to understand the specifics of the phenomenon of exci-
ton condensation in thin and thick germanium samples.
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cyclotron resonance lines at I~ I, was much less at 1.8°K
than at 4.2 °K.

1. V. Keldysh, Tr. 9-1 Mezhdunarodnoi konferentsii po fizike
polyprovodnikov (Proc. 9-th Internat. Conf. on Semiconduc-
tor Physics), Nauka, 1968, p. 1303.

2V. M. Asnin and A. A. Pogachev, Pis’ma Zh, Eksp. Teor.
Fiz. 9, 415 (1969) [JETP Lett. 9, 248 (1969)].

3%Ya. E. Pokrovskii and K. 1. Svistunova, Pis’ma Zh. Eksp.
Teor. Fiz, 9, 435 (1969) [JETP Lett. 9, 261 (1969)].

‘T, K. Lo, B. J. Feldman, and C. D. Jeffries, Phys. Rev.
Lett, 31, 224 (1973).

SW. F. Brinkman and T. M. Rice, Phys. Rev. [B] 7, 1508
(1973).

8C. Benoit a la Guillaume, M. Voos, and F. Salvan, Phys.
Rev. 135, 3079 (1972).

'B. M. Ashkinadze and V. V. Rozhdestvenskii, Pis’ma Zh,
Eksp. Teor. Fiz. 15, 371 (1972) [JETP Lett. 15, 261 (1972)].

8B. M. Ashkinadze and P. D. Altukhov, Fiz. Tverd. Tela 17,
1004 (1975) [Sov. Phys. Solid State 17, 643 (1975)].

%J. C. Hensel, T. G. Phillips, Proc., Twelfth Intern. Conf. on
Physics of Semiconductors, Stuttgart, 1974, p. 51.

10y, Kawamura, H. Saji, M. Fukai, and I. Imai, J. Phys. Soc.
Jap. 19, 288 (1964),

113, K, Furdyna and A. R. Krauss, Phys. Rev. [B] 2, 3183
(1970).

12y H, Murzin, V. A. Zayats, and V. L. Kononenko, Fiz.
Tverd. Tela 15, 3634 (1973) [Sov. Phys. Solid State 15, 2421
(1974)].

13p, D. Altukhov and B. M. Ashkinadze, Fiz. Tverd. Tela 17,
1579 (1975) [Sov. Phys. Solid State 17, 1029 (1975)].

141, P, Kudrin, Statisticheskaya fizika plazmy (Statistical
Physics of Plasma), Atomizdat, 1974.

157, A. Insepov and G. E. Norman, Zh, Eksp. Teor. Fiz. 62,
2290 (1972) [Sov. Phys.-JETP 35, 1198 (1972)].

Translated by J. G. Adashko

Effect of impurity oscillations on the superconducting
transition point in dilute U or Be solutions in V

A. A. Shikov, N. A. Chernoplekov, G. Kh. Panova, B. N, Samoilov, and

A. P. Zhernov

L V. Kurchatov Institute of Atomic Energy
(Submitted August 7, 1975)
Zh. Eksp. Teor. Fiz. 70, 687-694 (February 1976)

The specific heat of the alloys Vy;,U, 5 and Vg ,Be;, was measured in the temperature range 1.2—-40°K
without a field and in fields of 18 and 40 kOe at 1.2-6°’K. An anomalous behavior was observed in the
phonon specific heat, related to the appearance of quasilocal and local oscillations in the phonon spectrum

upon the introduction in the V of heavy impurity atoms of U and light atoms Be. The effect of
modification of the phonon spectrum on T, is studied. Estimate of the scale of change of T, from
deformation of the phonon spectrum showed that softening of the phonon spectrum in the alloy Vy;,U,3
leads to a decrease in T.; on the other hand, hardening of the spectrum of Vg sBe;, gives a positive

contribution to & T,.

