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The thermoreflection spectra were determined in the range 0.5-3.1 eV for polycrystalline 
samples of Nb, +, Gel _, alloys (x = 0.12,0.2,0.32) and of Nb,Ge,. Some characteristics of 
the electron structure of the A1 5 phase were determined for Nb, +, Ge, - , and Nb,Ge3 and 
the coefficients in the temperature dependences of the individual characteristics were found. 
The thermoreflection spectra in the electron structure characteristics of the A15 phase of 
Nb, +,Gel , depended on the composition. These dependences were attributed to 
broadening of a sharp singularity in the density of the electron states near the Fermi energy as 
a result of changes in the composition of the A15 phase near stoichiometry. It was found that 
the change in the electron structure of the A15 phase of the alloys due to deviation of the 
composition from stoichiometry could not be explained by a simple increase in the number of 
defects in a sample. In an ideal Nb3Ge the temperature of the transition to the superconducting 
state could be above 25 K. 

Much work has been done on the properties of high- 
temperature superconducting transition-metal alloys with 
the A15 crystal lattice. A special place among these materi- 
als is occupied by Nb,Ge, for which the highest supercon- 
ducting transition temperatures T, have been obtained so 
far. However, the work on Nb3Ge has been mainly con- 
cerned with the superconducting properties of this com- 
pound, with the static characteristics, and methods of prep- 
aration. This has been primarily due to difficulties in 
preparing Nb3Ge samples because of the instability of the 
A15 phase of this compound. For these.reasons many prop- 
erties of the compound, particularly the electron structure 
and the optical characteristics, have not been investigated 
sufficiently thoroughly. 

High values of T, of Nb3Ge and anomalies of its other 
properties (like the anomalies exhibited by other transition- 
metal alloys with the A15 lattice) are attributed1-6 to the 
presence of a narrow peak in the distribution of the density of 
the electron states N(E)  near the Fermi level EF. The width 
of this peak is only a few hundredths of an electron ~ o l t . ~ , ~ , '  
Changes in the concentrations of defects in the samples 
(and, consequently, in the mean free path of electrons) 
cause broadening of the peak and associated changes in the 
other electron characteristics. Such changes have been ob- 
served experimentally both for Nb3Ge and for other materi- 
a l ~ . ' - ' ~  

Many properties of Nb-Ge alloys, particularly their su- 
perconductivity, depend strongly on the concentrations of 
the components in the A1 5 phase. Even a slight change in the 
composition near stoichiometry is known to alter greatly T, . 
There are grounds for assuming that such changes in the 
composition of the A15 phase of Nb-Ge alloys can have a 
major influence on the electron structure. For example, a 
change in the composition should result in broadening (or a 
shift relative to the Fermi level) of the electron state density 
near EF and in corresponding changes in the electron char- 

acteristics, as well as in the properties of the alloys governed 
by these characteristics. Moreover, there should be changes 
in the temperature dependences of the individual character- 
istics of the electron structure. It would therefore be of inter- 
est to study the influence of the composition of the A15 
phase of Nb-Ge alloys on their electron structure. 

We obtained information on the electron structure of 
Nb-Ge alloys by the method of thermomodulation optical 
spectra which has been used successfully in studies of both 
simple and transition metals and of alloys based on them.9-12 
The intensity in the thermomodulation spectra is governed 
by the temperature dependences of the characteristics of the 
electron structure of the investigated material. Therefore, 
changes in the temperature dependences of the electron 
characteristics of the A1 5 phase of Nb-Ge alloys, caused by 
changes in their compositions, should be manifested primar- 
ily in the nature and intensity of the thermomodulation spec- 
tra. We determined thermoreflection spectra of some 
Nb, +, Ge, -, samples with x ranging from 0.1 to 0.3, and 
also of a sample of the tetragonal u phase of Nb,Ge,, and we 
determined the composition dependences of some of the 
electron structure characteristics. 

