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Measurements were made of the low-temperature heat capacity, resistivity, thermal gamma expansion,
and nuclear § resonance of alloys of tin with small amounts of lead. Hardening of the vibrational
spectrum in the course of the decay of the solid solution is observed. It is established on the basis of thé
experimental measurements that the spectral density of the vibrations increases abruptly at low
temperature prior to the decay of the investigated alloys, and decreases after the decay. The kinetics of
variation of the spectral density of the vibrations in the course of the decay is studied.

PACS numbers: 63.50. + x, 65.40.Em, 65.70. + y, 76.80. +y

1. INTRODUCTION

The influence of heavy substitutional impurities in a
weak solution on the vibrational spectrura of a crystal
is the subject of a large number of experimentalf*=]
and theoretical!®7) studies. Allowance was made for the
change of the force constants and the real form of the
vibrational spectrum,!®7? as well as for a more compli-
cated model of the impurity atom, in which changes
take place not only in the bonds of the impurity atom
with its nearest neighbors, but also inthe bonds between
the atoms and the matrix and the nearest environment
of the impurity atom.®’

In this paper we have investigated experimentally how
“clusters” of impurity atoms that produce in a crystal
strong internal stress fields, as well as their dimen-
sions, influénce the vibrational spectrum of the crystal.
The indicated situation is compared with the case of
dissolved impurities. In addition, we have examined
the effect exerted on the Griineisen coefficient by the
restructuring of the vibrational spectrum.

2. EXPERIMENTAL PROCEDURE

Alloys of tin with 0.36, 0.72, and 1.1 at.% lead were
smelted in an atmosphere of argon with excess pres-
sure. The samples for the measurements were sub-
jected to a prolonged homogenizing annealing at tem-
peratures close to the melting point, followed by quen-
ching in water. Table I shows the values of R,y /R,
of the samples prepared in this manner.

The heat capacity of the alloys was measured in a \
vacuum adiabatic calorimeter, in the range 1.5-40 K,
accurate to less than 1%.

The thermal expansion was registered with an auto-
matic dilatometer with sensitivity al/1~10°%, and we
registered in the experiment the difference between the
elongations of two samples placed alongside each other.
The measurement accuracy was within 5%.

The Mdssbauer effect probability was measured with
an Sn''?‘source in-the form of the compound SnO,. The
thickness of the investigated samples was ~30 um,
thereby excluding the effect of self-absorption of the %
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rays.

3. RESULTS AND DISCUSSION

Heat capacity. Figure la shows the temperature de-
pendences of the heat capacity C in the temperature in-
terval 2.24-5.5 K (i.e., inthe region where a singularity
is observed in the change of the relative phonon heat
capacity) for the investigated tin-lead alloys.

It is seen that addition of 0.36 and 0.72 at.% of lead
to the tin increases the heat capacity, while addition of
1.1 at.% lead decreases the heat capacity, but the elec-
tronic heat capacity C, remains practically unchanged.
Thus, ¥(0) of tin and its alloys has a value ~1.4 mJ/
mole-K?, and the Debye temperature © (0) of Sn accord-
ing to the heat-capacity data (Fig. 1) is ~185 K, while
for Sn with Pb added the values of ¥(0) vary, but lie with
within the limits of the experimental error. It can
therefore be assumed that the influence of the impurity
atoms on the heat capacity C is due toa restructuring of
the vibrational spectrum and manifests itself most
clearly in the temperature dependence of the relative
change of the lattice heat capacity. When C,(T) for tin is
separated, the temperature dependence of the lattice
heat capacity can be extrapolated into the region of
temperatures below T., inasmuch as the lattice compo-
nent of the heat capacity remains unchanged on .going in-
to the superconducting state.

The upper insert of Fig. 1a shows the temperature
dependence of the relative change of the lattice heat ca-
pacity ACpn/1Cm(0), where AC =C,, () = Cpu(0); Cpn(0)
is the lattice component of the heat capacity of pure tin,
and 7 is the impurity concentration. The presence of a
narrow maximum on the plots of ACun/1Cpn(0) at 4.5 K
for Sn+0.36 at.% Pb and 4.7 K for Sn+0.72 at.% Pb at-

TABLE I.

