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SUPERCONDUCTIVITY, INCLUDING HIGH-TEMPERATURE SUPERCONDUCTIVITY
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Nanocrystalline vanadium films 7—20 nm thick are obtained by crystallization of amorphous
condensates of this metal by heating to a temperafut€0 K. Immediately after completion of
the crystallization the critical temperature of the superconducting tranditiaf these

films is 3.1-4.3 K. When the films are heated to room temperature in an ultrahigh vacuum the
values of T, 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 crystallizatior20@5 American
Institute of Physics.[DOI: 10.1063/1.1820544

INTRODUCTION The vanadium was evaporated by evaporators made of
, ) , cleaned tungsten wire. To degas the mounting of vanadium

Itis known that when vanadium vapor is condensed on &4 ngsten a significant part of the mounting was evapo-

substrate cooled by liquid helium the films formed up 10 a¢eq off while the substrate was shielded:; the substrate re-
thicknessesi~20-40 nm have an amorphous structtife. 1 ineq in continuous contact with the liquid helium, and the

When this critical thicknesd, is exceeded during condensa- average temperature of the vanadium layer during condensa-
tion the whole volume of the film undergoes spontaneous;y, was not over 18 K

explosive (avalanchg crystallization with the formation of
the usual bce phase. If the layer thickness is less tharits
amorphous structure is stable up to a temperaflye,

The electrical conductivity of the films was measured by
a compensation method using a four-probe scheme with an
. , = accuracy of 0.01% or better. The critical magnetic field per-
~40-60 K, and the value G, . increases with decreasing o gicylar to the plane of the film was produced by a super-
d by an approximately hyperbolic laff: We have previously  ¢,nqycting solenoid. The thickness of the films during con-
investigated the superconducting properties of the amolgengation was monitored by its conductance, and after the
phous phase of vanadiufriThe critical temperature of the experiment was completed and the was ampoule opened it
superconducting transitiofCTST) of the crystallized film is was measured by an optical density metAod.

approximately 1.5 K higher than the valueTfin the amor- The microstructure of the crystallized vanadium films

phous state. Further heating of the samples .. 10 54 their surface topography were investigated at room tem-
room temperature is usually accompanied by a lowering ofe a1re on a JEM-100CX analytical electron microscbpe.
the CTST: This behavior has not yet been explained corrne  microstructure was investigated by photography in
rectly in the published literature. The goal of the presenty,ngmited light. Both bright-field and dark-field images
study is to attempt an explanation. were obtained. The vanadium films were removed from the

substrate by dissolving in water a thir-@0—30 nm) NaCl

layer that had been condensed on the glass substrate prior to
TECHNIQUE deposition of the metal.

The_technlque_s used to grow th_e films _and to study the'EXPERlMENTAL RESULTS
electronic properties are described in detail elsewh&hale
used welded-up glass ampoules with a flat polished substrate Figure 1 shows the change of the resistivity of a newly
and welded-in leads of platinum wire for making electrical condensed vanadium film=16 nm thick upon heating to
measurements of the metallic film condensed on the subroom temperature. The practically vertical segment of the
strate. After being pumped down to a pressprel0 4 Pa  curve corresponds to the transition of the film from the amor-
the ampoules were hermetically sealed with a gas torch anghous to the crystalline stata{-c transition. Interesting,
removed from the vacuum apparatus. The ampoules werenmediately after the— c transition (T,_,.~40 K) and on
mounted in a helium cryostat which was then flooded withup to room temperature thg(T) curve becomes practically
liquid helium, creating an ultrahigh vacuum-@0 °Pa) reversible, i.e., the residual resistiviby at T=6 K is prac-
with respect to all components of air. The bulk vanadiumtically equal to its valug/, for the same film after heating to
used had a resistivity ratio ef 550 between temperatures of room temperature. If the critical temperature was exceeded
300 and 6 K. during the condensation process and explosive crystallization
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TABLE |. Some characteristics of the crystalline vanadium films investi-
j gated.
l . M,oo P300
Sample d,nm Te, K Te, K 0o pb
1501
Vi 7 3.10 2.7 0 2.2
Vs 8 3.35 2.98 5 3.5
E
C(:? 100 V3 15 3.90 3.52 2.5 3.7
=
a Vy 16 4.20 3.78 0 4.76
50 l Vs 22 (de) 4.30 4.30 =5.4 3.15
B Note: The temperature smearing of the superconducting transitions for films
V;—Vs is 0.10-0.12 Kthe interval (0.1-0.9)¢], andpsq is the value ofp
= at 300 K.
! i
0 100 200
T,K exhibited a noticeable increase in residual resistivity which is

o o due, as we shall show below, to an intensification of the
;Igl.(n::s;':Tgirﬁt.ure dependence of the resistivity of a vanadium film Ofcracking process. It should be emphasized that the films
V,—Vs were annealed to room temperature in ultrahigh
vacuum (10 1° Pa). For this the upper part of the ampoule
containing the substrate was heated by a furnace under a
hood in the form an inverted Dewar while the lower part of
the ampoule was immersed in liquid helium. This precludes
the possibility of contamination of the annealed film by re-
; . sidual gases, the pressure of which without these precaution-
only for vanadium films. For all the other low-temperature 4 .

