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A STUDY OF THE SUPERCONDUCTIVrry OF
. METALS CONDENSED AT 4°K .

James Adams Roberts, Jr.

'.

Inorganic Materials Research Division, Lawrence Radiation Laboratory
Department of Materials Science and Engineering, College of Engineering
University of California, Berkeley, California
ABSTRACT·
The superconducting transition temperatures T , of electron beam
c

evapor8:ted metals (Al, Sn and Pb) condensed on liquid 'helium cooled
substrates have been measured.

to

above the bulk values
remained unchanged.

3.1o K

The T 's of Al and Sn were increased
c

and 5.09° K respect i vely .

The T

c

of Pb

The metals were also co-condensed with xenon

resulting in further increases for the T 's of Al(3.7°K) and Sn(6.22°K)
c

and a . decrease for Pb.

The effects of annealing on T

c

and normal state

resistance were also measured.

.~,.,.
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I.
III

In

,,'

INTRODUCTION

1968 MCMillan l published an expression for the superconducting

transitibntemperatures, T , of strong coupled superconductors.
c

expression showed T
frequency squared

c

This

to be inversely proportional to the average phonon

2
2
(m )., McMillan also pointed out that if' (ro ) could be

lowered without disturbing the other parameters T

c

could be i.ncreased.

The McMillan theory was later generalized to give more realistic numerical
results by Garland

a~d Allen. 2

Garland et al. 3 pointed out that the vibrational modes at the surface
of a crystal are lower than in the interior.

Thus one way to lower

the average phonon frequency is to increase the surface to volume ratio.
This can be accomplished by making an extremely thin film, or by making
, 4
an extremely fine grained material. Dickey has actually carried out a
2
molecular dynamics calculation on the decrease in (ro ) of small particles.
2
(ro ) can also be reduced if a crystalline material is transformed into an
amorphous structure,where the atoms occupy positions of reduced symmetry.3
Vapor depositing an element, or a combina'[ ion of elements, onto a cold
substrate is one way to form extremely small grains which are internally
disordered.
."

There have been many investigations of the superconducting properties of the solf metals such as Al, Sn and In when deposited onto liquid
helium cooled substrates.

However, before the present investigation, there

had been few, if any, reports of the superconducting properties of the
transition metals deposited in a similar manner.
stand.

This was not hard to

The soft metals are easy to vaporize and their superconducting

under-

-2-

properties are not readily degraded by the incorporation of impurity gases
such as 02 and N2 during deposition.

Transition metals on the other hand

are difficult to vaporize and are easily contaminated by small amounts of
impurities.
The original aim of this ,investigation was to build an apparatus
capable of vapor depositing high purity films of tra nsition metals orito
a liquid helium cooled substrate.

High purity was attained by combining

a moderate vacuum and high deposition rates.

Critical temperature

measurements were made in situ so the films could be evaluated before
warming to room temperature.
atmosphere.

This also avoided contamination from the

While the apparatus was under construction it was suggested

that it might be possible to introduce additional disorder into the films
by co-depositing the metal with an inert gas such as xenon. 5 An inert"
gas was selected because it was thought that this type of impurity would,
cause the least change in the electronic structure, of the metal.

Xenon

was selected because it is a large atom and because it is more readily
condensed than the other non-radioactive

iner~

gases.

In order to test the equipment and the idea of co-deposition with
xenon it was decided to first run a series of experiments on some soft
metals for which there were some data available for comparison.

This

report describes the equipment and exp:erimentalprocedure and gives the
results, including a brief summary of previous work, of depositing some
soft metals both in vacuUm and with xenon gas onto a liquid helium cooled
substrate.

A report of the work on transition metals using the apparatus

described here, is contained in reference.

6.

.
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II.

A.

EXPERIMENTAL

Review of Previous Results

Shalnikov was perhaps the first to report an increase above the bulk
T

c

va hie for a cold deposited film when, in 1938, he reported an increase

in the T

c

of a Sn film. 7 The first comprehensive study of films deposited

on liquid helium cooled substrates was made by Buckel -and Hilsch in the
early 1950's.

8

They deposited Sn, Al, Zn, In, Tl, Pb, and Hg on crystalline

quartz substrates held near 4°K and found an increase "in Tc for a 11 of
these metals, except Pb which remained prat!ticallyunchanged, and Hg which
decreased.

On annealing to room temperature the resistance of all samples

decrea.13ed irreversibly and their T 's were found to have changed so as to
c
approach the bulk values.
lCf'/o Cu. 9

Sn films were also cold codeposited with up to

This produced an amorphous structure with a very high Tc for Sn,

7° K or L 9 times the bulk Tc of pure Sn.
Since this early work there have been many experimental attempts to
increase the T 's of films and also to demonstrate the enhancement mechanism.
c

A summary of the general techniques used is given below.

