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Nonequilibrium state and lattice instability in supersaturated aluminum silicon solid solutions

J. Chevrier

Centre de Recherche sur les Mecanismes de la Croissance Cristalline, Centre National de la Recherche Scientifique,

Campus de Luminy, case 913, 13288 Marseille Cedex 9, France

J. B. Suck
Institut Laue Langevin, Boite Postale 156, 38042 Grenoble Cedex 9, France

J. C. Lasjaunias

Centre de Recherches sur les Tres Basses Temperatures, Centre National de la Recherche Scientifique, Boite Postale 156X,

38042 Grenoble Cedex, France

M. Perroux and J. J. Capponi
Laboratoire de Cristallographie, Centre National de la Recherche Scientifique, Boite Postale 156X,
38042 Grenoble Cedex, France
(Received 17 May 1993)

Nonequilibrium AlSi solid solutions have been prepared by means of thermal annealing (T ~ 1000 K)
at high pressure (P ~4 GPa). This synthesis is possible due to the metallic character of silicon under
high pressure which greatly enhances the solubility of silicon in aluminum. The study of these supersa-
turated AlSi solid solutions has enabled us to investigate the chemical destabilization of a crystalline lat-
tice. We experimentally show by means of inelastic neutron scattering and low-temperature specific heat
that, as the silicon concentration in the aluminum lattice is enhanced, transverse acoustic phonon modes
are becoming softer. This corresponds to a dramatic decrease of the shear modulus. Using differential
scanning calorimetry, the positive heat of silicon dissolution in aluminum is measured under normal
pressure: AH=238 kJ/mole. We interpret it as being mainly due to the energy difference between a me-
tallic bonding of silicon in aluminum compared to its usual covalent bonding after demixing. This large
heat of dissolution appears as the major reason for the observed lattice instability. Comparison of our
experimental results with corresponding effects observed in usual amorphous metals suggests that fur-
ther increase of the silicon concentration would induce a structural transformation of this crystal if the
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silicon segregation could be prevented.

INTRODUCTION

The existence of amorphous materials in a nonequili-
brium state, obtained directly from the crystal without
melting, raises the question of the increasing instability of
a crystal driven further and further away from its equilib-
rium state at a temperature much lower than the temper-
ature of the melting point and ultimately of its possible
amorphization due to a mechanical instability.! The to-
pological instability of chemically disordered crystalline
solid solutions far from equilibrium has been introduced
to describe this situation.”*> Mechanisms for collective
atomic displacements have been proposed in order to de-
scribe the transformation of a crystalline but chemically
disordered solution into an amorphous state.’> In this
analysis, the local shear stress field, mainly due to large
differences in atomic size of alloy constituents, has been
identified as a root of the occurrence of structural disor-
dering.? Indeed thresholds of solute concentrations large
enough to induce an amorphous state instead of a crystal-
line extended solid solution during rapid solidification
have been estimated in a quite good agreement with ex-
perimental results. These arguments associate the
amorphization by disordering of the crystalline state with
(i) a nonequilibrium crystalline state, (i) a change of mac-
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roscopic elastic properties and (iii) a stress field varying
on a very short scale. Besides the atomic disorder, these
are definitely major experimental features of the amor-
phous state. This is experimentally shown by (i) the large
irreversible heat released at crystallization compared to
the latent heat of melting,4 (ii) the reduced shear modulus
of the amorphous state compared to the crystalline
state>® and (iii) the anomalous thermal properties attri-
buted to the low-energy excitations® (which are usually
described by the phenomenologial model of two level sys-
tems). Experimental investigations of the relative stabili-
ty of an amorphous phase compared to the corresponding
crystalline solid solution can be found in recent thermo-
dynamical studies.” The change of elastic properties and
the appearance of a lattice instability in nonequilibrium
solid solutions have been described in Refs. 8 and 1. Also
the change of the shear resistance of thin films during dis-
ordering by irradiation is experimentally shown in Ref. 9
(however this is a different problem compared to the lat-
tice instability of a crystal with almost no disorder on the
atomic positions). These analysis and experiments sug-
gest that a description of both, the local atomic displace-
ments and the softening of the phonon modes during
amorphization, is presumably a required information to
understand the transformation of unstable crystals to
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amorphous materials. As a first step toward this goal,
one can investigate the change of the dynamical proper-
ties of a crystal as it is driven further and further away
from its equilibrium state.

