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A STUDY OF THE SUPERCONDUCTIVITY' oF
- METALS CONDENSED AT 4°K ‘

James Adams Roberts, Jr.
Inorganic Materials Research Division, Lawrehcé.Radiation Laboratory.
Department of Materials Science and Engineering, College of Engineering

University of California, Berkeley, California

ABSTRACT-

Thé'éﬁbercOnducting transition temperaturés Té, of electron beam
evaporatéd'metals (A1, Sn and Pb) condensed on liguid helium cobled
substfafes'havé.been\ﬁeasured. ThevTc's of Al and Sn were increésgd ‘
above the bulk values 5 5.1°K and 5.09°K respectively. . The T, of Pb - ,
remainéd ﬁnchanged.v The metals were also co-condensed with Xenon
resulﬁing’in further increaseé for the T 's of A1(3.7°K) and Sn(6;22°K)

and a"deérease for Pb. The effects of annealing on TC and normal stéte :

resistance were also measured.



I.  INTRODUCTION

In 1968 McMillanl pﬁblished an expression for the'supérébnducting
.transitibn temperatures, Té,.bf strdhg coupled'éupercbnductors. This
expression showed TC to be inversely proportional-to thé‘average phonon
frequeﬁcy séuared' Qng).\chMillan also pointedzbut:fhat if (w?) could Be
lowefeqrwithout.disturbing the other parameteré-TéTcould be increased.
The,McMiilan theory was later generalized to give more realistic numeriéal
results by Garland and Allen.” o

>

Garlahd et al. pointed’oui that the vibrationalvmodés at the surface
“of a cfyStal are lower than in the interior. Thus one way to lowér
the'averaéé phonon frequency is to increase the surface to &olume rgtio,
This can be aécombli&hed«by making an extremely“thin film, or by making
an extreﬁély fine grained méterial. Dickéyu has actually carried out é
molecularbdynamics calculation on the decrease.in Gm?) bf-émali particles.
' (w?) cah‘also bé reduced if a crystalline material is transfofﬁed into an ,
amorphous”structurezwhere the atoms occupy poSitions ofrreduced symmetry.5
Vapor deébsiting an element, or a combinaiion of elements, onto a cold
substrate is one way to fdrm extremely small grains Which are internally
disordered. |

There have been many investigations of the supercbnduCting prqéer;:
ties of the solf metals Such-as Al, Sn.énd In whén depoéited onto liduid'
heliuﬁ cQoled éubstrates. However, before the presént invéstigation, there
had beéh few, if any; reports of the superconducting pfopefties of thei'
transitibﬁ metals depésited in a similar ménner. >This was not hard to ﬁnder-'

stand. The soft metals are easy to vaporize and their superconducting



2o

propertieéfare not‘readily degraded'by the incorpordtion of impurity gases

such as O2 and Né dufing deposition;i Transition metals’on the other hand

afe diffiéﬁif to vaporiZe and aré easily cbntaminapéd Ey sﬁall amounts of
impurit 1es 3

Thé'Qriginal aim of thié invéstigation wasuié’build-an apparatus
capable éf;ﬁapor depositing high'purit& films of fnansitiQn metals onto
é liquidvﬁeiium céoléd substrate.v High purity ﬁas attéihea by cbmbining |

" a moderate vacuum and high deposition rates. Critical temperature

heasureﬁénts ﬁere made in éifuxso fhe films could‘be evaluated Before
warming to‘foom température. This also avoidéd:C§ﬁtémination from the
atmosphéfé.  While the apparatus was.under constrquion it was suggested
that it. might be pbssiblé to i’ntréduce additio'nai disorder into the films
byﬂco-de§QSiting the mefal With an inert gas such as x.enon.5 An ineftu
gasvwas selected bécauée it was ﬁhought fhat.fhis fype of impurity would-.
caﬁée ﬁhe ieast chénge iﬂ:fhe elecﬁronic struétﬁré‘éf the'mefal. Xenoﬁ
was seiecﬁed bécaﬁse it is a.large atoﬁ and be¢aﬁ§é it is more readily -
.cbndensedlfhan thé_other non-radiocactive inert;géééé.‘ |

Ih;order to test the equipment and the idéa of ‘co-deposition with
Xenon it-wés decided to first run a series ofvekperimentsvon'some sof't
ﬁetals for which there were somé.datébavailable for.comparison. This
report deééribes the equipment and expérimental pf§cedure and gives the
results, including a brief summaiy of.previdﬁs work, of depositing some *° »
soft metals both in vacuum and witﬁ xenon gas oﬁto a liquid helium cooled

substrate. - A report of the work on transition metals using the apparatus

described here, is contained in reference.b.



IT. EXPERIMENTAL

A. Review of Previous Results

Shainikov Wés_perhaps the first to rebbrt aﬁ'inéréase above the bulk
Tc Vald§ f6f a cold deposited film when, in 19581'he reported an increase
in the T; éf a Sh film(.7 The first cdmprehensiVe study of films deposited
on liquid helidm cooled substrates was made by Buckel and Hilsch in.the
early’l950's.8 -They deposited Sn,”Al, Zn, In, Tl, Pb, and Hg on crystalline
Quartzvéﬁbstrates held near 4°K and found an increase “in TC for all of
these me@a}s; except Pb which remained practiéallyuunchahged, and Hg which
decreased,¢'0n annealing to room temperature the resistance of all saﬁples
decreased. irreversibly and their Tc's were found to have changed‘so.as to
approaqh_the bulk Values. Sn films Wefe also cold codéposited With up.to
10% Cu.9_'This produced an aﬁorphous structure Withzivery high Tc for Sn;
7°K or ;{gftimés.the bulk TC of pure Sn.

Sinéé this early work there have been many experimental'atfempts to
increasé £he Tc'é of films and also to demonstrate the enhancemenf mechanism.
A summar& of the general techniqueé used is givenzbelow. 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 température (the only temperatures considered in this report.)

