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The results of an x-ray spectral investigation of alloys based on A 15-type superconducting compounds are
used to obtain information about the variation of the electronic-structure parameters. The causes of the
energy shifts of the lines are analyzed, and a new procedure for estimating the shift-related change in the
electronic susceptibility of the compounds is proposed. As an illustration, the method is used to investigate
the energy shifts of the AlKa,, and AlKa,, lines in the system V;(Ge-Al). The shapes and integrated
intensities of the vanadium and aluminum K bands of these alloys are studied. This allows the effect of the
substitution of the atoms of the nontransition constituent on the density of electronic states both at the Fermi
level, N(E;), and in the interior of the valence band to be followed. The results are compared with the
concentration dependences, obtained with the same samples, of the changes that occur in the superconducting
transition temperature, the magnitude of the paramagnetic susceptibility, and the distortion of the phonon
spectrum of V,;Ge when this compound is doped with aluminum atoms. The growth of N(E) is accompanied
by the growth of the electronic susceptibility and the softening of the phonon spectrum. As a result, the
electron-phonon interaction constant increases, and the T, almost doubles.

PACS numbers: 71.25.Pi, 71.38. + i, 74.70.Dg, 78.70.Ck

§1. INTRODUCTION

The A;B-type compounds with the A15 structure are
known at present as materials possessing the highest
superconducting transition temperature T,. High-T_
compounds are characterized by unusual physical pro-
perties: anomalous temperature dependences of the
magnetic susceptibility, the Knight shift, and the elec-
trical resistance, the occurrence of structural transi-
tions at temperatures T > T, the softening of the fre-
quencies of the phonon spectrum, etc.'? Of critical
importance from the point of view of the development of
the theory of the superconducting state of these com-
pounds is the existence of a close interrelationship be-
tween the degree of abnormality of the properties of the
normal nonsuperconducting state and the value of the T,.
These properties are, in the final analysis, determined
by the characteristics of the electronic structure of the
compounds in question.

The unit cell of an Al5 structure compound contains
six atoms of the transition metal A and two atoms of the
nontransition element B. The atoms of the transition
constituent guarantee quite a high density N(E) of elec-
tronic states at the Fermi level. On the other hand, the
phonon characteristics of the crystal are determined by
the form of the distribution of the density of states in
the interior of the valence band, over whose formation
the nontransition constituents do exert a significant in-
fluence. Therefore, the variation of the B-type atoms
can lead to radical changes in the superconducting pro-
perties of the compound. Thus, for example, the T s
of the isoelectronic compounds V,Si and V;Ge differ in
value by almost a factor of three.

For a long time the explanation of certain anomalous
properties of the A15 compounds was based on the use
of Weger’s idea,® put forward on the basis of data ac-
cumulated by 1964, concerning the applicability of the
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quasi-one-dimensional model for the electronic spec-
trum of the linear chains of A atoms located at the edges
of the unit cell. This idea gave an unexpected boost to
Labbé and Friedel’s simplified model,* in which numer-
ical estimates of the temperature dependence of the
magnetic susceptibility and some other physical proper-
ties have been carried out under the assumption that
there exists an extremely narrow (<0.01 eV) electronic-
state-density peak at the Fermi level. This model has
a disadvantage, to say nothing of the fact that there do
not exist at present experimental methods that allow us
to identify peaks of such width. It is impossible to de-
scribe within the framework of this model and those
variants of it which use the presence of extreme elec-
tronic-spectrum parameters the effects connected with
the characteristics of the interference of the various
states of the constituent atoms of the compound.