ary measures would reach10™ * Pa at the higher tempera-

condensates of pure metdls, Sn, Al, Tl, etc) known to us, . .
the residual resistivity continually decreases as the film istures(see Technique In this case the decrease of the CTST

annealed up to room temperature, owing to the annealing gn heating could be ascribed to impurities falling into the

defects and the growth of grains. For example, when an aIlCJ}-'Im from the surrounding medium, as it is known that vana-

minum i (4=70 ) s neted om e o room - 91 TSkt by ey emeeraures,
perature T, decreases from 3.25 to 1.45 K and the residual 9 o . _p ] P :

o 4 . cal magnetic inductiong.,=B,., ; Ref. 9 for the film V,.
resistivity decreases from 16 to 1.2%)-cm.” Apparently in :

. ) . ., . Curvel was taken after heating = T,_,. and corresponds
vanadium films the lattice defects that have a substantial in: ) :
e . to a valueT.=4.2 K; curve2 was taken after heating to
fluence on the resistivity are not annealed in the temperature ,
interval T=40—300 K room temperature and corresponds to a valye 3.78 K.

The critical temperature of the superconducting transi—Near the CTST the value ®, varies linearly with tempera-

tion for the crystallized vanadium films directly after their ture, while at lower temperatures the dependence is approxi-

heating toT=T,_., denotedT,, is always substantially mately quadratic:
higher than the valu&; for the same films after annealing to
room temperature. The value of the temperafliyeemains

occurred, thep(T) curve is reversible from the start and is
described by the lower part of the curve in Fig(without
the vertical segmept Such behavior ofp(T) is observed

practically constant after the films have been annealel to 14
=190-200 K. Only after further increase in the annealing - 1
temperature does the CTST decrease fiymto T.. If the 1.2
film has crystallized as a result of explosive crystallization 1 0'_
(atd=d.) the values ofT, and T/ are equal. L 2
Table | gives the values of, and T for typical low- = 0.8~
temperature condensates of vanadium. These values are ,E i
lower than the CTST for for pure bulk vanadium. The 0'6__
mechanisms causing the decrease of the CTST with decreas- 041
ing thickness of metallic films are discussed in detail in Ref. 0. -
4. -2
Some films show signs of crackin@ slight growth of ol . o
the residual resistivily already at room temperatur@see 0.5 0.6 0.7 0.8 0.9 1.0
Table . T/Te

Sometimes a rather Iong hold at room temperature IeadéIG. 2. Temperature dependence of the critical magnetic induction for a

to a. slight decrease in the residual reSiSti\(me the r(_esu't crystalline vanadium film=16 nm in diameter after annealing To[K]: 50
for film V). After heating toT =330—-340 K all of the films (1), 300(2).
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TABLE Il. Parameters for the calculation and the calculated valué$( 69
of the film V, after annealing td' =50 and 300 K.

Heati dTlr., N©,
cating 4B /AT | o o
temperature, K T/K 107771 m3
50 0.754 11.5 23.28
300 0.741 11.5 22.88

opened; from that we infer that crack formation is practically

absent. The absence of cracks in those films is confirmed by

FIG. 3. Dark-fie_ld electron micrograph of the nanostructure of a vanadiumthe studies of their surface topogra;?riy.was found that the

film ~37 nm thick. . . . .

surface of the vanadium films on glass did not exhibit no-

ticeable relief after heating to room temperature, i.e., the
micro-irregularities of the surface did not exceed 3—-5 nm

} (1) and there were no noticeable cracks. Cracks appeared only

after the films were heated te 340 K.

T 2
ouradi-(1]
whereB, is the value oB., at T=0K.