2. Variation of Substrate Temperaturé
Generally for non-transition metals the lower the deposition tempéra-

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

3. Deposition Rate
The-effect of rate is difficult to assess since many expefimental
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variablesvsuch as background pressure and cooling capacity of the sub-
" strate play a part. However within reasonable limits the rate itself -

‘does not seem to be an 1mportant varlable.

P

L, Film_Thickness

. . [+
For films thicker than ~1O00A, (the exact thickness depending on the
material),bthickness does not seem to affect'T . As the thickness is
-]
- decreased below 100A, T has been shown to increase for several elements,

while'for Pb, TC is said to decrease.lO

5. Layered Films

Alternate layers of a superconductor and an 1nsulator, a superconductor
and a normal metal, and two different superconductors have been depos1ted 11-12
- In several systems increased in T were observed. These 1ncreases were

later attr1buted to the properties of the individual superconductlng

layers and not to the layered structure as such

6. Co-Deposition

Eléments haye been both deposited in the presence of a high back-
ground nressure of a gas and also co-evaporated'wlth another material.‘
An initial‘increase in T wasdusually observed‘.mhich eitherv leveled off
or decreased if too much of the second component was added,

In Table I, due partially to Gamble andShlmshlck =

the maximum
Tc's attained by several methods are listed. Tt should be remembered .

when reading the table that in this type of work there is experimental .

o

scatter from film to film and the_values listed are the maximum values

reported by various authors.



TABLE I- Summary.of Critical Temperatures Reported in the Literature

4y

Colummf . 2 3 L 5 6 T
| o= e — 5 ‘
. Element__ : ”'”‘Tc(bulk) : Tc‘(L'I'D)a: Tc(Oe) Tc(layers) TC(LTQD) TC(GM)C
AL L 1.196 2.70 2.3 5.7 5.8k 10
Zn - 0.875 1.40 -en 1.8 — 3
Sn- 3.722 B84 k1 6.0 7.0 8
‘In - 3.h03 L4.08 3.7 b L6 5
Pb . 7.193 S T9 T2 7 —_ 7.2
Hg =~ L.1sh 3.88 --- k.2
' §) iTD = Low temperature deposition
_ b)“IECD = Low temperature codepositidn
) GM = Generalized McMillan
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AlL thevfilms refered to in Table I,.unless7otherwise noted were
“thick films. A thick film.here is any film of‘sufficient thickness such
that ifs’f is not a function of thicknesst Usiné this definition a
film thicker than lOOA can. be con31dered thlck for most materials-. The“T

'measurements for all fllms deposited on cold substrates were made in situ

before the fllms were allowed to anneal, (see Table 1).

A descrlptlon of some of the partlcular experlments and references
for the var;ous entries are g1ven below: \

Column 2. 'Thesevare the critical temperatures of the elements‘in _
bulk form as glven by Roberts. 1h -

Column 3. Buckel and Hllsi13bta1ned these results on thick films
deposited-on a crystalline quartz'plate held at’h°Kw8 Other authors-15
have reported slightly higher values for cold " depos1ted films of Al and Zn.

Co&umn L. The fllms here were depos1ted on room temperature16
quartz substrates in the presences of a hlgh background pressure of OQ»

" The gra1n size of the Al fllms, as: measured by electron mlcroscopy, was
as small;as LsR . Varylng the»thlckness of thepAl{film from 300 to'.

© 30004 did:nottchange T, An aaditional increase.in.T; from 2.3°K +to
310°K was achieved for Al bykusing.the same procedure as above but
.holding the substrate at 100°K durlng depositlon. |

Column 5. The films herglwere made of repeated layers, approx1mately
SOA thlck of metals and. msulators. Various insulators (si0 y L:LF,
metal_oxides and anthracene)-were tried with Siovgenerally giving the
highestsT'. Layers of Al and Al deposited in a hlgh background pressure
of argon ‘gave an ultimate T of 2.9°K after several layers. All these

10

results were later attributed to the'ﬂruuess of 1nd1v1dual superconductlng

layers and not to the layer effect.

b



b

Column 6. This column“is for films made by the <Co-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 realiy; has a completely new material

' which shoﬁ1d not be compared with the other entries in the table. ' The

systems selécted to be listed in the table were: Al+6% Cu,17 Sn+10% cu?

and Inlg,co-depositéd with anthraquinene. Some higher Tc's have been

found for Al; Sn and  In by codepositing them with lO%_of a sémimetal or

semicoﬁduptqr such as Sb, Bi, Ge, As and~S£315 Thé‘chof Zn was also
increasea:in this way.
'Anofﬁér system which should be mentioned for comparison with the
present work is the_Al tétfdcyanoduinodimethan (TCNQ) system. The
Tc of.Al iﬁcreased aéymtotically to 5;2°K as the amount oflTCNQ relativé_ 
to the amount of Al directed to the substrate was increa.sed.l9
Coiumn‘7. The values here are the maximum‘pOSSible Tc’s for the dis-
ordered métals as‘pfedictea by Garland and Allen using their generalizedg.
McMillan équation.2 | | | |

B. Apparatus

1. Vacuum Chamber

The'vécuum chamber (see'Fig. 1) was'a‘threé foot diameter by 3
foot léng water cooled stainless steel:horizontal cylinder with a lO_.
inch diaﬁeter hole in the'tqp thréugh which thé cryostat holding the
substrate was hung. To outgas the chambér’duriﬁg pump down water at ~lOQ°C
could be circulated through its cooling coils. Pumping was déné by a
1iquid nitrogen baffled 12" oil diffusion pump backed by a Kinney'(KD-13o)

mechaniéal pump. Near the rear of the chamber .there was a 3 foot diameter
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by 1/16.iﬁ;h'fhick.stainless steel wall Which_cogld be cooled to near

liguid hitrbgen temperature by circﬁlating liquia”nitrogen through stain- _—
less steel fﬁbing;ﬁeliaréed;to it. A réactive sﬁ;féce was maintained on
Vthe wall by evaporating titanium onto it.‘ The diffu$ion pump together

with the‘fifaniﬁm getﬁering on the‘cola wall achiévea an ultimate pressure,
as reédvby a Veeco RGLL-6 ion‘gauge, in fhe mid 16_8 torr range.

