I cal leads to significant changes (shifts) in the energy of the K lines.

"jpatomdes N " Y An analogous result was obtained by us in studying the ferro-
161 [ " magnetic—-paramagnetic transition in metallic gadolinium
S (T, =290 K).
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Superconducting transition temperature, critical magnetic
fields, and the structure of vanadium films
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The superconducting transition temperature T,, the perpendicular critical magnetic field H‘', the
electrical resistance, and the structure of vanadium films obtained by ionic evaporation in an ultrahigh
vacuum apparatus were investigated. A carbon sublayer and coating of 15 A thickness were applied in
order to protect the samples against external influences. The critical fields were measured by the resistive
method. Upon a decrease of the film thickness from 2900 to 60 A a reduction of T, from 5.1-5.2 to 2.4 K
was observed, along with an increase of the residual resistivity p, from 4.5 to 20 pohm-cm and an increase
of the derivative |d H'/d T| near T, from 3.6 to 6.7 kOe/K. No superconductivity was observed in a

film of 30 A thickness down to 1.3 K. The type of crystal structure and the lattice constant for 125-1000
A thick films, determined by the technique of electron diffraction, are the same as those for bulk samples
of vanadium; the grain size in these films amounted to 500 to 800 A. The electron density of states N(0),
calculated on the basis of the data concerning |d H*/d T| and p,, for thick films (720 to 2900 A), agrees
with the value of N(0) for bulk vanadium (if it is assumed that the coefficient, which takes account of the
correction due to strong coupling effects for H_, is given by n=1.2). Upon a reduction of the film
thickness to 60 A, N(0) is reduced by approximately a factor of two. The obtained results agree with the
assumption that strong variations of N(0), having an influence on T, can be observed in transition-metal
films due to a reduction in the electron mean free path. The obtained quantitative information with regard
to N(0) in thin vanadium films (d < 250 A) is sensitive, however, to the presence of a hypothetical surface
transition layer and to its properties and thickness.

PACS numbers: 74.10.+v, 68.90.4g, 73.60.Ka

1. INTRODUCTION 1) These properties are very sensitive to impurities,
and a transition temperature close to the T, for pure,
1t follows from articles devoted to the investigation of bulk vanadium (5. 38 K) was obtained only for rather
the superconducting properties of vanadium films (a thick layers (thickness d 22000 A) and for a rather
brief review of this problem is given in!?) that: small ratio of the fluxes of residual gas and metal on
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the substrate.

2) A new modification of vanadium having a high elec-
trical resistance, associated with condensation on a cold
substrate (T,,,,~4.2 K), is observed'® in films of thick-
ness d< 200 f\, the high electrical resistance being the
reason to regard this new form as amorphous. !

3) The critical temperature of vanadium films drops
as their thickness decreases for both the amorphous
form and for the usual modification, !

Crow, Strongin et al. ! expressed the conjecture
that, in transition-metal films the change of T, takes
place primarily as a consequence of a change in the
electron density of states N(0) at the Fermi surface.
However, up to now no direct experiments, enabling one
to uniquely establish for films the connection between
changes of T, and changes of the density of electron
states, have been carried out.

In the present article we investigate the superconduct-
ing properties and structure of vanadium layers of vary-
ing thickness, obtained by the method of ionic evapora-
tion in an ultrahigh vacuum apparatus, “! and an attempt
is made to observe a correlation between changes of T,
and N(0) in thin film samples of vanadium. In order to
obtain information about N(0), the perpendicular critical
magnetic fields H,; and the electrical resistivity were
measured. In addition, the parallel critical magnetic
fields H, were measured. Together with these mea-
surements, electron microscope and electron diffrac-
tion studies of the structure of the samples were car-
ried out.

