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The thermoreflection spectra of Nb,Sn and of Nb—Al alloys were measured in the 0.5-0.3 range.
An algorithm is proposed for the density of the electron states on the basis of the form of the
thermomodulation spectra of two-phase samples. A number of electronic characteristics of
Nb;Sn and Nb,Al are determined, as well as their temperature dependence coefficients. Splitting
of the interband absorption band located in the 1.85-eV region is observed. The splitting is appar-
ently due to the influence of the hybridization of the d and s states of the alloy. The density of the
electron states IV (E ) near the Fermi energy is estimated. The decrease of the value of N (E)for
the Nb;Alalloy with decreasing mean free path of the electrons is attributed to the smearing of the
sharp singularity in the density of the electron states near E.

INTRODUCTION

The properties of alloys with A15 lattice are being dili-
gently investigated of late both theoretically and experimen-
tally. The reason is that some compounds of this type have
superconductivity with high critical parameters. The study
of such superconductors is a step towards the attainment of
high superconducting temperatures. However, whereas the
theoretical studies are devoted to the band structure of this
class of compounds, the experiments deal mainly with their
superconducting properties and only a few experiments are
devoted to a determination of the characteristic of the elec-
tronic structure. Experimental research into the electronic
structure of A15-lattice alloys is of great interest both for
superconductivity and for solid-state physics in general.
Thus, for example, a number of theoretical studies'™® point
to the possibility that such compounds having sharp peaks in
the density of the electronic states. The high critical tem-
peratures of superconductors with A 15 lattice are attributed
to the location of the Fermi level near the maximum of one
such peak. The validity of this statement can be verified ex-
perimentally by investigating the electronic structure of
such compounds.

Valuable information on the electronic structure of a
metal or alloy can be obtained by the method of optic ther-
momodulation spectra (TMS). This method is successfully
used at present in investigations of the electronic structure of
both simple and transition metals and their alloys.’"'? Using
a theoretical model of the TMS,'* based on Bragg interband
transitions, it is possible to obtain from the thermoreflection
spectra an extensive set of very important electronic charac-
teristics of the investigated material, viz., the Fourier com-
ponent ¥, of the pseudopotential with index “g,” the effec-
tive densities and collision frequencies N, and v, of the
electrons that participate in the interband transitions near
the Bragg planes { g}, the density N, and frequency v, of the
conduction electrons, as well as the corresponding coeffi-
cients Ky, K, and K, of the temperature dependences of
N,, V., and the collision frequencies, respectively.

We have measured the thermostimulation reflection
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spectra B (w) = d (In R )/dT, where R is the light-reflection
coefficient and T is the temperature of the Nb,;Sn sample and
of two Nb—Al alloy samples. From the experimental 3 spec-
tra we determined a number of electronic characteristics of
the alloys Nb;Sn and Nb;Al.

DETAILS OF EXPERIMENT

The alloy samples investigated were polycrystalline
films deposited by the electron-beam method'® in a vacuum
~ 107 Torr on heated sapphire substrates. The characteris-
tics of the samples are listed in Table I, where T, is the super-
conducting-transition temperature, d is the plasma thick-
ness, R,/R., is the ratio of the resistances at room
temperature and a temperature somewhat higher than 7,
and q is the lattice constant.

An x-ray analysis of the Nb,;Sn sample has shown it to
contain only the A15 phase. The Nb-Al sample No. 1 is
inhomogeneous, but its A15 content is not less than 80%.
Although the superconducting transition temperature of
Nb-Al sample No. 2 is higher than that of No. 1, its A15
content is lower.

The thermomodulation reflection spectra were mea-
sured at room temperatures in the spectral range 0.5-3.2 eV
with a previously described setup.'® In the course of the ex-
periment the temperature of the investigated sample was
modulated at a frequency 23 Hz by a pulsed current. The
depth of temperature modulation was 0.6-2 K for the differ-
ent samples. Repeated accumulation of the signal in the
memory of the multichannel analyzer (each spectrum was
recorded several hundred times) has made it possible to ob-
tain experimental curves accurate to ~2 X 10~ ¢ deg~'. The

TABLE I. Characteristics of samples.

