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We have made superconducting thin films of UBe;; by vapor codeposition onto heated sapphire
substrates. The critical magnetic field and normal-state magnetoresistance of the films are similar
to those of bulk material. The magnetoresistance has been measured in the temperature range 0.4 to
40 K in fields up to 20 T. We find that plots of isotherms of the magnetoresistance
[R(0)—R(H)]/R (0) versus magnetic field H show a universal behavior for T >2 K if the scale of

the magnetic field is compressed as T increases.

I. INTRODUCTION

The superconductivity of heavy-electron materials has
attracted the attention of theoretical and experimental
physicists in recent years' because of the possibility that
these materials may manifest some form of cooperative
state more exotic than the ordinary BCS phonon-mediated
superconductivity. Unfortunately, there is a dearth of
qualitative experiments which can be done on bulk sam-
ples and which offer a clear distinction between BCS and
other proposed forms of superconductivity. Thus, while
there are suggestive results from, for example, NMR (Ref.
2) or ultrasonic attenuation® or specific-heat* measure-
ments, controversy still exists.

Some hope has been raised that proximity-effect or
electron-tunneling measurements might clarify the nature
of the electron transport in these heavy-electron materi-
als.>® These measurements are most easily carried out on
thin-film samples. The purpose of this article is to report
the successful production’ of a thin-film superconducting
heavy-electron material; in this case, UBe;;. We have
made transition-temperature, critical magnetic field, and
normal-state magnetoresistance measurements which
demonstrate the similarity of the films to bulk material.
In addition, we have made x-ray measurements which ver-
ify the existence of the proper phase.

We have chosen to study UBe,; because, of the known
heavy-electron materials, it appeared to be the easiest to
make from a metallurgical point of view and has the
highest T,,! about 0.9 K. Other possible candidates re-
quire very-well-ordered material or appear to be too com-
plex. The disadvantage of using UBe,; is that one must
deal with the toxicity of Be.

Bulk samples of the compound UBe;; have been exten-
sively studied by many techniques. Superconductivity
was first observed by Bucher et al.® Subsequently, criti-
cal magnetic field,”*~!! specific-heat,*!? magnetic suscep-
tibility,12 magnetoresistance,7’”’13 ultrasonic attenuation,’
and NMR relaxation-time?> measurements have been made
by various groups. Many of these properties are
anomalous compared to the predictions for simple BCS
superconductors, but there does not yet appear to be con-
clusive evidence as to the nature of the superconducting
state.

II. EXPERIMENTAL RESULTS

The UBe,; films were made by vapor codeposition onto
heated sapphire substrates. The Be was evaporated from
an electron-gun source, while the U, in the form of 0.05-
mm spheres, was sprinkled onto a hot tungsten filament
using a magnetic vibrator. The amount of each material
being deposited was monitored separately using two
quartz-crystal monitors. The key to success appears to be
the achievement of a controlled U deposition rate. The
low vapor pressure and high rate of oxidation of U make
this goal difficult to-achieve. Film thicknesses were in the
range of 100—500 nm. The substrates were held at 700°C
during deposition and were heated to 1100°C for about 1
min following deposition. Measurements of the film
resistance were made using the standard dc four-terminal
technique. The measuring current was usually about 10
1A, corresponding to a current density of the order of 1
A/cm?. The films were cooled using a booster-pumped
3He cryostat. Magnetic fields up to 20 T were employed
for the normal-state magnetoresistance measurements. In
addition, x-ray diffractometer scans were used to verify
the existence of the UBe;; phase. The films were shown
to consist of randomly oriented crystallites. The films
were very stable and retained their properties for at least
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FIG. 1. Resistive transitions of three UBe,; films.
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FIG. 2. Resistance versus magnetic field at various tempera-
tures for a UBe,; film.

up to a year without special storage precautions.

The resistive transition as a function of temperature for
several films is shown in Fig. 1. The transition tempera-
ture for bulk UBe,; is about’~!' 0.9 K. The best films
showed an onset of superconductivity between 0.9 and
0.95 K. The transition was about 0.2 K wide, much
broader than those observed in bulk samples. Many films
had lower transition temperatures while some showed a
double transition. Examples are shown in Fig. 1. We did
not observe any transitions at temperatures between those
of the films represented in the figure. A number of films
which showed an increase in resistance on cooling and a
large negative magnetoresistance did not become super-
conducting.

