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An optical method was used to investigate the electronic characteristics of Nb-Sn alloys. In the
same samples, we measured the complex refractive index in a spectral interval 1—10 u, the
superconducting characteristics, and also the density, the static conductivity, and its dependence
on the temperature. The main investigations were performed for alloys with Sn concentrations
from 6 to 55 wt.%. We determined the conduction-electron concentration, the velocity of the elec-
trons on the Fermi surface, the total area of the Fermi surface, the effective electron-collision
frequency, the frequencies of the electron-phonon and electron-defect collisions, the electron mean
free path, and the skin-layer depth. The correlation between the conduction-electron concentration
and the superconducting-transition temperature is considered.

INTRODUCTION

THE present paper is a continuation of investigations,
by an optical method, of the electronic characteristics
of alloys possessing a lattice of the type A-15 (3-W).
In the earlier investigations!*™) we studied in detail
alloys of V with Ga. We describe here the results of
investigations of alloys of Nb with Sn. The interest in
these alloys is due to their high critical superconduct-
ing parameters. At the present time these alloys have
the largest T, and H¢ of all the two-component sys-
tems (T is the temperature of the superconducting
transition and H; is the critical magnetic field)(®°],

SAMPLES

1. We prepared samples of Nb-Sn alloys containing
from 5 to 72 wt.% of Sn". The relative error in the
determination of the Sn content was ~ T% for samples
with low tin content, 5% for compounds close to stoich-
iometric, and 3—4% for samples with large tin content,
The samples were prepared by sputtering in vacuum on
polished substrates of sapphire, ruby, and quartz. The
investigated layers had mirror surfaces, making it
possible to investigate their optical properties, Sam-
ples with thicknesses from 0.1 to 1 4 were prepared
(to investigate the dependence of the parameters on the
thickness, thinner layers of the alloy were also pre-
pared).

In addition to the optical constants, we measured the
following characteristics of the samples: 1) supercon-
ducting characteristics—T¢, density of the critical
current je, and width AT of the interval of transition
to the superconducting state; 2) static characteristics—
density p, static conductivity ogt and its dependence
on the temperature T, and residual resistance Rres,

2. Te and AT were measured by a resistive
method; the transition temperature was assumed to

DThe alloy compositions are indicated throughout in percent by
weight. The stoichiometric composition Nb; Sn corresponded to an
alloy containing 29.9 wt.% Sn.

FIG. 1. Dependence of T¢ on the composition of the Nb-Sn alloy.
The arrow indicates that the alloy having this composition does not be-
come superconducting down to T = 4.2°K.

correspond to R = R(T¢) = Rn/2, where R(T) is the
resistance of the sample at the temperature T and Rp
is the resistance of the sample in the normal state be-
fore the start of the transition. (In most cases Rp

= Rpes.) When the temperature was lowered below
Tc, the sample resistance dropped to zero,

The dependence of T on the composition is shown
in Fig. 1. The crosses in this figure and in the follow-
ing ones correspond to samples (with large tin con-
tents) not subjected to heat treatment. It is seen from
the figure that a large value of T, is maintained in a
large composition interval®. The maximum T was
obtained for two alloys containing 30% Sn, and equaled
17.8°K. However, the value of T averaged over many
samples (equal to 17.2°K for an alloy with 30% Sn) in-
creased somewhat when the Sn content was increased
to 40%, and amounted to 17.6°K. Alloys containing 70°
Sn were not superconducting down to 4.2°K. We note
that the transition to the superconducting state in sam-
ples with T¢ = 17.8°K began at T = 18.1°K. The de-
pendence of T on the composition is similar to the
corresponding curve for the V-Ga alloy!*™*),

The width AT of the transition interval ranged
from 0.08 to 1.5°K. The average of AT for alloys with
compositions close to stoichiometric was ~ 0.5°K.

BDThe presence of a “plateau” in the concentration dependence of
T was observed also in ["?] for samples obtained by other methods.
The concentration-variation interval in these investigations was smaller.
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The values of Tec and AT for the investigated al-
loys were practically independent of the film thickness
d atd 2 0.1 u. For example, for alloys with 30—40%
Sn, the temperature T started to decrease, and AT
started to increase, at d < 0.09 u, reaching values T¢
=16.4°K and AT ~ 2°K at d = 0.06 u*¥. For compari-
son, we note that cast samples of Nb;Sn have T¢ in
the interval from 17.6 to 18.1°K!*"®}, At compositions
far from stoichiometric, the maximum attained tem-
perature was 18.2°K!%°],

The critical current density jo (in a zero magnetic
field) ranged from 1 x 10°to 8 x 10° A/cm?, On the
average, samples with large T had also large jc.