EXPERIMENTAL METHOD 

The investigated samples were polycrystalline films de- 
posited on sapphire substrates by the cathodic sputtering 
method.13 This procedure took place in an ultrahigh-vacu- 
urn system where the argon pressure was 0.8 Torr. Before the 
deposition of a film the system was pumped down to lo-'' 
Torr. A composite target was used. The temperature of the 
substrate during the deposition of films was 680 "C. Samples 
with different concentrations of the components in the A15 
phase were obtained by altering the position of the substrate 
relative to the center of the target along the composition 
gradient line. The properties of the samples are listed in Ta- 
ble I, where d is the film thickness, T, is the temperature in 
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TABLE I. Pro~erties of samoles 

the middle of the superconducting transition, a, is the lattice 
constant of the A15 phase, a' and c' are the lattice param- 
eters of the a phase, A,  is the content of the A1 5 phase in the 
samples, z is the atomic content of niobium in the A15 phase 
(the content ofniobium in theuphase was 62.5 at.%) ,p, /p, 
is the ratio of the electrical resistivity at a temperature close 
to T, and at room temperature. The composition of the sam- 
ples was determined by the method of x-ray microprobe 
analysis. An x-ray structure analysis showed that 
Nb, + , Ge, _, samples Nos. 2 and 3 consisted of a single 
phase and contained only the A1 5 phase. Sample No. 1 con- 
tained about 8% of the u phase. Sample No. 4 consisted 
practically only of the tetragonal u phase of Nb,Ge,. 

The optical thermoreflection spectra P(w) 
= d In [R ( w )  ]/dT, where R ( w )  is the reflection coefficient, 
Tis the absolute temperature, and w is the angular frequency 
of the incident radiation, were determined in the spectral 
range 0.5-3.1 eV using appratus described earlier.14 Modu- 
lation of the temperature of a sample during these experi- 
ments resulted from the passage of current pulses at a repeti- 
tion frequency of 23 Hz and it amounted to 2-3 K depending 
on the sample. The depth of the temperature modulation 
during an experiment was monitored and measured by a 
method proposed in Ref. 14. Repeated accumulation of the 
measured signal (each spectrum was recorded several hun- 
dreds of times) in the memory of a multichannel analyzer 
made it possible to record spectra with an average error of 
the order of 2 x K-'. 

RESULTS 

The experimental thermoreflection spectra of the inves- 
tigated Nb, +, Gel - , and Nb,Ge, samples are shown in 
Fig. 1.  The spectra of Nb, +, Gel - , samples exhibited sev- 
eral absorption bands in the investigated spectral range and 
these bands were due to electron interband transitions ( A -  
D). The relative intensities of these bands changed from 
sample to sample. Moreover, there was some band shift in 
different samples. The main thermoreflection maximum 
identified by the letter B was located at & = 2-2.4 eV. The 
intensity of this band decreased monotonically between sam- 
ples Nos. 1 and 3. The amplitude at the maximum fell by 
about an order of magnitude between these samples. A simi- 
lar dependence on the composition was exhibited also by the 
second ( C )  of the main bands at & = 1.4-1.7 eV. There- 
fore, the strongest temperature dependence of the reflection 

increase in nonstoichiometry. A band denoted by A  ' was re- 
garded by us as a fine structure. 

The spectra of the u phase of Nb,Ge, (sample No. 4)  
showed clearly three interband absorption bands with maxi- 
ma at & = 1.4, 1.95, and 2.55 eV. The thermoreflection 
spectrum of this sample and the positions of the bands dif- 
fered considerably from the form of the spectra and the posi- 
tions of the bands exhibited by samples with the A1 5 struc- 
ture. The intensity of the spectrum of sample No. 4 was 
several times greater than the intensity in the thermoreflec- 
tion spectra of samples 2 and 3. The absence of the features 
typical of the u phase from the spectra of samples Nos. 2 and 
3 confirmed the results of the x-ray structure analysis indi- 
cating that these samples consisted of just one phase. It 
should be pointed out that the method proposed in Ref. 10 
made it possible to estimate quantitatively the content of the 
second phase in a sample from the modulation spectrum. 
This information was obtained for a skin layer which was 
several hundreds of angstroms thick. The experimentally de- 
termined modulation spectra were analyzed on a computer 