PACS numbers: 74.50.Dw

1. INTRODUCTION

As follows from a theoretical analysis, ! the transi-
tion temperature T, of superconductors with tight bind-
ing depends essentially on the details of the phonon spec-
trum, For the study of the connection between the de-
formations of the phonon spectrum and T,, the weak
solid substitution solutions are of interest, in which
the mass of the impurity atoms differs markedly from
the mass of the matrix atoms, It is well known that in
such impurity systems, quasilocal and local modes can
exist and the phonon spectrum turns out to be anom-
alously restructured. The possibility of the existence
of specific impurity modes was predicted by I. Lif-
shitzf?? and Yu, Kagan.™! These modes were discov-
ered experimentally in a number of metals in the mea-
surement of inelastic neutron scattering, 14’5 low-tem-
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erature specific heat, **®? electric conductivity,!™ and
p 1Y y Y,
tunnel characteristics, [%

The problem of the change in T, in metals due to di-
rect deformation of the phonon spectrum by impurity
modes has been studied theoretically in a number of re-
searches, The analysis was carried out on the basis of
the Eliashberg equations, I Appel*? carried out an
analysis using a model description of the kernel of the
integral of the ﬁliashberg equation, The form of the
characteristic function a of the electron-phonon inter-
action was not specified. Actually, however, the value
of @ depends on the relation between the characteristic
phonon frequency of the regular lattice and that of the
alloy, The results of Appel were criticized by Maksi-
mov!) who, analyzing the behavior of T, in impurity
systems, obtained a formula for T, similar to the for-
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mula of McMillan,*? In particular, he showed that if
the impurity atom is an isotopic defect, then the elec-
tron-phonon interaction constant does not change,

The character of the change of T, in superconductors
with impurity atoms was analyzed in detail int27 and
the dependence of T, on parameters describing the pho-
non spectrum of the impurity system was investigated,
An expression for T, was obtained with account of the
frequency dependence of the parameter of the energy
gap A, We turn our attention to the fact that McMillan, t*1
in the derivation of his well-known expression for T,
neglected the frequency dependence of A, We note that
A as a function of frequency generally has the same sin-
gularities as the function of the density of phonon states
of the non-regular lattice, When account is taken
inthe expressionfor T, of the singularities of A (w) that
are due to the presence of impurity atoms, of the factor
preceding the exponential is re-determined, (In most
superconductors, the effective electron-phonon cou-
pling constant is not small, and the valueof T, is deter-
mined to an equal degree by the values of the exponential and
pre-exponential factors,) The indicated change turns
out to be especially important in the presence of specific
impurity modes in the vibrational spectrum, It was
shown in™2? that if the effective force constants change
simultaneously when quasilocal and local modes appear,
then this causes aperceptible renormalizationof A, too.

We have undertaken a systematic study of the connec-
tion between the restructuring of the phonon spectrum
and the temperature of the T, transition to the super-
conducting state, The effect of deformation of the pho-
non spectrum on 7, upon introduction of Ta, W and Hf
impurity atoms into V was studied int*!*), According
to"“, quasilocal oscillations in the phonon spectrum
of the alloy Vg, 3Tas, , were revealed by the inelastic
scattering of cold neutrons, The anomalous behavior
of the phonon specific heat in the range of low tempera-
tures of alloys of V with Ta also indicates a restruc-
turing of the phonon spectrum in the region of low fre-
quencies, Similar anomalies in the phonon specific
heat were observed in alloys of V with Hf and W, In
these systems, the softening of the phonon spectrum
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led to a decrease in T,

In the present work, the results are given of the mea-
surement of the specific heat of the alloys Vg, ,U, ¢ and
Vge.oBes,; in the range 1,2-40°K, We note that, from
estimates in the alloy of V with U, the characteristic
frequency of the quasilocal mode should be considerably
lower on the frequency scale than in alloys of V with
Ta, W and Hf, Therefore, all the anomalies in the be-
havior of thermodynamic characteristics in the V=U
system because of the quasilocal modes should be es-
pecially clearly pronounced,

In the V-Be system, the local modes were observed
directly in the study of inelastic neutron scattering, [
Consequently, it was interesting to see how the harden-
ing of the phonon spectrum because of the light impuri-
ties affects the value of T,.