0038-5646/84/061298-053$04.00

sample Te K d, um B[R 1 a, &
NbsSn 176 0.35 2,7 5.22
Nb- Al N 1 16,0 0,2 2,55 519
Nb— Al Me 2 16.5 0.25 2,2 -
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FIG. 1. Experimental TMS of Nb,Sn (solid curve), Nb-Al No. 1
(dashed), and Nb-Al No. 2 (dotted).

information obtained from the experiment was fed to a com-
puter, where the data were reduced further.

RESULTS

The experimental TMS of Nb;Sn and of the two Nb-Al
spectra are shown in Fig. 1. The Nb,Sn spectrum shows four
pronounced absorption bands with maxima at 0.75, 1.43,
1.85, and 2.95 eV. Besides the main bands, the TMS of
Nb;Sn shows a fine structure. The TMS of the first Nb—Al
sample also contains four main absorption bands with maxi-
ma at 1.4, 1.6, 2, and 3 eV. The character of the spectrum in
the long-wave region points to the presence of a fifth absorp-
tion band at energy #iw < 1 eV. The TMS of the Nb;Sn and of
the first Nb—Al sample are close in intensity and similar in
structure, except for the band in the 1.6 eV region. This
band, in our opinion, is due to the presence in the Nb-Al
phase of niobium, which has at #fiw ~ 1.6 eV a strong inter-
band absorption band.!” The spectrum of the second Nb—Al
sample is more diffuse and its intensity is several times high-
er than the TMS of Nb,;Sn and of the first Nb—Al sample.
The principal maximum of the spectrum is located in the
region 1.5-2 eV, and the interband absorption spectra mani-
fest themselves only in the form of singularities. This is evi-
dence of the poorer quality of the second sample, in which
the electron mean free path is shorter.

Assuming that the absorption bands observed on the
TMS are Bragg electronic interband transitions, the experi-
mental TMS were reduced with a computer, using the algo-
rithm and the programs of Refs. 14 and 18. In the reduction,
the experimental TMS was approximated, using least
squares, by a theoretical 5 spectrum based on the model of
Bragg interband electronic transitions.'®

Since the investigated samples can contain in many
cases other phases (this pertains in particular to metastable
high-temperature superconductors with A 15 lattice), the in-
fluence of the foreign phases on the TMS was taken into
account by modifying somewhat the calculation formulas of
Ref. 14.

In the case when the sample consists of two phases uni-
formly and randomly distributed, with the sizes of the indi-
vidual phase regions large enough (to be able to neglect inter-
face effects), 5 (w) can be expressed in the form
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1 dR 1 AR,+sAR
B(0) =~ — 1T SALL,

Nt T 1
R dT AT R.t+sR, M

where R is the “effective’ coefficient of light reflection from
the sample, R, and R, are respectively the coefficients of
light reflection from the first and second phases of the sam-
ple, s = 5,/s, is the relative sample surface area occupied by
the second phase (s, and s, are respectively the areas of the
first and second phases). For a uniform distribution of the
phases the value of s coincides with the relative bulk concen-
tration of the second phase (as well as with the weight con-
centration if the phase densities are close), while s, and s, can
beregarded in our case as the bulk concentrations of the first
and second phases. The quantities 4 R, and 4 R, character-
ize the changes of the light reflection coefficient following a
temperature change 4 T.

Knowing the electronic characteristics of one of the
phases, which determine its optical properties, it is possible
to obtain from the experimental spectrum of the two-phase
sample not only the electronic characteristics of the second
phase, but also the parameter s in terms of which the concen-
trations of the two phases are readily determined:
s, =(1+5)"% s, =5(1 +5)~"'. The relations obtained were
used in the reduction of the TMS of the two-phase Nb-Al
samples as well as the one-phase Nb,Sn sample, with nio-
bium assuming the role of the second phase.

The electronic characteristics of Nb;Sn and Nb;Al ob-
tained by reduction of the TMS of various samples are given
in Table II. The table lists also the values obtained for the
density NV (E) of the electronic states near the Fermi surface.
The values of N (E) were calculated from the formula of Ref.
13. In the calculation we used the values of the average elec-
tron velocity v, on the Fermi surface, given in Table II and
obtained by linear interpolation from the v of Refs. 3 and 7
and from the free-electron velocity on the Fermi sphere at a
density N, equal to that of the valence electrons. By vy is
meant here (v%)'/2.