Material R3o0k/Ra.2x
Sn . 1762
Sn +0.36at. % Pb 99
Sn +0.72a:. % Pb | 62
Sp+1.4 a’h Pb 98
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FIG. 1. Temperature dependences of the measured heat ca-
pacity (a), of the relative change of the thermal-expansion co-
efficient (b), and of the deviation from the Griineisen para-
meter of pure tin (c). The insert shows the temperature de-
pendences of the relative change of the lattice heat capacity
normalized to the impurity concentration. 1—Sn+0.72 at.%
Pb; 2—Sn+0.36 at.% Pb; 3—Sn+1.1 at.% Pb; 4—Sn. The
indices 1—~4, 2—4, 3—4, and 3—1 designate for AC, Aa and
Av, respectively: ACy_=C(Sn+0.72 at.% Pb) — C(Sn), AC, 4
= C(Sn+0.36 at.% Pb) - C(Sn), AG_4=C(Sn+1.1 at.% Pb)
—C(sn), Aay4=a(Sn+0.72 at.% Pb)—a(Sn), Aag =a(Sn+1.1
at.% Pb) —a(Sn+ 0.72 at.% Pb), Ay; =v(Sn+0.72 at.% Pb)
—¥(Sn), Ay;4=v(n+1.1 at.% Pb) —y(Sn).

tests to the appearance of a quasilocal mode in the vi-
brational spectra of these systems.[®7 An increase of
the superconducting-transition temperature is observed
(the values of T coincide for the heat capacity, Fig.
1a, and for the resistivity, Fig. 2). It should be noted
that according to Ref. 5 the change of the temperature
of the superconducting transition in dilute solid solu-
tions can be represented in the form 6T, =A,+A,+A,,
where A, A,, and A, are determined, when impurity
atoms are introduced into the system, by the changes
of the following: the density of the electronic states on
the Fermi surface, the amplitudes (v?) of scattering by
the ions, the effective force constants y’, and the spec-
tral density g(w). In this case, when lead is added to
tin, A, ~0, so that C,, remains unchanged: A,<0 be-
cause of the anomalous increase of the spectral density
of the oscillations (Fig. 1a) in the low-frequency re-
gion'? (pseudopotentials: (wZ)~ @%,), Ref. 9). Then the
inequality 6T >0 follows when the conditions A,>0 and
A,>A, are satisfied, i.e., according to Ref. 5 it is nec-
essary that the ratio of the force constants be y§,.g,/
Yén-pp<1. This conclusion can follow also from the fact
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FIG. 2. Temperature dependence of the relative change of the
electric resistance: ®—Sn+ 0.36 at.% Pb, A —Sn+ 0.72 at. %
Pb, O—Sn+ 1.1 at.% Pb.

that in Sn—Pb almost pure lead is segregated upon decay
(Ref. 10) (this is evidenced also by the partial super-
conducting transition (Fig. 2) typical of pure lead), and
therefore vg,.gy> go-pp 20 Ypp-pp> Vsa-po-

The minimum of ACun/7nC,(0) is evidence of the har-
dening of the lattice-frequency spectrum. It is accom-
panied by a decrease of T of tin and by a partial su-
perconducting transition at 7.2 K (Fig. 2), a fact that
indicates that pure lead particles are segregated.

Thus, prior to the decay, the relative change of the
heat capacity has a resonant burst. After the decay,
i.e, when the lead particles are formed, the converse
is observed-a resonant decrease of the relative change
of the lattice heat capacity. Taking into account, Ref.
11, the formula for the lattice heat capacity.

(ho/2keT)? 1)
sh*(hw/2ksT)

~

€, (T)=3Nk, J’dmg(m)

(T is the temperature, N is the number of atoms in the
crystal, kg is the Boltzmann constant, w is the lattice
vibration frequency, and g(w) is the lattice state densi-
ty), the results on the temperature dependence of the
heat capacity should be regarded as a manifestation of

a resonant burst and a decrease of the low-frequency os-
cillation density g(w) of the Sn~Pb solid solution before
and after the decay, respectively.

In the general case we can obtain from the theory of
dynamic latiices for the oscillationdensity g(w) the rela-
tion

g((l)p';‘ =g°(mplz +B'.’goz(mpg +B|go((l:,h) +B,, (2)

where the coefficients B,, B,, and B, are complicated
functions of g(w). From the proposed condition for the
positive and negative signs of the correction to the os-
cillation density at the resonant frequencies in the as-
ymptotic limits, respectively, of small g,(w)-0 and
large values of the function g,(wpn) it follows that B,<0
and B,>0. It can therefore be concluded that the res-
onant decrease of the oscillation density g(wpn) of the
solid solution implies rather large values of the oscil-
lation density g,(wpn) for the solvent lattice. It appears
that these values should not exceed a certain critical
value at which, owing to the large damping, the peak
smears out to zero.