Various combina-

tions of these techniques have also been tried.
1.

Variation of Substrate Material.
This has been found to have little effect at

temperatures below

room temperature (the only temperatures considered in this report.)
2.

Variation of Substrate Temperature
Generally for non-transition metals the lower the deposition tempera-

ture the greater the enhancement (exceptions are Pb and Hg).
3.

Deposition Rate
The effect of rate is difficult to assess since many experimental

~4-

variables such as background pressure and cooling capacity of the substrate playa part.

However within reasonable limits the rate itself

does not seem to be an important variable.
!

.If

4. FilmThickness
o

For films thicker than -lOOA, (the exact thickness depending on the
material), thickness does not seem to affectT • As the thickness is
c

o

decreased below 100A, T has been shown to increase for several elements,
c

while for Pb, T

c

5.

is said to decrease.

10

Layered Films
Alternate layers of a superconductor and an insulator, a superconductor

.
11-12
and a normal metal, and two different superconductors have been deposlt ed.
In several systems increases in T were observed.

These increases were

c

later attributed to the properties of the individual superconducting
layers and not to the layered structure as such.

6.

Co-Deposition
Elements have been both deposited in the presence of a high back-

ground pressure of a gas and also co-evaporated with another material.
An initial increase in T was usually observed, which either
c

'

leveled off

or decreased if too much of the second component was added.
In Table I, due partially to Gamble and Shimshick" 13 the maximum
T 's attained by several methods are listed.
c

It should be remembered

when reading the table that in this type of work there is experimental
scatter from film to film and the values listed are the maximum values
reported by various authors.

-5-

TABLE I

Summary of Critical Temperatures Reported in the Literature

!~

2

Co1urm/f
"0'

3

4

5

6

7

T (layers) T (LTCD )b T (GM)C
c
.
c
c

. T (bulk)
c

T(LTD )a
c

T c (02)

Al

1.196

2.70

2.3

Zn

0~875

1.40

Sn

3.722

4.84

4.1

6.0

7·0

8

In

3.403

4.08

3.7

4.4

4.6

5

Pb

7.193

7.19

7.2

7

Hg

4.154

3.88

Element

a)

GM

=

=
.

5.84

1.8

= Low temperature deposition

LTD

b)LTCD
c)

5·7

Low temperature codeposition

Generalized McMillan

10
3

7·2
4-.2
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All the films refer!i!ed to in Table I, unless otherwise noted were
thick films.
that its T

.c

A thick film here is any film of sufficient thickness such
is not a function of thickness.

Us.:ing this definition a

o

The T
c

film thicker than lOQAcanbe considered thick for most materials-.

measurements for all films deposited on cold substrates were made in situ
before the films were allowed to anneal, (see Table

I).

A description of some of the particular experiments and references
for the various entries are given below:
.

.

.

Column 2.

These are the critical temperatures of the elements in
.'
.
14
bulk form as given by Roberts.
Column 3.

Buckel and Hils:h )btained thes,e results on thick films

.

deposited on a crystalline quartz plate held at 4°K.

8

.

Other authors

15

have reported slightly higher values for cold deposited films of Al and Zn.

Cou:wnn 4.

. .

The films here were deposited on room temperature

16

quartz substrates in the presences of a high background pressure of O ,
2
The grain size of the Al films, as: measured by electron microscopy, was
as small as 45A'

Varying the thickness of the Alfilm from 300 to

° did not change T. An additional increase in T from 2.3°K to
3000A
c
c
0
3.0 K was achieved for Al by using the same procedure as above but
holding the substrate at 1000K during deposition.
Column 5.

II

The films here were made of repeated layers, approximately

° thick, of metals and insulators.
50A

Various insulators (8iO, LiF,

metal oxides and anthracene) were tried with 8iO generally giving the
highest T.
c

Layers of Al and Al deposited in a high background pressure

of argon gave an ult imate T

c

of 2. 9°K after several layers.

All these

results were later attributea10 to the thit:tres:s of individual superconducting
layers and not to bhe layer effect.

~
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Column

6.

This·colUnm:is for films ma,de by tpeco-condensation at

4°K of a superconductor and another substance.

It is difficult to decide

what to include in this column since after a certain amount and type of a
second material has been added one really

has a completely neW material

which shou.,ld not be compared with the other entries in the table.

Al+6% eu,17 Sn+la% Cu 9

systems selected to be listed in the table were:
and In

18

co-deposited with anthraquinene.

The

Some higher
TC 's have been
.

found for Al, Sn and In by codepositing them with lC!fo of a semimetal or
semiconductor such as Sb, Bi, Ge, As and

si: 15

The T .of Zn was
. C

~also

increased in this way.
Another system which should be mentioned ·for comparison with the
present work is the Al tetracyanoquinodimethan (TCNQ) system •. The
.

