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California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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" SUPERCONDUCTING TRANSITION TEMPERATURE OF ‘
" DISORDERED TRANSITION METAL FILMS ‘

Michael M. Collver
InOrganic‘Materials Research‘Division, Lawrence.Radiatidn Laboratory
Department of Materials Science and Engineering, College of Engineering,
‘University of California, Berkeley, California )

ABSTRACT -

Critical temperatures of superconducting transition metal films pfe-

- pared by electron beam evaporation onto a helium cooled substrate have.

been measured. . Contrary to recent predictions of increased critical

_températufes, no enhancement was obsefved in Nb, V, Ta, and Nb 852r i5

films. . However, Mo films were found to have the highest TC(8.5°K) yet
observed. Nb, Nb<Zr, and Mo were also codeposited with xenon. In all
these films,'the TC was found to be lower than for’Corresponding films

without xenon. The effects of annealing on TC wére also determined.
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I. - INTRODUCTION

Reéeht theoretical-empirical developments in superconductivity have
indicated the possibility of obtaining higher critical temperétures with

1,2 . ' .
’ The research reported herein was

films of superconducting materials.
conductéd wiﬁh the 5bjective of obtaining hisher critical'temperatufes in
superconducting'transition elements, pérticularly.Mo, V, Nb, and Ta, via
oﬂe of the prdposéd mechanisms;e. At the beginning of this'résearéh no
data were avéilable for testing the existing predictions in the super-'
conducting.fransition metal elements. A brief réView of how the: theory
may be used,as a guide to obtain higher TC materialé is presented beioﬁ.

The superconductivity phenomenon relies upon the so-called "phonon .
mediated electron-electron interaction". A conducting electrdﬁ prodﬁces
a polarizagion of the ions surrounding iﬁ in the lattice; the électrpn
is thgfeby partially screened. Another electron, seﬁsing the reduced |
potential fiéldrof the screened electron, is attfacted and tﬁis result§~
in a loﬁered energy étate‘for the pair of eléctrohs. Supérconducting
elementé in which the distortion of the lattiée ions is large are denoted
as strong ¢oupiing superconductors. The strength of the electron phonon
interaction is characterized by anvelectron-phondh coupling constent, X,
which appears in the theory of'superconductivity.

_Unﬁil recently, the‘critical teﬁpérature' of superconductors was
given by thé relation | » : |
T, = L4 () eolgew) - @

: : 5 :

from'the;Berdeen-Cooper—Schrieffer (BCS) theory of superconductivity.” -
In qu'lg {(w) represents an average frequency of the phonons, N(0) is

the density of electron states at the Fermi surface and' V is ‘the net



on | . | v : -

interaction potentisl between a pair of electrons forming a bound state. .
" While thié equation demonstrated tﬁe qﬁalitative featﬁres of the critical
temperatufé,‘it does not pérmit the prédictiqh of actual values. “
A more detailed theory, which céﬁsiders'the nature of the electron-
phonon ihteraction (aﬁd its retarded néture), is a'better repr esentation

of the present state of superconductivity theory. It has received experi-

: L, '
mental confirmation from tunneling experiments. »2 The following numerical-
soluiiion'for_'TC has been obtained by McMillanl:

- -1.04% (1+n . '
P (-, exp 1.0k (1+n) (2

c 1.45 N (1+.62))

where A is the electron--phonon coupling constant (which repreéentsvthe _
. | . . . ¥ . -
strength of the interaction between electrons and phonons), K is the .
" Coulomb coupling constant, and {w) is an average phonon frequency. The

shape ofithe‘phonon spectrum of niobium was assumed in deriving Eg. (2).

McMillan was able to determine empirically values of A, g , and (w). The

Coulomb_éoﬁpling constant u* (determined'from the isotope shiftvcoefficient,
the Debye temperature Hb and TC) was found to be nearly constant (~.13)

for transitioh elements. Using this value of u* and the aid of measured
criticalﬁitemperatufesvx could then be defermined from Eq. (2). Compar-
ing th¢ empirically determined A wifh thé theorefical valﬁe | |

N(0) . (3°)
M (‘w2>

A= (32) .

it was noted that the product N(0) (JE); given by xémb M (&?) was approxi-

mately constant for a given class of materials (e.g. the transition elements

/

. . - _
V, Nb and Ta). (T7) is the average over the Fermi surface of the squared
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matrix element of the electron ion deformation potential, M is the mass
of the element and (057 ) is the average square phonor frequency. Thus

