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Influence of internal stresses on the superconductivity of nanocrystalline vanadium
films

V. M. Kuz’menko and T. P. Chernyaeva

National Research Center ‘‘Kharkov Institute of Physics and Engineering,’’ ul. Akademicheskaya 1,
Kharkov 61108, Ukraine*
~Submitted April 6, 2004; revised July 27, 2004!
Fiz. Nizk. Temp.31, 148–154~February 2005!

Nanocrystalline vanadium films 7–20 nm thick are obtained by crystallization of amorphous
condensates of this metal by heating to a temperatureT,60 K. Immediately after completion of
the crystallization the critical temperature of the superconducting transitionTc of these
films is 3.1–4.3 K. When the films are heated to room temperature in an ultrahigh vacuum the
values ofTc decrease by'0.4 K. It is shown that this decrease is due, in particular, to
relief of the tensile stresses that arise in the films during crystallization. ©2005 American
Institute of Physics.@DOI: 10.1063/1.1820544#
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INTRODUCTION

It is known that when vanadium vapor is condensed o
substrate cooled by liquid helium the films formed up
thicknessesd'20– 40 nm have an amorphous structure.1–3

When this critical thicknessdc is exceeded during condens
tion the whole volume of the film undergoes spontane
explosive ~avalanche! crystallization with the formation of
the usual bcc phase. If the layer thickness is less thandc , its
amorphous structure is stable up to a temperatureTa→c

'40– 60 K, and the value ofTa→c increases with decreasin
d by an approximately hyperbolic law.2,4 We have previously
investigated the superconducting properties of the am
phous phase of vanadium.2 The critical temperature of the
superconducting transition~CTST! of the crystallized film is
approximately 1.5 K higher than the value ofTc in the amor-
phous state. Further heating of the samples fromTa→c to
room temperature is usually accompanied by a lowering
the CTST.3 This behavior has not yet been explained c
rectly in the published literature. The goal of the pres
study is to attempt an explanation.

TECHNIQUE

The techniques used to grow the films and to study th
electronic properties are described in detail elsewhere.5,6 We
used welded-up glass ampoules with a flat polished subs
and welded-in leads of platinum wire for making electric
measurements of the metallic film condensed on the s
strate. After being pumped down to a pressurep;1024 Pa
the ampoules were hermetically sealed with a gas torch
removed from the vacuum apparatus. The ampoules w
mounted in a helium cryostat which was then flooded w
liquid helium, creating an ultrahigh vacuum (;10210 Pa)
with respect to all components of air. The bulk vanadiu
used had a resistivity ratio of'550 between temperatures
300 and 6 K.
1111063-777X/2005/31(2)/5/$26.00
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The vanadium was evaporated by evaporators mad
cleaned tungsten wire. To degas the mounting of vanad
and tungsten a significant part of the mounting was eva
rated off while the substrate was shielded; the substrate
mained in continuous contact with the liquid helium, and t
average temperature of the vanadium layer during conde
tion was not over 18 K.

The electrical conductivity of the films was measured
a compensation method using a four-probe scheme with
accuracy of 0.01% or better. The critical magnetic field p
pendicular to the plane of the film was produced by a sup
conducting solenoid. The thickness of the films during co
densation was monitored by its conductance, and after
experiment was completed and the was ampoule opene
was measured by an optical density method.7

The microstructure of the crystallized vanadium film
and their surface topography were investigated at room t
perature on a JEM-100CX analytical electron microscop8

The microstructure was investigated by photography
transmitted light. Both bright-field and dark-field image
were obtained. The vanadium films were removed from
substrate by dissolving in water a thin (;20– 30 nm) NaCl
layer that had been condensed on the glass substrate pr
deposition of the metal.

