Critical magnetic fields of superconducting films of

technetium

A. A. Teplov, M. N. Mikheeva, and V. M. Golyanov

L V. Kurchatov Atomic Energy Institute
(Submitted August 6, 1974)
Zh. Eksp. Teor. Fiz. 68, 1108-1116 (March 1975)

For films of technetium of thickness 55-1600 A we have measured the critical magnetic fields
perpendicular and parallel to the plane of the film, and the resistivity. We have investigated the relation
between these quantities and the structure of the specimens and have estimated the change in the electron

density of states in the transition to the thin-film FCC modification.

INTRODUCTION

As we have recently reported,’! in technetium films
obtained by ionic evaporation, two phases are observed
which are stable at room temperature. Technetium
samples of thickness d < 150 A have a FCC lattice with
a parameter a = 3.68 + 0.05 A, In thicker films a second
phase appears with the HCP lattice usual for massive
samples (a = 2.732 + 0,002 A, ¢ = 4.381 + 0,002 A). The
amount of the second phase increases with increasing
film thickness and for d = 300 A amounts to ~100%.

In the present work we have studied the perpendicular
and parallel critical magnetic fields H, and H and the
resistivity of films of technetium in the region of thick-
ness'’ 55-1600 A, Investigation of the critical magnetic
fields is interesting from several points of view: First,
there are no data in the literature on the magnetic pro-
perties of superconducting technetium films; in addition,
it is of interest to trace the connection between the crit-
ical fields and the structure of the samples, and finally
on the basis of the results on Hé and the residual res-
istivity p, it is possible to estimate the electronic den-
sity of states N(0) for two different modifications of
technetium,

I. METHOD

The critical magnetic fields were measured by the
resistive method in the temperature region from 4.2 K
to the transition temperature of the samples to the nor-
mal state. The measurements were made in a cryostat
consisting of a chamber inserted into a metal Dewar
with a built-in type UIS-1 superconducting solenoid.[?’
The chamber was filled with gaseous helium at a pres-
sure 0.5-10 Torr. The temperature was controlled by a
heater wound on a copper block with the samples. For
protection from temperature instability due to convec-
tion currents, the copper block was placed in a copper
can,

The block could be rotated about a horizontal axis
(Fig. 1). The shaft of the mechanical drive was brought
out through a housing with a gasket. The wires leading
to the samples and the thermometer were cemented to a
tape and bent into a spiral, which provided free rotation
of the block by 720°, To reduce the thermal conduction
to the samples, the measuring wires were cemented with
BF-2 cement to a block at a distance of 50 cm. The mea-
suring current through the samples (0.5-100 pA) was or-
iented perpendicular to the magnetic field.

The thermometer consisted of an Allen-Bradley
carbon resistor, which permitted measurement of the
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FIG. 1. Lower portion of apparatus
for measuring critical magnetic fields of
films: 1—sample, 2—thermometer, 3— WA 2, /
copper block, 4—heater, 5S—worm gear,

6—agate bearings, 7—drive shaft, 8— s o ;/ 5
copper cylinder, 9—cover for block, 1 gy
10—end of insert in Dewar. g / ‘
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temperature with an accuracy of 0.02 K or better in the
range from 2 to 10 K. The fractional increase of the
thermometer resistance in a field of 40 kOe at T = 4.2
K was 2%. A correction due to this effect was taken into
account.

The samples were placed in the center of the super-
conducting solenoid, whose magnetic field was determined
from the current through the solenoid. The solenoid con-
stant H/I was 0.59 kOe/A.

Transitions curves to the superconducting state were
recorded for fixed magnetic fields and a slow change
of the temperature (with a rate of 0.1 K/min). The tran-
sition curves were recorded by means of a two-coor-
dinate recording potentiometer type PDS-021, whose X
and Y inputs received error signals from type R348 po-
tentiometers which measured the voltages between po-
tential contacts on the thermometer in the sample.

All measurements of the critical magnetic fields
were carried out in films whose edges were cut off
by a diamond microknife. This made it possible, in
determining the critical fields and resistivity p, to
avoid errors due to the existence of a penumbra arising
during the deposition at the edges of the film. The re-
sidual resistivity pp was determined from data on the
resistance of the samples above the transition temper-
ature R, and from the geometry of the samples.
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FIG. 2. Transition curves in the case H=0: 1-d = 1600 &, 2—d
=160 A, 3—-d =80 A, and for films of thickness d = 80 A in ﬁelds
4-H'=312 kOe, 5 HI=31.2k0e, 5 Hl= 48.5 kOe, 6-H. = 6.02
kOe, 7—H! = 17.5 kOe.