Eq. (3a) dan be rewritten

N o —C ey
: M. <w?>. , S

where C is'a:constant representative of a class of materials. With'thié

'_ simplication”in A, one can avoid calculatingv(Jg) and Eq. (2) takes the

form - Lok (14 —E )
, v M ")
T, = (w)  exp — (1)
’ *
*—"9—2'—' -p (1. + .62 —-—-—C——2~ )-
M {w , M (o)

The:éritical.temperature thus becomes soclely ébfuncfibn of "an average
phbnon»freqﬁéncy for a class of materials. Byvchanging this fr¢qﬁen¢y
we can altér thé criticai temperature of a material.v Iﬁ particular a
decrease in (me), corresponding to an increése in A, leads tbfén’”v
increased‘Tc. McMillan conéidérs solid solution aiioying as a means of
changing‘ Cng) “within a class of materials (e.g. Zr added to Nb where
it is apparently assumed that the change in the phonon fréquency'spectrum
is small;) | | :

A more accurate numerigal solution, referred to aé thé géneralized
McMillén‘eQuaﬁibn‘was preéented by Garland énd Alién;6 Théy made no.
assumpﬁion regarding the form the phonon density of states;_hOwéver it

mist be known for application of the.théory. Predictions of maximum-

Criticalftemperatures have been presented by both authors.l’6 In general,

the valuen of Garland et al. are lower and more consistent with'experiméntal

data. Table I shows values of A, calculated critical temperatures and



.

predictions of maximum TC for ten elements. .

Various physical models have been proposed forlwhich the average

. -phonon fredquency of a material may be reduced from its bulk value. The -

“models iﬂéludé véry thin fihns,7:_fihné éoﬁposed §ffsmall metallic'cryétal,
1ité$, émorphoﬁs metallic grénuies and  homogeneous - amorphous alloYS.?
Dickéy and-Péékin have fbund.theorefically fhat_the McMillan avefagé
squaféd pﬁonon frequency, defined by (wg) = Qn)/-{l[m},‘decreased for small

'péfticleé ée&éral atom-layers thick.7 This is due to the increased
relati#e éoﬁtributign of the l§wer frequency surface phonon modes.

Metallip films produééd by depositién on a low temperature substrate
have beéhiéharacterized,as émofphous ér compdsed'¢f‘small metallic
crystalli£es, even for film thicknesses -exceeding several thousand-angs-
troms; Such films are also considerébly disordered from the presence
of large numbers of defects. | |

In ﬁhé:present research,_an‘attempt”was médé}to test the/theoretical
predictions of higher critical temperatures in‘the transition elements
(Mo, V,” Nb and Ta’) usiné electron beam vapor dépoéited film§ (substrate
temperature - 4.2°K). In addition, following an idea by Préfessor Leo .
ETeWer,“fiims were prepared by'cbdepésiting elements Nb ana Mo with |
xenon. | It was assumed that.xénqn could céntributé to lattice disorder

without' seriously changing the electronic properties.
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| | TABIE T o
The electron-phonon Coupding constant A (McMillanl)jand xGM (Garland et al
.as'well.as.maximum predicted T,'s for ten elements = - :

6

Element "chulk(9x)v A Mmoo - Maximum TC(°K)
| ' McMillan  f-%rmmiwdAnmf*

AL . 16 38 .39 2l L 10 |
In 30 0 M 86 - 8.5 5
sn © o512 .60 .77 1 8
o : .85 . .38 Ak 18 5

Pb - -T9 - 112 130 1 . - T.2

v . 5.30 60 ek 2t | -
s | 9.22 .82 .95 22 ‘,—-;

:Ta b8 | .65  ~.85 '16* ' -

Mo = 92 A1 <50 ~2% ; —

W N O h = 28 .29 .2 S

- Estimated from Fig. 11 in Ref. 1.

Garland and Allen did not calculate maximum Tc"s for transition metals.
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II. EXPERDMENTAL . - .
A schemafic diagram‘éf the experimentaivset-ﬁp is shown,invFig.'l.
All films were prepared by electron beam eVapQration of transition metal
elements onto sapphire substrates maintained at 4.2°, 77°, or 300°K. .
Xenon was'providedvthroﬁgh a gas line in the vacuum system. Thé xXenon
was dispersed through a multi-hole copper block (denbted'as xenon gas |
source in Fig. 1) below the shutters which shielded the substrate. A

more detailed'presénﬁation of experimental preparation and apparatus follows.