0

..

.

Tc of Al increased asymtotically to 5.2 K as the amount of TCNQ relative
to the amount of Al directed to the substrate was increased. 19
Column 7.

The values here are the maximum possible T 's for the disC

ordered metals as predicted by Garland and Allen using their generalized
2

McMillan BQUation.

B.
1.

..

Apparatus

Vacuum Chamber
The vacuum chamber (see Fig. 1) was a three foot diameter by 3

foot J-amg water cooled stainless steel horizontal cylinder with a 10
inch diameter hole in the top through which the cryostat holding the
substrate was hung.

To outgas the chamber during pump down water at ~lOOoC

could be circulated through its cooling coils.

Pumping was done by a

liquid nitrogen baffled 12" oil diffusion pump backed by a Kinney (KD-130)
mechanical pump.

Near the rear of the chamber there was a 3 foot diameter

-8-

by 1/16 inch thick stainless steel wall which could be cooled to near
liquid nitrogen temperature by circulating liquid nitrogen through stainless steel tubing heliarced to it.

A reactive surface was maintained on

the wall by evaporating titanium onto it.

The diffusion pump together

with the titanium gettering on the, cold wall achieved an ultimate pressure,
as read by ,a Veeco RGLL-6 ion gauge, in the mid 102.

8 torr range.

Evaporation Sources
Materials to be evapora.ted were held in water cooled copper crucibles

and electron beam heated by Temescal 180
beam guns operated at 8 kV.

0

magnetic deflection electron

One of the chamber's three evaporation sources

was mounted below the cryostat leaving 4 inches between the evaporating
material and the substrate.

This source had a rotatable crucible with

six. separate holes so more than one material could be evaporated during
a single run.
To prevent contamination of one material bY,another during evaporation, a copper shield covered 5 of the holesdurihg evaporation from the
gixth.' A one inch high ve:vtical water cooled copper wall surrounded the
edges of the copper shield.

This provided a relatively cool area behind

which the gas source or a small evaporation source could be mounted.
Only one of the other two electron beam heated sources, both of which had
fixed crucibles, was used during a run.
the rear of the chamber and was used to

This source was mounted near
evaporat~

titanium onto the

liquid nitrogen cooled wall.
The rate of evaporation was monitored and controlled by an AllenJones Mark I ion guage type rate monitor.

The rate control was done

through a feedback loop which modulated both the electron beam gun filament

-9-

current and the amplitude of variation, about soine mean. value, of the
current in the deflection magnet windings of the electron beam gun.

The

former modulation influenced the total power applied to the evaporating
.'1.'

material while the latter influenced the power concentration by changii;ng
the area of the evaporating material on-which the electron beam impinged.
The magnetic beam -sweeping type rate control had a much shorter response
time than did the emission regulation type rate control and thus was
needed to reduce short time variations in rate.
To convert the reading of a rate monitor from arbitrary units to a
o

more useful value, such as A/sec, the monitor had to be calibrated for
each geometry and element used.

3.

Gas Source
The gas source was made of copper and sat on the water cooled copper

plate on the rotary source (Fig. 2).

Seven 1/8" diameter ?oles in the

top of the source directed the gas to the substrate.
were ,soldered to the bottom of the sourCe.

One of these :led out of the

vacuum chamber to the gas inlet system while the other
Jones rate moniter.

Two copper tubes

led to an Allen-

Thus the gas let into the system was divided in

some unknown but presumably unchanging proportion between that directed
at the substrate from the holes in the top of the source am that directed

•

to the rate monitor.
The flow rate of the gas was controlled by a precision needle value
and read on the rate monitor.
calibrated.

The rate monitor readings here were not

However as a check of the repeatability of the rate monitor

set up from run to run there was a sapphire float type flow meter located
near the needle value.

To trap any residual water, the gas was passed

through a copper coil cooled by a dry ice and acetone mixture.
ii

"
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4.

Cryostat.
The cryostat (Figs. 1 and 2) used the conventional principle of

an outer liquid nitrogen cooled radiation shield, "77°K shield," made of
s·

copper surrounding an inner liquid helium container.

The liquid helium

container was made of stainless steel except for its 4"x2"xl/8" thick bottom
plate, "4°K plate~' made of OFHC copper.

The sapphire substrate (1"Xl/2~ 1/16")

was held in an aluminum mas.k (Fig.3) and clamped directly against the
4°K plate.

This provided a maximum of cooling since most of the top

surface of the 4°Kplate was in direct contact with liquid helium.
Pressure was maintained between the substrate and 4°K plate by spring
loading the stiff stainless (TRIP) steel forked device that supported
the mask.

To further enhance thermal contact between the substrate and

the 4°K plate a soft thick layer of gold was deposited on the back surface of· the substrate.

