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Thermoelectric power anomalies and electron-phonon interaction
in nonequilibrium solid solutions Al12xSix
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We report unusual behavior of the low-temperature thermopower of nonequilibrium Al12xSix substitutional
solid solutions. The thermopower and resistivity results suggest that the low-temperature anomalies of these
parameters are likely due to electron-phonon interaction enhancement in the vicinity of the fcc lattice insta-
bility in these superconductors.@S0163-1829~97!03238-4#
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Recent theoretical and experimental efforts have focu
on the role of electron-phonon interactions in limiting t
thermopower.1,2 Interest in this area has originated from e
periments on conductors with a strong electron-phonon in
action, such as glassy metals,3 the Chevrel compounds,4

fullerenes,5 and high-Tc superconductors.6 Here the most in-
triguing fact is that thermopower can be used to distingu
different superconductivity mechanisms and to establish
temperature dependence of the Eliashberg function.4,6

A simple and straightforward way to study the proble
experimentally would be an investigation of Al-based no
equilibrium substitutional solid solutions fabricated using
high-pressure treatment. Indeed, in these compounds no
able lattice instability is evidenced by the dramatic variat
of the superconducting transition temperaturesTc with com-
position. Tc can be as high as'11 K in Al0.8Si0.2.7 As
established recently,8 the main reason for theTc increase is
an enhancement of the electron-phonon interaction in th
compounds. Hence one can consider these high-pres
synthesized solid solutions~that fcc lattice is retained up to
the solubility limit for Si in Al; charge carriers ares and p
electrons! as a simple ‘‘model system’’ for investigating th
correlation between thermopower behavior and the stren
of the electron-phonon interaction8 in superconducting mate
rials.

Thus an investigation of these compounds is a first s
towards understanding the behavior of amorphous super
ductors or superconductors arranged in the vicinity of latt
instability limit ~such as fullerenes, high-Tc superconductors
etc.! where large local atomic displacements and the sof
ing of the phonon modes are believed to be important. T
the aim of the present paper is to introduce results from
detailed study of thermopowerS(T) and resistivityr(T)
560163-1829/97/56~17!/10816~4!/$10.00
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measurements for several Al12xSix substitutional solid solu-
tions synthesized in the composition rangex<0.08~e.g., be-
low the spinodal boundary value9!. Step-by-step annealing
combined withS(T) and r(T) measurements clarifies th
effects of the nonequilibrium state of Si atoms in the f
lattice and the electron spectrum renormalization on the S
beck coefficient in various temperature intervals.

The Al12xSix solid-solution samples were prepared
quenching under high pressure~up to 8 GPa! in a toroidal
high-pressure chamber. The details of the synthesis pr
dure and samples characterization have been publis
elsewhere.10 Additionally, the thermopower of these sampl
was measured by conventional differential technique w
99.999%-pure Au wires used as a reference. A variab
temperature differenceDT between two ends of a specime
was maintained at less than 1% of the fixedT0 value for
every temperatureT0 under investigation. In these limits o
DT, special attention was paid to the linearity of the the
mopower voltage dependence ofDU(DT,T0) versusDT. To
test and calibrate the experimental apparatus a sampl
Bi-based high-Tc ceramics was measured within the tem
perature range 5–300 K using an Au-wire reference~inset in
Fig. 1!. These results indicate a superconducting transit
near 80 K and allow one to compare the pure gold calibrat
~curve 3! with experimental data belowTc.

The temperature dependences of the thermopowerS(T)
of four AlxSix solid solutions are shown in Fig. 1 and com
pared to pure Al data from Ref. 11. There are no signific
changes in the concentration forS(T), curves 1–3, although
the amplitude of the phonon-drag minimum decrea
slightly for these disordered solid solutions. These effe
correlate with results of Ref. 12 for disordered Al and dilu
10 816 © 1997 The American Physical Society
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56 10 817BRIEF REPORTS
Al-based alloys, and are in good agreement with well-kno
arguments on phonon-drag suppression in the presenc
large structural scattering.4

One can observe the significant changes ofS(T) depen-
dences when the Si concentration increases up tox50.06
and 0.08 ~Fig. 1!, which are in the vicinity of a lattice
instability.9 There are two main features of thermopow
changes that appear with an increasing Si content. The fir
the increase of absoluteS(T) maximum by about a factor o
2 at low temperatures which occurs in combination with n
ticeable changes in its width and position~Fig. 1!.