The calculation errors do not exceed several per cent for
the basic electronic characteristics, 5-15% for N,, and 20-

TABLE II. Electronic characteristics of Nb;Sn and Nb;Al

Characteristic Nb,Sn Nb;Al (N 1) Nb;AL (N 2)
Vaoo. eV 137 135 0.93
Vato. eV 0,36 0.6 0.47
Vaiq. eV 035 0.26 0,22
Vsto. €V -0.92 0.93 0.74
Vz00, 1014, sec™! 9 - &2 5.1
Vay0, 1014, sec™! 9 13 6.0
Va1, 1014, sec™! 2 1 2.4
V310. 1014, sec™! 3 2,6 58
N2zqo. 1022, cm™? 0.09 0,03 0,25
N2o. 10%2. cm ™ 0.25 0.06 0.69
Nayy, 1072, cm™? 0.17 0.04 0.4
N3y, 1022, cm™* 0.03 0,06 0.37
N,, 1022, cm—? 1.6 2.4 42
Ve, 1014, sec™! 1,5 1,0 29
Ky, 104, deg™' 7 4 5
Ky, 10-¢ deg™! -0.4 -2 —40
K, 10-3. deg™' 4 1 8
s, % 100 72 33
vy, 108 cm/sec 0.4 0.4 0.6

state
Nekr), 7 orspm 0.44 0.65 0,5
LA 30 40 20

Golovashkinetal. 1299



40% for the temperature coefficients; s, is accurate to 3-4%.
The inaccuracy of the determination of the electronic char-
acteristics of the useful phase decreases with increasing con-
centration of the latter in the sample; the inaccuracy of the
theoretical model is ~V, /E.

It can be seen from Table II that the percentages of the
A15 phase in the Nb;Sn and Nb-Al samples, calculated
from the TMS, are in full agreement with the results of the x-
ray analysis.

To verify the capabilities of the procedure we measured
and reduced the TMS of a third Nb—Al sample containing
even less of the A15 phase than sample No. 2. The TMS of
sample No. 3 is close in intensity and in general shape to the
B spectrum of the second sample, but it does not have even
those singularities that can be seen on the S8 spectrum of
sample No. 2. The Al5-phase content in this sample was
shown by the TMS reduction to be less than 10%. We did not
succeed in determining with sufficient reliability the elec-
tronic characteristics of the A 15 phase of this sample.

The Nb,Sn thermomodulation spectrum calculated on
the basis of the electronic characteristics of Table II is com-
pared in Fig. 2 with the experimental TMS. The figure re-
veals a good enough agreement of the two spectra, both in
shape and in intensity of the bands. The theoretical model
does not describe the spectrum fine structure observed in
experiment for sufficiently good samples.

The form of the Nb; Al B spectra calculated on the basis
of the data obtained is shown in Fig. 3. In analogy with the
results observed for Nb (Ref. 13), the TMS of the more finely
dispersed sample is more strongly smeared out and is consid-
erably more intense. Its main absorption bands are shifted
into the long-wave region of the spectrum.

The electronic characteristics obtained by analyzing
the TMS permit calculation of the spectral dependences of
the optical constants. Figures 4 and 5 show the obtained
spectra of the optical conductivity of the Nb;Sn and Nb;Al
For Nb,;Al we used the data of the first sample. The dash-dot
curve shows the contribution of the conduction electrons,
the dashed the contribution of the interband electronic tran-
sitions, and the dotted the contributions of the individual
bands. The alloy Nb,Sn was investigated in Refs. 20 by the

By 107° deg™!

8

-2

FIG. 2. Experimental (dashed curve) and theoretical (solid) B spectra of
Nb,Sn.
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FIG. 3. TMS of Nb,Al calculated on the basis of the data of Table II.

polarization optics method. The electronic characteristics of
Nb,Sn listed in Table II are in good agreement with the data
of Refs. 20, except for the parameters of the {310} band.
Ellipsometric measurements of the optical properties of
Nb-Alsamples were made in Refs. 21 and 22. A direct com-
parison of our present results with the data of these refer-
ences is difficult, since no account was taken in the latter of
the presence of other phases in the samples. It can be noted,
however, that in Refs. 21 and 22 there is observed in the 0.5—
3 eV region a complicated structure of the spectra, which
consist of a large number of interband-transition bands.

