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Oscillations of the critical temperature and resistance in
Iamellar» thin-film vanadium-carbon structures
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L. V. Kurchatov Institute of Atomic Energy
(Submitted December 4, 1975)
Zh. Eksp. Teor. Fiz. 70, 2236-2243 (June 1976)

The superconducting properties of vanadium-carbon sandwiches with vanadium layers dy =100 A thick

and variable thickness carbon liners are studied. The thickness of the carbon liners was varied between 0
and 100 A. The investigations are performed with samples having one, two, and five vanadium layers. The
dependence of the sandwich superconducting temperature T, on the carbon liner thickness is oscillatory,

the oscillations being particularly pronounced for the samples with two layers. The first peak on the T(dc)
curve (dc is the thickness of the carbon coating) occurs at d-=3 A for single-layer samples (vanadium
film with carbon coating of variable thickness). In two- and five-layer sandwiches the first peak is observed
for a carbon layer thickness of 5 A. A correlation is obtained between the critical temperature and- the

quantities Rjo/ R,, p3go, and p, for multilayer samples.

PACS numbers: 74.10.4v, 73.40.Ns

We have previously reported‘?! observation of an
oscillatory dependence of the critical temperature of
films of a number of superconducting metals on the
thickness of a diamond coating. The oscillations took
place at very small carbon coatings (d;< 20 A) and for
sufficiently thin (d< 300 .7&) metallic layers. Quite re-
cently, Six1" reported observation of a similar behavior
of the critical temperature of thin aluminum films as a
function of the thickness of a silicon-oxide coating. Al-
though the aluminum films were obtained by another
method and the coating was of a different material, the
general laws governing the T,(d;) dependence were the
same as in our experiments, We have continued the in-
vestigations on vanadium films coated with carbon,
and also studied the effect of a thin dielectric layer (C)
of variable thickness on the properties of metallic
vanadium film in layered sandwich-type systems.

In the method used to produce the samples, the sand-
wich structure has a number of advantages over a super-
conductor coated with a dielectric of variable thickness.
Thus, in the case of a sandwich the sample can be
covered from above a thick protective dielectric film,
and this excludes completely the possibility of oxidation
of the investigated metallic layer. In addition, in the
layered sample the thin dielectric layer borders upon
two identical metallic layers, so that the action of the
dielectric on the superconductor becomes more effec-
tive, All this gives grounds for hoping to obtain, in the
case of a sandwich, a more distinct oscillatory depen-
dence of the properties of the metallic layer on the
thickness of the dielectric.
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PREPARATION OF SAMPLES AND MEASUREMENT
PROCEDURE

The sample were prepared in a high-vacuum ion-
evaporation installation described by us in®!, The
evaporation was carried out in spectrally pure krypton,
the working pressure of which was 5x10® Torr. The
discharge currentwas 1mA at 4 kV in a magnetic field
0.7 kOe. During the sputtering time all the parts of
the working chamber and the substrate had a tempera-
ture close to that of liquid nitrogen.

The film thickness was calculated from the evapora-
tion rate and evaporation time. The evaporation rate
of each material was determined with the aid of control
samples 1000 A thick. The thicknesses of these sam-
ples were determined by an interference method. The
error in the determination of the investigated films did
not exceed 5% in the entire range of thicknesses, The
film growth rates were 10 i\/min for vanadium and 2
A /min for carbon films!’, The determination of the
growth rate was repeated after several evaporation ex-
periments. :

The raw materials for the cathode were metallic
vanadium and graphite of purity not worse than 99. 94%.
The investigated samples were rectangular in shape
and measured 5X9 mm. The substrates were polished
glass plates into which platinum-wire leads were sealed.
To exclude edge effects, the edges of the films were
trimmed with a diamond microcutter, The supercon-
ducting-transition temperature and the sample resistance
were measured both before and after trimming the edges,

Copyright © 1977 American Institute of Physics 1167



‘_dinterlayer

O < o<

subst/rate
FIG. 1. a) Vanadium film with fixed carbon sublayer and
coating of variable-thickness (section); b) sandwich with two
layers of vanadium and fixed carbon sublayer and coating
(section).