2. PREPARATION OF THE SAMPLES AND
MEASUREMENT PROCEDURE

The technique for preparation of the film samples by
ionic evaporation has been described by us in™!, The
deposition was carried out in an ultrahigh vacuum ap-
paratus under a hydrogen pressure £10°° Torr, and the
pressure of the other residual gases was < 10°!° Torr,
The pressure of krypton, which was employed as the
working gas, amounted to 5x10°® Torr. The rate of
vanadium deposition in different experiments varied
from 4.5 to 24.5 A/min depending on the intensity of the
discharge current. Vanadium twice smelted with an
electron-beam, of purity better than 99.94%, was used
as the cathodes.

Glass substrates with soldered platinum leads were
mainly used, but also Pyroceram substrates. In order
to eliminate the effect of possible imperfections and im-
purities of the substrates on the properties of the sam-
ple, an artificial diamond layer'® of thickness 10-15 A
was deposited on the substrate before deposition of the
vanadium film. After the completion of its deposition,
the vanadium film was covered by the same diamond lay-
er in order to protect it from oxidation. As the mea-
surements have shown, the resistance and superconduct-
ing properties of samples thus protected do not change
noticeably during the course of a year.

All measurements of critical magnetic fields were
carried out on films, whose edges were cut by a diamond
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microcutter, in order to eliminate edge effects. The
method which we used to measure the critical fields ac-
cording to resistance was described in detail in a pre-
vious article.® Above 4.2 K the transition curves were
plotted for fixed magnetic fields and a slow variation of
the temperature; below 4. 2 K the temperature was held
constant and the magnetic field was varied.

The structure of the samples was investigated by
transillumination in a BS-513 electron microscope.

3. RESULTS

Films in a range of thicknesses from 30 to 2900 A
were investigated. The transition curves in a zero mag-
netic field are rather sharp; the width of the transition
varied from 0.005-0. 02 K for films of thickness d=725-
2900 A up to 0.18 K for films of thickness d=60 A. The
temperature at which R=0.5R,, where R, denotes the
sample’s resistance after the transition into the normal
state, was taken as T.,.

The dependence of T, on d is given in Fig. 1. The
critical temperature of thick films (d~ 500 to 2900 A)
amounts to 5.04-5.21 K. The proximity of these values,
even for quite thin films (500 A), to T, for pure, bulk
vanadium (5. 38 K for a sample with Ryq/R,=140""" and
5.21-5.24 K for a sample with Ry,/R, = 24'®)) indicates
the high quality of the prepared films. The rather high
value of the ratio of the resistances, Ryq/R,=5.5 to 6.6
for films in this range of thicknesses, also says some-
thing about this point. A lowering of T, begins upon a
reduction of the thickness below 500 A. Superconduc-
tivity is not observed in a film of thickness d=30 A down
to a temperature of 1.5 K.

Ten samples were utilized for the measurements of
the critical magnetic fields and resistivity; the data con-
cerning these measurements is presented in Table I.
The critical fields were determined with respect to the
middle of the transition (R=0.5R,). The dependences
H,,(T) and HZ(T) are linear near T,. For each given
sample the width and shape of the transition curves do
not change significantly with increasing magnetic field,
so that the slopes of the straight lines H, (7T) and HZ(T)
are essentially independent of the method of determining
H,—according to the middle or the end of the transition
curve (in the latter case, the value of the field, obtained
by extrapolation of the middle, straight-line segment of
the transition curve to R=R,, is important); the differ-
ence amounts to no more than 2—-3%. The width of the
transition in a transverse field varies from ~ 0. 14 kOe
for films with d="720-2900 A to ~ 1. 25 kOe for a film
with d=60 A.
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TABLE I. Data characterizing the films utilized for measurements of critical magnetic fields and resistivities.

vE =const ¢ p=const N (0)

Sam-| 4 gzpt::: r x| 2295 on: o, |dH,_-L | A HS ")\. _(o/,mm N o
ple 7| tion, e Rp | wohmoem| ohmem|!, 4T 3T T ] S FR T v N (0 NGO | NG
A/min kOe/K kOe/K EN N0 | Vo | TN 0| N