Thc.:entire cryostat was separated from the sources

by a water cooled copper shield.
As can be seen in Fig. 3 the aluminum mask had five separate sample
positions.

Using a system of three shutters moved by mechanical drives

from outside the vacuum chamber it was possible to independently deposit
on each.of the sample positions without breaking the vacuum.

The 4°K

shutter was a 1/8" thick strip of copper that slid in slots in the
aluminum mask.

The shutter had a single opening just slightly larger

than one of the openings in the mask.

This opening was positioned directly

under the sample position selected to :receive the evaporant.

The 77°K

shutter, which ran in slots on the liquid nitrogen cooled radiation shield,
was basically the same design as the 4°K shutter only with a slightly
larger opening.

It was positioned, in line with the 4°K shutter, directly

~.'
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beneath the sample position to be deposited on.

These two shutters

minimized the heat input to the substrate and aluminum mask since an
"

area only slightly larger than the actual sample was exposed to the high
temperature of the source.

Both the 4°K and 77°Kshutters were thermally

connected to their respective temperatures by copper braid.

The H 0
2

cooled shutter was a 1-1/2"Xl"Xl/16" piece of tungsten which ran in slots
on the H 0 cooled shield.
2

The shutter could be moved to either cover or

uncover a hole of sufficient size in the
the sample positions to the sources.

~O

cooled shield to expose all

Since it did not have to be carefully

positioned and could be moved rapidly, this shutter was used to control
the duration of deposition while the 77°K and 4°K shutters were used to
select the sample position to receive the evaporant.

All the shutters

could be completely 'closed to protect against radiation during T

c

or

resistance measurements . '
The cryostat was equipped with two heaters.

The low power or resis-

tance heater was a twenty foot length of manganin wire through which a
current could be passed wound around a protrusion in the 4°K plate.

The

high power or electron bombardment heater consisted of a tungsten filament
mounted on the liquid nitrogen cooled shielding directly beneath the 4°K
plate to ,the side of the aluminum mask.

The filament could be biased to

-2500 volts and resistance heated until electrons were emitted from it
and accelerated to the 4°K plat.e held at ground potential.
5.

0

Temperature Measurement
Temperature measurements were made with a factory calibrated (1.5°K_

4o°K) Texas Instruments two lead germanium resistance thermometer and

a:

.,.12-

gold - .. 01'/0 iron vs chromel thermocouple.

The germanium thermometer was

thermally anchored to the edge. of the 4°K plate by placing its two leads
through tw.o holes in the 4°K plate and soldering one lead into one hole
with a low melting point (170°F) so1.der (Ceroberid 170) and pot~ing the
other lead into the othernole with General Electric 7031 electrically
insulating varnish.

To protect against radiation the thermometer was

completely surroundedbya cq::perbox which .was. itself fastened, through
.an indium gasket, to the 4°K plate.
wire leads to the thermometer were

To prevent .heat leaks the copper
~ound s~veral

times around the therrno-

meters protective copper box: and secured there with General Electric 7031
varnish.

Also several inches of a loW thermal conducting wire, No. 36

manganin were included in the otherwise copper leads.
The

go~d-iron

vs chromel thermocouple junction covered by an indium

foil was clampedto the 4°K plate.

To prevent accidental breakage and to

provide a heat sink and radiation shield the thermocouple was enclosed in
a copper tube that was cla.mped to the 77°K shielding.

The thermocouple

passed out of the vacuum chamber through a standard thermocouple feedthrough then into a 77°K. reference bath wher(3 copper leads were connected.
The thermocou]lles output voltage was read on a. Hewlet Packard dc differential
volt meter (Model 3420A).
6.

Substrate
The substrates were 1"Xl!2"Xl!16" sapphires supplied by; the Union

Carbide Co.

The material and.crystallogra.phic orientation were chosen to

make use of the high thermal conductivity of sapphire at low temperatures.
The sapphires were cleaned by first placing them in an ultrasonic cleaner
.-.

-'.,.

..

containing a Teepol soap solution for five minutes then into a boiling

50%
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H 0 - 5C1{o H 0 solution for 30 minutes and finally into boiling distilled
2 2
2
.water for another 30 minutes. After cleaning, five sets of gold contacts
6
were evaporated, in a vacuum of 10- torr, onto the front surface and
sides of the sapphire.

A thick film of gold was also evaporated onto

the sapphires back surface to improve the thermal contact between it arid
the cryostat.

During the gold evaporation the sapphire was maintained at

a temperature of _300°C.

7.

Electrical Measurements
A schematic of the circuits used to measure the germanium thermo-

meter and sample resistances is shown in Fig. 4.

Contact was made with

each of the gold contacts on the substrate with a platinum tipped spring
loaded phosphor bronze wire.

The phosphor bronze wires were held in position

by insulating boron nitride strips which were in turn fitted into slots in
the aluminUUl substrate holder.

