-
identified cubic crystalline phase previously men-
tioned. To compare this new crystalline phase
with the equilibrium AuLaz phase, an as cast sam-
ple of Au33La67 was annealed at 600'C for one week.
A sharp superconducting transition with T, = 3.2'K
was observed indicating that the new crystalline
phase obtained in liquid-quenched samples is not
identical to the equilibrium structure.

The superconducting transition temperatures of
amorphous Cu30La~o and La78Ni~2 were determined
from electrical resistivity to be 3.O'K and 3.O'K,
respectively. The residual resistivity, temper-
ature coefficient of resistivity, and superconduct-
ing transition width are all comparable to those
observed for amorphous Au-La alloys.

C. Critical field (H, 2) measurements

Results of H,z measurements obtained in a su-
perconducting solenoid for both amorphous and

highly disordered crystalline Auz4La76 samples are
shown in Fig. 5. The crystalline sample, with an

x-ray diffraction pattern exhibiting several peaks,
was obtained by liquid quenching at a cooling rate
insufficient to yield an amorphous phase. This
sample, however, remains highly disordered as
evidenced by a residual resistivity po= 3x10 0 cm
comparable to that of the amorphous sample. To
define H,z in this measurement, the magnetic field
(transverse to the sample foil) was increased at a
constant temperature until a measurable nonzero
resistivity (-10 app) was observed for the sample.
For the amorphous sample, H,2 (T) is observed to
be linear throughout the temperature range inves-
tigated. The behavior of H,z (T) for the highly dis-

where 4o is the fundamental flux quantum. Using
the linear dependence of H, z(t) observed for 0. 5

—t 1 (Fig. 5) for amorphous Au~, La„and Eq. (2)
gives

$(t) = 1.13' 10 (1 —t) (3)

over the measured temperature range. This can
be compared to Eq. (1) by estimating the product
)pl using the free-electron model for the amor-
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FIG. 5. Upper critical field as a function of tempera-
ture for amorphous (T,=--3. 3 K) and highly disordered
crystalline (T~= 4.0 K) Au24La&6 alloys. Dashed lines
are obtained using the Ma~i expression given in Eq. (6).

To gain some insight into the intrinsic proper-
ties of the amorphous superconducting alloys, the

following calculations are presented. In the "dirty
limit, " the coherence length of a superconductor
near T, is given by ~'

$(t) = 0. 85 (/pl) l (1 —t) '~

where t = T/T, (the reduced temperature), l is the

electronic mean free path in the normal state, and

$p= lzvp /1T 4 (the coherence length for a clean ma-
terial at t= 0). In the weak-coupling limit, the
energy gap is given by ~=1.75k~T, . The coher-
ence length can also be approximated by'7

(2)
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phous alloy. Experimental values of N(0), the
electronic density of states at the Fermi level, for
P-La have been deduced from specific heat and
magnetic susceptibility measurements, both giv-
ing N(0) = 1.9 states/eV atom ~8.'~~ Using a va-
lence of three for P-La in the free-electron model
gives 2. 2 states/eV atom, in close agreement with
experiment. The electronic mean collision time is
extremely small in the amorphous phase and thus
no rapid variation of N(E) is expected. The free-
electron model can be used as a reasonable first
approximation to the electronic properties of the
amorphous phase. The effect of Au is ignored and
the values N(0) = 2. 2 states/eV atom and vz ——1.6
x10 cm/sec are used. From the measured val-
ue of po= Sx 10 0 cm for the residual resistivity,
the electronic mean free path is e timated to be
1.9 A. Taking the observed T, = 3. 'K and using
the weak-coupling limit gives $o= 6. 2 10 cm.
Equation (1) then reduces to

$(f)= 0. 92x10 '(1 —f) (4)

This can be compared to Eq. (3), which is derived
from Eq. (2). The agreement is reasonab]. e.

In the dirty limit, the penetration depth is given bye'

A(t) = 0. 615&z(0) (]o/l) 2(l —t) (5)

ln (1 /f) = g (1+eDH„ /2w ck~ T,t) —g (-,'), (6)

where D = —', vz/ is the diffusivity and g is the digam-
ma function. This expression reduces to

where Xz, (0) is the London penetration depth. Thus
v, the Ginzburg-Landau parameter, canbe estimat-
ed. Using Eq. (4) for g(t) and Eq. (5) for &(f)
gives v= VO. Summarizing, type-II behavior char-
acterized by an extremely laI ge Qinzberg-Landau
parameter is observed.