2. Evapbfation Sources

Matérials to-beueVaporated were held in water cooied éoppervcrhcibles
“and electroh beam heated by Temescal 180° magnetic_defléction eleétron

beam guﬁé §perated.at 8 kV; One Qf the chamber's’threé evaporation sourées
was'mounéed below the cryqstat leaving 4 inches 5e£Weeﬁ.the evapofating‘
material and the substrate. This éoufce had a rqtatéble crucible with
six seﬁafate holes so moré than éné material could be evaporated dufing
a single run.

Tb‘prévent coﬁtaminatiOn of one material-b&;another during evapofa-f
tibn, a7§6§per shield Qovered 5 of the holeé;dufing evaporation from thé
gixth., - A one inch high verticél water cooled-éopper_ﬁall surrﬁunded the
edges‘ofithe coppef shield. This provided a rélativeLy cool ares behina
which £he'gaé source or a small evaporation soﬁrce could‘be ﬁounted.

Only oﬁe.of the other two eleétron beam heated sources, both of which had
fixed:crucibles, waé used during a run;b This source was mounted near

the rear of the chamber and was used to evaporate'titanium onto the

<a

liquid nitrogen cooled wall, .
The rate of evaporation waé monitored and controlled by an Allen-
Jones Mark I ion guage type rate monitor. The rate_contrbl was dbne

through a feedback loop which modulated both the'electron beam gun filament '
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current and the amplitude of variation, about some heanlvalue, of the

current in'thé deflection magnet windihgs of the:électron beam gun..- The

former modulation influenced the total power applied to- the evaporating:

‘ ’material Whilé the lafter influenced the power conéehtration by changing

the area of the evaporating material on which the electron beam impinged. .

The magnetic beam swéeping type'rate control had a much shorter response

“time thanvdid the emission regulation type rate control and thus was

needed to reduce short time variations in rate.

Tovcénvert the readihg of a rate monitor from arbitrary units to a
-]

~ more useful value, such as A/sec, the monitor had to be calibrated for

each‘géometryband 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 holes in the

- top of the source directed the gas to the substrate. Two copper tubes

were .scldered to the bottom of the source. One of'fheséjled out of the
vacuum chamber to.the gas.inlét sYstem while the‘bther " led to an.Alieh_
Joﬁes rate monita . Thué the gas‘lét into the syéfem was divided in.
some unknown but presumably unchanging proportion between -that directed
at the substrate from the holes in the top of fhevsource aﬁd that directéd
to the rate monitor. | | | |
-Thélflow rate of the gas was COntrolléd by‘a precision needle value
and read bn the rate monitor. The rate monitpr readings-hereIWere_npt .

calibrated. However as a check of the repeatability of the rate mbnitorf

set up from run to run there was a sapphiie float type flow meter located.

near the needle valué. To trap any residual water, the gas was passed

through a copper cpil'cooled by a dry ice and acetone'mixture.

i
; I} .
t . ; /
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4. Cryostat.
The crYostat (Figs. 1 and 2) used the conventional principle of

an outeﬁ iiéuid nitrogen cooled radiation éhield;“f77°K shield," made of
copper SﬁrfOunding an inher liguid helium container. The liquid helium |
cbhtainéfﬁwés made of stainless steel except fof:it;'h"XE"xl/B" thick bottom
_plate,"hék plate made of OFHC copper. The sabphire.substrate (l"xi/2§ 1/16™)
was held iﬁ;an aluminum magk (Fig.3) and clamped direétly against the

L°K plaﬁe;"Thié’provided a -maximum of‘cooling éince most of the top

surface of:the L°K plate was in direct cdntaétfwithvliquid nelium.
PresSureﬁﬁés maintained betWeeh‘%he substrate ;nd 1K plate by spring
loadihg'thé‘stiff stainless (TRIP) gtéel forkeqfdevice that supported

the mask;' To further enhanée thermal‘contact betwéeﬁ the substrate and

the h°K'plate a soft thick layer of gold was dépositea o the back sur- .
face'oflfhe substrate; The;entire cfyostét.was separated from the sdurces
by a wéfér cooled copper shield. | :

A As:can be seen in Fig. B.thé aluminum mask“hédvfive separate samplé
pbsitibns.' Using a system'of three shutters méved by mechanical drives
from outSide the vacuum chamber it was possible £d independently deposit
on each,bf.the sample positibns without breaking the vacuum. The L4°K
shutter‘ﬁéé a 1/8" thiék sfrip of coéper_fhat slid in slots in the
alumingm'maék. The shutter had a single opening just slightly larger
than Snefbf théAopenings in the mask. This!opening was positioned directly
under'thé éamplé position éelected to receive the.evaporaht. Tﬁe T7°K
shuttefQVWhiéh ran in slots on the liguid nitrogen cooled radiation shield;
wés bésically 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”thé sample pdsitioﬁ to be deposited on. These two shutters

minimizednfhe heat input to the substrate ahd alﬁminum mask since an

 area onlyfsi;ghtly larger than the aétual sample was exposed to the high '

temperature of the source. Both the 4°K and 77°K shutters were thermally

connectedvﬁo‘their‘respective téﬁperatures by copper braid. The HQO
cooled‘shufter was a 1-1/2"x1"X1/16" piece of tungsten which ran in slots
on the HEQ’éooled shield. The shutter could be'moved to either céver or :
uncover'é-ﬁqle of sufficient size in the HEO cooled:shiéld to expose all
the sample'positions to the sources. Since it dia not ha&e to be carefuily

positioned and could be moved rapidly, this shutter was used to control

the duratioh of deposition while the T7°K and 4°K shutters were used to

select_fhé sample posifion to receive the evaporant. A1l the shutters:_

could be}éomplétely‘cloééd to protect against fadigtioh during T  or
resistance measurements.. -