A convenient way to examine the nature of these lo
temperature thermopower anomalies uses step-by-
annealing.9 Indeed, for these nonequilibrium compounds t
decay, by annealing of supersaturated Al12xSix solid solu-
tions allows one to study variable Si content using only o
Al12xSix sample.9 Here the sample withx50.08 was used
According to Ref. 13, incoherent and spherically coher
precipitates do not contribute to thermoelectric power. Th
in the case of the formation of Si precipitates in the Al-bas
matrix,9,14 one can expect that thermopower changes re
from Si depletion in the matrix. Moreover, there is a prop
tionality between thex parameter and superconducting tra
sition temperatureTc in Al12xSix

7 and so one can derive th
Si content for any decay state.

S(T) is shown in Fig. 2 for initial (x50.08, curve 1,Tc
55.4 K! and intermediate stages of decomposition proce
The assertions of Ref. 13 can be verified easily in the cas
Al12xSix by analyzingS(T) curves 3 and 6 of Fig. 2 for
intermediate stages of decomposition process, along with
Al0.94Si0.06 and Al0.98Si0.02 thermopower temperature depe
dences~Fig. 1, curves 4 and 2!. The finalS(T) curve 7, Fig.

FIG. 1. Temperature dependence of the absolute thermopo
S(T) of ~1! pure Al ~Ref. 11! and Al12xSix solid solutions for
various Si contents:~2! x52 at. %,~3! 4 at. %,~4! 6 at. %, and~5!
8 at. %. Inset shows~1! DS(T)5SBiSrCaCuO-SAu and ~2! absolute
S(T) dependences for Bi1.1SrCa0.4CuOx and ~3! negativeS(T) de-
pendence for 99.999% gold wire.
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2 of the step-by-step annealing procedure, corresponds
small concentration of Si atoms in the fcc lattice positions
the Al-rich matrix, with nearly spherical Si-rich inclusion
surrounded by aluminum.14 There is a large number of struc
tural defects in the final state Al-Si alloy, and so one c
expect an essential suppression of phonon-drag thermop
in that case. At the same time, theS(T) plot of Al0.98Si0.02
~or relative decomposition curve 6, Fig. 2! produces a promi-
nent reference to extract an additional~without phonon drag
and ‘‘bare’’ diffusion! part of thermopower for these non
equilibrium fcc Al12xSix solid solutions withx>0.04.

It is well known from Refs. 1–6 that diffusion ther
mopower of metals is very sensitive to electron-phonon
teraction effects. Following Kaiser and co-workers,4,6 these
anomalous low-temperature terms of the Seebeck coeffic
shown in Fig. 3~a! can be considered as a renormaliz
temperature-dependent enhancement of the diffusion t
mopower:

S2Sb5allS~T!, ~1!

where Sb is the ‘‘bare’’ diffusion thermopower, linear in
temperature, andl the dimensionless electron-phonon co
pling constant:

l[2*~dv/v!a2F~v!. ~2!