3. The density was determined by weighing the
layer and measuring its thickness and area. The
thickness was measured by interferometry.

The density p of our layers depended little on the
composition. For alloys containing 25—45% Sn it
equaled 8.9 g/cm® When the Sn content was decreased
to %, the density dropped to 8.4 g/cm®, The rms
error in the determination of the density was 4%. For
the intermetallic compound Nb;Sn, the density calcu-
lated from the lattice constant is 8.92 g/cm?®[%9],

The static conductivity ogt at room temperature
was determined by the usual method. Its dependence
on the composition is shown in Fig. 2, The rms error
of the determination of 0gt amounts, depending on the
composition, to 5—10%.

The ratios RN/Rr and Rres/Ry (where RN and
Ry are respectively the sample resistances at 78°K
and 293°K) had a relatively large scatter as a function
of the composition, but on the average their dependence
was approximately linear. For an alloy with 5% Sn we
obtained RN/Ryp = 0.72 and Rres/Ryr = 0.68, while
for an alloy with 72% Sn we got RN/Ry = 0.43 and
Rres/Ry = 0.12. The rms errors of these quantities
ranged from 5 to 10%.

An attempt was made to observe a phase transition
in the region 30—40°, such as is observed in cast
single crystals*”), For a sample with 30% Sn, we
measured the dependence of the resistance on the tem-
perature in the region T¢ < T = 78°K. No singulari-
ties were observed. The sensitivity to the change of
the resistance was ~0.1%.

o, 107 sec™?

4
S

Wt. % Sn

FIG. 2. Dependence of the static conductivity gt on the composi-
tion of the Nb-Sn alloy.

)We note that even a sample 0.03u thick, containing 23% Sn, had a
sufficiently high value of T¢ (~15°K). The value of AT for this sample
was ~2°K.
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OPTICAL PROPERTIES

Measurements of the optical properties of the
Nb-Sn alloys were made by a polarization method
using the setup described in!**»**], We investigated
samples with the following average compositions:

c = 6, 22, 28, 30, 34, 40, 55 wt% Sn. For the samples
with 6, 22, 28, and 30% Sn we used reflection of light
from four investigated samples. For the remaining
compositions we used two reflections from the inves-
tigated samples and two reflections from standard
mirrors. The deviation Ac/c from the average com-
position did not exceed 10% for individual samples. It
amounted to ~13% only for the samples with 6% Sn.
For compositions with 30—40% Sn, this deviation
equaled 1--3%.

The measurement results obtained after averaging
are listed in Table I. Figure 3 shows by way of an
example plots of n and k (n — ik is the complex re-
fractive index) against the wavelength A of the light for
the alloy with 30% Sn. The experimental points and the
measurement errors of individual points are indicated.
The monotonic dependence n and k on X in a wide
region of the spectrum, and also the inequality « > n,
offer evidence that the dispersion of the optical con-
stants of the alloy has a metallic character.

The character of the dependence of the reflectivity
R of the Nb-Sn alloys on ) is similar to the corre-
sponding curves for V-Ga alloys(®], In the region
X~ 6—10 p the value of R reached 92—-93% for the
alloy with 30% Sn.

DETERMINATION OF ELECTRONIC CHARACTER-
ISTICS

The electronic characteristics were determined by
the method proposed in'*?!, We chose a spectral in-
terval in which the dependence of 1/0 on w? was
linear. Here o is the conductivity at the cyclic fre-
quency w. The parameters of the obtained dependence
make it possible to determine the conduction-electron
concentration N and the effective electron-collision
frequency v by means of formulas (5)—(7) ofl*], It
turned out that 1/¢ varied linearly with w? for all
alloys in the long-wave region of the spectrum. We
used a single spectral interval 5--8 p for all the
compositions. The determined electronic characteris-
tics are listed in Table II. Here Na—concentration of
the atoms, Nyal-—concentration of the valence elec-
trons, vp--average velocity of the electrons on the
Fermi surface, v°F—velocity of the free electrons on
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Table I. Optical constants of Nb-Sn alloys
Wt. % Sn
6 22 30 3% 40 55
Au
n x n x n x n x n x n x n x