Thelcryostat was equipped with two heaters. The low power Or resis-

'tancebheatér‘was a twenty foot length of manganin wire through which a

current ééuld be passed wound around a protrusion in the LK plate. The
high power or electron bombardment heater consisted of a tungsten filament
mounted on the liquid nitrogen cooled shielding directly beneath the KK

plate to the side of the aluminum maék. The filameht could be bidsed to -

-2500 volts and resistance»heated{untilbéleCtrons were emitted from it .

and accelerated to the U°K plate held at ground potential. .

5.  Temperature Measurement

Température measurements were madé with a factory calibratedv(l.5°K-

hO°K)1T¢Xas Instruments two lead germanium resistance thermometer and a



gold -V,Of%'iren erchrOmei thermocouple. The germaniumvther@ometer.was

' thermally anchored to the"edge of the h°K‘p1ate by.placing‘its two leads
through'th hoies in the W°K plate and soldering one lead into one hole
with a low melting point (170°F) so;der‘(Cerobend;l7Q) and potting the
other lead.into the cher,hele'with Genera;.Electric 7051 e}eetrically
insulatihg:varnish. To protect against radiatioﬁ the thermometer was
completely_Surrounded.bya:m;per“box which.yas,itselfvfastened, through
_én indiumlgasket, to the héK plate. To ppevencheat“leakg;the copper
wire leaqs to the thefmometer were‘wound severai times_arqund'tﬁe thermo-
meters prptective copper box: and secured there with_Genéral.Electric 7031_i
varnish. Also several inches of a low thermal,eonductihg wire, No. 36

: manganinbwere included in the othefwise copper‘leeds.

The gold—lron Vs chromel thermocouple Junctlon covered by an 1nd1um.
foil was clampedto the 4°K plate._ To prevent accldental breakage and to.
_provide“g heat sink and‘radiatieh shield the thefmocouple‘was enclosed in
a coppervfube thaf wasbclamped‘to the,77°K shielding{ -The therﬁocouple
_passed.out:ef the vacuum chamber ﬁhrough a_standard thermeco@ple feed-
througﬁ then-into‘a 77°K_reference bath Where_eepper leadg wereﬁconnected.
The ther@ocouples.output_voltage was»read on a:Hewlet Packerd dc differential
volt meter‘(Mbdel 3&205).

6. Substrate o . ' )

The substrates were 1"X1/2"xl/16ﬁ éapphires supplied'by_the Union
Carbide Co. The material and drystallographlc orlentatlon were chosen to
__make use of the hlghthermal conduct1v1ty of sapphlre at lo& temperatures.
The sapphlres were cleaned by flrst plac1ng them in an ultrasonlc cleaner

contalnlng a Teepol soap solutlon for five mlnutes then 1nto a b0111ng 50%
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HQO - 50%_H202 solution for 30 minutes and fihally into boiling distilled

water for aﬁother 30 minutes. After cleaning, five sets. of gold contacts
were evdporated, in a ‘vacuum of lO-6 torr, onto the front surface and

~sides df the sapphire. A thick film of gold was also evapbfated onto

the Sapphires back surface to improve the thermal contact between it and
the cryostat: During the gold evaporation the Sapphire was maintained at
a temperature of ~300°C..

7. Electrical Measurements

A ééhematic of the circuits used to measure the'germaniuQ thermo-
meﬁer and Sample resistances is shown. in Fig. L. Contact was made with
each of»the gold confactsvon the substrate with a platinum tipped spring
1oaded phqéphor bronze wire. The phosphor bronze‘ﬁires were held in positién
by insuiat%ng boron nitridé strips whiéh Werevih turn fitted into slots in
the aluminum substrate holder. Manganin (No. 36 wire) current and voltage
leads-Weré éttached to the ends of the phosphorvbronze wires providing
psuedovfouf.point contacts. Between the phosphor bronze wires and the
piug oﬁ the T7°K shielding the leads were thermally anchored to thé h°K.
bottom plate. |

fhé:restfof the circuit in which copper Wifiﬁg was used is adequateiy
descriﬁed by the schematic.  The sample measuring current was O.5u amp dc.
The current direCtion could be manuallyvreversed>to eliminate the efféétsr

of any,spufious emfs. The sample voltage was measured with an Astrodata5

(Model 121 RZ) nanovoltmeter whose output was displayed on the Y axis of

an Electro Instruments X-Y Recorder (Model 520).

The thermometer measuring current was 1p amp dc. The thermometer

voltagéfwas displayed directly on the X axis of the X-Y recorder. This
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axis was céiibrated in-térms of resistance by displaying the voltage across
standard'resiétors'in serieswwith the thermometer and the.constant de
measuring - current supply.