The functionlS(T) is the normalized enhancement factor

lS

5E ~dv/v!a2F~v!Gs~hv/kBT!Y E ~dv/v!a2F~v!,

~3!

whereGs(hv/kBT) is a universal function from Ref. 4 an
a2F(v) the Eliashberg function. Moreover, from the d
tailed analysis of the anomalous resistivity~Fig. 2 of Ref. 8!
and the derivative of the resistivity temperature dependen

er

FIG. 2. Family of S(T) dependences at various stages of t
Al0.92Si0.08 solid-solution decomposition process:~1! initial state,
Tc55.4 K, ~2! Tc55.0 K, ~3! Tc54.05 K, ~4! Tc53.75 K, ~5! Tc

53.18 K, ~6! Tc51.87 K, and~7! Tc51.2 K.
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10 818 56BRIEF REPORTS
@Fig. 3~b!#, one can exclude any noticeable influence
phonon-drag effects in the low-temperature thermopower
both Al12xSix and intermediate stages of Al0.92Si0.08 in the
step-by-step annealing process. Indeed, as was establish
Ref. 8, the electron-phonon interaction enhancement is
sibly the main reason for not only the observedTc increase,
but also for the appearance of an anomalous diffusion c
ponent of the resistivityDrT . Thus both the low-temperatur
DS(T) anomalies@Fig. 3~a!# and D(dr/dT)5 f (T) pecu-
liarities @Fig. 3~b!# can possibly be attributed to the no
monotonic behavior of the electron-phonon interaction c
stant in these compounds. It is worth noting that the pe
obtained inDrT ~Ref. 8! are very similar to features ob
served in the tunnelingd2I /dV2 characteristics of Al films
and point-contact spectra of Al~Ref. 15! in the presence o
disorder. These particular features are characterized by
large amplitude changes inD(d2I /dV2) seen nearkBT'15
meV. Moreover, the appearance of an additional compon
DF(v) in the phonon density of states was reported near
meV in data from inelastic-neutron-scattering experiment
fcc Al12xSix .16

It is necessary to point out that according to Eqs.~2! and
~3! thel andlS(T) parameters are mainly determined by t
Eliashberg functiona2F(v) behavior. As a result, while the
phonon density of statesF(v) changes only slightly unde
Al to Si substitution,16 the electron-phonon interaction en
hancement can be considered as the main reason both fo
l increase between;0.4 and;0.9 ~Ref. 8! and also for the
appearance of diffusion thermopower anomalies@Fig. 3~a!#
in the vicinity of fcc lattice instability in AlxSix solid solu-
tions. Thus the drastic increase ofl @see Eq.~2!# and the
aforementioned anomalies oflS(T) @see Eq.~3! and Fig.
3~a!# are possibly caused by the nonmonotonic behavio
a2(v,T). It is also interesting that similar anomalies ofa2

have been predicted by Weber for high-Tc La22xSrxCuO4
superconductors.17

At the same time, according to recent results,18 the quan-
tum interference between electron-phonon-impurity scat
ing plays a crucial role in the thermopower renormalizatio
especially for materials with substitutional disorder. As w
shown by Sergeev and co-workers,18 this effect dominates
the pure phonon renormalization of the thermopower a
other kinetic mechanisms, and describes the experime
data ofS(T) for ordinary metals with substitutional disorde
as well as for high-Tc superconductors. Finally, it is ver
important to examine quantitatively the low-temperatu
s
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anomalies of the thermopower in the framework of t
models6,18 for the case of the nonequilibrium substitution
solid solutions Al12xSix . A detailed study is in progress an
will be reported in a subsequent publication.

In summary, we have used thermopower and resistiv
data to show that the low-temperature anomalies of th
parameters are likely due to an electron-phonon interac
enhancement in the vicinity of the fcc lattice instability in th
substitutional solid solutions Al12xSix .
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FIG. 3. ~a! Temperature-dependent thermopower enhancem
DS(T) of Al0.92Si0.08 with step-by-step annealing stages:~1! Tc

55.4 K, ~2! Tc54.05 K, ~3! Tc53.75 K, and~4! Tc53.18 K rela-
tive to Tc51.87 K stage as reference~see text!; ~b! Temperature-
dependent metastable part of resistivity derivativeD(dr/dT)
5(dr/dT)n2(dr/dT)final for some stages of the Al0.92Si0.08 de-
composition process:~1! Tc55.4 K, ~2! Tc53.75 K, and~3! Tc

51.87 K.
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