coefficient (corresponding to the intensity of the FIG. I .  Experimental thermoreflection spectra of three Nb, + Ge, main bands in theP spectrum) was exhibited by a sample of alloys ( 1-3) and of Nb,Ge,(4). The absorption bands are identified by 
Nb,,,, Ge,,, with the highest value of T, and it decreased on letters alongside the curves. 
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using an algorithm and programs developed earlier.I5 It was 
assumed that the complex permittivity E' governing the re- 
flection coefficient of light in the investigated part of the 
spectrum included contributions from intraband (Drude) 
and interband transitions. 

The Drude contribution is governed by the conduction 
electron density Ne (more correctly, by the ratio Ne/m, 
where m is the electron mass) and by the effective collision 
frequency ye . The contribution of the interband transitions 
giving rise to singularities in the thermoreflection spectra in 
the investigated range of frequencies is governed by the ener- 
gy gap Eg = k g ,  relaxation time v; ' of electrons partici- 
pating in the interband transitions, and effective electron 
density N, participating in these transitions; the index g re- 
fers to different bands A-D and it represents the direction of 
symmetry in the momentum space (different Bragg planes). 
In fact, the profile of the E' band is governed in this model by 
the resonance factor [Ei - (liw + i h ~ , ) ~ ]  in the inte- 
grand in Eq. ( 11) of Ref. 16 (i.e., it is governed by the pres- 
ence of a significant region in the phase space where the 
energy bands are parallel) and its amplitude is governed by 
Ng (Ref. 9).  

The experimental thermoreflection spectra were ap- 
proximated by the method of least squares using theoretical 
curves plotted on the basis of this model. Since, in principle, 
thep spectra of Nb3Ge should be affected by the a phase, we 
used the model of thermomodulation spectra of a two-phase 
samplelo in which an allowance is made for the influence of 
the second phase on the resultant spectrum. The electron 
characteristics of the a phase were the data obtained from 
the thermoreflection spectra of sample No. 4. The thermore- 
flection spectra were approximated by varying the charac- 
teristics of the conduction electrons (N, and ye ), the char- 
acteristics of the interband absorption bands (Eg , y,, and 
Ng ) , the coefficients K ,  of the temperature dependences of 
the energy gaps (values of Eg ), the corresponding coeffi- 
cients K ,  of the collision frequencies (values of ye and vg ), 

the coefficients KN of the conduction electron density; the 
concentration of the A15 phase in a sample (A,) was also 
used for this purpose. 

The characteristics of the electron structure obtained as 
a result of an analysis of the experimental thermoreflection 
spectra are given in Tables I1 and 111. The spectral bands 
(and the corresponding characteristics in the form of the 
energy gap E, , relaxation time y; I, and effective density Ng 
of electrons participating in interband transitions) of the a 
phase are denoted by the indices 1-3. The rest of the notation 
for the a phase is the same as that for the A15 phase. 

The errors in the determination of the electron charac- 
teristics representing interband electron transitions did not 
exceed 2%, with the exception ofNg , for which the error was 
10-20%. The densities and collision frequencies of the con- 
duction electrons were found to within 4-7%. The error in 
the determination of the temperature dependence coeffi- 
cients K ,  , K ,  , and K, was 40-50%, whereas the error in the 
concentration A, was 2-4%. 

Table I1 lists also the mean free path of electrons I, the 
average Fermi velocity v,, and the density of the electron 
states near the Fermi energy N(EF ) . The values of the elec- 
tron state density N(EF)  were determined at Tz300 K by 
linear interpolation of the values of N(EF)  found experi- 
mentally for Nb3Ge (Ref. 17) and Nb,Ge (Ref. 18). A cor- 
rection was made for the temperature dependence of N(EF ) 
(Ref. 8).  The values of N(EF) given in Table I1 corre- 
sponded to the niobium concentrations in the A15 phase 
found in the investigated samples. The values of the average 
Fermi velocity at Tz300 K were deduced from 
Ne/m = (2/3)N(EF)vf.. 