C. Experimental Procedure

Befdré'making a run the rate monitor for thglmetal-source had to be
calibrated;}vThis was accomplished by simply placing_a substrate‘in the
nofmal bbéi£ion,_depositing’the metal to be studied a£ an indicated rate
f§r a khéwn £ime, and then measuriﬂg thé thicknéss 6f the destit. The - -
thickneéé ﬁéasuremeﬁ£s were made by Qvércoating the entire substrate with
a shinyvfilm of alﬁminum then ﬁeasurihg the height of the step cauéed in
the aluﬁihum film by the:sample metal With a multiple beam'interferometer
(Varianvﬁtscope).v It was then a simpie.matter.gdzcon§er£ the rate monitor
readingé to R/ééc. |

| Obvibusly the above procédure could not be'uSed to éalibrate the
monitorjféf the Xe gas. Thus all the reéults hé?iﬁg to do with Xe were
reportedvin arbitrarj uhits and give only an ihdiéation of thé>¢ffect 6f'
increas%hgjor decreasing the Xe flow réte.to thé.sﬁbsfrate.:'Howlmuch |
Xe actﬁally remained in tﬁe.§arious samples iS‘hbtiknown-and probably
varied fbr any particular Xe flow rate dependiné,éh the métal being simul-
taneously aeposited due to changeé in Xe sticking coefficiént. Thus a
compariéoﬁ bas ed ‘on any‘absolute Xe content betwéen different metals
should Qot be made ﬁhen‘reviewihg,the da£a presented Eelow. A test
made oh é niobium film codeposited withbxenonvindicated that ~1% xenon
was retained after warming to room femperature.

As'é preliminary check of the equipment,‘a thick Pb film was depo-

. sited on the substrate held at room temperature. The éritical temperature of
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the film ﬁ§s then measured in fhe apparatus and this resuit combafed with
the bulk;Tc of Pb. Agreement to well within iO.léK was found. Pb was
1used for thié test because it‘has beénAreported‘b& many ipvésﬁigators that
the Tc_df1PB films is ﬁﬁchanged from its bulk Vaiué»excépt under the most
extreméicOnditibns.l6 The above test of the tempefature measurement
accuraéylﬁhen repeated.using Sn or In films gave fhe same good results

as with Pﬁ; |

The above procedures had only to be repeated as periodicvchecks
or'as_néw me&als wére inVestigated. The following is a 1list of the genéral
experiﬁental procedures that were followed with only’minor vériations
dﬁring ééch run. | | | |

(l). The cleaned substrate with the fi&e sets of géld contacts
_evaporatea'onto it was placed ih the aluminum holdéf and positioned so .
.that the platinum tips of the phosphor brdnze‘wires were in contact with
the'gold"éontacts. The.aluminum hélder was then clamped in place
beneath the 4°K plate.

'(2).‘The vacuum chamber was closed and evacuated. Hot water (~lOO°C)'F
was circulated through the tanks coolingvcoilé.

(3)» After 8 1012 hours or baking and pumping the system pressure
.reached,~ixlo_6 torr.‘ At this point the hot water was turned off and |
tﬁe codling water started. The liquid nitrogen Jjacket on the liquid
‘nitrogep’cooled shielding was filled. It then took about.three hours
for thethWer portions of the liquid hitrogen shielding to éooivby
conduction. By the time the liquid nitrogen shielding had reached its‘_

i

lowest temperature (100 to 110°K), the tank pressure was ~4x107" torr.
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(h) »The back ﬁall was'cooled with iiquid hitrogenvand titanium
:evaporatedronto it. The'Substrate, which had cooied_eomewhat by radiation,
'rwas heated;to ~50°C in an attempt to remove anj oohtehihants condensed on
©it. The:metal to” be studied wss then melted: |

(5) While the titanium continued to be eveporated,’the-center ligquid
helium cohtainer hoiding the substrate‘ﬁas first pre-cooled with liguid
nitrogen before being filled with liquid helium. -Thé substrate temperature

-8

was then'e4;25°K and the pressure.in the vacuum<chember was between 4 10
and 8 lO-Sgtorr. (These procedures were rearranged‘if it was desired to -
- make the:deposition atvsome highervtemperature,.suchh77°K or BOO°K).

(6) The 4°K shutter and the 77°K shutter>were positioned under
the sampie positioh to receive.the evaporant .,

'(7)hLThe metal source and, if desired,_the_Xeigas source were turned

on and»their respeotire rates brought to the deSireddleVele. The
titanium Wes turnedvoff ddrihg the deoositioh of'e‘eample to hreveht eny‘
| possibletoontaminatioh of the sample.

(8)'then the rates had stabilized. the deéired exposure time was
achieved by opening and clos1ng the water cooled shutter

(9) The sources were turned off the 77 k and h K shutters closed
and the res1stance of the sample measured. |

(lO)gTo measure the T bf the sample'the substrate was_either cooled
below M.QS#K by pumping on the liquid‘helium (minimum temperature ;1.7°K)
or warmedlehoveha25°K by allowing all the liquid helium to boil awey, |
As the temperature was chenged hoth the temperature' (germaniumv
thermometer resistance) and saﬁple resistance were continuously plotted on

the X—Y recorder. Tc_was then determined from this plot.
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(ll)_-The feSistance.behavior of the sample as it was warmed t0wa?as
vroom tempefeture could then be monitored. Above ~20°K the temperature
measureﬁeﬁt'ﬁas shifted from the germanium thermometer to'the gold-iron vs
| .chfomel'thermocouple. At any point the semple could be re-cooled to see
 what effeot the anneaiing had on its Tc' This could be repeated as often
as desiredf: |
(l?)t After the apparatus had warmed to room,temperature the.substrate
-was removed end the SaMple could be observed by other desired techniqﬁee._
The_atove is a description of the making of only one sample.  However
as steted eefiier fiVe‘samples could be made during a single run. Thus,“
to save time, normally a group of samples was made and measured together
rather_than'going through the above procedﬂre for each sample separately.
D. Results |
All fllms were deposited with liquid helium in the cryostat so that '
the temperature of the substrate before dep081tlon was ~4.2 to 4.7°K.
During deposition the germanium thermometer.indicated a temperatqre rise
of < O.2°K.l However this was probably not indioative of the situation
atbthe-surfece of the eubetrate wﬁere there was>e'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. A test of
the suffape heating due to radiation from the source was made’by exposing
.a'superoonducting’filmAwith a Tc-of 7.2°K to a tungsten source heated_to :
the point of vaporization. The film'remained supercondﬁctingtindicatiﬁg‘a
temperature rise of < 3°g. | |
The-tacuum pressures reported during'depoeition of a.metal'plus
Xe sampie‘are not indicative of the Xe flux to the substrate since the 