For a severely disordered crystal lattice, in
particular for an amorphous material where the
electronic mean free path is the order of the inter-
atomic distance, an extremely large upper critical
field H,~ is expected. Gor'kov o estimated the max-
imum critical field attainable for a given T, to be
&,q = 10 T, G. By considering the paramagnetic
contribution to the free energy of the normal state,
Clogston derived the expression H, z~-—1.8 && 10 T,
G. Maki and Werthamer et a/. have extended the
Abrikosov-Gorkov formalism to all temperatures
and have included the paramagnetic effect pointed
out by Clogston and the effect of spin-orbit scat-
tering on the behavior of H,z(t) in the dirty limit
l «(o. Maki and DeGennes show that by ig-
noring the paramagnetic and spin-orbit effects in
the dirty limit H,z(t) can be related to t throughout
the range 0 &t&1 by

H„(f) = O. 67 (c/D) (I,T, /e) 1
2 Ft
3 1.75 (7b)

for t 0.
Equations (7) were used to fit the observedH, 2(t)

curves of Fig. 5. The parameter D was deter-
mined by requiring agreement between the observed
values of H,2(t) and those predicted by Eq. (7a) for
t & 1. For amorphous Auz4La~6, a value of D= 0.454
cm /sec is obtained; for the highly disordered
crystalline sample D=0. 671 cm /sec. The low-
temperature limiting behavior of H,~(t) for each
case is then determined by inserting these values
of D in Eq. (7b). This gives H,z(t=0) =55 kG for
the amorphous sample and H,a(t = 0)= 37/kG for
the highly disordered crystalline sample. The val-
ue of D for the amorphous sample can be compared
to the value D= —,

' vz/= 1.00 cm /sec calculated from
the free-electron model as in Eq. (4). The discrep-
ancy is probably related to the errors introduced
by the free-electron approximation.

It is seen in Fig. 5 that the exact shape of the ob-
served H,a(t) curves deviates from the shape pre-
dicted by Eq. (6). For the amorphous sample, the
observed linearity of H,~(T) extends to lower tem-
peratures than predicted by Eq. (6}. For the dis-
ordered crystalline sample, Eq. (6) predicts larg-
er values than observed for H,2(T) below T =—2. 5'K
Equation (6) has been extended by Werthamer and
co-workers ' to include both the paramagnetic
effect and the effect of spin-orbit scattering. The
paramagnetic effect tends to suppress H, z(T) at low

temperatures and probably accounts for the lower
values of H, z(T) observed for the disordered crystal-
line sample below T = 2. 5 'K as compared to values
predicted by Eq. (6}. The spin-orbit scattering
effect, however, tends to compensate for the paramag-
netic suppre ssion and tends to restore the linearity of

H,~(T). The linearity of H,z(T) over a large tem-
perature range observed for highly disordered thin

films has been explained by the presence of a large
spin-orbit scattering effect. ~~ The same argument
can be applied to the present amorphous sample.
It is interesting that the spin-orbit scattering ef-
fect is apparently much stronger in the amorphous
sample than in the highly disordered crystalline
sample.

Several additional experiments will provide use-
ful inf ormation for understanding the fundamental

properties of the amorphous Au-La system. First,
it would be interesting to measure the energy gap
directly from tunneling or infrared absorption ex-
periments. Tunneling and infrared absorption ex-
periments suggest that lanthanum is a weakcoupling

H (f)= ' (c/D)(1 —f) 1 ——-—,&(3)(1—f)