Electron diffraction patterns of the films show only the
lines of the bcc phase of vanadium. The grain size in thédISCUSSION OF THE RESULTS

films that have undergone explosive crystallization is practi- It was shown in Refs. 10 and 11 that at the lowest term-

cally the same as in films of the same thickness crystallized : ; i
by heating. The mean grain size in both cases is 54-55 mﬁeratures(below 0.5 K the heat capacity of vanadium is

(Fig. 3. The grains have a flat shape and, judging from the etermined by the normal BCS energy gap A2

Moiré patterns on some electron micrographs, they are often, 3.5 Tc). Approximately the same value ofi3 has been

stacked on one another. Thus the mean grain size in th%btamed in experiments in which the energy gap is measured

direction perpendicular to the plane of the film is less than its y the methods of absorption of electromagnetic radiation,

thickness. The electron mean free patin the vanadium ;Z?OT;O;ngftEgr?:?eurgﬂEsgdciltr;;ui?]ngg}g efg eg:;d;;a
films studied here, calculated from the relatiph=3.5 ) '

X 107120 - cn? (Ref. 10, amounts to 2—3 nm, a value attest- superconductors with - strong coupling - one hasl,?2

_ _ 11,13,14 it ;
ing to a significant degree of intragrain disorder. (4.3-4.5KgTe. Sophisticated tunneling

It is important to note that films condensed on a sublayeFXpe”memgz have given a valua =0.82 for the electron-

of NaCl had numerous cracks up to 700 nm long and 30 nn;i)honon coupling constant of vanadium; this value is consid-

wide (Fig. 4). The cracks form at the time when the ampouleered too h'gh by the authors. For supt_arconductors with
) . : . strong coupling the values of found experimentally equal

is opened to atmospheric pressure, as is manifested by trle7_2 8 Thus vanadium must be treated as a weakly
sharp increase in the resistivity of the films at the time of .

opening. This indicates that the films prior to the opening ofCOUpled superconducté?. This conclusion is somewhat at

) : . odds with a theoretical studfythat gave a valua=1.19 for
the ampoule were in a maximally stressed state. Prior to the : . i
. ) Vanadium, but even in that case the coupling would be more
opening of the ampoule the films condensed on a NaCl sub- . : .
aptly described as intermediate rather than strong.

layer, like films condensed on glass, displayed a reversible For the films studied<Z,, where&, is the coherence

trend of p(T) from the point of thea— c transition on up to length for pure “bulk’ vanadium €,~45 nm) In that case

room temperature. For the the films condensed on glass th|F follows from the microscopic theory developed by

resistivity changed insignificantly when the ampoule Wass ooy for weakly coupled superconductors in magnetic
field'® that the electron density of states at the Fermi level
(with allowance for the two spin directionss given by the

expressiotf

WldBczldTch

NOO)=—2rep

2

wheree is the charge of the electron akg is Boltzmann’'s
constant.

For superconductors with intermediate and strong cou-
pling a coefficient of the order of unity should be introduced
in the denominator on the right-hand side of form(#a’8

Let us estimate the density of states for film Wfter
FIG. 4. Bright-field electron micrograph of the nanostructure of a vanadiumneating toT=50 and 300 K(see Table Il on the basis of
film ~37 nm thick. formula (2) with the values ofdB,/dT|+_ (Fig. 2) andpy.
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Qualitatively similar behavior ofd BczldT|TC andN(0) of our results above we have used the modified McMillan

as functions of the heating temperature are observed for film®rmula without renormalization of the parametexsand
V;—V; as well. In the case of the film &/the values of u*.

|dBc,/dT|r, andN(0) immediately after explosive crystal- The reversibil_ity Ofp('l_') in _the temperature interval
lization and after heating to room temperature were the sam&om 6 to 300 K in vanadium films immediately after the
within the experimental error. a— C transition attests to the fact that the number and size of
The BCS theory for weakly coupled superconductorsthe grains(and, hence, the area of the grain boundaries,
gives the value which gives the main contribution to the resistivity of nano-
crystalline filmg remains practically unchanged during an-
1 nealing of the films after tha— c transition. Meanwhile, the
T.=1.146, exp{ - W) (3) internal stresses, which have little effect on the resistivity,

can change substantially.

Indeed, internal stresses are absent in amorphous metal-
whereV* is the electron interaction parameter afglis the  Jic films.?* The density of vanadium films increases upon
Debye temperature. crystallization, and because of the coupling of the film with

According to Eq«(3), in order forT, to change from 4.2 the substrate, that gives rise to tensile stresses. The tensile
to 3.78 (as in the case of film )}, the value ofN(0)V*  stresses should increase when the film is heated, since the
should decrease by a factor of 1.023. A formuIaTQn'n the mean values of the thermal expansion coefficientsf va-
case of superconductors with strong or intermediate couplingadium are much smaller than those of the soft chemical-

was derived by McMillaf’ and later modified & laboratory glass S89-2No. 23 used for the body of the
ampoule and the substrate.
T _ @log ex;{— 1.041+)) _ (4) At room temperature one has=(8.8-9)x10 ¢ K1
¢ 12 A—pu*(1+0.620) for glass No. 23(Ref. 22 and a=7.75<10"® K1 for