Figure 2 shows the resistance of a UBe;; film versus
applied magnetic field for various temperatures above and
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FIG. 3. Critical magnetic field versus temperature for a
UBe,; film in parallel (®) and perpendicular (O) fields. Data
on bulk samples from Maple et al. (Ref. 9) ,
Rauchschwalbe et al. (Ref. 10) — — —, and Remanyi et al.
(Ref. 11) — — are also shown.
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below T,o The strong negative magnetoresistance ob-
served in bulk samples®~!! is evident in these data as well.
This negative magnetoresistance could be seen at tempera-
tures up to about 40 K. At higher temperatures, the mag-
netoresistance appeared to be small and positive.

Figure 3 shows the critical magnetic field of the same
film as a function of temperature. The data of Maple
et al.,’ Rauchschwalbe et al.,'° and of Remenyi et al.!!
for bulk samples are also indicated. Because of the
unusual shape of the resistive transitions (Fig. 2), the criti-
cal field was defined as the field at which the resistance
reached one-half of the peak value for each temperature.
We note that there is a small anisotropy in H., with
H_y,>H,.y . Also, H ,, shows an upward curvature with
decreasing temperature. Whether these features are fun-
damental or artifacts of the method of defining H,, must
be examined further; however, the data of Rauchschwalbe
et al.'® and Remenyi et al.'! show similar curvature.

III. DISCUSSION

A. Magnetoresistance

We have calculated R, =[R(0)—R(H)]/R(0) for
various temperatures from data such as those shown in
Fig. 2, and have found that by adjusting the scale of H,
we can produce the curves of Ry, versus H /Hy(T) in Fig.
4. The curves of Ry, versus H/Hy(T) for temperatures
from 2 to 40 K coincide to within the width of the line in
the figure. As shown by the points for T=1 K in Fig. 2,
however, for temperatures below 2 K, R,, rises more rap-
idly for small H and less rapidly for large H than the
universal curve for higher T.

Figure 5 shows Hy(T) versus T, demonstrating that H
is linear in T for high T. We arbitrarily choose the scale
of Hy(T) to be such that the slope dH,/dT =kg/ug,
Boltzmann’s constant divided by the Bohr magneton.
This choice of scale is also used in Fig. 4. The linear por-
tion of Hy(T) extrapolates to 19T at T =0. Scaling of
Ry for bulk samples has been observed previously.'?
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FIG.4. Ry=[R(0)—R(H)]/R(0) vs H/H,. The solid line
represents data for 2 < T <40 K. The points are for T =1 K.
See text for choice of H,.
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FIG. 5. H, vs T, with the scale of H, chosen to make the
slope of the straight line equal to kp/up.

B. Critical magnetic field

As shown in Fig. 3, the critical magnetic field of the
films is qualitatively similar to measurements on bulk
samples. The upturn in H,, with decreasing temperature
was seen also by Rauchschwalbe er al.!® and Remenyi
et al.!! The former authors also showed that the in-
clusion of temperature- and field-dependent normal-state
resistivity, specific heat, and magnetic susceptibility in the
theory of H., could produce qualitatively this tempera-
ture dependence. More exact comparisons of experimen-
tal data with the theory await measurement of these
normal-state properties.

The other qualitative feature of the critical field mea-
surements is the difference between parallel and perpen-
dicular H,,. Since the x-ray analysis of the films indi-
cates randomly oriented crystallites, the anisotropy of H,,
cannot be attributed to intrinsic crystalline anisotropy of
UBe,;. It presumably is a geometrical effect arising from
the fact that the film thickness is large compared to the
coherence length and small compared to the penetration
depth.
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C. Critical temperature

All of the films made according to the technique
described earlier showed an increase in resistance with de-
creasing temperature similar to that for bulk UBe;;. In
addition, these films all showed large negative magne-
toresistance. Not all, however, were superconductors, at
least above 0.3 K. Of those that were superconductors,
most had a T, of about 0.6 K. Some had the bulk T,
while a few showed a partial transition at 0.9 K and a
broad decrease of resistance at lower temperature. The
systematics of these sample variations has thus far not
been elucidated, but films thinner than about 100 nm were
never superconducting. The cause of the problem of mak-
ing reproducible films lies in the affinity of U for oxygen
and the low vapor pressure of U. These two properties
make evaporation of U difficult without a powerful e-gun
source (U quickly dissolves any refractory metal boat).
Our 3-kW gun could not evaporate the U fast enough to
keep the charge from oxidizing. Once a skin of oxide
formed, the gun did not have enough power to break
through it. Thus we were forced to use the flash evapora-
tion method which is difficult to control and gassy.

IV. SUMMARY

We have produced superconducting films of UBe,; and
studied their properties as a function of magnetic field.
The transition temperature, critical field, and normal-state
magnetoresistance were similar to those of bulk samples.
Our results demonstrate the feasibility of making UBe;
films by coevaporation and that, if a well-equipped eva-
porator could be dedicated to such a project, high quality
UBe,; films could be deposited reliably.
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