Manganin (No. 36 wire) current and voltage

leads were attached to the ends of the phosphor bronze wires providing
psuedo four point contacts.

Between the phosphor bronze wires and the

plug on the 77°K shielding the leads were thermally anchored to the 4°K
bot.tom plate.
The rest, of the circuit in which copper wiring was used is adequately
IJ

described by the schematic. - The sample measurIing current was O.5j.l amp dc.
The current direction could be manually reversed to eliminate the effects
of any spurious emfs.

The sample voltage was measured with an Astrodata·

(Model 121RZ) nanovoltmeter whose output was displayed on the Y axis of
an Electro Instruments X-Y Recorder (Model 520).
The thermometer measuring current was lj.l amp dc.

The thermometer

voltage was displayed directly on the X axis of the X-Y recorder.

This

-14-

axis was calibrated in terms of resistance by displaying the voltage across
standard resistors in series with the thermometer and the constant dc
measuring current supply.
C.

Experimental Procedure

Before making a run the rate monitor for the metal source had to be
calibrated.

This was accomplished by simply placing a substra.te in the

norma.l position, depositing the metal to be studied at an indicated rate
for a known time, and then measuring the thickness of the deposit.

The

thickness measurements were made by overcoating the entire substrate with
a shiny film of aluminum then measuring the height of the step caused in
the aluminum film by the sample metal with a multiple beam interferometer
o

(Varian A scope).
.

It was then a simple matter to convert the rate monitor

0

readings to A/sec.
Obviously the above procedure could not be used to calibrate the
monitor for the Xe gas.

Thus all the results having to do with Xe were

reported in arbitrary units and give only an indication of the effect of
increasing or decreasing the Xe flow rate to the substrate.

How much

Xe actually remained in tlievarious samples is not known and probably
varied for any particular Xe flow rate depending on the metal being simultaneously deposited due to changes in Xe sticking coefficient.

Thus a

comparison bas ed on any absolute Xe content between different meta.ls
should not be made when reviewing the data presented below.

A' test·

made on a niobium film codeposited with xenon indicated that -1% xenon
was retained ,after warming to room temperature.

6

As a preliminary check of the equipment, a thick Pb film was deposited on the substrate held at room temperature.

The critical temperature of

..
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the film was then measured in the apparatus and this result compared with
the bulk T

c

of Pb.

Agreement to well within ±O.loK was found.

Pb was

used for this test because it has been reported by many investigators that
the Tof Pb films is unchanged from its bulk value except under the most
c
ex t reme con d ~Ot'~ons. 16 The above test of the temperature measurement
accuracy when repeated using Sn or In films gave the same good results
as with Pb,
The above procedures had only to be repeated as periodic checks
or as new metals were investigated.

The following is a list of the genera 1

experimental procedures that were followed with only minor variations
during each run.
(1)

The cleaned substrate with the five sets of gold contacts

evaporated onto it was placed in the aluminum holder and positioned so
that the platinum tips of the phosphor bronze wires were in contact with
the gold contacts.

The aluminum holder was then clamped in place

beneath the 4°K plate.
(2)

The vacuum chamber was closed and evacuated.

Hot water (-100°C)

was circulated through the tanks cooling coils.

(3) After 8 uo';12 hours or baking and pumping the system pressure

.

reached -lX10

.'

-6

torr.

At this point the hot water was turned off and

the cooling water started.

The liquid nitrogen jacket on the liquid

nitrogen cooled shielding Was filled.

It then took about three hours

for the lower portions of the liquid nitrogen shielding to cool by
conduction.

By the time the liquid nitrogen shielding had reached its

lowest temperature (100 to 11~OK), the tank pressure was -4xlO- 7 torr.

-16-

(4)

The bat!k wall was cooled with liquid nitrogen and titanium

evaporated onto it.
was heated to
it.

The substrate, which had cooled somewhat by radiat ion,

_50°C in an attempt to remove any contaminants condensed on

The metal to" be studied-:was then melted.

(5)

While the titanium continued to be evaporated, the center liquid

helium container holding the substrate was first pre-cooled with liquid
nitrogen before being filled with liquid helium.
was then

The substrate temperature

-4.25°K and the pressure in the vacuum chamb~r was between 4 10-8
8 torr.

and 8 10-

(These procedures were rearranged if it was desired to

make the deposition at some higher temperature, such

77° K or 300°K) .

(6) The 4°K shutter and the 77°K shutter were positioned under
the sample position to receive the evaporant.

(7) .The

meta,~

source and, if desired, the Xe gas source were turned

on and their respective rates brought to the desired levels.

The

titanium was turned off during the deposition ofa sample to prevent any
possible contamination of the sample.

(8) . When the rates had stabilized, the desired exposure time was
achieved by opening and closing the water cooled shutter.