EXPERIMENTAL RESULTS

Figure 1 shows the change of the resistivity of a new
condensed vanadium film'16 nm thick upon heating to
room temperature. The practically vertical segment of
curve corresponds to the transition of the film from the am
phous to the crystalline state (a→c transition!. Interesting,
immediately after thea→c transition (Ta→c'40 K) and on
up to room temperature ther(T) curve becomes practically
reversible, i.e., the residual resistivityr0 at T56 K is prac-
tically equal to its valuer08 for the same film after heating to
room temperature. If the critical temperature was excee
during the condensation process and explosive crystalliza
© 2005 American Institute of Physics
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occurred, ther(T) curve is reversible from the start and
described by the lower part of the curve in Fig. 1~without
the vertical segment!. Such behavior ofr(T) is observed
only for vanadium films. For all the other low-temperatu
condensates of pure metals~In, Sn, Al, Tl, etc.! known to us,
the residual resistivity continually decreases as the film
annealed up to room temperature, owing to the annealin
defects and the growth of grains. For example, when an
minum film (d570 nm) is heated from helium to room tem
perature,Tc decreases from 3.25 to 1.45 K and the resid
resistivity decreases from 16 to 1.25mV•cm.4 Apparently in
vanadium films the lattice defects that have a substantia
fluence on the resistivity are not annealed in the tempera
interval T540– 300 K.

The critical temperature of the superconducting tran
tion for the crystallized vanadium films directly after the
heating toT5Ta→c , denotedTc , is always substantially
higher than the valueTc8 for the same films after annealing t
room temperature. The value of the temperatureTc remains
practically constant after the films have been annealed tT
5190– 200 K. Only after further increase in the anneal
temperature does the CTST decrease fromTc to Tc8 . If the
film has crystallized as a result of explosive crystallizati
~at d5dc) the values ofTc andTc8 are equal.

Table I gives the values ofTc and Tc8 for typical low-
temperature condensates of vanadium. These values
lower than the CTST for for pure bulk vanadium. Th
mechanisms causing the decrease of the CTST with dec
ing thickness of metallic films are discussed in detail in R
4.

Some films show signs of cracking~a slight growth of
the residual resistivity! already at room temperature~see
Table I!.

Sometimes a rather long hold at room temperature le
to a slight decrease in the residual resistivity~see the result
for film V5). After heating toT5330– 340 K all of the films

FIG. 1. Temperature dependence of the resistivity of a vanadium film
thickness'16 nm.
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exhibited a noticeable increase in residual resistivity which
due, as we shall show below, to an intensification of
cracking process. It should be emphasized that the fi
V1– V5 were annealed to room temperature in ultrahi
vacuum (;10210 Pa). For this the upper part of the ampou
containing the substrate was heated by a furnace und
hood in the form an inverted Dewar while the lower part
the ampoule was immersed in liquid helium. This preclud
the possibility of contamination of the annealed film by r
sidual gases, the pressure of which without these precau
ary measures would reach;1024 Pa at the higher tempera
tures~see Technique!. In this case the decrease of the CTS
on heating could be ascribed to impurities falling into t
film from the surrounding medium, as it is known that van
dium is not attacked by air at ordinary temperatures.

Figure 2 shows the temperature dependence of the c
cal magnetic induction (Bc2[Bc' ; Ref. 9! for the film V4.
Curve1 was taken after heating toT5Ta→c and corresponds
to a valueTc54.2 K; curve 2 was taken after heating to
room temperature and corresponds to a valueTc853.78 K.
Near the CTST the value ofBc2 varies linearly with tempera-
ture, while at lower temperatures the dependence is appr
mately quadratic:

f

TABLE I. Some characteristics of the crystalline vanadium films inves
gated.

Note: The temperature smearing of the superconducting transitions for fi
V1– V5 is 0.10–0.12 K@the interval (0.1– 0.9)r0], andr300 is the value ofr
at 300 K.

FIG. 2. Temperature dependence of the critical magnetic induction fo
crystalline vanadium film'16 nm in diameter after annealing toT @K#: 50
~1!, 300 ~2!.
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Bc25Bc0F12S T

Tc
D 2G , ~1!

whereBc0 is the value ofBc2 at T50 K.
Electron diffraction patterns of the films show only th

lines of the bcc phase of vanadium. The grain size in
films that have undergone explosive crystallization is pra
cally the same as in films of the same thickness crystalli
by heating. The mean grain size in both cases is 54–55
~Fig. 3!. The grains have a flat shape and, judging from
Moiré patterns on some electron micrographs, they are o
stacked on one another. Thus the mean grain size in
direction perpendicular to the plane of the film is less than
thickness. The electron mean free pathl in the vanadium
films studied here, calculated from the relationr l 53.5
310212V•cm2 ~Ref. 10!, amounts to 2–3 nm, a value attes
ing to a significant degree of intragrain disorder.