More fruitful in this respect have been the numerical
computations, performed from first principles,”™ of the
density of electronic states of the A15 compounds. The
results of these calculations have allowed the following
conclusions to be drawn: a) the density of electronic
states at the Fermi level is largely formed on account
of the contributions of the d electrons of the A atoms;
b) the fine structure of the d states of the A atom has a
characteristic energy scale tens of times greater than
the scale predicted by the Weger-Labbé-Friedel model;
c) the role of the B atoms in the A15 compounds con-
sists not only in the fact that they determine the lattice
constant and, in addition to that, the A-atom spacing,
but also in the fact that the A-B interaction affects the
form of the local partial densities of states of the A
atoms. These conclusions are in good agreement with
the results of the construction of the composition—
physical properties (magnetic susceptibility, NMR,?
specific heat,’® lattice dynamics,' etc.!:?) diagrams
by doping the individual binary A15 compounds with dif-
ferent masses and electronic concentrations.!-®'?
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The investigation of the magnetic properties of the
A15 compounds allowed the assumption to be made'! that
the anomalous growth of the paramagnetic susceptibility
as the temperature is lowered is not connected with the
narrowness of the N(E) peak in the vicinity of E; ,but
may reflect the variation of the strengths of the elec-
tron—phonon and exchange interactions.

Recently, authors have begun to use the so-called
plasma model for the description of the electron—phonon
system of metals'® to explain the anomalous properties
of the A15 compounds. According to McMillan, the
electron—phonon interaction constant A is given by the
expression

A=N (Ez) <J*[M<a®, (1)
where J is the electron-ion interaction matrix element,

M is the ion mass, and (w?) is the mean square phonon
frequency.

Within the framework of the plasma model for the el-
ectron-phonon interaction we have

(D =(Q2[1—g (g, ©)]7, 2)

where the Q, are the bare phonon frequencies, g, is the
bare electron-phonon interaction constant, and x,(q,w)
is the electronic susceptibility (the function character-
izing the linear response of the electron density to the
unscreened perturbation potential).

Apparently, the use of this semiphenomenological ap-
proach, in which the interelectron interactions could be
reduced to directly observable quantities, would allow
the construction of a more consistent theory of the A15
compounds, but this advance is being held up by the
absence of data on the form of the electronic suscep-
tibility or the permittivity.

It was recently shown that the parameters connected
with these functions can be determined by investigating
the Bragg scattering of x rays by the outermost elec-
tronic shell of the atoms in the crystal lattice.' But
there are no experimental data on the effect of the com-
position on the electronic susceptibility of the A15 com-
pounds. It is shown below that the x-ray spectral meth-
ods allow us to estimate the changes that occur in the
electronic susceptibility when the composition of the
compounds or alloys is varied.

In the present article we report the results of an in-
vestigation of the binary A15 compounds V;Al and V,Ge
and ternary alloys based on them. We present the x-
ray emission K bands of vanadium and aluminum, and
determine the energy shifts of the x-ray AlKa, , and
AlKaj, 4 lines in the investigated systems. To analyze
the line shifts, we use for the first time a method'* that
allows us to correctly estimate the magnitudes of the
charges in the core region of the aluminum atom. Using
a proéedure proposed in the present paper, we estimate
the changes that occur in the electronic susceptibility
of the investigated alloys as the germanium atoms are
replaced by aluminum atoms. The results are dis-
cussed together with the data, obtained with the same
samples, on the T, the paramagnetic susceptibility,
and the distortion of the phonon spectrum of V,Ge as it
is doped with aluminum in increasing amounts.
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" the results of our earlier investigations.

§2. THE OBJECTS OF THE INVESTIGATIONS AND
THE PREPARATION OF THE SAMPLES

The compound V,Ge (T,=6 K), which is isoelectronic
to V,Si (T,=17 K), is characterized by an anomalously
high anharmonicity of its lattice vibrations and a temp-
erature-dependent paramagnetic susceptibility x,(7),
characteristics which are typical of the high-tempera-
ture superconductors. The replacement of the ger-
manium atoms by other atoms leads to a sharp increase
in the value of T, and a sharp enhancement of the anom-
alous temperature dependences of the physical proper-
ties, the greatest effect being obtained in the case of
doping with aluminum. For V, Al Matthias has, on the
basis of empirical correlations, predicted a T, value
in the range 25-30 K. But because of the difficulties
encountered in the preparation of this compound, the
study of its physical properties has only just be-
gun. 12,15,16