(9)

The sources were turned off, the

77°k and 4°K shutters closed

and the resistance of the sample measured.
(10) '.To measure the Tc bf. the sample the substrate was either cooled
below

4.25°K by pumping on the liquid· helium (minimum temperature

or warmed above

-1. 7°K)

4.25°K by allowing all the liquid helium to boil away.

As the temperature was changed both the temperature

(germanium

thermometer resistance) and sample resistance were continuously plotted on
the X-Y recorder.

Te was then determined from this plot.

I'
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(11)

The resistance behavior of the sample as it was warmed towards

room temperature could then be monitored.

0

Above _20 K the temperature

measurement was shifted from the germanium thermometer to the gold-iron vs
.1,

chromel thermocouple.

At any point the sample could be re-cooled to see

what effect the annealing had on its T.
c

This could be repeated as often

as desired.
(12)

After the apparatus had warmed to room temperature the substrate

was removed and the sample could be observed by other desired techniques.
The above is a description of the making of only one sample.
as stated earlier five samples could be made during a single run.

However
Thus,

to save time, normally a group of samples was made and measured together
rather than going through the above procedure for each sample separately.
D.

Results

All films were deposited with liquid helium in the cryostat so that
the temperature of the substrate before deposition was -4.2 to 4.7°K.
During deposition the germanium thermometer indicated a temperature rise
'0

of < 0.2 K.

'

Howev:er this was probably not indicative of the situation

at the surface of the substrate where there was a direct heat load due to:
radiation from the source, the high temperature of the incident evaporant and
the heat of condensation released as the evaporant condensed.
the surface heating due to radiation from the source

'Wcl

A test of

s made by exposing

asuperconducting
film with a Tc of 7.2°K to a tungsten source heated to
.
the point of vaporization.

The film remained superconducting indicating a

temperature rise of < 3°K.
The vacuum pressures reported during deposition of a metal plus
Xe sample are not indicative of the Xe flux to the substrate since the
Xe source was aimed directly at the substrate and pumpilfg of the entire
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system

W8,S

continued during the deposition.

All resistance measurements

for which a specific temperature of measurement is not specified were
made at a temperature just above the temperature at which the sample
started to, go superconducting.

The critical temperature
(T c ) reported is
.

the temperature at which the sample resistance reached 1/2 its normal
state value.

In the figures the error bars denote the values where the

res istance was llf/o its normal state value and 9lf/o its normal state value.
Unless otherwise noted all films were deposited for 20 seconds at a metal

°
deposition rate of 50A/sec.
Aluminum
Films at various Xe/Al ratios (See Fig. 5) i~cluding (Xe/Al)

=

0

were deposited in a vacuum at a pressure which increased from _lX10- 7 torr
during the deposition of pure Al (Film No.1) to -3XlOdeposition of the highest Xe rate sample (Film
made at an Al rate 1/3 that of the other samples
T

c

No.5).

6

torr during the
Film No.3 was

fur -3 times the time.
o

of the as deposited films increased f~om _3.l K for pure Al to

_3.7°K for the highesteXe/Al ratio film (Fig.5a Curve 1) •

The resistance

vs Xe/Al ratio behavior for the samples as deposited. is shown in Fig. 5b
Curve 1, and shows no consistent trend.

The resistances of all films

(except No.3) were- observed to decrease while the temperature remained
constant at _4.6°x.

The resistance values reached after any noticeable

change in resistance had stopped are given in Fig. 5h curve 2.

Some

of the difference in resistance between curves 1 and 2 may be attributed
to a slight heating of the previously deposHed samples that may occur during
the deIlosition of new samples, or to annealing when the substrate temperature
was inadvertently allowed tc rise to l3°K.

However much of the change was
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directly observed before the deposition of any new samples and whiie the
substrate was held at a constant 4.6°K.

liAs deposit~d" resistance values

(Fig. 5b curve 1) may be lower than the values actually were immediately
after deposition since it took up to a minute from the time of deposition
until the resistance was measured.
taken place.

The above remarks shoul d also be kept in mind when examining

the lias deposited" T

c

(Fig .5a

decreasing T was measured
c

shifts in T

c

During this time annealing may have

curve 1).

After the resistance had stopped

again and as shown in Fig. 5a curve 2 there were

ranging from an increase of _.2°K for film No. 1 to a decrease

of _.loK for film No.5.
Annealing
0

The samples were heated at -1 K/min to lOOoK.
temperature values are shown in Fig. 6.

The only resistance values claimed

here are those explicitly marked on the curves.
resistance were measured during heating.

The res istance vs

Intermediate values of

However, it was found that the

heater interferred with the resistance measurements.

The points marked on

the curves were taken with the heater off and are valid.