It is clear from Table I1 that the concentration of the 
A 15 phase in the samples agreed well with the results of an x- 
ray structure analysis given in Table I. 

Ellipsometric measurements were used in Ref. 19 to ob- 
tain some of the parameters of the electron structure of Nb- 
Ge alloys. A comparison of the characteristics (Tc,pc/ 

TABLE 11. Electron characteristics of A15 phase of Nb,,, Ge, ,, samples 

401 Sov. Phys. JETP 63 (2), February 1986 Golovashkin eta/. 401 

Nb3.32Ge~,ba (X 3)  

1.4 
1.5 
2.84 
1.48 
036 
0.52 
4.4 

13 
8.4 
2.7 
0.01' 
0.1 
0.08, 
O,2 
6 

-0.1 
2 

98 
0.4 

0.37 

26 

Characteristic 

N,,  loz2 cmp3 
v,, loi4 sec-' 
EA, .  eV 
EB, eV 
Ec, eV 

6 $4 sec-I 
V B ,  1014 sec-: 
V C ,  IOl4 sec- 
V D ,  10" secpl 
Na, loz2 cm-, 
NB, 1W2 cm-? 
Nc,  1022 cm-3 
N D ,  loz2 Cm-3 
K N ,  I O - ~ K - I  
Kz,  K-I 
K,, K - '  
AD, '10 
u ~ ,  108 cm/sec 

( ~ ~ 1 ,  states.(eV.at. 
spin) - 

2 ,  A 

Nbr.~zGeo.ss (N 1 )  

0.85 
2.7 
3.36 
1,96 
1.22 
0.56 
1 .o 

17 
5.9 
0.6 
0.02 
0.13 
0.1 
0.14 
3.3 

-8 
3 

91 I 
0.3 

0.42 

11 

Nb3,1Ge~,8 (X 2) 

1.2 
1.7 
2.88 
2.04 
1,26 
0.60 
4.7 
6.4 
7.2 
2.9 
0.01 
0.04 
0.11 
0.2 
6 

-0.2 
2 

1, 
0.37 

0.40 

22 



FIG. 2. Spectral depedences of the contributions made to the optical con- FIG. 3. Optical conductivity spectra ~ ( m )  of the phase of Nb,Ge, and 
ductivity of Nb3.1, Ge,,, by the conduction electrons (dashed curve) and the contributions made to this conductivity by the interband transitions 
by the electrons participating in the interband transitions (continuous (dashed curve), deduced on the basis of the data in Table 111. 
curve). 

po,a,) of the investigated samples showed that the alloys 
used in Ref. 19 had similar parameters to those of our sam- 
ples Nos. 2 and 3. The electron characteristics of sample No. 
3 obtained from the thermoreflection spectra were not in 
conflict with the results of Ref. 19. The parameters of the 
individual bands in these spectra agreed well and the densi- 
ties N, were practically identical. 

The plasma oscillation frequency up, (in energy units) 
calculated from the values of N, in Table I1 was 3.4,4.0, and 
4.4 eV for samples Nos. 1, 2, and 3. The composition of 
sample No. 1 was closest to Nb3Ge. A comparison of hp, 
for the first sample with the published data on Nb,Ge indi- 
cated that it was somewhat less than 3.7 eV calculated theo- 
retically in Refs. 3 and 20, and slightly more than hp, = 3.2 
eV found experimentally at T = 230 K by Yao and Schnat- 
terly and quoted in Ref. 2 1. Bearing in mind that the compo- 
sition of the samples used by Yao and Schnatterly was quite 
close to stoichiometric, we found that the value of up, of the 
A15 phase decreased smoothly on increase in the atomic 
concentration of Ge. 