For the performance of the comprehensive investiga-
tions of the parameters of the phonon spectrum, the low-
temperature specific heat, the temperature dependence
of the electrical resistance, and the electronic and spin
susceptibilities of the V,(Al-Ge) alloys we prepared for
each composition several ingots with an overall weight
of 150-200 g. As before,'? the samples were prepared
from high-purity components: monocrystalline vana-
dium (B =p;0 ¢ /P x =1000) and monocrystalline Ge and
Al (B=10000). This circumstance is of critical im-
portance in connection with both the attainment of the
highest possible T, values in this system and the pro-
duction of V,Al and quasibinary alloys based on it.

All the alloys were prepared by the crucibleless meth-
od through levitation fusion by a high-frequency electro-
magnetic field,'® which ensured a high degree of homo-
geneity of the ingots (the T, values for different parts
of the ingots did not differ by more than 0.2 K). The
pressure of the inert gas in the chamber was not lower
than 1 atm, which guaranteed a component waste of not
more than 0.1% of the weight of the stock, and allowed
the determination of the composition with an accuracy
higher than the accuracy attainable in the usual chemi-
cal analysis. A spot analysis of the distribution of the
components with the aid of an x-ray microprobe con-
firmed the high degree of homogeneity of the prepared
ingots. The magnetic susceptibility was determined by
the standard Faraday method. The highest sensitivity
of the balances used is 10 g. The largest error made
in the measurement of the absolute values of the suc-
ceptibility was 5%.

X-ray and metallographic phase analyses confirmed
The values
obtained for the crystal-lattice constants, the 7, and
the paramagnetic susceptibility also coincidedo within
the limits of the experimental error (+0.001 A +0.2

K, and +0.2 emu/g respectively) with the results ob-
tained in earlier investigations.’? The x-ray and metal-
lographic phase analyses showed that samples with up
to 30% V;Al content in V,Ge are practically single-phase
alloys (with the A15 structure), while samples with up
to 40 and 60% V,Al contents respectively contain 5 and
7% phases with the bee structure.
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For the investigation of the binary compound V;Al we
used the sample investigated in the work reported in
Ref. 12, in which it was established that the greatest
amount of the A15 phase is contained in a sample whose
composition deviates slightly from the stoichiometric
composition: V, o,Aly . As was demonstrated,'® the
compound V,Al, like the isoelectronic V,Ga, is produced
as a result of the decay of the solid solution. There-
fore, to increase the content of the A15 phase, we de-
formed an initial V;Al-alloy cast sample with the bce
structure. A subsequent annealing (375 h at 950 °C) en-
abled us to bring the A15 phase content up to 90%.

§3. ANALYSIS OF THE CONNECTION OF THE
X-RAY SPECTRAL LINE SHIFTS WITH THE
ELECTRONIC SUSCEPTIBILITY AND THE CHANGE
IN THE LOCAL CHARGES ON THE ATOMS

A procedure for determining the charge of atoms in
compounds has been developed in X-ray spectroscopy
{see, for example, Ref. 17). It is based on the use of
the dependence of the location in energy terms of the
x-ray spectral lines on the density of the valence elec-
trons in the region of the atomic core. It has recently
been shown'*:'® that another cause of the line shift is the
difference in the degrees of relaxation of the valence
electrons of the various compounds in the field of the
electron vacancy that arises upon the x-ray excitation
of the atom.

In Ref. 14 the Green-functions method is used to anal-
yze the influence of the relaxation effects on the shifts
of the Ka, , line (in the initial state of the vacancy in
the 1s shell) and its satellite—the Ka, , line (in the in-
itial state of the vacancy in the 1s and 2p shells respec-
tively). It follows from that paper that the magnitude
of the Ko, ,-line shift AEx, , can be represented in the
form of the sum

AEa,.==Aea+AR,

where Aca is the contribution to the line shift of the ef-
fects connected with the reconstruction of the electron
density upon the introduction of an atom into the various
compounds and AR is the change in the energy of the
lines, that stems from the difference in the degrees of
relaxation of the valence electrons of the various com-
pounds in the field of the vacancy. The quantity AR
depends linearly on the number of vacancies (at least

if this number is less than three); therefore, the fol-
lowing relations are valid with a sufficiently high degree
of accuracy™

Aea=2AFa, »~AEa;,. AR=AEa;,—AEa,.,, (3)

where Aga; 4 is the shift of the Ka, , satellite line.