2. CHARACTERISTICS OF SAMPLES, RESULTS OF
MEASUREMENTS AND THEIR DISCUSSION

The measurements of the low-temperature specific
heat of the alloys Vgq,5,Us.s and Vg gBes,; were carried
out in a vacuum adiabatic calorimeter with a supercon-
ducting solenoid'!®! in the temperature range 1,2-40°K
in the absence of a field and at fields of 18 and 40 kOe
in the temperature range 1, 2-6°K,

The samples of the alloys Vyq,,U,. g and Vg oBeg,
were prepared from vanadium of type VEL-2, subjected
to additional zone purification in a vacuum of 10 mm
Hg in an electron-beam furnace, The alloy of V with U
was smelted in the electron-beam furnace on a water-
cooled copper pan in an argon atmosphere, For a uni-
form distribution of the U, the sample was turned over
several times and remelted, after which it wasquenched.
The alloy Vg, ¢Be;,; was prepared in an induction oven
in a vacuum of 10° mm Hg, For homogenization, the
sample was subjected to annealing at a temperature of
1650° for a period of 10 hr with subsequent rapid cool-
ing.

Data of x-ray and metallographic analyses showed
that the investigated samples are single-phase and rep-
resent solid solutions, The content of U, Be, and for-
eign impurities in the vanadium was determined by
chemical and spectral analyses, According to these
analyses, the total content of foreign impurities did not
exceed 0. 03%.

The results of measurements of the temperature de-
pendence of the specific heat of the pure vanadium and
its alloys with U and Be, without field and in fields of
18 and 40 kOe, in the temperature range 1.2-8 °K, are
shown in Figs, 1-3 in the coordinates C/T and T?, The
temperature of the superconducting transition 7,, the
width of the transition AT,, and the value of the jump
AC /yT, were determined from the jump in the specific
heat in measurements in the absence of field, To cal-
culate the coefficient of the electronic specific heat y
and the Debye temperature ©, it was necessary to de-
stroy the superconductivity of the samples and carry
out measurements of the specific heat in the normal
state down to 1, 2°K. It turned out here that the fields
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of 18 and 40 kOe were insufficient to destroy the super-
conductivity of the alloy of V with U, The alloy of V
with U remained a hard superconductor,

From the location of the jumps in the specific heat
without field and in fields of 18 and 40 kOe, the critical
field of this alloy was calculated, It turned out that H,
~50 kOe. The dependence ch(T) for the alloy of V with
U is shown in Fig, 4.

Figure 5 shows the results of measurements of the
specific heat of pure V and its alloys with U in the range
1.2-30°K and with Be in the range 1.2-40°K in the
normal state, As is seen from this drawing, the intro-
duction of 2, 8 at, % U into the V lattice leads to a sharp
increase in the specific heat in all temperature ranges
studied, with the exception of the low-temperature re-
gion, In the region of low temperatures, the specific
heat of the V-U system is substantially smaller than
the specific heat of V because of the decrease in the
electron specific heat, In the case of V-Be, the pic-
ture turns out to be qualitatively different, The intro-
duction of 3, 1 at, % Be into the lattice of vanadium leads
to a decrease in the total specific heat over the entire
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FIG. 3. Specific heat of the alloy Vg, ¢Bes.i: @—H =0, o—H
=18 kOe.
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FIG. 4. Dependence of Hy on T
for the alloy Vw_zUz.g-

range of temperatures studied,

The effect of the impurity atoms on the restructuring
of the phonon spectrum appears most graphically in the
temperature dependence of the relative change of the
phonon specific heat
(1), ACy,=Con (W) —Cai (0)