The thicknesses of the thickest samples were de-
termined in a multibeam interferometer type MII-11.
These thicknesses were then used to calculate the
rate of deposition. The thicknesses of the remaining
samples were calculated from the rate and time of de-
position. The rate of deposition was maintained constant
with an accuracy of 4% or better.

Il. RESULTS

1. Transition Curves in Zero Magnetic Field

Typical transition curves in zero magnetic field are
shown in Fig. 2. For the sample with d = 160 A they had
a step shape due to the presence of two phases in the

_sample. The width of the transition® at zero field AT(0)
varied from 0.03 (for d = 1600 &) to 0.37 K (for d = 55 A).
These values are one to two orders of magnitude higher
than the fluctuation widths of the transition calculated
from the theory of Larkin and Aslamazov.[*!

2. Perpendicular Critical Magnetic Fields

In a perpendicular magnetic field the transition
curves are broadened; however, as in zero field, the
middle part of the curves remains linear (Fig. 2). The
width of the transition AT(H) increases with increasing
field, and the function AT(H) for all samples is close to
linear.

In the case of an extended transition curve, the ques-
tion arises of what point on this curve is to be con-
sidered to correspond to the critical field. In Fig. 3 we
have shown curves of the temperature dependence H
for a sample with d = 80 A. The temperature correspond-
ing to the experimental points in this figure was deter-
mined from the transition curves R(T) for constant H in
the following way: for curve 1-from the point of inter-
section of the extension of the central straight portion
with the horizontal, R/R,, =1, i.e., from the ‘‘end’’ of
the transition curve from the superconducting state to
the normal state; for curve 2-from the point where
R =R;,/2, i.e., from the ‘‘middle’ of the transition
curve In what follows we will designate values of
H (T) determined from the end and middle of the tran-
sition curve respectively as® H} n(T) and Hc 1/2(T).

For the films of thickness 1600, 640, 320, 160, and
55 A, the dependence H; ,(T) is linear in the tempera-
ture region studied (F1g. 4) and the deviation of the ex-
perimental points from a straight line does not exceed
the experimental error; for the films of thickness 110
and 80 Ain the immediate vicinity of T (for Te—T
< AT(0)) a weak departure of this dependence from lin-
earlty is observed (Figs. 3 and 4). A linear dependence
of Hc 1 /2(T) is observed for all films over the entire
température region studied.
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FIG. 3. Temperature de-
pendence of perpendicular
critical fields for film with
d=80A: curve |-H

c,n’
Z_HC, 1/2-

FIG 4. Temperature dependence
ofH o ®—d=1600A,m-640 A,
X— 320A A—160 A,0—-110A,2—
80 A,o0-55 A.

FIG. 5. Dependence on sam-
ple thlckness a) of the quantity
(dHL/dT}: e—IdH{ /dT|, 0
|dHg 1/2/dT| b) resistivity.
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FIG. 6. Temperature dependence of parallel critical fields: 1—d
=640 A, 2-320 A,3-160 &, 4-55 A.

The derivatives IdHc/dTl near Tc, determined by the

two different methods, i.e., IdH
o/dTl, are shown in Fig. 5% as a function of sample

| dH

/dT| and

th1ckness In determining these quantities we used the
linear portions of the functions H§(T).

3. Parallel Critical Fields

The transition curves in a parallel magnetic field do
not change their shape and width over a rather wide
temperature region near T¢ (Fig. 2). For all samples
studied (H()’ is directly proportional to AT =T, —T
for small AT (Fig. 6). As a result of the constanc?r
the shape of the transition curves, the slope of (H )z
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as a function of temperature does not depend on what
point in the transition curve Hc is defmed as. We took
the temperature corresponding to H as that for which
R =Rp/2.

4. Resistivity

The residual resistivity p, of films of various thick-
nesses is shown in Fig 5b. Note the strong correlation
between py, and |dH}/dT|. In the transition from the HCP
lattice to FCC beginning with d ~ 100 A a sharp rise of
Py and IdHc/dTI occurs. Here both of these quantities
change by an order of magmtude While for d = 160—640
A we have p, = (0.1-0,2) x 10* ohm-cm and |dHE /dT|
= 3 1-3.3 kOe/K, on the other hand for d = 55—110 A we
have p, = (1.3-1.5) x 10™* ohm-cm and |dH o/ dT!
= 31-38 kOe/K. The ratio Pso0/On varies from 2.0-3,2 for
films with d = 160 A down to 0.95-0.96 for films with
d= 1104,