DISCUSSION

1. The method proposed in the present paper for deter-
mining the electronic characteristics of two-phase samples
yielded quite reasonable results. For the one-phase Nb,Sn
sample it was found from the TMS, accurate to several per
cent, that the concentration of the A15 phase is 100%. The
electronic characteristics of the sample agree with those ob-
tained using the algorithm of Ref. 14.

In the calculations of the electronic characteristics of
Nb;Sn and Nb;Al we used for Nb the data of Ref. 17. It is

G, 70 cgs esu

FIG. 4. Spectrum of the optical conductivity o(w) of Nb,Sn (solid curve),
contribution to o(w) from the conduction electrons (dash-dot) and from
the Bragg interband electronic transitions (dashed curve), and contribu-
tion to o(w) from the individual interband-absorption bands (dotted).
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FIG. 5. Spectrum of optical conductivity of Nb;Al (solid curve), contri-
bution to o{w) from the conduction electrons (dash-dot) and from the
Bragg interband transitions (dashed), and contribution to o{w) from the
individual interband-absorption bands (dotted).

known'? that the characteristics of Nb depend somewhat on
the sample quality.

A criterion of the validity of the data used for Nb is the
agreement of the coefficient s, with the value obtained by an
independent method. We note that at high concentration of
the investigated phase some variation of the Nb parameters
hardly alters the obtained basic characteristics. At a low
content of the phase (Nb-Al sample No. 2) the effect of the
inaccuracy of the Nb parameters is already appreciable, but
the results for this sample are only approximate.

2. The observed deterioration of the TMS of Nb,Al
samples of poorer quality (disorder, decrease of electron
mean free path in the sample) is in full accord with the results
obtained for niobium. ' Just as in Nb, an increased smearing
of the energy gaps, an increase of the conduction-electron
density, and a shortening of the electron relaxation time are
observed. The temperature dependence of a number of char-
acteristics increases in this case (it is this which leads to the
higher intensity of the 3 spectrum). Thus, the results of
Nb,Al confirm the conclusions of Ref. 13 that the electronic
characteristics and the optical properties are influenced by
the smearing of the sharp singularities of the density of the
electronic states.

3. Our values of the plasma frequencies @, correspond
tofiw, = 4.7 and 5.8 for Nb;Sn and Nb;Al, respectively. The
published data, 3.4 eV (Ref. 3) and 4.5 eV (Ref. 23) for Nb,Sn
and 3.7 eV for Nb,Al (Ref. 7) are somewhat lower than ours.
We attribute this difference to the shorter electron mean free

paths in our samples, which lead to larger values of N, (Ref.
13). It must be noted that within the framework of the model
employed the interband transitions displace the point at
which the real part of the dielectric constant vanishes
towards high values of @ (compared with w, ).

4. The most important characteristic of high-tempera-
ture superconductors, N (E ), was determined for Nb,Sn and
Nb;Alboth experimentally and theoretically in a large num-
ber studies. In Table III our data are compared with the
published ones (the data on Nb,Al are given only for sample
No. 1). It is seen from the table our values of N (E) do not go
outside the scatter of the data. In Nb;Al sample No. 2 the
density of states is noticeably smaller than in the first, and
this is evidence of the smearing of the N (E ) peak in Nb;Al
Vyhen the electron mean free path / is decreased from 40 to 20
A.

5. The thermomodulation spectrum of a metal or an
alloy is determined by the temperature dependence of the
light-reflection coefficient. This dependence is in turn a con-
sequence of the temperature dependences of the real (¢,) and
imaginary (g,) parts of the complex dielectric constant. To
determine the contributions of €, and ¢, to the TMS we can
represent 3 (w) in the form

AR 1 1

B(m)=E‘A~f,=Z‘if{a(si; Bz)A51+b(51;32)A52}, (2)

where 4 £, and 4 ¢, are respectively the changes of ¢, and ¢,
following a temperature change 4 7. The quantities a(e;; €,)
and b (¢,; €,) are determined by the relations