ACo (T)/nCor’
(where c;,‘,” is the phonon component of the specific heat
of the lattice, and 7 the concentration of the impurity).
As is well known (see, for example,®)) if specific im-
purity modes develop in the phonon spectrum, then this
leads to singularities of the low-temperature behavior
of the specific heat AC,;,, The presence of a sharp
maximum in the curve AC,(T)/nC%(T) for T~12°K for
the alloy of V with U indicates the appearance of a quasi-
local mode in the phonon spectrum of this system, [*6+171
In the case of the V-Be system, the observed behavior
of AC,, is connected with the decrease in the density of
phonon states in the long-wavelength portion of the spec-
trum; these data enable us to assume the presence of
local modes in the V-Be spectrum in agreement with
the results of the work of Mozer, ™"

Theoretical calculations, carried out for the systems
V-U and V-Be show that the restructuring of the phonon
spectrum is connected not only with the difference in
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FIG. 5. V and its alloys with U and Be in the normal state in
the region of 1.2-40°K: 1—V, 2—Vg_ ¢Bes.1; 3—Vg;.2Us.
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-5k
FIG. 6. Temperature dependence of the relative change in the
phonon specific heat of the alloys Vg ,U; 5 and Vgg ¢Bey ;, nor-

malized to the concentration: continuous curves—experimental;
dashed curves—theory with account of the change in the effec-

tive force constants.

the masses of the impurity atoms and the atoms of the
matrix, but also with the change in the effective force
constants, The results of the calculations are given in
Fig, 6 by the dashed lines, The anomalously large in-
crease in the phonon specific heat for the alloy of V
with U is connected with the difference in the masses of
the atoms and with the sharp decrease in the force con-
stants (y, /yo~0. 45). In the alloy of V with Be, the
force constants change comparatively little (y, /v,
=0,8), (By y; and y,, we mean the effective force con-
stants for the impurity atom and the atom of the matrix, )

We now proceed directly to the discussion of the ef-
fect on the value of T, of vanadium atoms for the im-
purity atoms U and Be, The experimental results are
given in Table 1, In this table we also show the values
of T, obtained from measurements of the electrical con-
ductivity, As is seen, the introduction of the impurity
atoms of U and Be in V leads to a decrease in T, that
is significant for the V-U system and insignificant for
V-~Be. The coefficient of the electron specific heat y
falls off, the Debye temperature € falls off significantly
for V-U and insignificantly for V-Be,

In order to represent the scale of the change of T,
due to the appearance of quasilocal modes in the phonon
spectrum of V-U and of local modes in V-Be, we have
estimated this contribution on the basis of the results

TABLE 1.
v ViraUss | VessBesy
P(300 K)/p(Tc) % 2.2 9.7
. K* 52 | 416 486
e II 5.21 430 4.89
AT, K** 02 08 0.5
¥, mJ/mole-K? 9.80 8.30 9.10
6,K 373 323 378
AC/yTe 140 104 | 095
(CeslCen)r, 2.52 2.25 2.22

*Here I-T, obtained from measure-
ments of the specific heat; [I-from
measurements of the electrical con-
ductivity.

**A T, is the width of the supercon-
ducting transition.
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TABLE 2.
VoraUse | ViesBea,y
yi/Yo 0.45 0.80
N(er), 1.76 1.93
eV -at)™!
Mo/M, * 0.24 5.66
y1Mo/voM, 010 453
«ay?/«ag? 2.10 144
4, 0.35 0.08
4 -0.40 -0.19
A4, —0.22 0.02
(87) calc -0.27 -0.09
T)exp -0.21 -0.07

*M, and M, are the mass of
the matrix atom and the im-
purity atom, respectively.

of the earlier work, [*1 Since the ratio p (300°K) /o(T,)
=24 for the initial samples of V, the contribution to T,
from the impurity isotropization of the energy gap was
not taken into account. Then, in account witht'2+8] the
relative change is determined by the contribution of
three terms:

T.(n)—T.(n=0)
6T, = ——-——Tc(n___o) =A+A,+A4,.