1 2 3 & 3 6 T 8 9 10 11 12 13 14 15 16
E3 2900 24.5 5.08 [ 5.55 4.47 20.3 3.57 3.78 78 0.15 5.5 1.20 1.00 1,23 1.00
pt |1800| 9.0 |5.04]|663| 377 | 212 | 2.3 | 6.60 93 o8| 46 | tur | 100 | 1.3 | 1.00
Be |1000| 9.0 |5.14{587| 4.8 | 204 | 328 | — 8¢ |oa7| 52 | 1as | 100 | 17 | 1.00
B8 1000 4.5 5.14 [ 5.90 4.02 19.7 3.28 12.5 87 0.17 5.2 1.20 1.00 1.22 1.00
a8 | 720| 215 |5.05|5.50| 453 | 204 | 362 | 30.8 77 |oas| 55 | rar | 100 | 122 | 1.00
B | 720| 265 |5.18|5.55| 447 | 203 | 357 - 8 |o1s| 55 | 1o | roo | 121 | 1.00
46 | 250| 18,0 |4.67|453| 648 | 2.9 | 397 415 s¢ |o10| 80 | 09% | 08 | 1.04 | 087
ci | 200| 180 |a42|431| 703 | 2.2 | 4.57 647 4 |oo7| 88 | 094 | o081 | 1.00 | 083
45 | 125] 18.0 |3.91 |35 10.6 2%6.8 | 5.19 | 1760 33 |o0s| 13 082 | 069 | o088 | 0.73
A3 60 18,0 2,42 (2,34 19,7 26,4 6.70 1700 18 0.02 44 0.60 0.51 0.64 0.53
It is clear from the table that, just as in the case of §,=0.18 five/ kT, (4)

T,, the deviation of the quantities Ryy/R,, the residual
resistivity p,, and |dH,,/dT| from the values charac-
teristic of thick films begins for d< 500 A.

As a result of the electron microscope and electron
diffraction investigations of samples of thickness 125-
1000 A, it is established that the films represent poly-
crystals. The grains have a planar shape, and as a
rule the superposition of one grain on another is ob-
served (a moiré pattern), Hence one can conclude that
the average size of a grain in a direction perpendicular
to the plane of the film is apparently several times
smaller than the sample thickness. The average size
of the grain in the plane of the film amounts to ~ 500 A
in all samples with the exception of certain films of
thickness 1000 A in which an average grain size ~ 800 A
was observed. The protective layers of diamond do not
have any effect on the structure and lattice constant of
the samples. The parameter (3.03x0, 01 A) and the
crystal lattice type (bcc) coincide in the investigated
films and in bulk vanadium. Electron diffraction pat-
terns and electron microphotographs for films of differ-
ent thicknesses are shown in Fig. 2.

4. DISCUSSION OF THE RESULTS

The analysis of the results is based on the microscop-
ic theory of weakly bound superconductors in a magnetic
field, developed by Gor’kov.!® From this theory it fol-
lows that

|dHeo/dT | e, = (2*K*c/hE) (T, /052 F (v) ¥, (1)
where % is the Boltzmann constant, ¢ is the velocity of

light in vacuum, % is Planck’s constant, e is the elec-
tron charge, vy is the Fermi velocity, and

Fe) =) { Y [@nttyiant 41} @
v=h'z:/2nchl=0.88 Eo/lL (3)

1 denotes the mean free path of the electrons, and &, de-
notes the coherence length:
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[12-16] it

In the case of strong or intermediate coupling,
is necessary to introduce a coefficient n of the order of

FIG. 2. Electron microphotographs and electron diffraction
patterns for vanadium film samples of varying thickness
(x250,000): a—d=1000 A, b—d =500 A, c—d=200 &, d—
d=125 A,
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unity on the right-hand side of Eq. (1):
|@Hes/dT | 1oz, = (27k2c/he) (nTo/vs) F(v). (5)

