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Studies have been made on aluminum films obtained by condensation in high vacuum at room
temperature or on a substrate cooled to liquid helium temperature. The constant factor &,
involved in the temperature variation of the penetration depth close to Te was determined
from the experimental data on the critical magnetic fields of the films. The value of &y ob-
tained is compared with that calculated from the normal conductivity of the films according

to the new theory of superconducting alloys,

IN the light of the new microscopic theory, pure
superconductors are divided into two groups which
differ in their properties in a weak magnetic field.
[1,2] The nonlocalization parameter introduced in
the theory and describing the size of the associated
electron pairs, £, = 0.18 fiv/kTe (where v is the
velocity at the Fermi surface), is different in
these groups. For superconductors of the ‘‘Lon-
don”’ type, &, is substantially smaller than the
penetration depth of the magnetic field 6, through-
out the entire range of temperatures. The ‘“‘Pip-
pard’’ type of superconductors correspond to the
other limiting case, when &, > §, in the entire
range of temperatures, with the exception of the
immediate vicinity of Te. The majority of super-
conductors belong to the Pippard and intermediate
types, differing in the size of the London region.
Thus, for tin, this region amounts to AT = Teg - T
~ 0.1—0.15 K, and for aluminum it is AT

< (1073)°K. [3:4]

It was shown by Gor’kov [5] that in the London
region the behavior of superconductors is well de-
scribed by the Ginzburg-Landau equations. For
pure superconductors of the Pippard type the re-
gion of applicability of the local equations is very
small, but it can be much increased by the pres-
ence of foreign impurities and various lattice de-
fects, since the scattering of electrons at these
inhomogeneities diminishes the spatial correlation
of the electrons in the superconducting state. For
a sufficiently large concentration of impurities,
the role of correlation length is transferred from
the dimension of the pair, £;, to the mean free
path of the electrons. In the case of thin films of
pure superconductors the boundaries of the indi-
vidual crystallites act as additional scattering
centers, which diminish the mean free path of
electrons.

FABRICATION OF SPECIMENS AND PROVISION
OF LOW TEMPERATURES

The aluminum films were condensed on plain-
polished glass substrates with platinum leads fused
through them. The films were produced and stud-
ied in an apparatus similar to one previously de-
scribed. [8]

The necessity of obtaining very pure specimens
led to a number of difficulties due to the great
chemical activity of aluminum. The usual method
of obtaining aluminum mirrors by evaporating
aluminum from a tungsten heater is not applicable
in our case. The best results were obtained by
evaporating the aluminum from tungsten wires
covered by a protective layer of the ceramic
Al,0;, and for these the cathode heaters of vacuum
tubes were used. The heaters had the form of
loops on which were fixed the aluminum charges.
The charge was previously melted and conditioned
in high vacuum, after which the prepared evapora-
tor was mounted in the apparatus. The power given
out by the evaporator did not exceed 1w.

Before fabricating the films, the apparatus was
evacuated by a diffusion pump to 107® mm Hg and
heated in an oven at ~ 300°C for 3—4 hours; after
the conditioning, the vacuum in the apparatus was
~5—7 x 10"" mmHg. The evaporation rate was
2—6 x 104 g/min. After condensation was com-
plete the apparatus was filled with helium and
sealed off.

The assemblies for low temperature condensa-
tion were sealed off from the apparatus after out-
gassing, and were mounted in a helium Dewar. The
thicknesses of the films were calculated from the
weights of evaporated aluminum. The change of
film thickness with condensation time was moni-
tored by the resistance. Films of thicknesses of
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0.2 x 1079 to 14 x 107° cm were obtained and
studied.

To obtain temperatures of the order of 1°K, a
well-known method was used (see [7J). Inside the
helium Dewar was placed a second Dewar of some-
what smaller dimensions (dia 30 mm, length 250
mm ), which served as the working space. Pump-
ing was by a mercury diffusion pump DRN-50 with
a speed of 30 1/sec through connecting tubes of
large cross section. A general view of the helium
apparatus is given in Fig. 1.

FIG. 1. General view
of the apparatus.

The assembly was placed in the internal Dewar
1 and held by a cork collar. The join between the
Dewar and the pumping tube 2 was made with a
copper union 3, coated with ‘“‘Ramsay’’ vacuum
putty, which provided a reliable seal down to very
low temperatures. To decrease the heat flux, the
pumping tube proceeding upwards was made of
stainless steel, and inside the transitional coup-
ling were soldered, at some distance from one
another, two screens 4, which cut across the en-
tire cross section of the tube. The temperature
of the coupling was maintained at 4.2°K with the
aid of a thick copper plate 5 dipping into the liquid
helium. The inner Dewar was filled with liquid
helium to the desired level through the valve 6
fastened to the lower end of the plate. The elec-
trical leads were brought out through a thin Ger-
man silver tube 7, the lower portion of which
dipped into liquid helium.