11l. DISCUSSION

Tinkham™’ ! showed that the value of the perpendicular
magnetic field at which the superconducting transition
occurs in thin films of type I superconductors and in
films of arbitrary thickness of type II superconductors?’
coincides with Hi9. The extent of the transition leads,
however, to some uncertainty in the values of the criti-
cal field. The cause of the extension of the transition
curve in magnetic field may be both the nonuniformity of
the samples and the effective resistance associated with
motion of Abrikosov vortices. In the first case the choice
of the point on the transition curve for determination of
Heg depends on the nature and distribution of nonunifor-
mities in the sample. In the second case the theoretical
results of refs. 7-10 provide a basis for taking as Hc%
the field obtained by extrapolation of the R (H) curves®
to R = Ry,. At the same time Bergmann'**! presents
axlguments in favor of determining H.g from the field

Hg p-

The temperature dependence of H.o for supercon-
ductors with a small mean free path (I < &), accord-
ing to the calculations of Maki!'?! and de Gennes, %!
should be (within ~2%) linear over a rather wide range
of temperatures near T, (down to T/T, ~ 0. 7) As al-
ready noted, for our samples a lmearity of H! ¢.n(T) and

¢.1/2(T) is observed in the temperature regi’on studied,
at “least for Te — T 2 AT(0).

The proportionality observed for our samples between
H})* and Tc[—T near Tc agrees with the Ginzburg- Lan-
dau formulal™ for H)

HJ =3¢/ ndEs. (1)
1. Relation of Critical Magnetic Fields and
Resistivity to Sample Structure

The strong correlation between the variation of pp
and |dH /dTI with thickness of the films can be explained
by means of the relation

| @Hea/dT | 2=z, =2.55keco.N (0), (2)

which follows from the theory of Gor’kov!'®! for the
case I < &, Here N(0) is the electronic density of
. states at the Fermi surface, [ is the average mean
free path of electrons, and £, is the coherence length:
£0=0.18kvs/ kT, (3)
where vy is the Fermi velocity. Expression (2) was ob-
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tained by the combined use of the following formulas:

ch=(Pu/2ﬂ§Tz; (4)
Er=085[lgo(T—T)/T]% Te—T<T;, 1<, (5)
1/p.=*/,e*N (0) lus, (6)

where ¢, is the quantum of magnetic flux and £y is the
temperature-dependent coherence length,

The variation of the quantities |dHg/dT| and py,
in the transition from HCP to a FCC lattice is deter-
mined by the decrease in the product ! vg; N(0) changes
weakly (detailed data on N(0) will be discussed below).
The product vy can change as the result of two factors.
A sharp decrease in the grain size (from a ~ 10 000A
for fllms with d > 300 A to a < 100 A for films with
d< 100 A), which accompanies the transition from one
modification to the other, probably leads to the fact that
as a result of scattering at grain boundaries I also
decreases sharply.

In addition, the value of the ratio pseo/pp for films
with d < 100 ./i (0.95-0.96) provides a basis for sugges-
ting that the resistivity of these samples is affected by
mtercrystallme barriers. In this case, as shown by
Abeles et al,, 06l the applicability of the theoretical ex-
pressions for H¢g for 1 < &, remains in force if the con-
dition {1 > b is satisfied, where b is the distance be-
tween the barriers. For the samples considered, a char-
acteristic value for b can be considered the grain size
b ~a<100 A) 50 that the inequality £p > b is satis-
fied in the temperature region corresponding to fields
H! < 30 kOe. In this case [, the effective mean free path,
is expressed in terms of b a.nd the transmission coef-
ficient of the barriers.,

From data on Hé and H":' it is possible to determine
the thickness of the samples:

du=(6oH /) "/ H,. (7)

This relation is obtained by elimination of {7 from
Eqgs. (4) and (1). The difference in the values of dg,;
(obtained by an optical method) and dy is small,
indicates the correctness of use of the theoretical re-
lations discussed for our samples. It is possible that
obtaining somewhat reduced (by about 30%) values of
dy for thick films (d t = 320-1600 A) is due to the
nonuniformity of the f11m thickness. Since H ~1/d,
the parallel critical fields are determined by the mini-
mum thicknesses. On the other hand, the optical method
gives the thickness averaged over some microscopic
part of the film. The increase of dy for thin films may
be due to smoothing of the surface relief of the film,
originating from the fact that for the films of thickness
55 and 80 A the ratio of grain size to sample thickness
is two orders of magnitude lower than for the thick
samples.”

2. Electronic Density of States

Golyanov et al,l'"! have suggested use of Eq. (2) for
evaluation of N(0) in films with a small mean free path.
It should be noted that the small mass of the film samp-
les hinders measurement of their heat capacity for the
purpose of determining N(0).