Let us introduce the following quantities: €, the
charge of the valence electrons in the region of the core
of the unexcited atom in the crystal,

0= otnar, (4)

Qc

where p(r) is the valence-electron density of the un-
perturbed system; Q_, the region in which the 1s and

2p functions of the atom have finite values; @', the elec-
tronic charge induced in the region & in the course of
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the relaxation in the field of the vacancy that arises
when the atom undergoes an x-ray transition; AQ and
AQ’, the changes found in these charges on going from
one compound to another.

As follows from Ref. 19,
AQ=—cAea,
where ¢ is a positive constant.

The error made when the charges are determined from
these relations ~2-59% if the changes affect mainly val-
ence electrons of the same symmetry'® (e.g., in the
case of the compounds being investigated by us) and ~20%
if the contributions of the valence s and p electrons to
AQ are comparable.

The authors of the present paper have drawn attention
to the fact that, on the basis of Ref. 14, the quantities
AQ’ and AR are connected by a linear relation:

AQ'=—c’AR, (5)

where ¢’ is a positive constant. The quantities @ and
AQ’, on the other hand, can be expressed in terms of
the electronic susceptibility of the crystal of which the
radiating atom is a constituent.

Let V (g, w) be the Fourier transform of the un-
screened potential of a core vacancy; p’(g,w), the Four-
ier transform, corresponding to this perturbation, of
the electron-density fluctuation. Then we can define the
electronic susceptibility in the linear-response approxi-
mation in the linear-response approximation as follows:

xe (g, @) =p’ (¢, ©)/Vi(q, ©). (6)

Since the electronic susceptibility in the present case
is of interest in connection with the relaxation of the
valence electrons in the field of the 1s and 2p vacan-
cies, we should take into account the fact that the life-
time of these vacancies in atoms of the first half of the
periodic system is 10-1000 times longer than the rela-
xation time for the valence electrons. Therefore, we
can assume

Vi(g, ©)=Vi(q, 0)=V.i(q)

and represent the perturbatlon of the electron density
in the form

1 .
o =fr@Vigerd. M

The potential V (g) is formed by a vacancy in the
atomic core; therefore, its form practically does not
depend on the surroundings of the excited atom. Con-
sequently, the change §p’(r) resulting from a change in
the composition of the compounds is given by

1
60" ()= [ 0% () V(@) e™dg. (8)

Using (3), (5), (8), and the definition of the quantity AQ”,
we obtain

ABoy o ABas =~ dr[ 85.(a) Vilg)edg. 9)
831n

Thus, the quantities AEq, , and AEa; 4, which can be
determined from an x-ray experiment, are connected
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with the change that occurs in the electronic susceptib-
ility upon the variation of the composition of the com-
pounds and alloys. But the expression (9) is an inte-
gral relation, and we are interested in the variation
éxe(q) proper. Therefore, we have performed an analy-
sis of the integral in (9), using for X (¢) an expression
derived in the random-phase approximation with allow-
ance made for the correlations and the exchange in ac-
cordance with the Hubbard prescription.

It was found in the analysis that the quantities AEa, ,
- AEq, ,=-4Q'/c’ and 8x,(¢) have the same sign for
all values of g. Consequently, we can estimate the
change that occurs in the electronic susceptibility upon
the variation of the composition of the compounds or al-
loys from the energy shifts of the Ko, , and Ka, , x-ray
lines.