A. Substrate and Substrate Preparation

Oriented sapphiré crystals of dimensions 1/16"X1/2"x1"were used as

substrateé; The sapphifé was cleaned in a Teepol sbap solutioﬁ and’boiledv,
Afor 30 minutes in a 50-50 HQOE/HQO (distilled) éolutién, followed by
boilingAiﬁ,distilled waéer. Goid electriCalvéontacts were then deposited

on the sapphire, maihtained at a temperature of BOO°C in a vacuum of

10_6 tofr; Enough contacts were prepared for five-metal films on each
.sapphire. A gold film was also deposited on the back surface of the

sapphire é@bstrate-ﬁo provide better thermal contact with.the box maintained

at 4.2°, 77°, or 300°K. |

B.  Vacuum System and Preparation

The vacuum chamber was a largé stainless steel cylinder:thfee feet

in diameter and three feet long. The outer jacket of the dewar was made

of brass; the water cooled piate and the 77°K box wére made  of copper while  “

the 4°K box, except for the bottom (which is Cu), was made of stainless
steel. - The entire chamber had waterrcoils around the outside. On the inside

watér-. was also used to cool the electron gun hearths.




-T=

>'A 95°C hot watef "bake;outvvwas used to augment evacuation. Tt was
stérted aboqﬁ an hour beforevpumping and lasted for 8 to 12 hburs.‘ A
mechanicai féughing pump brought the-éysﬁem pressure dowh to ~50u béfore'
an oil diffusion pump was étartéd. Duriﬁg baké;oﬁtvfhe pressure was

lowered to 7-8 10-7 torr. After bake-ouﬁ,'with cold water runnihg-in the:

coils, the pressure dropped to 2,—%-%,10*7 torr, To assist in trapping gases,

a liquid.nitrogen cooled plate covered.the entire‘back wall of the chamber
(diam. of 3 ft). The.chamber had three separate sites for electron beam |
guns and hearths, so one .was uséd as a titanium sublimaﬁion pump. ' With the
Ivalaté and:getter (Ti) functioning, a baée pressure of 3 to'6xio_8torr.. |
was'obtaiﬁéd. A residual gas analyzer indicated that the major‘impufity

was HéO-"

C. vSample Preparation and Control of Degpéition Parametefs
The metal was evapérated by electrcn beam Bombafdment (8 xv) frbm
a water'cooled copper crucible. The rate evapdratién was confrolled
by feedback signal from an Evaporation ﬁate Monitor (Allen Jones Electronic)

[

to an SCR._power supply which controlled the current to the tungsten fila-

ment. The Variation of the rate‘during deposition was estimated to be

less than i5%..’This system was capable of depositing metal films at
rates ekcéeding,QOOR/sec, |

Whgn %he desired rate fof a given element was at%ained, the shutters.
(one oh.the water cooled plate, one‘on the liquid niﬁrog@n'cooled box, and
one oﬁ’thé”iiquid helium céoléd subs£rate box ) Wéfe mechanicélly open to
prescribed positions. In later:funs a quartz mirror (Al coatéd) wés

installed so that visual checks of the alignment of the shutters could be made.



The flow rate of xenon was cdntrolled with a valve. An exterior

e

flow rate meter and a rate monltor (No 3 in Flg‘ l) were used to indicate
the Xe rate. The copper tublng for transport of the xenon into the vacuum
systemvpassedithrough a cold bath at -90 C'(composed of approximately
‘50/50 dry ice and acetone, by wolume) as'a trap for any water”in'the gas.
The-xenon‘gas was of research grade, with a claimedspurity of 99.995%;
the major_contaminants.were krypton.asd nitrogen..

The stickihgbcoefficient ef xenon was unknown, though it was expected
' to be‘quite small, so no direct measure of the quantity of xenon in the
film was availatle. The number-of xenon atoms impinging upon the. substrate
surfacekper unit time Were in the range of 0.1 to 10 tlmes the metal _

atom rates.v The metal atoms have heats of condensatlon (~100-200 kcal/

mole) more than ten times that of xenon (5-7 kcal/mole); In addition
the metal atoms, evaporated'at relatively high temperatures, have larger

kinetic energies than the xenon (k T OOm);' Consequently any heating at

i

the surfaee during codegosition was primarily due £o the metal atoms.