Figure 1 shows schematically the two investigated
sample types: a—-metallic film with dielectric coating,
and b-two-layer sandwich, To prevent the sample prop-
erties from being affected by the possible imperfections
and contaminations of the substrate prior to evaporation
of the sample, a fresh layer of carbon (sublayer) of
thickness d,=15 A was deposited on the sample. All the
samples were coated after sputtering by a protective
film of synthetic diamond, with thickness likewise 15
A.?2 The protective sublayers and coatings were de-
posited in the same ultra-high-vacuum evaporation in-
stallations used for the investigated samples. It should
be noted that the carbon films obtained by this method
remain solid and strong, and form no island structure
when their thickness is decreased down to 3 A.

The construction of the installation made it possible
to obtain eight pairs of samples during in one evapora-
tion cycle. The samples making up the pair were pre-
pared simultaneously, and the difference between their
properties was determined only by, random factors.
After the end of the evaporation, the installation was
heated to room temperature, unsealed, and the samples
transferred to the measuring helium cryostat.

The critical temperature was measured by a resistive
method.® The superconducting transition temperature
was defined as the temperature at which R =0, 5R,, where
R, is the residual resistance of the sample. The tem-
perature of the measuring block of the cryostat was
measured with a Scientific Instruments Co. germanium
thermometer, and the sample resistance was measured

K/Ry

BT

7| v 3 5|1
0.5
075 a0 0 45
T,K
FIG. 2. Superconducting-transition curves of vanadium films

with carbon coating and of two-layer vanadium-carbon sand-
wiches with carbon interlayers of varying thickness: 1)

Cy5— Va0 —Ciss 2) Cy5—Vigo—Cs— Vg0 —Cis5 3) C15— V0 —Cyp
~Vig0—Cis» 4) Cy5 = Vigg—Cy1— Vigo—Cis» 8) Cy5— Vipo—Cys
(the subscript denotes the interlayer thickness in angstroms).
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FIG. 3. Critical temperature
of vanadium films with d

=120 A and fixed carbon sub-
layer, as a function of the thick-
ness of the carbon coating: a)
3.0 vanadium films with carbon
sublayer d;=15 &, b) vanadium
films with carbon sublayer d
=10 A.

1 1 1 1
5 0 10 20

dc,A

by a potentiometer method. To calculate the resistivity
of the samples, the geometric dimensions of the sam-
ples were determined with an optical comparator. The
error of p did not exceed 7%.

RESULTS

Figure 2 shows plots of the transition of pure vana-
dium films in two-layer V-C-V sandwiches with differ-
ent carbon interlayer thickness. The width of the super-
conducting transition changed little from sample to sam-
ple and amounted to only several hundredths of a de-
gree K. It should be noted that the vanadium films in-
vestigated by us, with thickness d =500 A, had a criti-
cal temperature close to T, of the pure bulky metal and
a sufficiently large resistance ratio, R,y /R,=6.

Figure 3 shows the dependence obtained by us for the
superconducting transition temperature of pure vanadi-
um films on the thickness d. of the carbon coating for
two batches of samples that differ only in the thickness
d, of the carbon sublayer.. The samples of the first
batch (Fig. 3, curve a) had a sublayer thickness d,
=15 A, The samples of the second batch (Fig. 3, curve
b) had dy,=10 A, The vanadium film thickness was con-
stant (dy =120 }o\). Both curves are nonmonotonic, The
maximum values of T, for both curves are close to each
other. However, the positions of the maxima differ
quite strongly. For the samples of the first batch (Fig.
3, curve a) the first maximum takes place at dc=3 f\,
whereas for the samples of the second batch (Fig. 3b)
the first maximum is observed at do="7 A. The period
of the oscillations is ~5 A. Here, just as in'?!, we ob-
serve a mutual influence of the dielectric layers located
on opposite sides of a metallic film,

The oscillatory character of the T,(d.) curve is less
pronounced for the vanadium films than for the other
supercc:ductors investigated by us. There is no clear-
cut dependence of the resistance on the thickness of the
carbon coating. The apparent reason is the high sen-
sitivity of the unprotected vanadium film to oxidation
and the ensuing difficulty of obtaining in pure form the
dependence of the properties of the metallic film on the
thickness of the carbon coating.