vanadiun?® For NaCl the «(T) curve lies considerably
higher than for glass or vanadium and at 300 K it has a value
of around 3% 10 % K™ ! (Ref. 23. Therefore, the vanadium
films condensed on a NaCl sublayer are subjected to much
higher tensile stresses on heating than are the films con-
N(0)(12) densed on glass.
=, (5) It should be kept in mind that from 73 to 273 K the
M(w?) . . :
ultimate tensile strength of vanadium decreases from
where (12) is the square matrix element of the electron-~980 MPa to~490 MPa, while the relative contraction in-
phonon interaction, averaged over the Fermi surfa@d) is ~ creases from=64% to~80% (Ref. 24 owing to the cold-

atom. qualitatively similar behavior. It can be assumed that the ten-

According to Eq.(4), in order for T, for film V, to  Sile stresses arising as a result of the-c transition cause
change from 4.2 to 3.78 K the value pfat u* =0.15(Ref.  elastic straining of the film because of the high values of the
12) and wjoy=245 K (Ref. 11)] should decrease from 0.654 Ultimate strength and yield stressTat T, .. . It appears that
to 0.635 This decrease of by a factor of 1.030 agrees with itis these stresses and the elastic strains they produce that are
the decrease dfl(0)V* estimated with the use of the BCS responsible for the increased values of the density of states
formula (3). and CTST of low-temperature condensates of vanadium im-

As we see from Table II, the value df(0) decreases by mediately after their crystallizatioisee theT, values in
a factor of 1.018 when the film is heated from 50 to 300 K.Table . As the heating temperature is increased=t200 K
Thus the change dfF,, for film V, from 4.2 to 3.78 K can be this behavior continues in spite of the growth of the tensile
attributed predominantly to the change in the density ofstresses in the film due to the higher thermal expansion of the
states upon a slight change of the paramsferin formula  glass as compared to vanadium. Therefore on the return to
(3) or of the parameteré ) and(w?) appearing in Eq(5).  helium temperature the elastic strains in the film are approxi-
This conclusion pertains to all low-temperature crystallinemately the same as immediately after the-c transition,
vanadium films with thicknesses less th@n As is shown and so is the CTST.
below, the most obvious reason for the behavior described is When the temperature is increased from200 to
internal stresses in nanocrystalline vanadium films. ~300 K the tensile stresses apparently exceed the lowered

In concluding this analysis we should mention the do-yield point of the vanadium film, and plastic deformation of
main of applicability of formula4) without corrections for the latter occurs, which is often manifested in fractionation
spin fluctuations. Contrary to some previous papers, in Refof the blocks inside the grairfé.During plastic deformation
12 a weak influence of spin fluctuations on the supercondudhe internal stresses in the film are relieved, lowering the
tivity of vanadium was mentioned, although it is not ruled density of states and the CT%3ee the values of in Table
out at the level\~0.1. The theoretical paper of Ref. 11 ). Heating in the temperature interval 200—300 K can also
denies any dependence of the paramaten the spin fluc- lead to annealing of some lattice defects that have an appre-
tuations in the case of vanadium and many other supercortiable effect on the CTST but not much effect on the resis-
ductors except palladium. Therefore, for qualitative analysigivity of the film. The values off in Table | agree with the

Here w|oq is the logarithmic mean phonon frequengy; is
the Coulomb pseudopotential of Morel and Anderson, char
acterizing the electron-electron interaction, andis the
electron-phonon coupling constant:
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values of the CTST for vanadium films of the same thicknessame films. The internal stresses, which have an appreciable
obtained in ultrahigh vacuump(10~° Pa) on substrates influence onB., and T., clearly have little effect on the
above room temperatuf@?® A situation analogous to that resistivity. It may be that the change &, is influence by
described above for vanadium films has been observed f@ome lattice defects that are annealed when the films are
“bulk” vanadium.?” Specifically, the elastic internal tensile brought to room temperature but which affect the resistivity
strains arising as a result of the plastic deformation of “bulk” only weakly.
vanadium afT~4.2 K were considered by the authors to be  The authors are grateful to A. N. Stetsenko for assistance
responsible for the increase in the CTST of the samples by d@s the electron microscopic studies and for a discussion of
much as 0.5 K. The relief of the internal stresses on heatinthe results.
the samples to room temperature lowered the valug.ab
nearly the initial value. A qualitatively similar result on
“bulk” vanadium was also obtained in Ref. 28. The lattice
defects that determine the resistivity do not depend much on )
. . vbuts@kipt.kharkov.ua
the internal stresses; this accounts for the lack of a cleakor pyik vanadium withT,=5.4 K the analogous estimate gives
connection betweel; andp in the films studied here and in  =0.702.
“pulk” vanadium sampleg’
Cracking of the vanadium films on a glass substrate, as
we have said, starts at temperatures close to room tempera-
ture, while for films on a rock salt sublayer the films crack
when the ampoule is opened at room temperature. The crack- _ _ , , _
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