
PHYSICAL REVIEW B VOLUME 51, NUMBER 2 1 JANUARY 1995-II

Enhancement of electron-phonon interactions in the nonequilibrium solid solutions All „Si„
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We report unusual behavior of the low-temperature electrical resistivity p of nonequilibrium substitu-
tional solid solutions of the form Al& „Si . This behavior is thought to be similar to anomalies in
d I/d V observed in the tunneling or point-contact spectra of metals in the presence of disorder, and to
result from strong electron-phonon interactions. The resistivity data, along with low-temperature heat-
capacity measurements and Al L»»I x-ray-emission spectroscopy and NMR Knight shift experiments,
strongly suggest that an enhancement of the electron-phonon interactions due to lattice instabilities is
the main reason for the dramatic increase in the superconducting transition temperature T, to —11 K in
Al& Si when x =0.2.

The nonequilibrium substitutional solid solutions
Al& Si and Al& Ge have attracted much attention
due to the dramatic variation of their superconducting
transition temperatures T, with composition; T, can be
as high as —11 K in Alp 8Sip2.

' Moreover, both sub-
stances retain a face-centered-cubic (fcc) lattice up to the
solubility limit for Si in Al, making them simple model
systems for investigating the correlation between super-
conducting properties and, e.g., lattice instabilities in-
duced by varying the composition. Following this idea,
Chevrier et al. used inelastic neutron scattering on
Alp 94Sip p6 to demonstrate that softening of the phonon
modes is a possible reason for the enhancement of T, in
Al& Si„; the softening of the transverse acoustic
modes ' is similar to that found in amorphous metals
and is probably connected with the nonequilibrium state
of Si in the Al fcc lattice. A further glasslike feature is a
linear term in the specific heat below 0.5 K in the super-
conducting regime, suggesting that variations of the pho-
non density of states may be connected with the changes
in T, in these substances.

In spite of this interest in fcc Al, „Si,there have been
no detailed studies of the variations of T, combined with
supporting measurements of the normal- and
superconducting-state parameters in the important con-
centration range x &0.1. Moreover, the drastic increase
in T, for Ali „Si„occurs in the fcc lattice instability re-

gime, so that a large enhancement of electron-phonon
coupling could also occur (see, e.g., Ref. 6). The aim of
the present paper is to present the results of detailed
resistivity, low-temperature specific heat, Al I.»»& x-
ray-emission spectroscopy and NMR Knight shift rnea-
surements for several samples in the Al& Si composi-
tion range x &0.1 in order to clarify which of the above-
mentioned mechanisms is most important for T,
enhancement. This is a first step towards understanding
the behavior of amorphous superconductors in which
large local atomic displacements and the softening of the
phonon modes are believed to be important.

The solid solution samples of Al& Si„were prepared
by quenching under high pressure (up to 8 GPa) in a
toroidal high-pressure chamber; details of the synthesis
procedure, and sample characterization and preparation
methods have been published elsewhere. In addition,
the heat capacity of the samples was determined by a
quasiadiabatic technique using an isothermal shield; the
computerized calorimeter used is capable of measuring
samples of mass down to about 30 mg in the temperature
range 1.6—40 K.

The temperature dependences of the resistivities p( T)
of three solid solution Al& Si samples are shown in
Fig. 1 and compared with the resistivity of a polycrystal-
line Al sample before (curve l) and after (curve 2)
pressure-temperature treatment.
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FIG. 1. Temperature dependences of resistivity p(T) for the
Al samples (RRR =470)-(1), (RRR = 15)-(2), and solid solutions
Al, „Si„:x =0.015-(3), 0.045-(4), 0.105-(5). The inset demon-
strates the variation of the residual resistivity po(T) and the
metastable part of the resistivity hpo( T) with Si concentration
in Al& Si„.