V2(e+e,) (28,—e—1)
e(ete,) " ((1+e)*—2(ete,))

a(ey; €2) =

752(2814"8—1)
e(e+e,) " ((1+€)*—2(ete,))

b(es; :) =
where £ = (€2 + £2)"/%

Figure 6 shows the spectral dependences of 4 £, and
4 &, for Nb;Sn (a) and Nb,;Al (b), calculated on the basis of
the obtained electronic characteristics. As seen from the fig-
ures, the singularities due to interband transitions are more
pronounced in the 4 £, spectrum. The quantities a(¢ ; £,) and
b(e,; €,) are monotonic functions of the frequency w. An
analysis of Eq. (2) has shown that the basic structure of the
TMS of both alloys is determined by the contribution from
the temperature dependence of ¢, [the second term of (2)].

6. The experimental TMS of Nb;Sn shows a clear-cut
splitting of the interband-absorption band in the region of
1.85 eV; the splitting amounts to 0.125 eV. This splitting can

TABLE III. Density of electronic state at the Fermi energy in Nb,Sn and Nb,Al

state states
N(ER), eV-at-spin NEp), eV-at-spin
Source Source
Nb,Sn NbsAl Nb:Sn NbsAl
- 0,83 [24] 0.46 0.37 [6]
0.45 0,52 ‘[2] - 09 [7]
112 0.82 Junod (:see Ref.2)) - 0.97 [5]
1.2 08 [25] 0,92 - [26] X
0,44 - [3] 0,44 0,65 Present work
1301 Sov. Phys. JETP 59 (6), June 1984 Golovashkinetal. 1301
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FIG. 6. Spectral dependences of 4 ¢, and 4 &, for the alloys Nb;Sn (a)
and Nb,Al (b).

be due to the energy-band splitting by the hybridization of
thes—p and d states near the Bragg plane, and to formation of
corresponding energy subbands.?’ The initial d band can be
located in this case either below or above E, . The interband-
absorption band due to the electronic interband transitions
near this plane is split into two, with the higher-frequency
band the result of excitation of electrons from or to d levels,
and the lower-frequency one caused by transitions between
s—p levels.

Since an appreciable contribution is made to the intensi-
ty of the bands in the B spectrum by the temperature depen-
dence of the electron relaxation times (i.e., of the values of
v, ), one should expect a comparable intensity for both parts
of the split band, since each of the transition affects the s—p
states. It is this which is observed on the TMS of Nb,Sn for
the band in the 1.85 eV region. Our theoretical model of the
TMS does not take the indicated band splitting into account.
According to the foregoing interpretation of the observed
splitting, the values of ¥, and v, given in Table II for transi-
tions near {310} planes are somewhat overevalued, but we
estimate the error not to exceed 6%.

For Nb;Al no splitting of the {310} band is observed,
although in all other respects the spectra of Nb,Sn and
Nb;Al are similar. This can be due to the smaller splitting of
the band in Nb,;Al and to the smearing of its fine structure.
This explanation can also be indicated by the fact that even
in the best Nb;Al sample the {310} band is broader than the
corresponding band in Nb;Sn, although the electron mean
free path in Nb,Al is longer.

The errors of ¥, and v, of Nb;Al, due to the influence
of the interband transitions from or two d-type levels, are
smaller than for Nb;Sn. The singularities observed on the
TMS of Nb;Sn and of the first Nb—Al sample in the region of
2.5 eV are also apparently due to the influence exerted on the
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spectrum by transitions, connected with the d states, in other
regions of phase space.

7. Reviewing the data obtained for ¥, and v, in the
present study, several features can be noted. For both alloys
we have #iv, <2V, so that the level smearing, represented
by the quantity #v, , does not distort substantially the struc-
ture of the energy gaps near the Bragg planes. The value of
v, of Nb;Alsample No. 1 increases monotonically with V,,
and it can be said that Nb,;Sn and sample No. 2 of Nb,;Al
have a similar tendency (just as Nb in Ref. 13). Next, v, R v,
for all bands of both alloys. Explanation of all these facts
calls for an examination of the details of the mechanism elec-
tron relaxation in the presence of a Bragg energy splitting.

The authors thank N. N. Lobanov for the x-ray analysis
of the samples and T. I. Kuznetsova for a discussion of the
results.
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