It is important to note that films condensed on a subla
of NaCl had numerous cracks up to 700 nm long and 30
wide ~Fig. 4!. The cracks form at the time when the ampou
is opened to atmospheric pressure, as is manifested by
sharp increase in the resistivity of the films at the time
opening. This indicates that the films prior to the opening
the ampoule were in a maximally stressed state. Prior to
opening of the ampoule the films condensed on a NaCl s
layer, like films condensed on glass, displayed a revers
trend ofr(T) from the point of thea→c transition on up to
room temperature. For the the films condensed on glass
resistivity changed insignificantly when the ampoule w

FIG. 3. Dark-field electron micrograph of the nanostructure of a vanad
film '37 nm thick.

FIG. 4. Bright-field electron micrograph of the nanostructure of a vanad
film '37 nm thick.
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opened; from that we infer that crack formation is practica
absent. The absence of cracks in those films is confirmed
the studies of their surface topography.8 It was found that the
surface of the vanadium films on glass did not exhibit n
ticeable relief after heating to room temperature, i.e.,
micro-irregularities of the surface did not exceed 3–5 n
and there were no noticeable cracks. Cracks appeared
after the films were heated to'340 K.

DISCUSSION OF THE RESULTS

It was shown in Refs. 10 and 11 that at the lowest te
peratures~below 0.5 K! the heat capacity of vanadium i
determined by the normal BCS energy gap (2D0

53.5kBTc). Approximately the same value of 2D0 has been
obtained in experiments in which the energy gap is measu
by the methods of absorption of electromagnetic radiati
absorption of ultrasound, and in tunneling experiments~see
Ref. 12 and the references cited in Refs. 10 and 12!. For
superconductors with strong coupling one has 2D0

5(4.3– 4.5)kBTc .11,13,14 Sophisticated tunneling
experiments12 have given a valuel50.82 for the electron-
phonon coupling constant of vanadium; this value is cons
ered too high by the authors. For superconductors w
strong coupling the values ofl found experimentally equa
1.7–2.8.14 Thus vanadium must be treated as a wea
coupled superconductor.10 This conclusion is somewhat a
odds with a theoretical study11 that gave a valuel51.19 for
vanadium, but even in that case the coupling would be m
aptly described as intermediate rather than strong.

For the films studiedl !j0 , wherej0 is the coherence
length for pure ‘‘bulk’’ vanadium (j0'45 nm)10 In that case
it follows from the microscopic theory developed b
Gor’kov for weakly coupled superconductors in magne
field15 that the electron density of states at the Fermi le
~with allowance for the two spin directions! is given by the
expression16

N~0!5
pudBc2 /dTuTc

4kBer
, ~2!

wheree is the charge of the electron andkB is Boltzmann’s
constant.

For superconductors with intermediate and strong c
pling a coefficient of the order of unity should be introduc
in the denominator on the right-hand side of formula~2!.17,18

Let us estimate the density of states for film V4 after
heating toT550 and 300 K~see Table II! on the basis of
formula ~2! with the values ofudBc2 /dTuTc

~Fig. 2! andr0 .

TABLE II. Parameters for the calculation and the calculated values ofN(0)
of the film V4 after annealing toT550 and 300 K.
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Qualitatively similar behavior ofudBc2 /dTuTc
andN(0)

as functions of the heating temperature are observed for fi
V1– V3 as well. In the case of the film V5 the values of
udBc2 /dTuTc

and N(0) immediately after explosive crysta
lization and after heating to room temperature were the s
within the experimental error.

The BCS theory for weakly coupled superconduct
gives the value

Tc51.14uD expS 2
1

N~0!V* D , ~3!

whereV* is the electron interaction parameter anduD is the
Debye temperature.

According to Eq.~3!, in order forTc to change from 4.2
to 3.78 ~as in the case of film V4), the value ofN(0)V*
should decrease by a factor of 1.023. A formula forTc in the
case of superconductors with strong or intermediate coup
was derived by McMillan19 and later modified to20

Tc5
v log

1.2
expF2

1.04~11l!

l2m* ~110.62l!G . ~4!