Curves for films

0

No. 3 and 5 are not shown since at _80 K both exhibited a drastic increase
in resistance indicating either cracking or peeling of the film.

,.

samples Were re-cooled to liquid He temperature.

The T

c

The

of all samples.

was found to have decreased somewhat (Fig. 5a curve 3), however all remained
superconducting well above the bulk value of _1.2°K.

The normal state

resistances (Fig. 5b curve 3) showed no change that can be correlated
with the Xe/Al ratio.
0

The samples were next heated rapidly to 270 Kthen re-cooled immediately to 4.6°K.

All the normal state resistances were found to have

decreased and showed a slight increase with increasing Xe/Al ratio.

On
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attempting to measure Tc it was found that none of the samples had become
superconducting above'2.85°K, which was the lowest attainable temperature
during that particular run.
When

the-aalInp~es

were removed from the vacuum chamber and examined

.'

under the optical microscope, all showed cracking or peeling except film
No. 1.

It is uncertain at what point this cracking and peeling occurred.

Tin
Ten Sn and Sn+Xe samples

were deposited at the usual rate and time

while one sample (run 12, film No.5) was deposited for four times the
regular time to make a 400olt thick film (see Fig. 7).

Since there were

only five sample positions per substrate the samples were deposited during
three separate runs (5 samples each during runs 6 and 12, and 1 sample
during run 5).
minimum of 4XlO-

The total pressure in the vacuum chamber rose from a
8

torr during the deposition of the pure Sn sample

(run 12, -film No.1) to a maximum of 9><10- 5 torr during the deposition of
the highest Xe/Sn ratio sample (Film No. 11).
The critical temperatures (Fig. 7a curve 1) incrEBsed with increasing
Xe/Sn ratio until a maximtim was reached at the Xe/Sn ratios corresponding
to films No.5, 6 and?
increased.' The T

c

Tc then decrEBsed as .the Xe/Sn ratio was further

of the pure Sn sample (run 12, film No.1) was 5.09°K

or an increase of 1.37 times the bulk value of 3. 72°K.

The maximum T

c

attained, 6.22°K for film No. 5 is 1.67 times the bulk value.
The normal state resistances just above the transition temperature
are given in Fig. 7b curve 1.

Several samples, films No. 7 and 11 in

particular, showed some residual resistance in the superconducting state'.
This was assumed to be contact resistance and has been subtracted fran

t'

-21-

the measured values of the normal state resistance to give the normal state
values quoted in Fig. 7b curve 1.

.'

As the Xe/Sn ratio was increased the

normal state resistance increased to a maximum for the samples with the
maximum T .
c

As the Xe/Sn ratio was further increased the normal resistance

and T both decreased until the normal resistance passed through a minimum
c
and then rose rapidly.

T

c

continued to decrease.

Annealing
The samples made during run 12 (films No. 1,5, 6, 9 and 10) were
o

0

heated to ... 150 K at a heating rate of -1.3°K/min. and then heated to 250 K
at a heating rate of "'7°K/min.

The resistance vs. temperature curves are

given in Fig. 8 for films No.1,

6 and 10. Curves for films No.5 and

9 are not given since they showea er-ratic annealing behavior, indicating
either cracking or faulty

contacts.

The pure Sn sample (film No.1) showed a rather flat R vs T behavior
whereas films No.6 and 10 showed obvious sharp decreases.
of film No.6, and a high resistance high T

c

sample, started decreasing

immediately on heating, while the resistance of film No.
resista!,"\ce lower T

c

The resistance

10~

a lower

o
sample, remained approximately constant up to _60 K.

0

At 60 K film No. 6 had decreased in resistance to a value approximately
equal to that of film No. 10.

"

As the temperature was further increased

both film No.6 and No. 10 decrmsed in resist ance until at -lOOoK film
o

,t,

No. 6 leveled off at a value of -5 ohms and at _120 K film No. 10 leveled
off at ... 4 ohms.

On recooling to liquid helium temperature the resistance

decreased in the normal fashion to give nearly equal resistances when
measured just above T

c

(curve 3 Fig. 7b).

The T 's-had also decreased
c
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with the decrease being the greatest for the Sn+Xe samples (-1 to l.8°K)
and the least for the pure Sn sample (_.2°K).

The width of the transition

of the pure Sn had increased from _.06°K to _.40oK while the widths of the
transitions of the Sn+Xe samples had decreased (curve 2 Fig. 7a).
of films

No~

3 and 5 were notremeasured after annealing.

The TIS
C

No annealing

data were taken for runs 6 or 5.
Lead
One sample of pure Pb and three samples of Pbplus Xe were made in
a vacuum of between lX10- 7 and 7><10- 7 torr (see ;ig. 9).

As the Xe/Pb

ratio was increased, Tc decreased from -7.1° K for the pure Pb sample to
5.5°K for:thehighest Xe/Pb ratio sample (Fig. 98.).