‘The deposition times and ratesvwexe selected te make films having
thieknesseslﬁ lOOOK. Thickness meaéurements were.made byvthe Tolansky
miltiple interfercmeter method. The measured thicknesses were used to
calibrate.the.rate monitor. -

| The'tenperature‘of the substrate’box was monitored during deposition -
and was found to increase leSS'tﬁan O.2°K; However this is not indicative -
ef the»temperature rise at the surface of the substrate where the transif
tion from the vapor to the solid phase occurs. A test of the surface
.heating aue to radiation only‘was made by eXposing a superéonducting'

molybdenum sample, (Tc = 7.2°K) to the radiation from tungsten heated




.

to the.pointaof.vaporization.(white hot). The specimen did not become

normal durlng this exposure, indicating that the rise in surface tempera-

t ure due‘to radlatlon was less than 3 K.: Consequently, it was assumed

that the specimens were not heated significantly &uring deposition, except

at very high deposition rates. (See annealing c¢urves for Vanadium'pre—

pared at different rates, Fig. 2.).

D. Critical Temperature Measurement.

The res1stance of the deposited film was measured u31ng two p01nt
contactq (supplylng the constant current to the sample and measurlng the
voltage across 1t). The temperature was monltored with a Ge thermometer
(Texas Instrument Co.) calibrated from 1.2 to MO K. The thermometer was'v
attached to the liquid He cooled box ‘near the substrate (see- F1g 1).

The crltlcal temperature of films of Pb, Sn and In made at room tempera-,
ture were measured to check the thermometer and any poss1ble difference
in temperature hetween the substrate and the thermometer. Agreements

within_.O5°K of the bulk critical temperatures were obtained. No hystersis

_ (<-.029K)vin T, was obcerved upon passing throvgh a transition by either

heating“or-cooling.
A.constant current of either 1 Wa or 10 ua (depending'on»specjmen

res1stance) was sent through the depos1ted fllms and the resultlng voltage

drop across them was measired with an Astrodata Nanovoltmeter (Model 121 RZ),

the output of which was fed 1nto the Y—ax1s of an Electro Instrumets XY
Recorder (Model 520) . The constant current to the Ge thermometer was lua,v
its res1stance (voltage across 1t) was the input to the X axis of the_-

recorder. :Standard resistors of 10, 100, lK, 10K, and 100K, ohms were

’ available,in the circuit to calibrate the temperature axis.
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' The critical temperature_measurement was made byicooling the speci- .
" men to 4.2°k. If T, < 4.2°K, the temperature was reduced by pumping on
the helium dewar. Minimum temperatures of about_l;?pK could be obtained -
in ﬁhis manner. For Tc >'4.2°K, a lower poWer heatér, composed of manganin
" wire wrapped around a metal extension on the substrate box, was‘used to ‘
increase'the_temperature of the box.' If Ié.; 5.5°K:it was sufficient fo
allow the substrate box to warm on its own in the absence of liquid helium
at a rate of 0.2 to 0.4°K/minute. Often it was fbo,ssible to heat through
the transition after tﬁe.heliqm was gone, then furn of f the heater to |
alloﬁ ﬁhe épecimen té céol back down through the.transition; No hysterisis .
Was found in the meaéuremenﬁs reported hefe.'=Critical temperature measure- ‘

ments have uncertainties of about i.O5°K,>unless_otherwise indicated.

" E. Annealing of Deposited Films

Aftéf TC measurements werermade, many of the films were annealed at
rates between 1-3°K/min. by one of two methéds: -(i) flowing warm He or
Né gas'into the»helium dewar or (2) by electron bombardment of the sub -~
strate-béx-from a filament located on the liquid nitrogen cooled shiéld.
Specimen resistances were measured as described in Sectioﬁ D. Annealing.
temperatures never exceeded room.temperature. | |

. Ofteh, where the annealing Curves showed sdmé intereéting:chaﬁges
or where it was thoqght thaf the results might be useful, the substrate

w s again cooled to remeasure critical temperatures. For some specimens
this cycle was performed more than once.
F. Microscopy
Upon removalof the specimens from the vacuum chamber at room tempera-

ture the £ilms were observed with an optical microscope, an x-ray diffracto-
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meter and by electron microscopy. Many of the films had small cracks,

‘some appeared in a flaky plate_or layer-like form,‘and others had fine .

needles protruding from the film. _Photoﬁicrographs were taken of these
films.