The dependence of the ratio N(0)/Ny,(0) on film
thickness is shown in Fig, 7. Values of N(0) were de-
termined from Eq. (2) by several means: 1) In calcu-
latlon of pp we used the optlcal thickness d,n, and for
H we took respectively H n and Hg 1/2; 2) we as-
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”/(g)IN/n(W FIG. 7. Dependence of elec-
g tronic density of states obtained
by means of Eq. (2) from the

O L A — T thickness of the samples for dif-

5 °o°6 ferent means of determining H
and d: 1) d = dopt a-H:
1 l = — = . —_
4 00, 00 7300 He,n 0-H, ch, 122
a,A d=dH,Hc=HC 1/2-

sumed d = dg and Hc Hc ,1/2. The value of the elec-
tronic density of states for pure massive technetium,
Npy(0) = 1.02 eV -atom™*, calculated from data on the
thermodynamic critical field at T = 0 and the transition
temperature, was taken from the work of Sekula, Kerno-
han, and Love.!®! The error in determination of N(O)
evidently does not exceed 10%.

The correction for the finiteness of the ratio 1/&,,
determmed on the basis of the theoretical results of
Gor’kov!*®! (see also ref. 18), amounts to 8-16% for
films of thickness 320-1600 A but is negligible for
films of thickness < 100 A, We note that Eq. (2) is
valid on the assumptlon of weak coupling. Technetium
belongs to the case of intermediate coupling (T./6p
= 0.023), and we can assume that the correction for
strong coupling will be insigificant.

Use of the optical thickness in determination of N(0)
seems more reasonable, since dopt is a quantity aver-
aged over some macroscopic portion of the film, while
the magnetic thickness may be determined by thin por-
tions of the film. For thick films with an HCP lattice
(d = 320-1600 A), N(0) coincides with Ny, (0) regardless
of the means of determination of Hé (since the transi-
tion curves for these samples are comparatively sharp)
if the optical thickness is used. When the magnetic
thickness is used for these films, N(0) exceeds Ny, (0)
by about 30%.

For the films of thickness 55 and 80 A, which have

a FCC lattice, as a result of the strong extension of the
transition curves, s1gn1f1cant variations of N(0) are ob-
served regardless of how H|! is determined. If the opti-
cal thiclmess is used the N((O)/Nm(o) remains close to

for Hg = H§ ; and decreases to ~0.7 for H}
= Hc 1{2 When the magnetic thickness is used, fI(O)/Nm(O)
drops

In determination of N(0) for the films of thickness 55
and 80 2\, it was taken into account that the density of
material calculated from the electron-diffraction data of
ref. 1 for technetium with a FCC lattice is 13% higher
than the density of technetium with an HCP lattice. It
should be noted that in the region of two-phase composi-
tion (d = 110 and 160 1\), nonuniformity of the samples
apparently leads to a large error in determination of
N(0). The uncertainty contributed by the lack of sharp-
ness of the transition curves in the films with an FCC
lattice and the existence of some discrepancy between
the optical and magnetic thicknesses prevents us from
drawing any conclusions as to the change of N(0) in a
structural transition. However, even when this uncer-
tainty is taken into account, we reach the conclusion
that in the transition from the massive hexagonal modi-
fication of technetium to the thin-film cubic modifica-
tion, the density of states N(0) either remains constant
or decreases.

552 Sov. Phys.-JETP, Vol. 41, No. 3

In conclusion the authors thank N. A. Chernoplekov
and B. N. Samotilov for their interest and their atten-
tion to this work, R, O. Zaitsev for discussions, A. P,
Demidov and E. A. Zhitnitskif for assistance in prepar-
ing the samples and carrying out the experiment, and
V. A, Dravin for taking part in building the cryostat
insert.

DFor protection from oxidation, the freshly prepared technetium
samples were immediately covered in the same apparatus with a film
of synthetic diamond of thickness 40 A.

IThe width of the transition was taken as the temperature interval be-
tween the points of intersection of the straight line obtained by ex-
tension of the central straight portion of the transition curve with the
horizontal lines R = 0 and R = Ry;. An exception is the film of thick-
ness 160 A, for which the transition width AT(0) was determined as
the temperature interval between the beginning of the first step and
the end of the second step, and amounted to 0.42 K.

IFor the sample with the step transition Hi 12 and HJ'
sharper jump in the R(T) curve.

9Pure massive technetium is a superconductor of type II [¢] with H=0.92.

S)'We have replotted the families of R(T) curves for constant H into
families of R(H) curves for various T and found that the derivatives
ldHé/dTI for the critical fields determined by extrapolation of the
central part of the R(H) curves to R = Ry, practically coincide with
IdHJ' n/dTI for samples with d = 160—1600 A, while for samples of
thlckness 55—100 A they are 10—20% lower than IdHé n/dTI
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