A few words are necessary on the coefficients A,,
The quantity A, is determined by the ratio of the effec-
tive scattering amplitudes of the electrons and the force
constants of the atoms of the impurity and of the initial
matrix, and A, reflects the role of the renormalized
electron states on the Fermi surface, The coefficient
A, describes the effect on T, of the impurity modes,
The analytic expressions for A;, A, and A; are given
inf® (Eqs, P, 3-P, 5).

The value of the parameters entering into the ex-
pressions for A; inf!® and also the coefficients A; for
the investigated alloys are given in Table 2, We note
that the values of v, /v, and N(e ;) are obtained from data
on the measurement of the specific heat and the ratio
{a®) /(a?)), where a; and a, are the scattering ampli-
tudes of electrons on the impurity atom and the matrix
atom, as estimated from results on the measurement
of the electrical conductivity, As is seen from Table
2, excellent agreement is observed between the experi-
mental and theoretical values of the relative change of
T,, both in sign and in order of magnitude.

In the V-U system, the contribution to T, due to the
difference in the scattering amplitudes and the force
constants is positive (4, >0) since a; >ag and y; <y,,
Decrease in the density of normal electron states on
the Fermi surface N(€;) leads to the result that the co-
efficient A, becomes negative, Because of the radical
restructuring of the frequency dependence of the param-
eter of the energy gap A (w) in the range of low fre-
quencies, brought about by the presence of quasilocal
modes, the coefficient A; is large in magnitude and
negative in sign, In other words, the softening of the
phonon spectrum leads to a decrease in T,, We note
that the coefficients A,, A,, and A; are similar in val-
ue., As a result of the above, it follows that the falling
off of T, in the V-U system can be explained if we take
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simultaneously into account the deformations of the
phonon and electron spectra,

In the V-Be system, the picture is as follows, Since
ay >aq and y, <vy,, the coefficient A, is positive, The
correction to T, due to the restructuring of the electron
spectrum (4,) is negative, The presence of a local
mode in the phonon spectrum is responsible for the sub-
stantial change in the form of the frequency dependence
of the parameter of the energy gap in the high frequency
region, The hardening of the phonon spectrum brought
about by this leads to a positive contribution A; to 6 T,.
The coefficients A; and A, are close in value, It follows
from the consideration given that the negative sign of
8T, in the V-Be system is connected with the decrease
in the density of the normal electron states on the Fer-
mi surface. Renormalization of the value of the effec-
tive scattering amplitudes and hardening of the phonon
spectrum essentially cancel the contribution to 5 T,
from the renormalization of N(€ 5),

3. CONCLUSION

As a result of the study of the low-temperature spe-
cific heat of alloys of V with U and Be.in this work,
and alloys of V with Hf, Ta and W int3'*]| we can draw
the following conclusions,

1, The softening of the phonon spectrum because of
the heavy impurity atoms leads to a significant drop in
T.. On the other hand, upon the introduction of light
impurities, i, e., in a situation in which the spectrum
is hardened, the corresponding contribution to T, turns
out to be positive,

2. In the considered systems, as it turns out, the
effective force constants are considerably reduced,
This change has a significant effect on the value of the
effective electron-phonon interaction constant, The
great weakening of the force constants, which is ob-
served in the systems V-Hf and V-U, promote an in-
crease in T,, The increase in the force constants, as,
for example, in the case of V-W, decreases T..

3. In alloys based on vanadium, the changes of T,
because of the appearance of specific impurity modes
in the phonon spectrum and the redistribution of the
density of normal electron states on the Fermi surface
have the same order of magnitude,
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4, As follows from the given analysis, in weak solu-
tions, where the atoms of the second component are
light and simultaneously the effective force constants
are significantly weakened, the resultant deformation
of the phonon spectrum leads to an increase in T,.

The authors express their gratitude to M, G. Zemiy-
anov, G. F. Syrykh and Yu, L, Shitikov for discussion
of the results and preparation of the samples, to L, F,
Myzenkova for annealing of the samples, and to V, V.,
Stepanov for help in carrying out the measurements,
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