1.0 2,4 4.6 34 4.5 2,8 4,3 2,65 | 4,751 2,9 | 3,45/2,6 |2,3513,2|3,3
1,25 2,7 5.5 3,35 5.0 2,9 5,4 2,9 5,6 | 3,0 3,95/2,5 |2,55(3,3|3,6
1.5 2.95 6.6 3.6 5.8 3,05 6,4 3,2 6,5 | 3,2 | 4,5 [2,45(2,8 [3,5]3,9
1,75 3.1 7,5 3,9 6.8 3,25 7,3 3,5 7,3 13,3(5,0[2,55]3,2 (3,7 4,25
2.0 3.25 8.6 4,25 7.55 3,55 8,15 3,8 8,1 |3,5]5,5 (2,75 3,6 13,9 |4,6
2.5 3.8 10.6 4,9 8.85 4,25 9,65 4,45 | 9,6 | 3,8 | 6,45]3,0 | 4,354,3 | 5,2
3.0 L4 12.4 5.6 10.0 4,95 | 11,0 52 (11,0 | 4,2 | 7,4 |3,35| 5,1 |4,7 6,0
3.5 51 14,3 6.35 | 11.2 5,7 12,4 5,9 |[12,3 | 4,65| 8,4 | 3,7 | 5,855 15/ 6,6
4,0 6.05 | 16.2 7.1 12,3 6,45 | 13,8 6,65 |13,4 | 5,1 | 9,3 [ 4,1 | 6,6 55|73
4,5 7.0 17.8 7.85 | 12,8 7,2 15,0 7,45 [14,7 | 5,6 (10,6 | 4,5 | 7,275,8 | 8,0
5.0 7.95 | 19.2 8,6 14,2 7,9 16,2 8,2 15,9 | 6,1 [11.0 4,85} 7,9 |6,05| 8,6
55 8.9 20.4 9.3 15,2 8,6 17,4 9,0 |17,0 | 6,7 [11,8 (5,25| 8,5 /6,3 [ 9,3
6.0 10.0 21 4 10,1 16,0 9,35 | 18,6 9,85 (18,2 | 7,4 |12,5 [5,7 | 9.0516.6 | 9,9
6.5 11,0 22,5 10.8 16,8 10,0 19,9 10,8 19,4 | 8,2 |13,3 | 6,1 | 9,5 (6,8 |10,6
7.0 12,1 23,4 11.6 17.6 10,8 21,2 11,6 (20,5 | 9,2 |14,1 | 6,45 [10,0 |7,1 |11,3
1.5 13.2 24,3 12,4 18.4 11,4 22,4 12,5 |21,7 | 10,3/14,8 | 6,85 10,6 |7,35/12,0
8.0 14.3 25.2 13.2 19.0 12,2 23,6 13,5 [22,8 | 11,8/15,5 | 7,3 [11,0 |7,6 |12,7
8,5 15.4 26,0 13.9 19.8 13,1 24,8 14,4 (23,8
9.0 16.4 26,8 14.8 204 13,9 26,0 15,4 |24,9
9.5 — — | 156 | 21,0 | 14,8 |27,3
10.0 - - 16.4 21,5 15,8 28,5

the Fermi surface at a concentration equal to Nya],
Sp—total area of the Fermi surface, Sp—total area of
the free-electron sphere at a concentration equal to
Nyal, vep—electron-phonon collision frequency, Vgp-
classical electron-phonon collision frequency,
ved—Irequency of the collisions of the electrons with
the impurities and defects, /-—-electron means free
path, 6--skin-layer depth, E(’F—Fermi energy of free
electrons at concentration Nyg], and AN and Av are
the absolute errors in the determination of N and v,
At the end of the table are given the mean values of
Tc for the samples used in the optical measurements,
The calculation of all the characteristics, with the
exception of N and v, was by means of the formulas
given in!*®] in which a single Fermi surface is as-
sumed for all the valence electrons of the alloy.

DISCUSSION

1. It is seen from Table II that for the Nb-Sn
alloys we have N < Nya), Vg < Vg, and S < S§.
This is due to the presence of a small number of
Bragg planes intersecting the free-electron sphere in
these alloys. The conduction-electron concentration of
the Nb-Sn alloys is much lower than the corresponding
values for pure Nb (N = 4.49 x 10?2 cm™)!**) and Sn
(N = 4.8 x 10%2 cm™)*®], This value is close to N for
the V-Ga alloy('™!,

It is seen from Table II that both the conduction-
electron concentration N and the valence-electron
concentration Nyga] decrease with increasing Sn con-
tent in the alloy. When the Sn content changes from 6
to 40%, the value of N decreases by a factor of 4 and
Nyal decreases 10%.