X-ray difffactometer tracings werevtakenvof-thevfilms on the sapphire

substrate with a Picker x-ray diffractometer (Model-5ﬁ88K) set at. 40KV -

uSing-the Cu & line. It was noted that few peaks e&er appeared, and when
bfeséntQ}they were extremely wéak; 'Consgquently, for films of interesf
Debyé—Schér?er pqwder difffactibn,patterns»werevtaken to determiné the
strﬁcture of the films.

| Elgétr@n'diffractipn and electron‘micrbscopy were performed on the
650 kV‘Hitachi'electron microscope. Debye Scherrer x-ra& patterns were
ofﬁen taken to be sure that the cfystal structure deterﬁinéd by electroh

diffraction was not the result of heating in the microscope.
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IIT. RESULTS

A. Tow Temperature Deposition of Transition Elements .

1. Molybdenum

Superconductlng films of molybdenum were prepared by dep031tlon on
nsubstrate at temperatures of h 2, 77, and 300°K. The crltlcal.temperatures
of such fllms, each dep031ted at a rate of ~l5OA/sec are shown in Flg. 3 -
as a functlon of the temperature of the substrate~dur1ng_dep031tlon. The

films‘indicated by.circles were shinyvand continuous upon cbservation
after removal from the cryogenic apparatus. Other films (prepared at the
same rate) having abdull appearance due to nany-small cracks and sane
flaklng had hlgher critical temperaturec (1nd1cated by squares) The
hlghest critical temperature attalned was 8.3° K for a film prepared at

a rate of ~6OOA/sec whlch:also‘had.manyfsmall'cracks.' |

Anneallng of the low temperature deposited Mo films resulted in a .
continuous decrease in T after a temperature between 4o° -60 X wa. 8 reached
'(Flg. M).v This corresponded to the temperature region in which a small
decrease in sample resistivity (~5-10%) occurred (see Fig. 2). It is
interesting to note that the decrease in.criticai temperature of annealed
Mo films occurred at about the same temperature that the specimens showed
'a decrease in resistance (compared Figs. 2 and Ly,

Upon annealing to room temperature the critical temperature dropped
to values between 3 and 5 K near that for fllms dep081ted at room tem- -
perature (T = 4-5°K). Films removed from the system‘Were found to be
nonsuperconducting down to 1.4°x: vhen measured in another apparatus.
However,.Mo spe01mensbcoated with 8i0 prlor to removal had crltlcal'

temperatures of 2.0 to 2.2°K after exposure to the atmosphere.
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Débye-Scherrer'powder diffraction patterns aé well as electron diffrac-

~ tion patterns at room temperatureicorresponded to a body centered cubic

. . K-) : )
structure with a lattice parameter of 3.15A. This is good agreement with .

the bu1k vaiue for molybdénﬁm. Grains covering.a broad‘rangé of sizes
(< hO-éOOK) werebobserved by electronvmicroscopy.' The diffuse electron
diffraction:fings also indicated that»the grain sizésvof < lOOR were |
present. |

SeQeral Mo filmé'were deposited on a layer Qf'LiF.on sapphire in
order to fac1]1tate their removal for electron microscopy. These films

dep051ted at 4.2° K, had T 's of 5.1 and 6.0°K for deposition of ~20 and

‘ ~200A/se05 eqpectlvely. Electrbn diffraction and eléctron microsc opy

revealed a bcc structure with gralns leqs than lOOA

| In regard to the cracked fllms, it was found that by using small
ﬁaéﬁets to deflect-electrohs and possibly ions.in the incident be am,
cdﬂtiﬁﬁous films having a shiny appearanée could be obtained. It was
susbected'that changing of the films and/or substrate was the cause éf the
cracked fllms. Applied electric fields,‘eleotrosﬁétically‘charged‘subﬁtra§es,
and a charged incident flux are known to have an effect on the structure

and growth of flhns.g’lo

2. 1Niobium

:““f‘ff‘ o : 8

© Niobium films made at a rate of 250A/sec in a vacuum of 5 10 torr
had 'critical temperatures of 8.5-8;h°K which -is less than that of the
bulk (Q,EQK). These films wWere made at 4. 2°K and subsequently annealed
at higher temperatures. Remeasurement of"I}‘C was performed aftér-the
25-30% decrease in specimen resistance that occurred in the temperature

interval 50 to 80°K_(se¢ Fig. 2); bnlyba slight change in Tc was found |
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(iO.2°K); No further ehange in Tc wes observed'upon annealing to room
temperature. Electron diffraction petterns and electron miCroseogy re-