The electron characteristics of the A1 5 phase of differ- 
ent compositions and of the a phase of Nb-Ge alloys ob- 
tained from the thermoreflection spectra allowed us to cal- 
culate the dispersion dependences of the real and imaginary 
parts of the permittivity of these phases, and also of the other 
optical characteristics. Figure 2 shows the spectral (disper- 
sion) dependences of the contributions to the optical con- 
ductivity of Nb,,,, Ge,,, governed by the conduction elec- 
trons (dashed curve) and by the electrons participating in 
the interband transitions (continuous curve). In the investi- 
gated part of the spectrum the conduction electrons made a 

considerable contribution to the permittivity and this al- 
lowed us to determine the characteristics of these electrons 
with a satisfactory precision. 

Figure 3 shows the optical conductivity spectrum o(w) 
and the contributions made to this spectrum by the inter- 
band transitions a, (w ) in the a phase of Nb,Ge3. The spec- 
trum was calculated on the basis of the data in Table I11 
which were deduced from the experimental thermoreflec- 
tion spectrum of sample No. 4. It should be pointed out that 
the difference between the optical characteristics of the al- 
loys due to changes in the composition of the A 15 phase were 
manifested particularly clearly in the f l  spectra of the inves- 
tigated samples. In the a(@) curves the sharpness of the 
individual absorption bands was concealed by a significant 
contribution of the Drude component. 

Figure 4 shows the contributions made to the thermore- 
flection spectrum of the A15 phase of sample No. 1 by the 
temperature dependences of the real E, and imaginary E, 

parts of the permittivity in accordance with the expansion 

The quantities AE, and AE, represent here the changes in E,  

and E~ due to a small change in temperature AT. The coeffi- 
cients ~ (E , ;E , )  and ~(E, ;E , )  in the above expression were 
calculated using the formulas in Ref. 10. It was shown in 
Ref. 9 that in the region of the main interband absorption 
bands the thermoreflection spectrum of niobium is governed 
largely by the contribution of the temperature change in E,. 
This was also demonstrated for aluminum. On the other 
hand, the thermomodulation spectra of Nb3Sn and Nb3A1 

TABLE 111. Electron characteristics of o phase of Nb,Ge, 

Characteristic Characteristic 

-- 
vl,' lot5 secI : -40, oh 
v,, 1oi5 set K,, K - '  
v3, 10i5 set- I 0.8 
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FIG. 4. Contributions to the thermoreflection spectra of the A15 phase of 
sample No. 1 (dashed curve) made by the temperature dependences of the 
real E ,  (curve 1 ) and imaginary E ,  (curve 2 )  parts of the permittivity. The 
inset shows the ,8 spectrum of sample No. 1 calculated in the plasma 
frequency region allowing only for the contribution of the conduction 
electrons. 

alloys were found to be dominated by the temperature de- 
pendence of E, (Ref. 10). It is clear from Fig. 4 that the 
structure of thep spectrum of Nb,Ge is also governed main- 
ly by the contribution of A E , ( ~ ) .  However, in the region of 
1.5 and 3 eV the 0 spectrum includes also a large contribu- 
tion from AE~ .  Therefore, depending on the characteristics 
of the electron structure of a specific metal or alloy, its ther- 
momodulation optical spectrum may be governed by the 
temperature dependences of E, or E,. The inset in Fig. 4 
shows the thermoreflection spectrum of sample No. 1 in the 
plasma frequency range calculated allowing only for the 
contribution of the conduction electrons. 

DISCUSSION 

1. The data given in Table I1 demonstrate a definite 
dependence of the electron characteristics of the A15 phase 
of Nb, +, Ge, -, alloys on the composition. Since a reduc- 
tion in the amount of niobium in the A1 5 phase reduces the 
conduction electron density, the collision frequency v, rises. 
There is also a definite composition dependence in the case 
of the characteristics representing the interband transitions. 
The minimum values of the energy gaps are obtained for 
sample No. 3 with the A15 phase characterized by the lar- 
gest amount (83%)  of niobium. Figure 5 shows the depen- 
dences of Ne , Y ,  , N(EF ), V F ,  ao, and T, on the composition 
of the A15 phase of the investigated samples. It should be 
pointed out that the curves in Fig. 5 are purely qualitative. 