In the apparatus it was possible to attain and
maintain temperatures from 4.2°K to 0.9°K. The
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temperature of the specimens was measured with
a carbon thermometer. The calibration of the
thermometer changed somewhat from experiment
to experiment, and was monitored by the super-
conducting transition of massive aluminum.

MEASUREMENTS AND RESULTS

The resistances of the films were measured
with a conventional potentiometer circuit. The
specimens obtained by condensation in liquid he-
lium were studied both directly after fabrication
and after an anneal up to room temperature or
300°C for 3—4 hours.

1. The critical temperature T for the super-
conducting transition of a film (R/Ry = 0.5, where
R, is the resistance in the normal state) was de-
termined from a graph of the variation of resist-
ance with temperature in zero magnetic field.

Directly after condensation on a cold substrate
the films displayed anomalously high values of T¢
—up to 2.6°K. For individual specimens (as a
rule, those deposited rapidly ) the critical tran-
sition temperature even attained 3—3.2°K, while
T measured on a specimen fabricated from the
original aluminum was 1.160°K. The anomalous
increase of T¢ for freshly-condensed aluminum
films has also been established by Hilsch. [8]

After a long anneal (about one day) at room
temperature, the value of T, for the films fell to
~ 1.5°K. Subsequent gnneal at 300°C for 3—4 hours
reduced the critical temperature to values coin-
ciding with T, for films fabricated at room tem-
perature. Increasing the annealing temperature to
400°C did not effect a change in Tg. As is seen
from Fig. 2, the critical temperatures of annealed
films and of films deposited at room temperature
exceed the transition temperature of bulk alumi-
num by 0.1°K, and display a pronounced variation
on specimen thickness; this is in distinction from
mercury films, for which the value of T, after
anneal coincided with the transition temperature
of a bulky specimen, and did not depend on film
thickness. [6]

2. The absolute value of the film conductivity o
was determined. To do this, the resistances of
films of various thicknesses in the form of strips
of dimensions 0.09 x 0.71 cm were measured in
the normal state. The conductivity of freshly-
deposited films directly after condensation was
0.35 x 10!7 cgs esu, but the conductivity of very
thick recrystallized specimens was o = 4.3 x 1017
cgs esu. Thus, after the anneal the conductivity
increased more than 10 times. However, not only
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FIG. 2. The variation of T on film thickness d. Curve I:
0 —films evaporated at room temperature; X — films evaporated
in liquid helium and annealed to 300° C. Curve II: bulk alu-
minum.

the absolute values of the conductivity, but also the
characters of the variation of o on film thicknesses
d are different. As is seen from Fig. 3, the con-
ductivity of freshly-deposited films remains con-
stant down to the smallest studied thicknesses

(0.2 x 107% ¢cm ), whilst for recrystallized films

and films deposited at room temperature o was
constant only down to 1.0 x 1075 ¢m, after which

a sharp decrease was observed.

Such behavior of the normal conductivity is
easily explained when the difference in the struc-
ture of the specimens studied is taken into account.
As is well known, condensation at liquid helium
temperature leads to the formation of a very dis-
persed structure, as a result of which the mean
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FIG. 3. The variation of film conductivity o on thickness
d. e— freshly deposited films; X —films annealed to 300° C;
0 — films evaporated at room temperature.
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free path of electrons in freshly-deposited films

is substantially less then their thickness, and the
scattering of electrons at the boundaries of the
film plays no part. In the process of annealing

the crystallites expand, so that for sufficiently
thin films they become of the same dimensions

as the film thickness. The mean free path now
starts to depend significantly on the film thickness.
In the range of thicknesses for which the conduc-
tivity in the normal state is constant (for freshly-
deposited specimens this is true in all cases), it
is, of course, possible to consider the films as
massive metal, and, for estimating the mean free
path, it is possible to use the value of ¢/l meas-
ured in massive aluminum; o/1 = 20.4 + 2.0 x 10711
91 ecm~2.09] From the values of o obtained, the
following estimates were made: I =1.9 x 1077 cm
for freshly-deposited specimens; I = 2.3 x 10~¢ cm
for specimens recrystallized or obtained at room
temperature. These values agree well with the
variation shown in Fig. 3, and do not contradict
the data of other workers. Thus, for freshly-
deposited mercury films, the value I ~ 5 x 1077
cm has been obtained, [10] and, according to Faber’s
data, 1] for a bulky polycrystalline aluminum
specimen of 99.89% purity I =40 x 107¢ cm.