(7a)

for t-1 and
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superconductor. ' It has been suggested that
amorphous superconductors tend to be strong cou-

pling. " It would also be interesting to obtain the

phonon spectrum of amorphous Au-La alloys. A

measurement of the low-temperature specific heat
would provide experimental values N(0) and e~ (De-
bye temperature). The value of N(0) is essential
for understanding the electronic structure of the

amorphous alloys.
On the basis of the present work, several com-

ments can be made regarding the theory of super-
conductivity applied to amorphous materials. Fi~st,
it has been observed that amorphous Au-La, Cu-La,
and Ni-La alloys have nearly the same T,. Second,
since the electronic mean free path in all of these
alloys is of the order of interatomic distances, it
is clear that the electronic interactions which lead
to pairing must be of a local nature. These two

facts taken together indicate that the bonding char-

acteristics of La-La nearest neighbors determine
the superconducting properties of these alloys. It
would be interesting to attempt to prepare bulk
amorphous superconducting alloys of the 4d and 5d
transition-metal series. It has been suggested that
bonding involving d orbitals plays an essential role
in the superconductivity of these metals. ' The
study of amorphous transition-metal alloys would

help to isolate the role played by the bonding of d
electrons from that played by large variations in
the density of states at the Fermi surface and var
iations in crystal structure. Such an investigation
is currently underway in this laboratory.

ACKNOW'LED GMENT

The authors wish to thank Wilkie Y. K. Chenfor.
designing the superconducting solenoid used for the
upper critical field measurements.

*Work supported by the U. S. Atomic Energy Commis-
sion.

W. Buckel and R. Hilsch, Z. Phys. 138, 109 {1954).
N. Barth, Z. Phys. 142, 58 (1955).
W. Buckel and R. Hilsch, Z. Phys. 146, 27 (1956).
B. G. Lazarev, V. M. Kuz'rnenko, A. I. Sudovtsov, and

V. M. Mil'nikov, Dokl. Akad. Nauk SSSR 194, 302
(1970) [Sov. Phys. —Dokl. 15, 846 (1971)].

~W. Buckel and R. Hilsch, Z. Phys. 138, 118 (1954).
W. Buckel, Z. Phys. 138, 136 (1954).
Satauri Fujime, Jpn. J. Appl. Phys. 5, 764 (1966).
M. M. Collver and R. H. Hammond, Phys. Rev. Lett.
30, 92 (1973).
P. Duwez, Progress in Solid State Chemistry (Pergamon,
Oxford and New York, 1966).
M. J. Marcinkowski and E. N. Hopkins, Trans. AIME
(Am. Inst. Min. Metall. Pet. Eng. ) 242, 579 (1968).
M. P. Daniel, G. Erez, and G. M. J. Schmidt, Philos.
Mag. 19, 1053 (1969).
T. R. Anthony and D. Turnbull, Phys. Rev. 151, 495
(1966).

3T. R. Anthony and D. Turnbull, Appl. Phys. Lett. 8,
120 (1966).
J. D. Bernal, Proc. R. Soc. A 280, 299 (1964).
P. G. De Gennes, Superconductivity of Metals and Al-
loys (Benjamin, New York, 1966).

16J. Bardeen, L. Cooper, and J. Schrieffer, Phys. Rev.

108, 1175 (1957).
D. Saint-James, G. Sarma, and E. J. Thomas, 1'heo-
zy of Type II Superconductivity (Pergamon, Oxford,
O.969).
K. Andres, Phys. Rev. 168, 708 (1968).

19D. Wohlleben, thesis (University of California, La Jolla,
1968) (unpublished) .
L. P. Gor'kov, Zh. Eksp. Teor. Fiz. 37, 833 (1960)
jSov. Phys. -JETP 10, 593 (1960)].
A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962).
K. Maki, Phys. Rev. 148, 362 (1966).
N. R. Werthamer, E. Helfand, and P. C. Hohenberg,
Phys. Rev. 147, 295 (1966).

4K. Maki, Physics (N. Y. ) 1, 127 (1964).
"P. G. De Gennes, Phys. Kondens. Mater. 3, 79 (1964).
E. Helfand and N. R. Werthamer, Phys. 147, 288
(1966).

'M. Ashkin, D. W. Deis, J. R. Gavaler, and C. K.
Jones, AIP Conf. Proc. 4, 204 (1972).
J. D. Leslie, R. L. Cappelletti, D. M. Ginsberg, D.
K. Finnemore, F. H. Spedding, and B. J. Beaudry,
Phys. Rev. 134, A 309 (1964).
J. J. Hauser, Phys. Rev. Lett. 17, 921 (1966).

'T. E. Jackson, C. V. Briscoe, and H. Wiihl, Physica
(~~tr. ) 55, 447 (1971).
D. M. Gualtieri, J. Appl. Phys. 45, 1880 (1974).