In this paper, we show that in the case of silicon dis-
solved in fcc aluminum, it is possible to prepare highly
supersaturated solid solutions and to relate the origin of
the nonequilibrium state to the chemical interaction be-
tween the metallic aluminum and the usually covalent sil-
icon. There is a very important difference in the mecha-
nism of destabilization compared to the aforementioned
size effect. We shall see that in the fcc aluminum matrix,
the silicon atomic size is very close to that of aluminum'
and that the large positive heat of mixing is in fact due to
the electronic transition of silicon from a covalent bond-
ing to a metallic bonding. This is very close to the effect
invoked in Ref. 11 to analyze the formation of amor-
phous AuSi by rapid quenching from the melt. For AlSi
solid solutions, these remarks will be experimentally
justified by differential scanning calorimetry measure-
ments. The importance of the silicon metallic state will
also directly appear in the preparation of samples by
quenching under high pressure. At atmospheric pres-
sure, silicon has a very limited solubility in the fcc lattice
of aluminum. Under very high pressure, silicon becomes
metallic and completely transforms the metallurgy of
AlSi alloys with the appearance of a large solubility of sil-
icon in aluminum at least at high temperature.'*!?

The lowest silicon concentration we shall consider here
is 4 at. %. This already corresponds to a concentrated
solid solution in which the silicon atoms cannot be con-
sidered as isolated randomly distributed impurities. Fur-
thermore all the experimental results we present in this
paper give averaged properties of these materials. Nei-
ther the behavior of the silicon atoms nor the aluminum
lattice around impurities are locally investigated by our
experiments. However the AlSi solid solutions are super-
saturated and therefore in a nonequilibrium state, even at
very low silicon concentration [the solubility is respec-
tively 1.6 at. % and 0.05 at. % of silicon at the solidus
temperature, T=577°C, and at T=300°C (Ref. 12) and
even less than that at room temperature]. This raises the
question of the local dynamical properties around one im-
purity and of its experimental observation. A discussion
of this point cannot be inferred from our measurements
but this question is in fact the subject of recent experi-
ments on local dynamical properties in diluted solid solu-
tions.!*!> They indicate a large softening of the host ma-
trix around isolated impurities. In PbSn solid solution,
the change of the dynamical properties of the Pb matrix
around a Sn impurity is so large that authors describe it
as a local melting. The estimated size of the soft zone is
about 8 A. Such a result leads us to consider the elastic
interaction between randomly distributed impurities as
the concentration is increased. It may be of interest to
experimentally investigate the cross over between a local
change of dynamical properties and the average softening
of the elastic properties.

In this article we present a detailed analysis of AlSi
solid solutions for silicon concentration between 4 and
10%. This range of concentration appears to lie in be-

tween the two aforementioned regimes. Experiments
have been performed in order to characterize simultane-
ously the nonequilibrium state of these supersaturated
solid solutions and their dynamical properties. The none-
quilibrium state has been studied by differential scanning
calorimetry (DSC) to measure the enthalpy release during
thermal annealing. Inelastic neutron has been used to-
gether with the measurement of the low-temperature
specific heat to characterize the variation of the dynami-
cal properties together with electronic and superconduct-
ing properties.