. : ~ ' o

vealed a bcce structure with grain sizes of < 30 to 100A. ~

3. Niobium-Zirconium

A SOlld solutlon alloy of 5% Zr in Nb was prepared by arc meltlng

The obJectlve of wuging Zr W1th Nb was twofold (l) Zr would better oxygen
in the sample if that were a problem and (2) the resultant comp081t10n
of the film placed-the,alloy at the peak of.the'dens1ty of states curve
where anyvenhencement in Té would not likely be due to an inerease inr
the densinyvof states. The film_formed from this alloy contained ~15% Ze,
The critical-temperature'of the as deposited'(at 4.2°K) film wasv69K,
.considerabiy less than that of the bulk (10.4°K). Upon annealing very.
little change in specimen resisﬁance‘eccurreq up . to 80°K but at tnatv
tenperature a decrease by a factor of four suddenly_occurred. This was:
- followedjby e continuous increase_te'room teﬁperéture. Remeasurement
of_TCfafter annealing to room temperafure yielded the bulk value of.‘
10.0°K.

4., Vanadium and Tantaium‘

.-Vanadium films fol}dwed the.behavior'of niobium films with TC < bulk
‘TC, nithﬂne ehange_in Tc oecurring‘upon anneeling. 'Critical’temperatnres_‘
of h.b to‘h{7°K were observed for estimated depositien rates of 50 end; h
lOOZ/sec. A factor of three decrease in resistance occurredvin a Nnarrow 7
temperanure'range,'MO-60°K, for the specimensvprepared at the lower

rate. The higner rate (EOOZ/secj specimens showed avmuch smaller decrease

. in resistance, indicating possible‘annealing due to heating during deposition.
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Preliminary work on tantalum yield a TC of 2{1?K_f0110wed by-a'rise

to 3.4°K after amealing to-roomitemperature.' (A fec phase of Ta has

' often been, reported in the literature and no T, has been reported for it.)

More investigation of the structure of Ta films is'neceSSary.

B. Codeposition of Nb, Mo and NbFZr'with Zenon

The codepos1t10n of - xenon at increasing rates with respect to flxed

metal rates (lOOA/sec for Nb, 200&/sec for Mo and ~50A/sec for Nb- Zr)

unlformly decreased the critical temperatures of,Nb,'Mo, and Nb-Zr,
with one exception, a‘slight increase (~.55°K)ifox‘Nb at‘the lowest
¥enon rate wasvobserved.' T values are glven 1n Flg 5 as a function of

the ratio of xenon to metal rates for Wb and Mo, and in Flg 6 for Nb Zr.

vThe system pressure increased due to xenon from 5xlO -8 to as much as 10 -

torr for the highest xenon to metal rate ratio. Specimen resistivities

increased in general with increasing xenon rate, although some exceptions

" occurred atrlowrrate ratios which are not at present understood. .

'Upoh annealihg”to 500°K' and then remeasuring-T., the codeposited '
fllms snoWed the same behav1or in T as the pure fllms - (a) Niobium
cr1t1cal temperatures changed very little (~ + 0.1 K), (b) Nb-Zr films

1ncreased in T but were still lower for bulk materlal, and . (c)'

‘Mo fllms decreased to about ~3°K except for the pure ‘Mo fllm (6 K)

‘ The anneallng_data of Nb-Zr codep051ted w1th xenon showéd an addi-

tional feature'not observed with the other metals or pureANb—Zr. A

‘gradual decrease in resistivity occurred begining at ~10-20°K wh ich

';contihued to ~100°K where a sharp drop by a factor of 2-3 occurred. The

gradual decrease (~50%):was associated with-the effect ofbxenon'on the;'
structure, elther by 1ts presence in the lattlce and/or graln boundarles,

or by the nature of defects that 1t produced
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IV, ‘CONCLUSIONS - |
The hlgh rates ~200A/sec) and.the relatlvely hlgh vacuum (~5xlO 8

torr) condltlon 1n these experlments nade poss1ble an 1nterpretatlon of

»results Whlch 1s 1ndependent of gaseous 1mpur1t1es (whlch are known to

). 1i- lh

alter T values for thin fllms Even 1f all of the gases 1n our

system had a stlcklng coeff1c1ent of one, the max1mum gas 1mpur1ty content '

v'would only be about .01% atomlc percent Consequently We felt Justlfled
. in neglectlng gas 1mpur1ty effects on the results._” |

The - processes occurrlng at low temperatures Whlch results in the .