It also follows from the analysis that the quantity 4@’
is determined largely by the values of 0x,(g) in the re-
gion 0.5k, <¢q <3k;. The wave numbers of the phonons
participating in the formation of the Cooper pairs are
contained in the same range. Therefore, the electronic-
susceptibility data obtained from the x-ray line shifts
may be useful in the interpretation of the superconduct-
ing properties of the compounds and alloys.

§4. EXPERIMENTAL PROCEDURE

All the x-ray spectra were obtained in the present
work on a double-crystal vacuum x-ray spectrometer
by the primary method. The pressure in the x-ray tube
was 107° Torr. The test specimen in the form of powder
was smeared on the target plate of the x-ray tube. The
experimental conditions (the power of the x-ray tube, the
size of the focal spot on the target) were chosen such
that the sample temperature did not exceed 200°C.

In the investigation of the K spectra of vanadium we
used as the radiation monochromators quartz crystals
cut parallel to the (1120) plane, which guaranteed a
0.2-eV resolution for the spectrometer. The operating
conditions of the x-ray tube (x =25 kV; {=5 mA) al-
lowed us to obtain peak intensities of 10-12 and 500~
600 pulses/sec for the VKB, and VKB, lines respectively.
The spectrum for each compound or alloy was mea-
sured five times; the VKB, bands were matched with re-
spect to the energy position of the VKB, lines and inte-
grated. The x-ray photographs of the VKB, bands were
taken in an energy interval where the peaks correspond-
ing to the vanadium oxides could be detected in the spec-
trum when these oxides appeared on the target (the lo-
cations of the VKB,-band peaks for samples with differ-
ent degrees of oxidation of the vanadium were taken from
Ref. 20). The fairly low target temperature maintained
in the experiment made the appearance of vanadium
carbides and nitrides on the test-sample surface impos-
sible.

The integrated intensity of the VKB, bands was nor-
malized to the value of the integrated intensity of the
VKB, line. In this case the VKB, -line intensity was in-
tegrated in the energy range E,—-14 eV <E <E +6 €V,
where E, is the energy of the line peak. The background
line was approximated by a straight line intersecting
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the “tails” of the VK, line at the limits of this range.
This procedure allowed us to determine the normalized
integrated intensity of the bands to within 5-6%.

To obtain the Ka lines and KB bands of aluminum, we
used cesium biphthalate crystals. In this case the re-
solution of the spectrometer was 0.9 eV. The x-ray
tube operated at # =10 kV and i =4~10 mA (the spectra
of the samples with low aluminum content were obtained
with the highest plate-current values). The peak inten-
sity of the spectral lines as a function of the composition
varied in the ranges: 500-2000 pulses/sec for the
AlKa, , line, 40-200 pulses/sec for the AlKaj , lines,
and 20-50 pulses/sec for the AlKB band.

To determine the energy shifts (AEcu,'2 and AEas,.,)
of the “centers of gravity” of the aluminum lines, we
used a datum: the La, , line of bromine contained in
the compound KBr. Located in the energy region of the
AlKq, , line are weak BrLa'a”satellite lines. There-
fore, we separated the entire group of BrLa lines from
the total spectrum, and only then did we determine the
AEa, , values. Each spectrum was measured five
times'; the root-mean-square deviation of the shift
values were: 0.01 eV for A&Eq,,, and 0.02 eV for
AEa; ,. The integrated AlKS-band intensity was nor-
malized to the integrated AlKa, ,-line intensity. The
procedures for normalizing the integrated ALKB- and
VKB;-band intensities differed only in the choice of the
energy range in which the line intensities were integrat-
ed. For the AlKa, , line this range corresponded to the
energy region E; -5 eV <E <E +5 €V,