Herev log is the logarithmic mean phonon frequency,m* is
the Coulomb pseudopotential of Morel and Anderson, ch
acterizing the electron-electron interaction, andl is the
electron-phonon coupling constant:

l5
N~0!^I 2&
M ^v2&

, ~5!

where ^I 2& is the square matrix element of the electro
phonon interaction, averaged over the Fermi surface,^v2& is
the mean square phonon frequency, andM is the mass of an
atom.

According to Eq.~4!, in order for Tc for film V4 to
change from 4.2 to 3.78 K the value ofl @at m* 50.15~Ref.
12! andv log5245 K ~Ref. 11!# should decrease from 0.65
to 0.635.1 This decrease ofl by a factor of 1.030 agrees wit
the decrease ofN(0)V* estimated with the use of the BC
formula ~3!.

As we see from Table II, the value ofN(0) decreases by
a factor of 1.018 when the film is heated from 50 to 300
Thus the change ofTc for film V4 from 4.2 to 3.78 K can be
attributed predominantly to the change in the density
states upon a slight change of the parameterV* in formula
~3! or of the parameterŝI 2& and^v2& appearing in Eq.~5!.
This conclusion pertains to all low-temperature crystall
vanadium films with thicknesses less thandc . As is shown
below, the most obvious reason for the behavior describe
internal stresses in nanocrystalline vanadium films.

In concluding this analysis we should mention the d
main of applicability of formula~4! without corrections for
spin fluctuations. Contrary to some previous papers, in R
12 a weak influence of spin fluctuations on the supercond
tivity of vanadium was mentioned, although it is not rule
out at the levells;0.1. The theoretical paper of Ref. 1
denies any dependence of the parameterl on the spin fluc-
tuations in the case of vanadium and many other super
ductors except palladium. Therefore, for qualitative analy
s
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of our results above we have used the modified McMill
formula without renormalization of the parametersl and
m* .

The reversibility of r(T) in the temperature interva
from 6 to 300 K in vanadium films immediately after th
a→c transition attests to the fact that the number and size
the grains~and, hence, the area of the grain boundari
which gives the main contribution to the resistivity of nan
crystalline films! remains practically unchanged during a
nealing of the films after thea→c transition. Meanwhile, the
internal stresses, which have little effect on the resistiv
can change substantially.

Indeed, internal stresses are absent in amorphous m
lic films.21 The density of vanadium films increases up
crystallization, and because of the coupling of the film w
the substrate, that gives rise to tensile stresses. The te
stresses should increase when the film is heated, since
mean values of the thermal expansion coefficientsā of va-
nadium are much smaller than those of the soft chemi
laboratory glass S89-2~No. 23! used for the body of the
ampoule and the substrate.

At room temperature one hasā5(8.8– 9)31026 K21

for glass No. 23~Ref. 22! and ā57.7531026 K21 for
vanadium.23 For NaCl the ā(T) curve lies considerably
higher than for glass or vanadium and at 300 K it has a va
of around 3931026 K21 ~Ref. 23!. Therefore, the vanadium
films condensed on a NaCl sublayer are subjected to m
higher tensile stresses on heating than are the films c
densed on glass.

It should be kept in mind that from 73 to 273 K th
ultimate tensile strength of vanadium decreases fr
'980 MPa to'490 MPa, while the relative contraction in
creases from'64% to'80% ~Ref. 24! owing to the cold-
shortness effect. Vanadium films could be expected to h
qualitatively similar behavior. It can be assumed that the t
sile stresses arising as a result of thea→c transition cause
elastic straining of the film because of the high values of
ultimate strength and yield stress atT'Ta→c . It appears that
it is these stresses and the elastic strains they produce tha
responsible for the increased values of the density of st
and CTST of low-temperature condensates of vanadium
mediately after their crystallization~see theTc values in
Table I!. As the heating temperature is increased to'200 K
this behavior continues in spite of the growth of the tens
stresses in the film due to the higher thermal expansion of
glass as compared to vanadium. Therefore on the retur
helium temperature the elastic strains in the film are appro
mately the same as immediately after thea→c transition,
and so is the CTST.