As already mentioned, in the case of sandwich-type
structures the effect of the oxidation is completely
eliminated and all the dependences should manifest
themselves more clearly, Figure 4 shows the super-
conducting -transition temperatures of two-layer (rela-
tive to vanadium) vanadium-carbon-vanadium samples
as functions of the thickness of the carbon interlayer.
The thickness of the metallic layers was constant at
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4.0 FIG. 4. Critical temperature
of two-layer vanadium-carbon
T T T —g sandwiches as a function of the
thickness of the carbon interlayer.
° The thickness of the carbon sub-
9.0 layer and of the coating is
constant at 15 &
T
d imerlnyer-A
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i . FIG. 5. Resistance ratio
! ' Rgpo/R, of two-layer vanadium-
y.0H— carbon sandwiches vs the
\ I ‘ " thickness of the carbon inter-
—EVW__ i l layer. Thickness of carbon
: B . sublayer and coating 15 A.
2.0 — : : :
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d interlayer, A

100 A. The curve was plotted for three batches of sam-
ples prepared in different sputtering experiments. The
agreement between the critical temperatures of differ-
ent samples having the same carbon-interlayer thick-
ness allows us to state that we are not dealing with a
random scatter of the points,

Figures 5-7 show plots of the normalized resistivities
Pioo/Pl00s P% /0% and of the resistance ratio Ry /R,
against the carbon liner thickness d; ;oraver fOr the same
samples (p3y, is the resistivity of the sandwich at room
temperature, p,l is the residual resistivity of the sand-
wich; pdy, and g are resistivities of a film of pure
vanadium of thickness d, =200 A)

All the curves for the sandwiches are oscillatory, the
oscillations being much more pronounced than in the
case of vanadium films with variable carbon coating.
The oscillation period is 5 i\ and the first two maxima
on the T,(d;,er1aver) CUrve occur at liner thickness 5 and
10 A, Attention is called to the fact that for sandwiches
with carbon sublayer d,=15 A and with a coating dc
=15 A and with a coatmg de=15 A the first extremum

it/
1.5 A
I / \\
1.0
Y ~—_
- \T
0.5

] 10 20 30 4o 50

° d interlayers A
FIG. 6. Normalized resistivity at room temperature pf,/ 0,
of two-layer vanadium-carbon sandwiches vs the thickness of
the carboninterlayer. The carbon sublayer and coating are
15 & thick.
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1.0 @&
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d interlayer» A
FIG. 7. Normalized residual resistivity p¥/p, of two-layer
vanadium-carbon sandwiches vs the thickness of the carbon
interlayer. The carbon sublayer and coating are 15 A thick.

on the T, (d rlaver) CUTVE is always a minimum at
Ay nterraver ‘i whereas for a pure vanadium film with
dy=15 mterlayer the first extremum is a maximum at

a carbon coating thickness do =3 A

In the case of sandwiches, a perfectly distinct corre-
lation is observed between the critical temperature of
the samples and the quantities pyy, p,, and Rgp/R,.
Whereas the resistance ratio Ry /R, varies in phase
with the changes of the critical temperature, then the
resistivities pyy and p, vary oppositely: the maximum
resistance corresponds to the minimum 7,, The am-
plitude of the residual-resistance oscillations are much
larger than the amplitudes of the oscillations of pgg,.
The critical temperature at any of the maxima of the
T (dipter1aver) CUrve of two-layer sandwiches with metal-
layer thickness d= 100 A never exceeds T, of a pure
vanadium film 200 A thick and having the same condi-
tions on the boundary.