§5. THE X-RAY SPECTRAL INVESTIGATIONS AND
THEIR DISCUSSION

1. Figure 1 shows the KB, emission bands of vana-
dium in the V,(Al -Ge,_) alloys, matched at the loca-
tion of the Fermi energy (the point of inflection of the
short-wave branch of the spectrum). As the concentra-
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FIG. 1. The KBj5 x-ray emission bands of vanadium in the
alloys V3(Gey —AL): 1) x=0; 2) x=0.2; 3) x=0.4; 4) x=0.6;
5)x=1; 6) x=1 (bcc).
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FIG. 2. The KB x-ray emission bands of aluminum in the
alloys V3(Ge;, —AL): 1) x=0.2; 2) x=0.4; 3) »=0.6; 4)x=1.

tion in the ternary alloys is varied, the shape of the
long-wave part of the band changes noticeably. There
arises in the short-wave part of the spectrum at the
concentration x=0.4 an additional swelling that in-
creases in intensity on going over to the alloy with x
=0.6. Furthermore, the integrated intensity of the
VKB, band (IVB) undergoes a jump in the concentration
region 0.4 <x <0.6.

The shape of the spectrum for V,Al given in Ref. 15
differs from the shape obtained by us, which may be
due to the use by Kurmaev et al.'® of a V-25% Al alloy
sample with the bce structure. This is confirmed, in
particular, by the fact that the shapes of the spectra
obtained in our investigation for V;Al (A15) and V-25%
Al (bcc) also differ significantly from each other: in
the case of the compound V,Al (A15) there occur ad-
ditional swellings at the middle of the long-wave part
of the band.

Figure 2 shows the KB emission bands of aluminum.
The spectra are matched at the locations of their inten-
sity peaks. They do not significantly differ in their
shapes. But as the concentration x is decreased, the
AlKB bands narrow, and their integrated intensities
assume the maximum value for the medium Al concen-
trations. In Table I we give for different values of x
the AlKB-band widths (6E) at half-height, as well as the
integrated-intensity (I) values for these bands, normal-
ized to the integrated intensities of the AlKa, , lines in
the respective alloys. Also given in Table I are the
shifts of the centers of gravity of the AlKa, , and
AlKa, , lines (AEq, , and AEaq, , respectively) in the in-
vestigated alloys relative to their energy locations in .
metallic aluminum.

2. The emission bands of vanadium and aluminum. Ac-
cording to the selection rules, the VKB, emission band
arises as a result of the transition to the 1s level of val-
ence electrons possessing the p symmetry with respect
to the vanadium atom. In the compounds and alloys the

TABLE 1.

Concentra-| o4 | g45 02’ 03 | 04 06 1.0 0

tion x bee
8E, eV - ~  |502005 | & |[532005 |55+005 |57£005 | -
I, rel. units - - 0.085 - 0.102 0.096 0.075 -
AEay s, eV 023 | 041 | 000 |-005{ -040 | —043 | 025 0.46
AEas;, eV 097 | 062 | 030 0.15]  0.09 003 | 030 0.97
Aea, eV —051 | =040 |-030 |-0.25| -029 | -0.29 0.2 —0.05
AR, eV 074 | 051 | 030 0:20] = 0.19 0.16 0.05 0.51
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FIG. 3. Total density of electronic states (the hatched region,
which shows the results of the calculations performed in Ref.
7) and the emission bands of the A15 compounds: 1) V;Al; 2)
V,Ge.

p states of vanadium are filled as a result of the spd
hybridization, and also as a result of the redistribution
of the electron densities of the other constituents of the
compounds. In view of this, the shape of the VKB, band
reflects the strucrure of the entire valence band of the
crystal.

In Fig. 3 we compare the results of the investigation
of the emission bands with the results of self-consis-
tent band-structure calculations.” The comparison al-
lows us to establish the nature of the various charac-
teristics of the VKB, band for the compounds V;Al and
V,Ge. Thus, the peaks a and a’ (see Fig. 1) are con-
nected with the s electrons of Al and Ge respectively.
The swelling b is largely determined by the peak of the
p states of the same atoms. The peaks ¢ and ¢’ arise
as a result of the pd hybridization, and therefore re-
flect the characteristics of the d-electron structure
of vanadium. The shape of the A1KB emission band
(Fig. 2) also imparts the characteristics of the energy
distribution of the occupied p states of aluminum, but
the hybridization plays a lesser role in the formation
of the structure of the spectrum in this case than in the
case of the VKB, bands, so that the atom has an intrin-
sic valence p electron.