~PT= ([P(» P—o) I—P~(» P—aof)

in Fig. 2 for the samples in Fig. 1; here p( T) and p z ( T )
are the total resistivities of the fcc Al, Si and annealed
samples, respectively. Apz. therefore represents the addi-
tional component of carrier-phonon scattering intro-
duced by the metastability of the fcc A1& „Si samples.
The peaks obtained in ApT are very similar to features
observed in the tunneling d I/dV characteristics of Al
films and point-contact spectra of Al (Ref. 10) in the pres-
ence of disorder; these particular features are character-
ized by very large amplitude changes in h(d I!dV ) ar-
ranged around k~ T-15 meV. Note also that the height
of the peak in hpz increases as the Si concentration is
raised (see the inset in Fig. 2); this correlates with the ap-
pearance of an additional component b,G(co) in the pho-
non density of states as x increases, reported in fcc
Al, Si . '

In the case of an almost spherical Fermi surface and
strong carrier-impurity scattering the resistivity is deter-
mined by the diffusive component'

p - [ [T
~ Ik k ~ ]/[s pF n ] ) log, ( T /pcs ),

where s is the velocity of sound, pF is the Fermi momen-
tum, and Ik k is the electron-phonon interaction matrix
element. Using this equation, it is therefore possible to
connect the peak in AT with the temperature depen-
dence of Ik k. As there are no anomalies in either the
sound velocity or the elastic moduli for the metastable
solid solutions Al, „Si„(Ref.13) or for other similar ma-
terials such as Ti-M (Fe,Co,Ni) (Ref. 14) in the tempera-
ture range 50-300 K, the most likely explanation of the

There are two ways in which the changing composition
x affects the resistivity. First, Fig. 1 shows that the resid-
ual resistivity po in Al& Si increases because of the sub-
stitution of Si for Al (see the inset); for x & 0.015 carrier-
impurity scattering dominates and the temperature
dependence of the resistivity becomes relatively small.
Second, the solid solutions of fcc Al& Si are metasta-
ble, and so, as indicated above, the phonon spectrum will
be prone to quite dramatic composition-dependent
changes; as a result, the carrier-phonon-scattering com-
ponent of the resistivity will be affected. In order to
separate these two effects, the fcc solid solution samples
were annealed ( T,„=520 K, t =20 min) converting them
into fcc Al crystals containing well-separated submicron
Si precipitates. The resistivity measurements were then
repeated and compared with the results obtained before
annealing; as the samples used are the same, the effects of
sample geometry and the total Si content are preserved.

The inset to Fig. 1 shows the composition dependence
of bpp (pp pgp), where pp and p„p are the residual
resistivities of the fcc A1& Si and corresponding an-
nealed samples, respectively; Apo follows the variation of
the absolute values of po closely. In order to deduce the
inhuence of the metastability of the fcc A1& Si on the
carrier-phonon scattering, we assume that the com-
ponents of the resistivity sum according to Matthieson's
rule and plot
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imum amplitude hp&( T,x ) changes are shown in the inset.
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above-mentioned anomaly in bpT(T) is connected to the
nonmonotonic behavior of ~Ik k ~.

An alternative approach, which gives information
about the composition dependence of the electron-
phonon interactions, involves the use of normal-state pa-
rameters to predict T, . For example, one can use
McMillan's equations
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T, = [ ( ro„) /l. 2]

Xexp[[1.04(i+A, )]/[I —p'(I+0. 6A, )]j
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y =mk~N(EF)(1+A. )/. 3, (4)

where k~ is the Boltzmann constant, can be used to relate
y, N(E+), and A, . However, an independent estimate of
N(Ez) is still required. In this connection we have stud-
ied the Al L,»», x-ray-emission spectra of the fcc
Al, „Si„samples on the Spectrozond instrument' (Fig.
5). There appears to be no qualitative modification of the
conduction band structure with composition in these ex-
periments; accurate measurements in the vicinity of the
upper edge of the I(E) spectra allowed the variation of
E~ to be deduced. The results are shown in Fig. 4(a) and

where p' is the Coulomb pseudopotential, N(EF) is the
density of states at the Fermi energy, M is the mass of the
ions, (coi,s) and (ro ) are the mean logarithmic phonon
angular frequency and the mean-square phonon angular
frequency, and (I ) is the mean-square electron-phonon
interaction matrix element. The mass of the ions M
changes only slightly from Al to Si, practically eliminat-
ing any dependence of A, on M for the composition range
studied in this work. Similarly, only slight T, changes
—1 —3% occur if Eqs. (2) and (3) are used with phonon
frequency distribution softening taken into account and
all other parameters held constant; in this case the data
for x=0.04, 0.06, and 0.08 from Refs. 2 and 11 have
been used to estimate the variations of (cot,s) and (co )
with x. Furthermore, both the results of pressure-
dependent experiments on Al, „Si, (Ref. 7) and the
known x dependence of the lattice constants of Al, Si„
and Ali Ge„(Ref. 1) allow one to eliminate the specific
volume decrease in these compounds as a significant
inAuence on T, . Therefore, the only remaining parame-
ters that could cause the rapid changes of T, with corn-
position are (I ) and N(EF ); before information on (I )
can be derived from T„some estimate of the variation of
N(Ez) must be made.