When the temperature is increased from'200 to
'300 K the tensile stresses apparently exceed the low
yield point of the vanadium film, and plastic deformation
the latter occurs, which is often manifested in fractionati
of the blocks inside the grains.24 During plastic deformation
the internal stresses in the film are relieved, lowering
density of states and the CTST~see the values ofTc8 in Table
I!. Heating in the temperature interval 200–300 K can a
lead to annealing of some lattice defects that have an ap
ciable effect on the CTST but not much effect on the res
tivity of the film. The values ofTc8 in Table I agree with the



es
s
t
f

e
lk’
be
y
tin

n
e
o

le
n

, a
e

ck
ac
n
, w
he
lm

s
e

o

s
s
film
iv

on
se
iz

o
he

f t
an
ro
ur

o
si
th
Th
e
m
s

e

th

iable

are
ity

nce
of

,

w
-
ork

nal

.

B

f

er,

.

115Low Temp. Phys. 31 (2), February 2005 V. M. Kuz’menko and T. P. Chernyaeva
values of the CTST for vanadium films of the same thickn
obtained in ultrahigh vacuum (p;1026 Pa) on substrate
above room temperature.25,26 A situation analogous to tha
described above for vanadium films has been observed
‘‘bulk’’ vanadium.27 Specifically, the elastic internal tensil
strains arising as a result of the plastic deformation of ‘‘bu
vanadium atT'4.2 K were considered by the authors to
responsible for the increase in the CTST of the samples b
much as 0.5 K. The relief of the internal stresses on hea
the samples to room temperature lowered the value ofTc to
nearly the initial value. A qualitatively similar result o
‘‘bulk’’ vanadium was also obtained in Ref. 28. The lattic
defects that determine the resistivity do not depend much
the internal stresses; this accounts for the lack of a c
connection betweenTc andr in the films studied here and i
‘‘bulk’’ vanadium samples.27

Cracking of the vanadium films on a glass substrate
we have said, starts at temperatures close to room temp
ture, while for films on a rock salt sublayer the films cra
when the ampoule is opened at room temperature. The cr
ing process is evidence that the internal tensile stresses i
films have exceeded the ultimate strength. Consequently
were correct in assuming that at lower temperatures t
exceeded the yield stress and plastic deformation of the fi
occurred.

At first glance it seem surprising that for vanadium film
that have undergone explosive crystallization during cond
sation the values of the CTST immediately after thea→c
transition and after the films had been annealed up to ro
temperature are the same~see V5 in Table I!. Here one
should remember the nature and the features of the explo
crystallization mechanism.5,6 In amorphous vanadium film
explosive crystallization occurs spontaneously when the
reaches a critical thickness. Under conditions of intens
evolution of the latent heat of the the transition~and poor
heat removal from the sample! a self-acceleration of the
crystallization occurs, and the rate of the transformation fr
reaches tens of meters per second. This process is clo
adiabatic, and the temperature of the explosive crystall
tion front in the vanadium film is estimated as 340 K.5,6 The
massive glass substrate remains cold during this process
ing to the small mass of the film and the high velocity of t
transformation front ('50 m/s for vanadium!. It appears that
in this case the internal stresses due to the difference o
densities of the amorphous and crystalline phases of v
dium are relieved during the explosive crystallization p
cess. This leads to stabilization of the CTST of the film d
ing its subsequent heating to room temperature.

CONCLUSION

Tensile stresses appear during crystallization of am
phous thin films of vanadium because of the higher den
of the crystalline phase and the adhesion of the film to
substrate, and these lead to elastic straining of the films.
changes the distance between atoms in the crystal lattic
the metal. Apparently in the case of bcc films of vanadiu
this causes a certain change of the band structure, manife
in a slight increase in the density of states. This increas
the main cause of the increase ofTc in the elastically strained
vanadium films in comparison with the annealed state of
s
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same films. The internal stresses, which have an apprec
influence onBc2 and Tc , clearly have little effect on the
resistivity. It may be that the change ofTc is influence by
some lattice defects that are annealed when the films
brought to room temperature but which affect the resistiv
only weakly.

The authors are grateful to A. N. Stetsenko for assista
in the electron microscopic studies and for a discussion
the results.
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1For bulk vanadium withTc55.4 K the analogous estimate givesl
50.702.
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