We have investigated also the properties of vanadium-
carbon samples with five vanadium layers. Figures 8
and 9 show the plots of T, and R,y /R, against the thick-
ness of the carbon interlayer for this case. The vana-
dium layer thickness in five-layer samples was con-
stant at 100 A, just as in the two-layer samples. The
curves remainedoscillatory, but the amplitude of the oscil-
lations decreased with increasing number of layers in the
sandwich., The oscillations were observed against the
background of a monotonic variation of the critical tem-
perature and of Ry,/R,, from a value corresponding
toa vanadlum film with dy =500 Atoa value equal to T,
of ady =100 A vanadium film. The electron-micros-
copy and electron-diffraction investigations of all the
sandwiches, in transmission, have shown that the vana-
dium in such a layered system has a structure and lat-

tice parameter that are typical of pure bulk metal. The
T, K I -1
5.0

4‘5%
¥.0
I S - L1 T ——

[ 50 100
d interlayer» A
FIG. 8. Critical temperature of vanadium-carbon sandwiches
with five vanadium layers vs thickness of carbon interlayer.
The carbon sublayer and coating are 15 A thick.
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: vanadium-carbon sandwiches
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invariance of the lattice parameter and the great sharp-
ness of the lines on the electron diffraction patterns of
the sandwiches point to the absence of a large mixing
(more than 2-3% in terms of carbon) of different layer
to a great depth.? The vanadium grain dimension in
the sandwiches remains unchanged with changing thick-
ness of the carbon liner. Thus, e.g., for dwmm,

=3 A the average grain dimension is a= 500 A and for
dyoteriaver =25 A we have a=~ 400 A,

DISCUSSION OF THE RESULTS

The similarity of the T.(d 4eriaver) CUrves for sand-
wiches and samples with dielectric coatings (the periods
and the amplitudes of the oscillations coincide) indicates
that the same physical mechanism is in operation in
both cases. The results of electron-microscope and
electron-diffraction investigations allow us to state that
this mechanism is not connected with structure changes
in the samples when the thickness of the carbon layer
is varied.

Until recently there was no satisfactory explanation
of the observed effect. All the mechanisms proposed
so far lead to a monotonic dependence of T, on the thick-
ness of the dielectric layer, with saturation at large
coating thicknesses. As already indicated, ‘¥ to explain
the nonmonotonic dependence of the critical temperature
we must assume either a superposition of several known
mechanisms, that make contributions of different signs,
or the existence of a new mechanism that leads to an
oscillatory dependence of the properties of the metallic

film, Since in our experiments on vanadium we obtained.

besides oscillations of T,, also pronounced oscillations
of the resistance, which correlated with the changes of
the critical temperature, we can propose that the mech-
anism responsible for the observed effect is connected
with changes of the electron density of states.

Our experiments on superconducting films with di-
electric coatings and on metal-dielectric sandwiches
have shown that in such systems it is impossible to ob-
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tain a noticeable increase of the critical temperature

as a result of the mechanisms discussed in'®, None

of the investigated samples had T, higher than the criti-
cal temperature of bulk metal, although we were able
to work with very thin metallic layers, and the prop-
erties of the dielectric layer were sufficiently distinc-
tive.

The authors are sincerely grateful to Yu, M, Kagan
and L. M. Dubovskii gor numerous and fruitful discus-
sions; to B, M. Samoilov and N. A. Chernoplekov for
constant interest in the work and support, and to V. V.
Mordvinov, A. N. Gusev, and V, I. Antropov for help
with the experiment.

DThe physical, chemical, spectral, optical, mechanical, and
structural investigations of the carbon films obtained by de-
position of the carbon by the method described above!?:3} have
shown this film to be a finely dispersed crypto-crystalline
diamond body of the “carbonado” type. It can be assumed
that the carbon layers in multilayered systems are of the
same modification.

2'Wwe have verified by special experiments that a synthetic-
diamond layer 10 A thick protects any metallic film com-
pletely against oxidation.

3T, of some samples was determined also by a contactless
method, from the change of the inductance of a flat measur-
ing coil placed near the sample. Both methods of measuring
the critical temperature yielded practically the same results.

The absence of an appreciable and deep penetration of carbon
atoms into the vanadium layer indicates alsothat withincrease-
ing thickness of the carbon liner the value of T, of a two-layer
sandwich V02 —C=V g4 tends to the value of T, of a pure
vanadium film d; =100 A thick. In addition, the sample in
which special homogeneous mixing of V and C was carried
out, with a carbon content ~3 at. %, revealed no supercon-
ductivity down to 1.2°K.
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