In order to provide further information on N(E~) and
k, we have measured the low-temperature heat capacity
of the samples in the temperature interval ( T, +0. 1 K) to
40 K by a quasiadiabatic technique using an isothermal
shield. The results in Fig. 3 allow the deduction of both
the coeScient y of the linear specific-heat term y T and
the Debye temperature OD of the fcc Al& Si solid solu-
tions as a function of composition [see Figs. 4(b) and
4(c)]. The simple relationship
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FIG. 3. Specific heat of All „Si„solid solutions for tempera-
tures between T, and 30 K. In the inset the C/T=f(T')
dependences are shown in the vicinity of liquid helium tempera-
ture.
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FIG. 4. Dependences on Si concentration for (a)-EF parame-
ter from Al L»»i XES, (b) and (c)-Debye temperature and
linear coefficient y from low-temperature-capacity measure-
ments and (d)-NMR Knight shift K(x) in substitutional solid
solutions All „Si .
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FIG. 5. The experimental Al L&&»& x-ray emission corre-
sponding to the upper edge of the band in Al& Si„:o, x=0;
, x=0.055; ~—x=0.095. In the inset the I(E) XE's curve
for pure Al sample is shown.

indicate that the Al, „Si„band structure and the value
of N(EF) have little dependence on composition in the
region x (0.1, which applies to the present experiments.
In passing, it should be mentioned that the Al L,»»,
spectra were recorded at room temperature and that ad-
ditional smoothing of the spectrum takes place at high
excitation energies because of the creation and annihila-
tion of phonons. '

Another way of obtaining of N(EF ) is supplied by Al
NMR Knight shift K(x) measurements; data were ex-
tracted from NMR spectra recorded on a Bruker CXP-
300 spectrometer and are shown in Fig. 4(d). According
to the relationship

aX ~(goal'ih ) -aN(EF),
where a is the hyperfine interaction constant, y, is the
electron spin susceptibility, y, is the nuclear gyromagnet-
ic ratio, and p~ is the Bohr magneton, variations in
Knight shift value may be attributed to changes in N(EF )

or a. The latter parameter is determined by the magni-
tude of the electron's wave function near the nucleus; one
can thus connect the decline of IC(x) with increasing Si
content with the noticeable decrease of the electronic
charge density close to the Al nuclei (i.e., the progressive
transfer of electron density from Al to Si atoms as substi-

tution takes place). Therefore, N(E„) is probably ap-
proximately constant in Al, Si, with a declining with
increasing x.

Both Knight shift and x-ray-emission data appear to
indicate that N(EF) is approximately independent of
composition. If one therefore assumes that only the
changes in A, in Eq. (4) are significant in determining y
and uses X~&=0.38, one obtains A, A s; =0.9.

0.92 0.08

It should be mentioned that additional proof of the
enhancement of the electron-phonon interactions could
be obtained from measurements of the Seebeck
coef5cient, as has been shown in Ref. 17 for pure Al sam-
ples. A detailed study of the thermoelectric power of the
substitutial solid solutions Al& Si is in progress and
will be reported in a subsequent publication.

The latest experimental data by Chevrier et al. " on
Al& Si agree qualitatively with our results. The main
discrepancy appears in the Debye temperature SD(x);
this is possibly caused by two factors. First, only a nar-
row experimental temperature interval (4.5 K & T & 7 K)
was used in the heat-capacity measurements in Refs. 5
and 11 and, second, small traces of Al-Si superconducting
phases with T, )3 K were present in the samples used in
that work. '" Moreover the T, values for x =0.08 and
0.1 samples are rather higher in reality' than the values
reported in Ref. 11. According to preliminary investiga-
tions, ' the room-temperature spinodal boundary in these
solid solutions of Al, Si occurs at about x=0.08.
Therefore, the discrepancies in the values of T, are very
likely connected with the start of the decomposition of
the samples investigated in Ref. 11.