The inequality 0.02<[/£,<0. 19,2 which corresponds
to 4.6< v <44 (see columns 11 and 12 of the table), is
satisfied for our samples. In this range of variation of
v, the linear approximation F(v) leads to the following
formula which is valid to 2% accuracy:

|dHee/ AT | 5oz .= (0.386:3%ke/e) (n/lv) (1.014+4.611/%,). (6)
Utilizing relations (6), (4), and
Vp.,=(*/s) €N (0) vy 1)

and taking into consideration that H,, = H,,, "'"’ we obtain
the following formula which is convenient for analysis of
our results:

NV (0)=p.*[ (|@H.,/dT | 1=r /2.5Tkec) — (13.2k/he?) (nTolvs) 1. (8)

The second term on the right-hand side of formula (8)
plays the role of the correction; its relative contribu-
tion to nN(0) amounts to 1. 61/%,.

In order to calculate nN(0)*’ according to formula (8),
we shall utilize the fact that, although 7 and v, appear-
ing in the correction term, are not accurately known for
vanadium, the ratio n/vf,. can be found from data on the
critical magnetic field of pure, bulk samples with the
aid of Eq. (5), where F(v)=1.43 as v=0. From the
known experimental results we obtain 7/ vf, =0, 319
x 10714, 1181 0, 330x 10", 119 and 0, 358 x 1074 cm2-
sec? % We used the average of these values, 7/
=0.336x107 cm™-sec?. On the basis of12-1%) it is
difficult to anticipate strong variations of n in our sam-
ples upon a reduction of the thickness; therefore, we
shall assume that 7 is constant. As for vy, we carried
out the calculations for two cases: wvp=const and vp
=const/N(0). Since ve only enters into the correction
term in formula (8), the end result is modified very
little even under the assumption of strong variations
of vp.

Now let us consider the results for thick films (d
>1720 A). First of all we note that the quantity 7N(0)/
N,(0), I calculated according to formula (8), corre-
lates with 7,(d) (see Figs, 3 and 1 and the table). For
films of thickness d> 720 A, the ratio nN(0)/N,,(0) and
the value of T, are approximately constant, and further-
more the transition temperature is close to the value for
bulk vanadium. In this range of thicknesses the differ-
ence p,g;— p, (see column 7 of the table) is also close to
the value characteristic of bulk samples (19.9 pohm-
cm™!), These facts, and also the fact that according
to the electron diffraction data for films with d> 125 A
the crystal structure and the lattice parameter coincide
with the values for bulk samples, provide the foundation
for the assumption that N(0)= N,,(0) for d > 720 A. From
the values of nN(0)/N,,(0) found for thick films, we ob-
tain 7=1.20+0, 10 (the average value for films of thick-
ness d= 720 A).5 For purposes of comparison, we point
out that a theoretical estimate n=1.16 is presented in
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FIG. 3. Dependence of the product of the electron density of
states N(0) times the strong coupling coefficient 1 on the thick-
ness of the vanadium film (calculated according to formula (8)
with v =const),

article!?®? by Williamson, but an estimate made accord-
ing to the theoretical work of Geilikman and Kresin!?}
gives n=1,03.

Now let us go on to a discussion of the results for thin
films (d<250 A). By division of the obtained values
nN(0)/N,,(0) by n=1.20, we obtain the values for N(0)/
N,,(0) cited in the table (columns 14 and 16). The elec-
tron density of states decreases as the thickness of the
films is reduced and correlates with T, (this is also
clear from Fig. 3, if one keeps in mind that 7= const
(1.20). Such a conclusion agrees qualitatively with the
assumption®] that, strong variations of N(0), having an
influence on T,, can be observed in transition-metal
films due to a reduction in the electron mean free path.
A possible mechanism, ©*? associated with a narrowing
of the electron energy levels upon a decrease of the
mean free path, which should lead to a smoothing out of
the curve N(e) which has a number of sharp maxima in
the case of the transition metals, lies at the foundation
of this assumption. It should be noted that the quantita-
tive information which was found with regard to N(0) in
thin films is obtained under the assumption of homo-
geneity of the vanadium layer of thickness d. However,
a transition layer may exist near the boundaries, this
layer being enriched by carbon impurities which pene-
trate from the protective covering. The specific resis-
tance of such a hypothetical transition layer is probably
larger than in the depths of the film. Taking account
of the corrections associated with this would lead to
higher values of N(0) in thin films. We still do not have
available the information concerning the distribution of
impurities over distances on the scale of tens of ang-
stroms from the boundary, which is the type of informa-
tion necessary to take this correction into account.