Xe souroe was almed directly at the substrate and pumping of the entire
T . »
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system was'¢0nﬁinued during the deposition; Ali fééistance'meésurements'
:.for whi¢h’a specific temperature of measurement is ﬁ§t sbecified were
made at_a‘température Just above the témperaturebatbﬁhich the sample
started'tp gé superconducting. The ériticalrtemperaturé (TC) reported is
the tempefét#re atiwhiéh the sémple résistance féacﬁedvl/2 its normal
state valﬁer-'In the figures the error bars denote the vélues where the
reéistaﬁce was 10% its ﬁormal étate valﬁe and 96% its normal sﬁéte value.
Unless ofhéfwise noted all films were depbsited'féf'éo.seconds at a metal
deposition rate of 5oz/sec. |
| .‘ : -Aluminum. N
FilmS~at varibus:Xe/Ai ratios (See Fig{.55 iﬂclﬁding (Xe/Al) = 0

T

were depbsited‘ih a vacuum at a pressure which increased from ~1x10 ' torr
during tbé‘deposition of pure Al (Film No. 1) fob~3xlo-6 torr duripg the
deposiﬁiqn;@f the highést_Xe rate sample (Film No. 5). Film No. 3 was "
méde at an Al rate‘i/B.fhét of the‘bther samplés:&m ~3 times ﬁhe time.
Té.qf the as deposited films“increased f£qm ~3.l°K for pure Al to
~3.7°vaor the HighestaXe/Al ratio film (Fig. 5a‘Cﬁrvevl). The resisténce
. vs Xe/Al ratio behavior for the sampies as depQéifed is shown in Fig. 5b-
Curve i, énd showd ﬁO‘consiSteﬁt trend. The resiétances of all films
(exéept'Nd; 3) wéren observed to decrease whilé fhe temperéture remained.
constahﬁ‘at ~4.6°K. The resistance vélues reached affer'any noticeablé
change iﬁ_résistance had'sto?ped aré given>in Fig. 5b cur§e 2. Some
of the difference in resisﬁance betwéen curves 1 and 2 may be'attributéd
td a slight heating of the previously deposited samples that may oécur:during .
the deéosition of new samples, or.tokannealing when the substrate temperature |

was inadvertently allowed tc rise to lB?K. However much of the change was
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directly,obéerved befofé the deposition of any néw‘samples and white fhe
substrate was held ét a constant 4.6°K. "As deposited" resistance Vaiues
. '(Fig. 55 curve l).may be lower than the values actually were immediately ‘
vafter depoéition sinée it took up to a minuté‘from.the time‘of depoSition,
until théiresistance was measured; During.this time annealing may have
taken place. The above remarks should also be kepf in mind when examining
the "as déposited" T, (Fig.5a curve 1). After tﬁe resistance had stopped
decreasing:Tc was measuréd again and aé shown in‘Fig. 5a curve 2 there were
vshifts in Tc ranging ffom an increase of ~.2°K fér:film No. 1 to a decréase
of ~.1°K for film No. 5.
Annealihg-v' |

The éamples were heatéd at ~1°K/ﬁin to 100°K. The resistance vs
temperature values are shown in Fig. 6.> The only resisténce values claimed
here are.those:explicitly maiked on the cur?és.  Intermediate Values of
resistance were measured during heating. However, it was found that the -
heater iqterferréd with the resistance measurements. The points marked on
the curvéévwere taken with the heater off and afe Valid. Curves for films
No. 3 and:5.are not shown since at ~80°K both exhiﬁited afdrastic.increése
in resistance indicating either cracking or peeiing of the film. The |
samples were re;cooledvﬁo liquid He temperature. The TC of all samples-v
was found-to have decreased somewhat (Fig; Sa - curve 5); however al; remained
supercpnducting well above the bulk valué of 71,2°K. The normal state
resistances (Fig. 5b curve 3) showed no change”thét can be correlated.
with the Xe/Al ratio.
| The samples were next heateéd rapidly to 270°K then re-cooled immedi- N
ately to 4.6°K. A1l the normal state resistances were'foﬁnd 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
_supercouducting above‘2.85°K which was the lowest attaineble temperature o
during that partlcular run. |

When the samples Were removed from the vacuum - chamber and examlned
under the oppical microscope, all showed cracking or peeling except film
No. l..'It;ie uncerfain et what'point this crackihg and peeling occurred.

Tin -

Ten.Sn end‘Sn+Xe samples were deposited apfthé usval rate and time
while oﬁe:eample (run 12, film No. 5) was deposifed for four times the
regular:time to make a‘LOOOR thick film (see Figi'?). Since there were
only five sample positions per substrate the samples were deposipea during -
three seperepe runs (5 samples each.during runs 6 and 12, and 1 semple
durihg run 5). The'total pressure in the vacuum'chémber rose from a’
minimum of hx10'8 torr durlng the depos1t10n of the pure Sn sample

-5

(run 12, film No. l) to a maximum of 9xlO torr during the deposition of
the highest Xe/Sn ratio sample (Film No 11).

The crltical temperatures (Flg. Ta curve l) 1ncreised uith 1ncreasing
Xe/Sn ratio until a maximim was reached at the’Xe/Sn ratlos corresponding
to films No. 5, 6 and 7. T, then decreased as the Xe/Sn ratio was further
increased;; The T of the pure Sn ~sample (run 12 film No. 1) was 5. 09 K
or an 1ncrease of 1. 37 tlmes the bulk value of 3.72°K. The max imum T 3 -t
atta1ne¢5.6.22>K for film No. 5 is 1.67 times the bulk value.