In summary, we have used a variety of data to argue
that the electron-phonon interaction enhancement in the
vicinity of the fcc lattice instability is likely to be the
main reason for the drastic increase in the superconduct-
ing transition temperature in the substitutional solid solu-
tions Al& Si„. The substitution of Si for Al causes
strong local atomic displacements and phonon mode
softening. This behavior is possibly connected with the
local "soft microregions" less than 1 nm in size in the fcc
lattice that are destroyed under pressure. These mi-
croregions correspond to the nonequilibrium states of Si
atoms in the solid solution and give rise to the noticeable
enhancement of the electron-phonon interaction.

The authors are grateful to Professor E. G. Ponya-
tovskii and Professor S. V. Popova for useful discussions
and International Science Foundation for financial sup-
port. N.E.S., S.V.D., and J.S. would like to acknowledge
financial support from the Royal Society (UK), which
made this joint project possible.

~V. F. Degtyareva, G. V. Chipenko, I. T. Belash, O. I. Barkalov,
and E. G. Ponyatovskii, Phys. Status Solidi A 89, K127
(1985).

J. Chevrier, J. B. Suck, J. J. Capponi, and M. Perroux, Phys.
Rev. Lett. 61, 554 (1988).

A. I. Kolesnikov, O. I. Barkalov, I. T. Belash, E. G. Ponyatov-
sky, J. C. Lasaunias, U. Buchenau, H. R. Schober, and B.
Frick, J. Phys. Condens. Matter 5, 4737 (1993).

4J. B. Suck and H. J. Guntherodt, J. Non-Cryst. Solids 61-62,
295 (1984).



1116 N. E. SLUCHANKO et al. 51

5J. Chevrier, J. C. Lasaunias, F. Zougmore, and J. J. Capponi,
Europhys. Lett. 8, 173 (1989).

Kigh T,' Problem, edited by V. L. Ginzburg and V. A. Kir-
zhnits (Moscow, Nauka, 1977) (in Russian).

7V. V. Brazhkin, V. V. Glushkov, S. V. Demishev, Yu. V. Ko-
sichkin, N. E. Sluchanko, and A. I. Shulgin, J. Phys. Con-
dens. Matter 5, 5933 (1993).

~The form of the p( T) curves means that a simple evaluation of
the Debye temperature 0D using the Bloch-Griineisen equa-
tion can only be carried out for x &0.01 (0D =490 K and
0D =410 K for curves 1 and 2, respectively, in Fig. 1).

J. Chevrier, D. Pavuna, and F. Cyrot-Lackmann, Phys. Rev. B
36, 9115 (1987); V. V. Brazhkin, A. G. Lyapin, S. V. Popova,

and R. N. Voloshin, Phys. Status Sohdi A 140, 127 (1993).
I. K. Yanson and O. I. Shklarevskii, Fiz. Nizk. Temp. 12,
899 (1986) [Sov. J. Low-Temp. Phys. 12, 509 (1986)]; A.
Leger and J. Klein, Phys. Lett. 28A, 751 (1969).
J. Chevrier, J. B. Suck, J. C. Lasjaunias, M. Perroux, and J. J.

Capponi, Phys. Rev. B 49, 961 (1994).
Conductive Electrons, edited by M. I. Kaganov and V. I. Edel-
man (Moscow, Nauka, 1985) (in Russian).
V. V. Brazhkin et al. (unpublished).
The nonequilibrium phases of Ti-M (Fe,Co,Ni) are crystalline
materials, which demonstrate "two level system" behavior
analogous to that of the fcc Al, Si„systems discussed in
this work. See, e.g., A. S. Shcherbakov, E. N. Bulatov, and
N. V. Volkenshtein, Fiz. Tverd. Tela (Leningrad) 29, 990
(1987)~

I5S. B. Maslenkov, A. I. Kozlenkov, S. A. Filin, and A. I. Shul-
gin, Phys. Status Solidi B 123, 605 (1984).
N. J. Shevchik, J. Phys. C 10, L555 (1977).
J. L. Opsal, B. J. Thaler, and J. Bass, Phys. Rev. Lett. 36,
1211(1976).

8N. E. Sluchanko, V. V. Glushkov, S. V. Demishev, A. K.
Savchenko, and V. V. Brazhkin, J. Phys. Condens. Matter 6,
9079 (1994).