3. For all the films, curves were taken of the
destruction of superconductivity by a magnetic
field directed parallel to the plane of the film. In
Figs. 4 and 5 are given a series of H; = f(AT)
curves for films of various thicknesses deposited,
respectively, at room temperature and helium tem-
perature. As is seen from Fig. 4 for thin films ob-
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FIG. 4. The variations of H. with AT for films condensed
at room temperature. Film thicknesses in 10™ cm: 1-0.2;
2-0.37; 3-0.57; 4-1.2; 5-1.6; 6-2.8; 7—-3.5; 8-5.5;
9-9.7; 10-9.0; 11— massive aluminum,
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FIG. 5. The variations of H. with AT for films condensed
at liquid helium temperature: a —freshly-deposited films; b—
films annealed to 300° C. Film thicknesses in 10™ cm: 1-0.32;
2-0.12; 3-0.73; 4—-1.35; 5—-2.5; 6—-6.6; 7—10.9; 8 —4.5;
9 —~massive specimen.

tained by condensation at room temperature we
have Hg ~ (AT)2. For a very thick specimen

(d =9.0 x 107% cm ), a characteristic break was
observed in the variation of He with AT. The
temperature corresponding to this change in the
character of the dependence H, = f(AT) coincided
with the appearance of hysteresis in the destruction
of superconductivity by the field. Thin freshly-
deposited films obeyed the law Hg ~ (AT)U 2 with
sufficient accuracy (Fig. 5a). For one of the thick-
est specimens a break in the curve Ho(AT) was
observed, to the right of which Hg ~ AT. Two
specimens (6 and 7) failed to obey the general rule;
these were obtained at high deposition rates (spe-
cimen 6 also displayed the highest value of Tg).
After annealing, these specimens were no longer
exceptions, and they then followed the usual law;

He ~ (AT)Y2 for thin films. For the film of max-
imum thickness this relation tended with increasing
AT to H, for massive aluminum (Fig. 5b). The ab-
solute values of Hy for recrystallized films are
reduced to approximately one-tenth, and in their
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FIG. 6. The variation of H. with d for AT =0.04°K: e—
films obtained at room temperature; O — films condensed at
4.2°K and annealed to 300°C.

properties they are not different from specimens
made at room temperature. The critical field for
these films is inversely proportional to their thick-
ness (Fig. 6).

DISCUSSION OF RESULTS

Pure aluminum belongs to the superconductors
of the Pippard type. Therefore in the entire tem-
perature range except the immediate neighborhood
of T¢ (~1073°K) its behavior in a magnetic field
cannot be described by the local equations. How-
ever, when-films are condensed on a cold sub-
strate, and even one at room temperature, a sys-
tem of very small crystals is obtained, in which
the mean free path of electrons is substantially
smaller than in massive aluminum (I < &;; for
Al £, =1.6 % 10~4 cm). As in the case of alloys,
this allows us to use the local equations for a
much wider range of temperatures.

For recrystallized films and films condensed
at room temperature, the experimental values of
the normal conductivity were used to calculate the
constant coefficient in the penetration length, &g,
according to the formula of the new theory of super-
conducting alloys due to Abrikosov and Gor’kov. [12]

Close to T;, for I < 6), we have

8, (AT) = (c/3.06m) V' 7/2ko AT.

Putting 6,(AT) = ¥, 809( TK/AT)!2, we obtain the
value

80p = (16.5 £ 0.7)-10"° cm.

To calculate 6y from the critical magnetic
fields of the films, a formula from the macro-
scopic Ginzburg-Landau [13] theory for thin films
was used. Close to T
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Measurement of H; for films of various thick-
nesses showed that H, ~ 1/d and Hy ~ (AT)!2,
Thus, the value 8y = (13.5 + 0.7) x 107% cm was
obtained, which agrees well with that calculated
from the normal conductivity.

To handle the data for the freshly-deposited
films, the conclusions of the theory developed by
Abrikosov [4] for the case k >1/V/2 were used.
Consideration of the variation Hg/Hem = £(1/dVT)
obtained experimentally made it possible to evalu-
ate 0y using this theory, and the result 6y,
= (3.9 + 0.3) x 107° cm was obtained.

From the value of the normal resistance 0y,
= (4.1 £ 0.2) x 107° cm. The values of 64 ob-
tained in the present work significantly exceed
previously reported measurements of this quan-
tity in bulky aluminum specimens. [15,16] Thus,

Og9 for freshly-deposited films is approximately

10 times, and for recrystallized films 3 times
larger than the corresponding value for massive
aluminum. This increase of 3y, is possibly due

to the decrease in the mean free path of electrons
in a film, caused by its finely crystalline structure.
This explanation is in qualitative agreement with
the dependence of 5y, on ! predicted by Gor’kov [17]
for superconducting alloys.

In conclusion, I express great gratitude to A. 1.
Shal’nikov for guidance in the work, and to A. A.
Abrikosov and N. V. Zavaritskii for discussing the
results obtained.
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