The normal state resistances just above the'transition temperaﬁure
are givenvin Fig. b curve 1. Several samples; filme No. 7.ahd 11 in
particular, showed some residual resistance in tﬁe superconducting stateﬂfu

This Waeansumed to be contact resistance and has been subtracted fram
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the measuredevalues of the normal state resistance_fo'give the normal etate

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 Tc.' As the Xe/Sn ratio was further increased the normal;resistanée
and'_Tc bbﬁh?decreased until fhe normal resistanceepQSSed'through a mipimum'
and then'rqee.repidly. Tc continued to decrease.‘
Annealiﬁgfi- | v

‘.I‘bhe ':éarﬁp‘les' made during rﬁn_ 12 (films No. 1, 5, 6, O and 10) were - |

‘heated to'~l50°K at a heating rate of_~l.3°K/min. and then heated to 250°K

at.a'heatiﬁg:rate of ~7°K/min. The resistance vs. temperature cﬁfvéé are
given intFig, 8 for filﬁs No.'l, 6 and 10. Curves for films No.k5 and |
9 are net;given since they showeaeﬂdatﬁt-annealingvbehavior, indicating
eithep creeking er faulty- conﬁacts. _ |
The'§Ure Sn sample:(film No.‘l)kshowed a father flat R vs T behavior
whereas films No. 6 and 10 showed obvious sharp decreesee. The resisfanee
of film'Ne;16; and a high resistance high Tc saﬁpie,'started decreasing
immediafely on heating, while the resistance of film No. 10, é lower
resistanee iower T, sample, remained epproximaeélyuconstant up to ~60°K.

At 60°K £ilm No. 6 had decreasedbin 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 decreased in resistance until at.~100°K film
No. 6 leveled off at a value of ~5 ohms and at ~l20°K_film No. lO_leveled

off at.~h’ohms. On recooling to liquid helium temperature the resistance

decreased in the normal fashion to give nearly equal resistances when

measured just above T, (curve 3 Fig. Tb). The‘TC‘S‘had also decreaged
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with the &ecreaSe being the greetest for'the Sn+Xe samp1es (~1 to 1.8°K)
 and the least for the pure Sn sample (~.2°K). Thebuidth of the transition
of the pure Sn had 1ncreased from ~.06°K to ~ hO K white the w1dths of the
tran31t10ns of the Sn+Xe samples had decreased (curve 2 Fig. Ta). The Tc's
of fllms NQ; B-and 5 Were'not.remeasured after anneal;ng. No annealing
data Were tuken for runs 6 or'5. |
LEEQ'

. ohe'eample of pure Pb and three samples ef;ijplus Xe were made in

ol and 7><10'7

a vacuum"offbetween 1x10 torr (see'fig) 9). As the Xe/fb
ratlo was 1ncreased Tc decreased from ~7 1° K for the pure Pb sample to.
5. 5 K for the hlghest Xe/Pb ratio sample (Flg 9a) The normal state |
re31stances,1ncreased'W1th-1ncrea31ng Xe/Pb ratlo'(Fig. 9b).

No. anneallng data were. taken although the T of a sample (not shown
in Flg 9) Wh1ch had the same. Xe/Pb ratlo as. fllm No. 4 was measured’ after

it had been warmed to room temperature and exposedvto air. T was found

to be below the bulk value of 7.19°K by less than 0.1°K.



; ;.25..

- IIT. CONCLUSIONS

It wésfcohcluded.that the increases in T, which were observed fof Al
and Sn wéré;a fesult ofAlattige disofdér. The'higher Té's obtaineq by
cold co%depbsitihg ﬁith‘Xe as oppoéed to éold debbSiﬁion withouf Xe were -
faken aélén.indication thaﬁ the Xe ébmehow incrééséd the lattice'disorder
resultingffrom cold deposition. dew this effect occurred is nof certain;
The Xe'mayvhavé actually remained in the film or may have merely influehced
the gfow{;h._of the film while not' remai‘n‘ing trapped in the film. |

.The'anhealihg data support'the‘above conclﬁsiohs invthat as the films
were aﬁnealgd they underwent irreversible decreéées in resistance which .
was intefpréted as indicative of a decrease in'the'disorder of the films.
This deérease in the disorder of the films was in turn reflected in a
decreaéevin T¢, which was observed when TC was remeasured after ahneéiing}

The decreasevin TC of1Pb when co-depoSited>ﬁith Xe is not surpri- |
sing Whén‘it is examined ih,light of the McMiilan theory. The McMillan
theory as applied by Gafland'and Allen (See Taﬁle I) predicts no;increase
_ inﬁTc féf»disordered Pb. Thus all that can be éxpected when the structﬁre
of Pb is disturbed is that TC either will remain ﬁnchanged from iﬁs bulk
value or, if the structure is sufficiently disrupted, that Tc will decreése.
This lafter argument can alsb be used to account for the obsérved décreaée
in the T_ of Sn at high Xe/Sn ratios.

»Einélly it can be said that the results repéfted here are in,genéral
agreement;with the.experimehtél fésﬁlts reported by the othef authors and

with the theoretical predictions of the McMillan Theory (See Tablé‘I).



ol

ACKNOWLEDGMENTS

Professors_Earl'Parker,'Victor Zackay and Leo Brewer provided over-
all supervision of the projeet.and also offeredumany helpful suggestdons
on specific probiems. For day to day operation, I owe-my thahks to
Dr. Mllton Pickus who helped with equlpment de31gn and administrative
detalls, Larry Hartsough who contributed his experlence in electron
beam evaporatlon, chkvLoop who helped with some of.the experimental
details,.and Don Whitaker who built and frequehtly repaired the‘ap—
paratus° ‘Mike Collver worked with me throughout thlS project providing
the technlcal help neaded to operate the equlpment and ‘the entertaln- '
ment needed to keep one’s:perepective.