2. On the average, the value of v in the investigated
alloys is twice as large as in pure Nb (v = 2.28
x 10" sec™)™) or Sn (v = 2.26 x 10" sec™)!*®), and
is approximately half as large as in the V-Ga alloy®],
Yet the frequencies vep are close to one another in
all the cases under consideration. The indicated dif-
ference in v is connected with the large value of veq
in the alloys, with veq approximately 3—-4 times
larger in the V-Ga than in the Nb-Sn alloys. It should
be noted that in the investigated alloys veq amounts to
only 25—30% of v, which is much lower than in the
V-Ga alloy*®), In the latter, veq reached 60% of v.

It is seen from Table II that the dependence of v
on the composition has a minimum that corresponds
to 34% Sn. At this same Sn concentration, a maximum
is observed in the dependence of the mean free path
on the composition. These results may indicate that in
sputtering a maximum amount of material of stoichio-
metric composition is produced at a small excess of Sn.

3. It is seen from Table II that in Nb-Sn alloys
1 K9, i.e., the skin effect, as expected, is normal.

Table II. Electronic characteristics of Nb-Sn alloys

Wt. % Sn
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FIG. 4. Correlation between T
and N for Nb-Sn alloys.

The presented data allow us to estimate the dimension
of the crystallites: L ~ vF/veq. The value of L in the
investigated alloys turned out to be on the order of
40—-T70 A. Thus, I < L < 6. This inequality indicates
that, on the one hand, the dimensions of the crystallites
are sufficiently large so as not to limit the mean free
path, and on the other hand the value of the skin layer
is so large that the optical data pertain to thicknesses
containing a very large number of crystallites. The
latter circumstance means that there is sufficiently
good averaging over the volume, i.e., that there is no
influence of local inhomogeneities on the optical data.

4. A correlation (see Fig. 4), analogous to that
observed for the V-Ga alloy!'™!, is observed between
N and T for the Nb-Sn alloys. The T¢(N) depend-
ence is not monotonic but passes through a maximum.
The maximum value of T; is reached at N~ 0.7
x 10?2 cm™, For V-Ga, the maximum value of T¢ oc-
curred at N = 2,2 x 10%2 cm ™[],

It should be noted that the character of the Tc(N)
dependence is the same for both systems of alloys. A
sharp increase of T is observed for small N and a
relatively smooth decrease is observed after the maxi-
mum for large N. The maximum value of T¢ is
higher for the Nb-Sn alloys and is reached at lower
values of N,

It is seen from Table II that the correlation of T
with Sy and with vy has the same character for the
Nb-Sn alloys as for the V-Ga alloys!'™®, No correla-
tion was observed between Tc and vep; this may be
due to the large error with which vep is determined
(20--30%).

5. If it is assumed that the weak-coupling approxi-
mation is applicable to the investigated alloys, then,
by using the connection between N, Nya], and Vg given
in**! (formula (2.12) with allowance for (2.13)), or by
using the sum rule!*®! (formula (22)), we obtain an
expression for the average modulus of the Fourier
component of the pseudopotential Vg:

o eam a N Ps
|7ul=—— (IVval—N)/gZ‘ngpg——n—Ep (1— Nval) /Zn,}?.
£

®

Here h is Planck’s constant, m the mass of the free
electron, p°F the Fermi momentum of the free elec-
trons at a concentration Nyal, Pg the distance from
the center of the I' band to the Bragg plane with index
g, ng the number of physically equivalent Bragg planes
with index g, and the summation is over the systems
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of physically-nonequivalent Bragg planes intersecting
the free-electron sphere.

Using the values of N and Nyg) given in Table II,
and the values of ng and pg/pF for the A-15 structure
from!»***), we found that [Vg|/E} =0.015--0.016 for
the investigated alloys. To check on this result, it is
necessary to measure the optical properties of the
Nb-Sn alloys in the short-wave region of the spectrum,
s0 as to determine Vg by an independent method.

The value of | Vg |/EF for an alloy containing 33%
Ga and 67% V, calculated from formula (1), is 0.015.
Direct measurements in the short-wave region of the
spectrum yield for this alloy!®!

Vel _ P lVgI
ES I / Z
We see that the two values for the V-Ga alloy are

close to each other as well as to the value obtained for
the Nb-Sn alloys.
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