The observed composition dependences of the electron 
characteristics can be explained on the hypothesis that an 
increase in the niobium concentration in the A1 5 phase, i.e., 
the progression from sample No. 1 to samples Nos. 2 and 3, 

FIG. 5. Dependences of some characteristics of the electron structure of 
the A15 phase of Nb-Ge alloys, and the dependences of T, and a, on the 
composition. 

results in the replacement of germanium with niobium 
atoms. Theoretical calculations3 show that the replacement 
of transition metal atoms with nontransition metal atoms in 
the A15 structure broadens the sharp singularities in the 
density of the electron states N(E).  Moreover, such a re- 
placement, accompanied by a departure from the ideal ger- 
manium sublattice, is equivalent to some disordering of the 
structure, i.e., it gives rise to structure defects. This in turn 
should result in additional broadening of the sharp singulari- 
ties of N(E) .  The broadening of a peak of the electron state 
density is proportional to the defect concent ra t i~n .~~ There- 
fore, if the energy position of such a peak is close to E,, a 
change in the composition (increase in the concentration of 
Nb) should reduce the density of the electron states on the 
N(EF) surface and alter other electron characteristics: it 
should reduce T,, increase the density of the conduction 
electrons and also the average velocity of electrons on the 
Fermi surface. This should also be near the energy gaps and 
reduce the maxima in the temperature dependences of the 
electron characteristics. This is exactly the behavior exhibit- 
ed by Nb, +, Ge, -, samples. A change in the composition 
can naturally result also in more complex changes in the 
electron structure, for example, it may shift the peak of 
N(E)  relative to EF. 

For a given composition of the phase the broadening of 
a peak of N(E)  is favored by several factors, such as the rise 
of temperature or the presence of impurities, stresses, and 
other defects in the lattice. These factors affect the electron 
characteristics of the samples. The maximum changes in the 
parameters associated with the broadening of the peak of the 
density of electron states should be observed for SE /fie < 1, 
where SE is the energy width of the peak. In the case of 
samples of different compositions the relative influence of 
these factors may be different. We should also bear in mind 
an increase in the strength of the electron-phonon interac- 
tion in the high-temperature phase which-other conditions 
being equal-reduces the mean free path I of electrons and 
increases the effective frequency ve of electron collisions. An 
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allowance not only for a change in the compositon of the A 15 
phase, but also for other defects (such as those represented 
by the value of I )  can account for the observed behavior of 
the electron characteristics of the investigated films. 

The results show that the effect of the composition is 
even greater on the density of the conduction electrons (ef- 
fective mass). 

2. The observed changes in the intensities in the ther- 
moreflection spectra of Nb, + , Gel -, due to changes in the 
compositon of the A1 5 phase confirm the hypothesis that the 
composition influences the electron structure; it can also be 
explained assuming a sharp singularity in the distribution of 
the density of electron states near the Fermi energy. The 
strongest temperature dependence of the electron character- 
istics exhibited by sample No. 1 corresponds to the maxi- 
mum intensity in the thermoreflection spectrum. The results 
obtained for Nb, + , Gel - , alloys indicate that changes in 
the composition of the A15 phase have an effect on the elec- 
tron structure which is more complex than a simple change 
in the number of defects. 

3. Extrapolation of the composition dependences of the 
electron characteristics of Nb, + , Gel - , alloys to the stoi- 
chiometric composition (i.e., to x = 0)  can give the charac- 
teristics of an "ideal" compound Nb,Ge so that in principle 
its optical and other properties can be calculated. In the first 
approximation, such extrapolation shows that in the case of 
ideal Nb,Ge we can expect Tc 2 25 K, a, 5 5.13 A, and also 
at room temperature we can expect Ne 5 0 . 6 ~  ~ m - ~  
and N(EF ) Z 0.45 states (eV-'-at.spin) -I. 