15

res1st1v1ty decrease are poorly understood Slmllar'decreases in the

~uoo 16 17

res1st1v1ty of" Fe fllms have been observed at and at lO°
'FlJime 18 reported ‘an amorphous structure for iren fllms made at low
temperatures; These films remained'amorphousrup tofl80-Kd Amorphous |
in‘this instance means that the x-ray diffraction;patternrshovs few broad_,

halos that could not easily'and uniquely be asSigned;to the diffraction

lines of the crystalllne structure. Above'l80pK'thelstructUre became small

gralned bcc, meaning many rlngs Were observed 1n the dlffractlon pattern,‘-
‘ the relatlve spac1ngs of whlch deflned a crystalllne structure._ It is

to be noted that the temperature at Wthh the res1stance‘decreased

_;(lO hO K) and. the structure changed were not the same, thls may be due
‘to dlfferent fllm depos1tlon condltlons.: Th1n fllms of N1 made at k. 2 K
and annealed to room temperature shOWed no change 1n re51st1v1ty and were
le

found to be:ul an amorphous state at BOO K ‘ Slmllar amorphous dlffrac-

:'tlon patterns have been observed 1n the tran31tlon elements Cr, Yt, Tl,

Co,and,Pd.18

]



Y

::1n T (~lO K) should have occurred A s1milar fallure to increase T

. ‘by low temperature depos1tion of nioblum has been reported by Crow et al.

Coa7e

It may not be assumed that the films pre;ared here were amorphous

vas dep031ted for tw0 reasons (l) the«high depos1tor rates may have caused

suff1c1ent heating to anneal the depos1ted films and (2) the res1stance

decrease observed 1n all speCimens, 1ncluding those of other researchers

-‘has not been correlated w1th the amorphous to crystalline transfbrnation.

Other possible origins of the decreaSe in res1stance 1nclude the annealing

of defects (1nterst1t1als, grain boundary rearrangements,15 vacancies), .

or a metastable to stable phase tranformation.v We were not able to-: deter—

mine which of the above pOSSibilities was, applicable for each film, such
a determination would require 1n s1tu diffraction measurenents. However,
the metastable to stable phase transfbrmation was cons1dered unlikely in
those films which had 1little or no change in T before and after annealing

: As a1result,of the small grain sizes observed (<‘lOOA) after'annealing

to 300°K, it is argued that for this reason the average ‘squared phonon

: 5 , B ‘ ‘
frequensy (w ) was lower than for the bulk metal. As deposited films
can be'characterizéd as structures with,high'defect concentrations. Thus

measurements of critical.temperatures after annealing to various tempera-'

: tures provide data for films having varying degreeS'of disorder.

Applying the above cons1derations to the results for V‘ Nb and Ta, o

1t is observed that T (film) < (bulk) before and after the annealing

step Each of these films had their normal structure (bcc) and small

: grain 31zes at BOO K i These results differ from predictions based on

'Vthe McMillan theory, which leads to the conclu51on that 51zeable 1ncreases

:'fWefdiffered from their results 1n that both as~depos1ted and annealed Nb

17,18
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.filns had-l. ~ 8 3° K while thelrs 1ncreased from 6°K (as depos1ted) t
'~8 K- anneallng It is poss1ble that thelr as—depos1ted fllm was
amorphous whlle ours ‘was not (due to p0351ble heatlng durlng depos1t ion
:at hlgh rates) |
The crltlcal.temperature and anneallng behav1or of Nb-Zr frlms are
'partlcularly strlklng In the as deposlted condltlon these £ilms had
.Tc’s cons1derably less: than the bulk value, and upon anneallng the bulk
) Tc wasvregalnedf Assumlnghthat the large decrease 1npres1stance occurring
at‘~80aK‘Was‘not due:to.a:metastable-to statlefphase transformation; then
highly’disordered‘(if not amorphous) Nh-Zr has,a:significantly reduced
:critical;temperaturef In.suChva fllm. 092).would be reduced relatiwepto-
the bulkdallojge and T_ should have increased:if"electronic‘band struc -
: ture effeCtS»could be lgnored as proposed‘by M.cMiillan.:'L After annealing
to 300° K the critical temperature was not enhanced for the small gra;ned
: bee structure. Thus the Mchllan pred1ct10n toward hlgher T was not
vreali;ed}in this alloy.> |
Thefhighest measured‘critical temperatureIfor”molybdenuu,.8;5°K,.is
_ reported herein. Crow et al 19 report“a‘high T 'in-Mo.filnE as being due
to an edge reglon hav1ng a value of 6. 7 K while the fllm w1thout edges