The resonant decrease of the function g(w), which is
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revealed by measurement of the temperature dependence
of the heat capacity of the Sn-Pb solid solution, agrees
with the condition established above that g (wpn) of tin

be large in the low-frequency region of the oscillation
spectrum.

It should be noted that the appearance of the resonant
decrease of the low-frequency oscillation density of the
solution correlates with the experimentally established
fact that it decays.

Since the decrease of g(w) is accompanied at lower
temperatures by a resonant burst,!'?! it follows that in
the system considered by us, where the resonant de-
crease is observed at 4 K, it can be assumed a possi-
bility exists of experimentally observing quasilocal os-
cillations at temperatures close to 0 K.

It should be noted in addition that the minimum of
ACpn/1Cpn(0) can be due in part also to singularities of
the heat capacity of the segregated lead particles Cp,,,.
This follows from the fact that according to the theore-
tical and experimental results,t'3"15) in the region of
5 K and lower, compression of ultradisperse particles
can lead to a decrease of the heat capacity all the way
to zero. In the present case there is a strong compres-
sion of the lead phase, since the volume of the unit cell
of pure lead is 19% larger than that of tin. If the heat
capacity C of the alloy is expressed in the form Cg,
+Copy,p, then the contribution of Cp,, to the experimen-
tally observed minimum of the ratio AC pn/nC pr(0),
which amounts to ~12%, does not exceed 1%. Therefore
the entire effect on the whole is determined by Cpn(0)
of tin.

Mossbauer effect. Qualitative information on the
singularities of the frequency spectrum of tin in the
Sn-Pb alloy was obtained by us by the nuclear gamma
resonance (NGR) method. For our system this is a se-
lective method, because the lead segregations contain
~1073 at.% of Sn'!° and their contribution to the NGR
spectrum is negligibly small.

Figure 3 shows the measured y-line intensity in the
Mbssbauer effect on Sn''® in the solid solution Sn+ 0.36
at.% Pb in the course of annealing at 300 K. Since the
investigated alloys decay by diffusion, the radius of the
segregated particle as a function of the decay time 7
can be represented in the form R ~(D7)'/2, where D is
the coefficient of diffusion of lead in tin. The presented
estimates yield R, ~40 A. Since the width of the in-
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FIG. 3. Change of probability of the Méssbauer effect of Sn
+ 0.36 at. % Pb in the course of heat treatment at 300 K.
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terphase boundaries is of the same order, ~30 ~40 A
(Ref. 16), one can speak in this case of coherent segre-
gations or “clusters.”

The observed increase of the relative intensity of the
Mossbauer-effect ¥ lines with increasing dimensions of
the lead clusters is due to the hardening of the spectrum
of the oscillations of the crystal lattice of the solution
in the course of the decay.

In fact, according to the theory of the Mdssbauer ef-
fect,’'”) in the general case the intensity I of the y ab-
sorption can be represented in the harmonic approxi-
mation in the form

I~ cxp{—z f <<( 2.12*0) )-(xe.,,'(l. 1.-))=>> (zn(m)+1)g(m)dm}'. 3)

where n(w) is the Planck function, the symbol {...)
denotes thermodynamic averaging over the states of the
system and averaging over the impurity configurations,
and x is the wave vector of the y quantum. Taking into
account the rapid decrease of the function n(w) with in-
creasing temperature, we can conclude from (3) that
when the center of gravity of the function g(w) shifts to
the high-frequency region, i.e., when the spectrum of
the crystal-lattice vibrations becomes harder, the in-
tensity of the y absorption by the Mdssbauer nucleus
increases.

There is every reason for assuming that the harden-
ing of the frequency spectrum of tin upon segregation of
the lead clusters is the result of coexistence of regions
with different interatomic distances. Since the inter-
atomic distance in the lead clusters is larger than in
tin, local static compressions of the Sn lattice take
place, the mean squared thermal displacement (x%) de-
creases, and accordingly g(w) becomes harder.