In conclusion the authors thank N. A. Chernoplekov
and B. N. Samoilov for their interest and concern with
the work, B. T. Geilikman, R. O. Zaitsev, and M. B.
Tsetlin for discussions, and E. A. Zhitnitskil and V. I
Antropov for help in carrying out the experiments.

DWe note that formula (1) is obtained under the assumption of
scattering by point defects. However, the applicability of
this formula can also be proved for scattering by film bound-
aries, {101 opg for the case of fine grains, separated by thin
layers of dielectric, in the limit 7 < £y, "' We shall assume
that it is also applicable in the case of scattering by grain
boundaries.

OThe value of I (column 10 of Table I) was estimated from the
specific resistance, £, was calculated according to formula
(4) for vp=1,89x107 cm/sec. This value of vy is obtained
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from data concerning the critical magnetic field (see below).

$Below we shall utilize the normalized quantity nv(0)/N,,(0),
where N,,(0) =0, 94 x 103 gtates-erg™'-cm™3 denotes the density
of electron states in pure, bulk vanadium, corresponding to
a co?ﬁicient of electronic heat capacity v, =9. 80 mJ-mole™!-
K-z. 8]

OThe accuracy of the determination of nN (0)/N,,,(O) amounts to
~ 8%.

$From n=1.20 and n/p%=0.336x 10" cm™? we obtain the value
vr=1.89x10" cm/sec, which was utilized by us above in or-
der to determine £y; see footnote 2.
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Starting from the kinetic equation for the quasiparticle distribution function and from considerations of
gauge invariance, a complete system of linear hydrodynamic equations for the A phase of superfluid *He is
obtained. All the thermodynamic quantities and (in the 7-approximation) kinetic coefficients appearing in
the equations are found and expressed in terms of the Fermi-liquid parameters of the Landau theory. It is

shown that in the range of applicability of hydrodynamics (wr<1) there exist two regions of frequency, in

which the equations of motion for the orbital angular-momentum vector have a fundamentally different
character. At low frequencies this equation is a diffusion equation, while at higher frequencies it decribes

the propagation of weakly damped orbital waves with a linear dispersion law.

PACS numbers: 67.50.Fi

1. INTRODUCTION

A number of experiments carried out recently (mea-
surements of the fourth-sound velocity and heat flows,
and experiments with a vibrating wire in the liquid;
cf. ') prove incontrovertibly that the A and B phases of
liquid *He are superfluid liquids. On the other hand,
magnetic-susceptibility measurements and linear and
pulsed NMR make it possible to identify these phases
with the so-called Anderson-Brinkman-Morel and
Balian-Werthamer states (cf. the review'?’) for Cooper
pairing of *He atoms in a state with angular momentum
!=1 and spin S=1,

The Anderson-Brinkman-Morel state, corresponding
to the A phase, is characterized by the following order
parameter:
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A=i{aV)o,(nA), (1.1)
where & are the Pauli matrices, V is a unit vector,
n=k/lk|, and A=A’ +iA"" where A" and A"’ are real
vectors, equal in magnitude (1A’ = A"l =A(7)) and
mutually perpendicular. Their vector product &’xa"’
=42(T)1 defines the direction (common for all pairs) of
the orbital angular momentum of a pair in the absence
of walls or of external fields. Thus, the coordinate (or
orbital) part of the order parameter is specified by the
position of the triad of vectors A’, A’/, 1. We shall
assume that in equilibrium the vectors A’, A”’, 1 are
directed along the axes X, Y, Z respectively.

We shall describe small deviations from the equilibri-
um position as a rotation (specified by a vector 6 equal
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