20,21

-(masked) had a T o~ NS Others have reported the fonnatlon of an

fcc phase in the early stages of depos1tlon in Mo depos1ted at room
temperature; In-these cases & maximum thlckness.of ~50£ was achleved
‘hefore the structure was observed to be'bcc. In the fllms we prepared

the decrease in T appeared to be correlated w1th the res1stance decrease -
upon anneallng The decrease in. re51stance Was.approx1mately 10% much

;too large to be ass001ated Wlth edge reglons.' Iﬂ the edges annealed,_

.’1t 1s unllkely that thls change would be reflected 1n the total |
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resistance’of_the film because of its’extremeiy smallvcontribution to
the totalvfilms‘lAlso, no fec phaserwas obserred'inteitherdDebye~Scherrer

‘powder diffraction or electron diffraction‘patterns.v However, this does

not exClude‘the‘presence'of another phase'in:small qnantites, nor does

"1t preclude the poss1b111ty of a phase change occurrlng durlng annealing .

| The 1nterpretatlon of the Xenon-metal codeposlted fllms is compllcated

by our 1gnorance regardlng the amount and 1ocatlon of xenon in the fllm

- A'mass spectroscoplc examlnatlon of a Nb- Zr fllm 1ndlcated the presence

20
of ~1 at.% xenon. ‘If-the xenon were 1in the lattice, then 1ts effect would

- be to disorder the film and lower_T . If thepxenon were'largely present

in the grain boundary reglons, then it should have decreased the grain
size. Regardless of the location of the xenon, it is felt that it contri-
buted to 1ncreased dlsorder.v1a‘small gralns, defects, ‘or 1ts presence o
in the lattlce._ This 1ncreased disorder resulted-;n decreased crltlcalt'
temperatures. o -

In conclusion, it appears that more than a simple decrese in (& )

~occurs in small"greined transition metal films. ~Garland et a1® nave

argued_that band structure effects will be important in transition metals

19

and must‘also be consiered. Crow et al. have propesed that a smearing
out of the bend structure may oceur in'very smali‘grained or disordered
fllms. Thls Would result in a decreased den31ty of electron states, N(O),_

for elements or alloys hav1ng a high N(O) in the ‘bulk form (e.g., Nb,

Nb qes %7 .oy V Ta) and visa versa foiy elements with a low.N(Q) in the
.85 L1572 _ , AR

bulk form (e.g. Mo, W). This interpretation is in agreement with the trend

of our results (e.g. Mo increases in Ti and Nb-Zr decreases) but it seems

surprising that-such a,large increase~in.Tc,for=Mb could be accountedpfor‘-

_ by thls mechanlsm. ‘These and other consideratibnSjwill be considered in

further WOrk
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FIGURE CAPTIONS

Schematic diagram of cryogenié; depositioﬁ and rate monitoring

'apparatus,'

Representative annealing curves of £ilms prepared’at liquid

"~ helium temperature. Arrows indicate réversible (;2) and irrever-

gible (= ) temperature paths. Critical temperatures are indi-

cated for as deposited and énnéaled films.

Critical température,'Tc, of molybdenums as a function of |

substrate témpefatufe for shiny continﬁbus films (0) and Crackedv

0 films.

Cfitical temperature, Tc’ of molybdenum films aftef annealing .

to temperatu?e Tannea17

Critical temperatures of niobium andvmolybdenumiéodéposited

with xenon at liquid helium temperature. The ordinate is the

‘ratio of the relative rates of xenon and metal. Tc for the pure

metal films are also presented.

Critical temperatures of hiobium-zirconium codeposited with
xenon at 1iqﬁid helium temperature, both in the as deposited

"and annealed condition.
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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 rights; or

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

As used in the above, "person acting on behalf of the Commission”
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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
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