Taking into account the relation R ~(D7)!/2 and the ex-
perimentally established relation

I/Is;=0.210 v+0.9, (4)
we obtain
R=1.04D" exp{0.1(I’/15.~0.9)}, (5)

i.e., the relation that connects the hardening of the vi-
brational spectrum of tin in the Sn+0.36 at.% Pb sys-
tem with the increase of the lead clusters.

The softening of the spectrum of the tin oscillations
in the case of the Sn-Pb solid solution and its hardening
upon decay follow also from measurements of the y-ab-
sorption intensity ratios Iy, /I 00 x- Since there are no
magnetic or structural transitions of noticeable rate
in Sn-Pb at temperatures 80-300 K, the change of the
ratio Iy, /I ;0o Can serve as a criterion for the estimate
of the vibrational spectrum ['8) This ratio increases
relative to pure tin at the low-frequency burst of g(w),
and decreases with resonant decrease of g(w). The
Mbssbauer-investigation results are given in Table II.

Thermal expansion. That the vibrational spectrum
in the investigated system becomes restructured in the
course of its decay is attested also by measurements
of the thermal expansion (Fig. 1b). Here, just as in the
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TABLE II.

Half-width Isomeric shift
Material A | o 0K wx | 80K/ 300K*
Sn 53 64 105 107 6.15+0.05
Sn + 0,72 at.% Ph 25 63 105.5 107.2 6.27+0,05
5.69+0,05

Sm+1at. 9Pb | 545 62,5 106 1072

*faox/ fsoox = 6.26 £0.05 for the alloy Sn+ 0.36 at.% Pb.

case of the heat capacity, the maximum and minimum
of the relative thermal expansion correspond respec-
tively to a resonant burst and to a decrease of the de-
crease.of the density of the vibrational spectrum in the
low-temperature region. Indeed, if we represent the
temperature expansion as the mean value of the dis-
placement vector u of all the atoms, then, introducing
the frequency distribution function g(w), we can write

A r=B*(0, T)g(0). (6)

The function B*(w, T) is not very sensitive to perturba-
tions of the crystal lattice and decreases rapidly with
increasing temperature and frequency. Thus, when (6)
is taken into account, it follows that the observed reso-
nant increase of the relative temperature expansion of
the Sn—Pb alloy prior to the decay in the low tempera-
ture region is connected with the corresponding burst
relative to the pure tin of the function g(w), which de-
scribes the density of the frequency spectrum. On the
contrary, the resonant decrease of the relative temper-
ature expansion of the Sn-Pb alloy after the decay is
due to the corresponding resonant decrease of the den-
sity of the frequency spectrum relative to the pure tin.

Notice should also be taken of the fact that the data on
the thermal expansion (Fig. 1b) indicate that the reso-
nant bursts are accompanied by small effects of oppo-
site sign at frequencies higher than the resonant fre-
quency. A phenomenon of this kind was observed by a
direct method in a V-Ta alloy.[*¢?

The Gruneisen law. A study was also made of the in-
fluence of the restructuring of the vibrational spectrum
on the low-temperature dependence of the Griineisen
factor

1=aV/KC,, . ()]

where V is the volume of the system, « is the coeffici-
ent of volume expansion, C, is the heat capacity, and
=V-!(8V/8P), is the compressibility coefficient. Fig-
ure lc shows the change of y relative to the Griineisen
parameter of pure lead. To estimate y, the dataonC,
and a were taken from the results obtained in the pre-
sent paper, and the values of ¥V and K were taken from
Ref. 20, since they depend little on the temperature. It
is seen that the Griineisen factor has atlow temperatures
singularities similar to the singularities of the heat ca-
pacity and of the coefficient of linear expansion. If ac-
count is taken of the previously obtained expressions
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for Al, and C, (formulas (1) and (6)), then (7) can be
written in the form

1=t [ 222 6000 do (2 g(0)a0)

X{I(Elz—r)z’h_z(% )e (“’)d“’}-" (®)

The experimentally observed low-temperature singular-
ities of the behavior of the Griineisen coefficient can
then be unequivocally interpreted on the basis of formu-
las (8) as the result of corresponding singularities of
the spectral density, if it is assumed that the numera-
tor is a function that depends more strongly than the
denominator on the perturbation of the crystal lattice.
This agrees with the singularities of expression (8) in
the limiting case of low temperatures,[2]
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