If the crystal structure does not change on going from
one compound to the other, then the changes in the inte-
grated intensities of the VKB, and ALKB bands are re-
spectively proportional to the valence-p-electron-den-
sity changes occurring in the regions of the atomic
cores of vanadium and aluminum respectively.

Let us analyze the shapes and intensities of the emis-
sion bands in the ternary alloys V;(Ge, Al ). The shape
of the long-wave part of the VKB, band for the intermed-
iate values of the concentration x corresponds to a
simple superposition of the spectra of the original bi-
nary compounds, which reflects the additivity of the
contributions of the weakly interacting s electrons of
aluminum and germanium to the density of states of the
alloy.

The presence of an additional short-wave swelling for
x=0.4-0. 6 indicates a substantial reconstruction of the

Kodess et al. 1"



X, (300K), 10 "emulg 44,40 re1. units

I, rel. units
T“"K n
74 of -10.09
/A ol —0.02
s —4.q7
1 1 1 | L
l 0.2 2.4 0.5 7.8 1.0

T X

FIG. 4. Dependence of the physical parameters of the alloys
V;3(Gey, = Al) on x: ®) Iy; 0) AQ; 4) AQ’; O) xp; WT,.

band at these concentration values. Since the p-electron
states near the Fermi level in vanadium arise as a re-
sult of the pd hybridization, the appearance of the short-
wave swelling may be due to the presence of an addition-
al peak in the density of occupied d states of the vana-
dium in these alloys.

The sharp jump in the integrated VKB,-band intensity
in the concentration region 0.4 <x <0.6 (Fig. 4), which
indicates the nonlinear dependence of the number of p
electrons of vanadium on the concentration x, is note-
worthy. This fact also indicates the reconstruction of
the valence band for x=0.4-0. 6.

It follows from the analysis of the shapes of the VKg;
bands of the compound V,Al (A15) and the disordered
alloy V-25% Al (bcc) that the density-of-occupied-d-
states distributions for the vanadium components in
these systems differ significantly in their shapes. The
self-consistent band-structure calculations for the A15
compounds’ are, as can be seen from Fig. 3, in good
agreement with the indicated results of the x-ray spec-
tral investigations.

3. The shifts AEa, , and AEa, ,. In Table I we give
the values of the shifts AEa, , and AEa,,, for different
concentrations x, as well as ‘Ag and AR values comput-
ed from the formulas (3). In Fig. 4 we show the depen-
dence on x of the quantities AQ and AQ’ as given by the
formulas (5) and (4). As a unit of AQ and AQ’, we took
the changes that occur in the charges @ and @' on the
aluminum atoms when we go over from metallic alum-
inum to the compound V,Al under investigation.

The charge distributions in the systems V-25% A1l (bcc)
and VAl (A15) are different. The valence electrons
in the alloy with the bec structure are more strongly
localized on the aluminum atoms than the valence elec-
trons in the pure metal (the charge @ is greater). The
value of the charge @ in the compound V,Al (A15) is
smaller than the value in metallic aluminum. The dop-
ing of the compound V;Al with germanium leads to the
increase of the charge @. The valence electrons are
especially strongly localized on the aluminum atoms at
low concentrations x. As we go from x=0.6 to x=0.4,
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the growth of the charge on the aluminum atoms slows
down. But then the number of p electrons on the vana-
dium atom increases sharply (see above).

4. Let us consider the ALKB emission bands. The in-
tensity of the short-wave branches of the bands do not
undergo a sharp jump at the point corresponding to the
Fermi limit. Consequently, the occupied p states of
aluminum are largely located in the interior of the val-
ence band. The narrowing of the AlKB spectra as the
concentration x is decreased indicates the localization in
energy terms of the p electrons of aluminum, which is
characteristic of impurity atoms in a crystal.