This.project eould not have been undertaken without the direction
4of Dr° Robert Hammond who proposed the progect deslgned the equlpment
and developed much of the exper1mental procedure. To Dr.. Hammond I |
express my thanks not only for hlS 801ent1f1c adv1ce but more im-
_portantly for his friendliness and patience in w0rking with a novice
.experimenter. |

This.work was done_under the auspices of;the U. S. Atomic Energy

Commission. .

S



l.

10.

11.

12,

13.

1k,
15.
16.

" 632 (1966).
17.

5.

REFERENCES

W. L. Mchllan, Phys. Rev 167, 331 (1968)

J. 'W Garland and P B. Allen, Internatlonal Conference on the Science

of Superconduct1v1ty (Stanford University) (1969) to ‘be publlshed

. J. W Garland, K. H. Bennemann, and F. M. Mueller, Phys. Rev Letters,

21, 1315 (1968).

J. M. Dickey, Phys. Rev. Letters 21, 14h1 (1968).

LeoiBrewer, private communication.

M. M. Collver, Superconductlng Transition Temperature of Dlsordered
Tran81t10n Metal Films, M S. Thesis, U.C. Berkeley, UCRL-19186.

Al Shalnlkov, Nature 142 Th (1958)

W. Buckel and R. Hilsch, Z. Physik, Bd. 158 s 109 (195&), 7. Phys1k;
Bd 132, Sk20 (1950). |

R. B. Hilsch, Non-crystallihe Solids, ed. V. S. Frenchette (John
Wiley and Sons, Inc. ,‘N.Y., 1958) p. 348. |

M.’Strongln and 0. F. Krammer, JAP 39, 2509, (1968)

.M. Strongln and 0. F Krammer, Phys. Rev. Letters 19, 121 (1967

M. Strongin and O. F..Krammer, Phys Rev. Letters g}, 1320, (1968).

' F. R.Gamble, and E. J. Shimshick, Phys. Letters 284, 25 (1968).

B. W,-Roberts, Supercohductive Materials and Some of Their Properties 1-t2

NBS Technical Note 482, (1969).
F, Meunier, J. J. Hauser, J. P. Burger, E. Guyon and M. Hesse,

Physies Letters 284, 37, (1968).

‘B.,Abeles, R. W. Cohen, and G. W. Cullen, Phys. Rev. Letters 17

G. V. Minnigerode and J. Rothemberg, Z. Physik, 213, 397 (1968).



26

18. F3 Méﬁnier, J. P. Burger, G.Deutscher, and E;'Guyon, Phys. Letters:
26A,_309.(l968);

19. F. RﬁfGamble and H. M. McConnell, Phys; Letters 26A, 162 (1968).

"



ki

Fig. 1.
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. FIGURE CAPTIONS -

Photograph of the cryostat with the side of the 77°K shield and

'ﬁhe;Xe rate montor removed. The liquid niﬁrogen cooled wall is

v éeén in the background.

Fig. 2.

.>Sch¢matic diagram of the cryostat and soﬁrcés. Also shown are

_the rate monitors for both the Xe (rate monitor No. 3) and the

.vmétél (rate monitor-No.v2),

Fig. 3.

Photograph of the substrate and substrate holder. From right to

left are shown: ‘the sapphire Substfate with five sets of gold

- ¢bntacts and thrée sample films evaporatéd onto it; the aluminum

mask which held the substrate; and the stainless steel spring

‘which held the aluminum mask.and'sapphiré dgainst the cryostat.

Fig. b,

(a) Schematic of the circuit used tovmeaSUre the resistance of

_the‘samples.

 (b)» Séhématic 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. Tc values are not shown for

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

_ Tc-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. Measurements were made

~ just above T .



Fig. 6.

Fig. T.

' measurement,(6) heat to 100°K, (7) “re-cool-and méasured T
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t

Annealing data for’'three of the Al and Al + Xe films. The numbers
";dn'the curves indicate the chronology of the resistance vs tempera- -

© ture path: (1) as deposited resistance,(2)'isothermal resistance

drdp; (3) T, measurement, (4) isothermal resistance drop, (5) T,

c??

(8) heat to 280°K’ (9) re-cool and meaéure T,- Resistance

.measurements weré made at the indicated temperatures

(a) Crltlcal temperatures of Sn and Sn + Xe films in the as

’,vdepos1ted condition (Curve 1) and after anneallng to 250 K (curve 2)
| (b) .Eleetrical resistence of -8n and Snv + Xe films in the as
"dep051ted condltlon (Curve l) and after:annealing to 250°K (curve
( 2) The value plotted for run 12 filﬁ 5 is four times its as

'~-dep031ted resistance. .This multiplicetiou was performed to account

"fbr the f£ilm being four times the thickness of the other films.

~ Measurements were made just above Tc' .

‘Fig. 8.

Fig. 9.

- (a) Critical temperatures of Pb and Pb and Xe films in the as
'vdeposited condition. |

- (b) FElectrical resistance of Pb and Pb + Xe films in the as

(a) Annealing data for three Sn and Sn . + Xe films. The numbers

. on the curves indicate the chronology of the resistance vs tempera-
ture path (1) as deposited resistance and T, measurement, (2)

‘heat to 250°K, (3) cool to T°K, (h)bmeasure Tc; Resistance‘

measurements were made at the indicated temperatures.

‘deposited condition. Measurments were made just above TC
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Figure 3
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LEGAL NOTICE

~ This report was prepared as an account of Government sponsored work.
Ne1ther the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned r1ghts or

B. Assumes any liabilities with respect to the use of, or for ‘damages
resulting from the use of any mformanon apparatus, method or
process disclosed in this report.

As used in the above, “person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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