The normal state

resistances increased with increasing Xe/Pb ratio (Fig. 9b).
No annealing data were taken although the T

c

of a sample (not shown

in Fig. 9) which had the same Xe/Pb ratio as film No. 4 was measured after
it had been warmed to room temperature and exposed to air.
to be below the bulk value of 7.19°K by less than O.l°K.

T was found
c

· .:..23-

CONCLUSIONS

III.

It was concluded that the increases in T which were observed for Al
c

The higher T 's obtained by

and Sn were a result of lattice disorder.

c

cold co':"depositing with Xe as opposed to cold deposition without Xe were
taken as an indication that the Xe somehow increased the lattice disorder
resulting from cold deposition.

How this effect occurred is not certain.

The Xe may have actually remained in the film or may have merely influenced
the growth of the film while not remaining trapped in the film.
The annealing data support the above conclusions in that as the films
were annealed they underwent irreversible decreases in resistance which
was interpreted as indicative of a decrease in the disorder of the films.
This decrease in the disorder of the films was in turn reflected in a
decrease in T ,which was observed when Twas remeasured after annealing.
c

c

The decrease in T

c

of Pb when co-deposited with Xe is not surpri-

sing when it is examined in,light of the McMillan theory.

The McMillan

theory as applied by Garland and Allen (See Table I) predicts no. increase
inT

c

for disordered Pb.

Thus all that can be expected when the structure

of Pb is disturbed is that T

c

either will remain unchanged from its bulk

value or, if the structure is sufficiently disrupted, that T will decrease.
c

This latter argument can also be used to account for the observed decreasE
in the Tc of Sn at high
.Xe/Sn
. ratios.
'j,

Finally it can be said that the results reported here are in general
agreement with the experimental results reported by the other authors and
with the theoretical predictions of the McMillan Theory (See Table 1).
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FIGURE CAPI'IONS
Fig. 1.

Photograph of the cryostat with the side of the 77°K shield and
-theXe rate montor removed.

The liquid nitrogen cooled wall is

seen in the background.

",

Fig. 2.

Schematic diagram of the cryostat and sources.

Also shown are

the rate monitors for both the Xe (rate monitor No.3) and the
metal (rate monitor 'No.2).
Fig. 3. 'Photograph of the substrate and substrate holder.
left are shown:

From right to

the sapphire substrate with five sets of gold

contacts and three sample

films evaporated onto it;

the aluminum

mask which held the substrate; and the stainless steel spring
which held thE: aluminum mask and 'sapphire against the cryostat •
Fig.

4.

(a)

Schematic of the circuit used to measure

the resistance of

the samples.
(b)

Schematic of the circuit used to measure the resistance of

the germanium thermometer.
Fig. 5.

(a)

Critical temperatures of Al and Al + ,,' Xe films in the as

deposited and annealed conditions.

T values are not shown for
c

0

the films after annealing to 280 K since on attempting to measure
T

c

it was found that no films had become superconducting down to

2.8°K which was the lowest attainable temperature during that
particular run.
'!

(b)

Electrical resistance of the Al and Al +" Xe films in the

as deposited and annealed conditions.
just above T •
c

Measurements were made
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Fig. 6.

Annealing data for'three of the Al and Al +

Xe films.

The numbeTs

on'the curves indicate the chronology of the resistance vs temperature path:

(1) as deposited resistance, (2) isothermal resistance

drop, (3) Tc measurement,

(4) isothermal resistance drop.,(5) Tc

measurement, (6) heat to 1000K, (7)'re-cool and measured T '
c
0
(8) heat to 280 k, (9) re-cool and measure Tc' Resistance
mea surements were made at the indicated t,emperatures.
Fig. 7.

(a)

Critical temperatures of Sn and Sn +

Xe films in the as

0
deposited condition (Curve 1) and after annealing to 250 K (curve 2).
(b)

Electrical resistance of Sn and Sn+ Xe films in the as

0
deposited condition (Curve 1) and after annealing to 250 K (curve
2).

The value plotted for run 12 film 5 is four times its as

deposited resistance.

This multiplication was performed to account

for the film being four times the thickness of the other films.
Measurements were made just above T •
c
Fig. 8.

(a)

Annealing data for three Sn and Sn

+ Xe films.

The numbers

on the curves indicate the chronology of the resistance vs temperature path

(1)

heat to 250°1<;

as deposited resistance and T

(3)

c

measurement, (2)

cool to 7°K, (4) measure T •
,
c

Resistance·

measurements were made at the indicated temperatures.
Fig. 9.

(a) Critical temperatures of Pb and Pb and Xe films in the as
deposi"\ted condition.
(b)

Electrical resistance of Pb and Pb

deposited

condition.

+ Xe films in the as

Mea surments were made just above T .
c

"
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