Figure 6 shows the dependences of the critical super- 
conducting transition temperature T, (measured in the 
middle of the transition) on the density of the electron states 
N(EF 1. Variation of N(EF ) is due to variation of the com- 
position of the A 15 phase of the alloys. It is clear from the 
figure that the dependence is nearly linear. Extrapolation of 
this dependence shows that we can expect Tc 2 25 K for the 
stoichiometric composition using the value of N(E,) for 
ideal Nb,Ge found in Ref. 17. This is in agreement with the 
maximum value of Tc which has been obtained so far for 
Nb,Ge (Refs. 23 and 24). 

4. In our analysis of the experimentalfl spectra we used 
a theoretical model relating the absorption bands to the pres- 
ence of parallel parts of the energy bands in the momentum 
space. If such parallel parts of the energy bands are regarded 

FIG. 6 .  Dependence of the temperature of the transition to the supercon- 
ducting state T, of Nb, + , Ge, , alloys on the density of electron states 
N(EF). An asterisk is used for the value of T, corresponding to 
N(EF) = 0.45 states.(eV.at.spin)-' obtained in Ref. 17. 

as the Bragg splitting of the energy levels, the energy gaps E, 
can be used to determine the Fourier components of the 
pseudopotential V, = Eg/2. In this interpretation an identi- 
fication of the A-D bands in thefl spectra of Nb, + , Gel - , , 
carried out in accordance with the method of Ref. 15, yields 
V2,,= 1.68, V210=0.88, V2]] =0.61, and V2,,=0.28 eV 
for the first sample (the corresponding values can be ob- 
tained similarly for the other samples). It follows that the 
band A appears because of the influence of the {200} Bragg 
planes, whereas the bands B, C, and D are due to the {2 101, 
(21 11, and {220) planes. 

This interpretation is not unique. The observed absorp- 
tion bands may be attributed also to electron transitions 
from the d energy band to the Fermi level and from states 
close to the Fermi level to vacant d energy bands. The main 
contribution to the absorption is in this case due to regions 
with quasiparallel energy bands. The profile of each absorp- 
tion band then changes only ~lightly.~' More complex ap- 
proaches are also possible. In such cases the temperature 
dependences of thefl spectra are extemely important for the 
determination of the true nature of the absorption bands. 

The adopted interpretation in the case of Nb (Ref. 9 )  
and Nb,Sn (Ref. 10) ensurs agreement between the electron 
characteristics and the optical spectra, deduced from the 
thermomodulation spectra, with the results obtained by oth- 
er methods. 

5. It is clear from Table I1 that in the case of 
Nb, +, Ge, - , alloys the effective electron collision fre- 
quency obeys ve a N; ' . It is interesting to note that the 
data1' for Nb,Sn and the best sample of Nb3AI fit the same 
dependence. We can account for this result by assuming 
that, as the composition of the A 15 phase moves away from 
stoichiometry, there is a reduction in the relative change in 
the density of states N(EF ) associated with the broadening 
of the N(E)  peak by an amount five . It should be pointed out 
that broadening of the N(E)  peak is due to collisions of elec- 
trons both with and with phonons, i.e., 
ye = vep + ved , where v, and v,, are, respectively, the fre- 
quencies of collisions of electrons with phonons and defects. 
The quantity five, is proportional to the concentration of 
defects. 

Table I1 shows also that there is a correlation between 
Tc and N, ( Tc falls on increase in N, ), observed earlier for 
other alloys with the A15 lattice. We can also see that Tc 
rises on increase in v, . The data in Tables I and I1 allow us to 
estimate readily [ignoring the temperature dependence of 
N, compared with v, ( T ) ]  the frequencies of electron- 
phonon collisions in samples 1,2, and 3 which correspond to 
the energies fiv, amounting to 9 x  lo-', 4 x  lop2, and 
2 X lop2  eV, respectively. Therefore, the dependence of Tc 
on ve is due to the dependence of T, on yep, i.e., on the 
electron-phonon interaction constant R a v, (Ref. 27). 