In Table I we give the values of the integrated inten-
sity I of the ALKB bands for different values of x. A
comparison of the / values and the AlKa, ,-line shifts
given in the same table shows that the relation

Al=bAEa,,, (10)

where Al is the change that occurs in the value of / when
we go over from one alloy to another and b is a positive
constant, is approximately valid. The quantity Al is
proportional to the change in the number of p electrons
on the aluminum atom and the shift AEozl'2 is propor-
tional to the change in the total charge of the valence
electrons in the region of the core of the aluminum atom
(—AEoz,,zoc AQ + AQ’). Therefore, it follows from the
relation (10) that only the p states of aluminum undergo
a reconstruction when the composition of the alloys un-
der investigation is changed.

5. Let us compare the result obtained with the mag-
netic and superconducting properties of the compounds.'®
Of greatest interest is the concentration region 0 <x
<0.3, since the value of T, increases by a factor of two
when we go over from the compcund V Al to the alloy
V,(Al,, ;~Ge,. ,) (Fig. 4). In the process the paramag-
netic susceptibility increases sharply in absolute value
and its temperature dependence undergoes a strong en-
hancement (Fig. 4). To explain these facts we use the
results of Ref. 7.

Calculations’ show that in the case of the binary com-
pounds V,;Al and V,Ge the density of electronic states
in the energy region E; -2 eV <E <E is determined
largely by the d electrons of vanadium, which interact
weakly with the p electrons of aluminum. This circum-
stance allows us to assume that the distribution N(E)
in the region of the Fermi level does not change when
we go over from the compound V,Ge to the alloy
V;(Ge,_,Al)), at least in the case of low concentrations
x. At the same time, as shown in the present paper,
some of the valence electrons in the ternary alloys are
localized on the aluminum atoms. Furthermore, the
doping of the compound V,Ge with aluminum is accom-
panied by a decrease in the total number of valence el-
ectrons. Both of these phenomena should lead to a shift
of the Fermi level toward the bottom of the band, i.e.,
toward the region of higher values of the density of elec-
tronic states, which is confirmed by the results of the
paramagnetic susceptibility measurements (Fig. 4).

Figure 4 shows a plot of the function AQ’(x). The
sharp increase that occurs in the quantity @’ as we go
from x=0.1 to x=0.3, an increase which, as follows
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from the results discussed in §3, should be a conse-
quence of an increase in x,, is noteworthy. The growth
of the electronic susceptibility should lead to the soften-
ing of the phonon spectrum of the system [see the for-
mula (2)], which is observed in experiment. The quan-
tity (w®) decreases when we go over from the compound
V,Ge to the alloy V,(Al, ;—Ge, ,),'° despite the appear-
ance in the density of phonon states of a high-frequency
peak due to the vibrations of the aluminum atoms. At
low concentrations x the transfer of charge to the alum-
inum atoms cannot guarantee a significant increase in
the value of the electron—ion matrix element on the V
and Ge atoms. Thus, the increase in T, observed when
the compound V,Ge is doped with small amounts of :
aluminum is due to an increase in N(E;), as well as to
a decrease in the mean-square values of the phonon fre-
quencies, which occurs as a result of a sharp increase
in the electronic susceptibility.

As shown above, in the concentration region 0.4<x
<0.6 the presence of aluminum atoms in the alloys
leads to a significant change in the shape of the valence
band, and therefore the assumption that the shape of
N(E)g in the vicinity of E; remains unchanged may not
be justified. It should be noted that the function 4Q’(x)
&), (x) in this concentration region, as for all other
values of x, is found to correlate unambiguously with
the quantity 7,. Finally, the transition from the super-
conductor V,Al (A15) to the nonsuperconducting V;Al
(bce) is also accompanied by a decrease in the quantity
ax,.

The authors are grateful to S.A. Prosandeev and
R.V. Vedrinskii for useful discussions on the question
of the effect of the electron relaxation on the energy
position of x-ray lines.
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