6. In the range T 5  50 K the temperature dependence of 
the electrical resistivity p of the A1 5 compounds is quadrat- 
ic: 

where p, is the residual resistivity. In the case of our 
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Nb, + , Gel - , samples the temperature dependence p ( T) 
found in this range can also be described quite accurately by 
the quadratic law ( 1 ) . Such a quadratic dependence is fre- 
quently attributed to the contribution of electron-electron 
 collision^.^^^'^ According to G ~ r z h i , ~ '  the optical-frequency 
contribution of the electron-electron collisions v;:' to the 
effective collision frequency v, of the conduction electrons is 
as follows: 

Here, v,, a T is the classical frequency of electron-electron 
collisions which governs the term inp quadratic in respect of 
T. We can show that 

vee=  (alypo) T2ve, 

vee Opt = (ho/2nkT) (a/yp,) v,. 

Here, y = p/p,. Equation (4)  is derived on the assumption 
that: 1 the contribution of the electron-electron collisions is 
retained up to a temperature T (at which the measurements 
of Y,  are made); 2) h)277kT; 3 ) the electron characteris- 
tics N, and v,  do not vary strongly with T. 

The effective collision frequency ve measured experi- 
mentally contains contributions due to the collisions of elec- 
trons with phonons, impurities, and defects, and also with 
other electrons. In our case the value of ve was found from 
optical measurements at room temperature. In the case of 
samples of sufficiently high quality with T, = 18-22 K it 
was found that y, =p,/p, = 1.6-2.2, a = (2.1- 
4.4) X 10-3pR.cm.K -',a/p, = 3X lo-' - 1 X K-'. 
We can then estimate from Eq. (3)  that at temperatures 
close to the room value we have vee =: (2-5) X 10-sTZve 
(here, T is in degrees Kelvin). Therefore, at T = T,,,, the 
value of vee should exceed the total collison frequency. 
Moreover, the value of v;ft in the investigated part of the 
spectrum (h = 1-3 eV) should be two orders of magnitude 
higher than the measured value of ye .  

An analysis of this contradiction leads to the following 
conclusions. Some reduction in the approximate value of vee 
at room temperature may result from an allowance for the 
temperatue dependences of the electron characteristics Ne 
and vF (Ref. 8) .  Broadening of the peak of the density of 
electron states near EF on increase in T has the effect that the 
value of vee / T  ' at T,,,, is considerably less than at low tem- 
peratures. However, the main reason is that the quadratic 
dependencep( T) observed for Nb,Ge at low temperatures is 
not due to electron-electron collisions. It may be explained 
by the electron-phonon scattering3' or by the influence of the 
thermal broadening of the peak of the density of electron 
states.22 

A similar conclusion can be drawn for other A15 com- 
pounds such as Nb3Sn and Nb3Al, for which the tempera- 
ture dependencep ( T) is known at low temperatures and the 
coefficient a is given in Ref. 3 1, whereas v, is given in Ref. 
10. 

7. In spite of conclusion that the influence of electron- 
electron collisions on p ( T) is small, it should be possible to 

detect the contribution of these collisions in the optical range 
because of the large factor (h/277kT)' in vz:t. In particular, 
the influence of electron-electron collisions on the optical 
properties may be manifested by a contribution to the colli- 
sion frequency v, of electrons participating in the interband 
transitions. If the anisotropy of vg is weak, then in the case of 
a significant contribution of electron-electron collisions to 
the relaxation process, we have vg = v,, + a$:. Here, a, 
is a constant, whereas v,, is governed by the contribution of 
other (apart from electron-electron) relaxation processes. 
This dependence of vg on Eg is due to the fact that the energy 
gap Eg is proportional to the effective frequency w, at which 
v, is determined. 

The published experimental results show that a qua- 
dratic dependence of v, on Eg is obeyed quite well in the case 
of Nb,Al (Ref. 10). In the case of Nb, + , Gel -, the charac- 
teristics of a band ( A )  observed in the high-frequency parts 
of the thermoreflection spectra do not fit this dependence. 
This may be due to, for example, proximity of the plasma 
oscillation frequency. 
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