EXPERIMENT

Sample preparation and characterization: Using com-
mercial pure aluminum (5N) and silicon of electronic
quality, we have prepared master ingots with atomic con-
centrations Al,_,Si, (x =0.04; 0.06; 0.08 and 0.1). They
were polycrystalline mixture of aluminum and silicon
grains both identified in neutron and x-ray powder
diffraction pattern. To dissolve the silicon in the fcc
aluminum matrix, cut pieces of the master ingots have
been put under high pressure P ~4 GPa at a temperature
of about 1000 K during one hour. After the complete
dissolution of silicon in the fcc Al matrix, the samples
were quenched down under pressure to room tempera-
ture in about 10 s. The quenching rate is provided by the
thermal contact of the sample with the belt system kept
at room temperature. After quenching, the pressure was
released. The samples were kept at the temperature of
liquid nitrogen under atmospheric pressure. They were
small cylinders roughly 9 mm in diameter and 6 mm
height. They were characterized by means of standard
x-ray powder diffraction and by neutron powder
diffraction on the instruments D 1B and D14 at Institut
Laue Langevin. Compared to what is observed for the
demixed master ingots, i.e., for AlSi alloys at equilibrium
under atmospheric pressure at room temperature, the sil-
icon diffraction peaks have disappeared in the quenched
state due to the dissolution of the silicon atoms into the
aluminum matrix. The same effect was seen in x-ray
measurements. Thus for all the concentrations investi-
gated, our samples appeared as homogeneous fcc AlSi
solid solutions with no detectable silicon clusters. The
final sets of samples (about 17 cm?® or 45 g) used for neu-
tron inelastic scattering experiment were made of
cylinders, all prepared under identical experimental con-
ditions. In each case, the aluminum reference sample had
the same geometry and same mass in order to have the
best possible comparison. The same samples were used
for differential scanning calorimetry experiments and
measurements of the low-temperature specific heat.

DSC experiments: Small pieces of the samples (~ 10
mg) used for the neutron experiments were cut. While
cutting the alloy, great care has been taken to avoid heat-
ing of the sample above 50°C. Using a Mettler Calorime-
ter, the enthalpy release has been measured at different
heating rates (5, 10, 20, 40 K/min) for each concentra-
tions. Even at the lowest silicon concentration, the signal
was quite large giving a well-defined peak. This enabled
us to determine accurately the enthalpy release and even
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the change in the DSC peak shape as the silicon concen-
tration is changed.

Inelastic neutron scattering experiments: The inelastic
neutron scattering experiments were performed at the
High Flux Reactor of the Institut Laue Langevin. For
the AlSi6% alloy, we have used the thermal neutron time
of flight spectrometer IN4 with an energy of the incident
neutrons E,=68 meV (resolution: AE,/E;=4%) using
scattering angles between 5 and 100°. Thus a complete
sampling of the phonons of these coherent scatterers was
guaranteed. Exactly the same corrections have been used
for both the Al ¢4Siy o Sample and the aluminum refer-
ence. The results for this concentration have been pub-
lished in Ref. 8. For concentrations AlSi4% and
AlSi8%, we have used the cold neutron time of flight
spectrometer IN6. The samples were investigated at 100
and 296 K with E;=4.7 meV and scattering angles be-
tween 11 and 113° were used. Thus frequencies were
sampled in a smaller region of reciprocal space than on
IN4 and the shape of the measured neutron energy gain
spectra is considerably influenced by the unusually steep-
ly increasing resolution function of the time focussing
spectrometer especially at high energy (which causes the
strong broadening of the peak of longitudinal phonons
around 36 meV in Fig. 3), even though at low energies
the resolution is about a factor of 40 better than that of
IN4 (AE;~125 peV).

Besides the two AlSi solid solutions, pure aluminium
with the same sample shape (cylinder made of 44 small
cylinders as described above), the cylindrical thin walled
Al sample container, a vanadium cylinder of the same di-
mensions as the sample holder for reasons of calibration,
and the empty cryostat were measured also. All sample
runs were performed with high statistical accuracy. Dur-
ing the sample changes, the AlSi solutions, usually kept
under liquid nitrogen, had to be warmed to room temper-
ature to avoid condensation of moisture on the sample
before insertion into the cryostat. The inelastic spectrum
obtained in neutron energy gain on IN6 could be separat-
ed from the region of the elastic peak at 1 meV. The
remaining low-energy part of the phonon density of states
was then completed using a Debye approximation
[G(hw)=b(hw)?] where b was fitted in order to smoothly
join the Debye spectrum and the measured distribution.
In these binary alloys with two different coherent neutron
scatterers, the generalized phonon density of states
(GPDOS) was determined from the weighted sum of all
time of flight spectra. The procedure used to analyze the
measured spectrum can be found in Ref. 15

Low-temperature specific heat: The specific heat has
been measured between 0.12 and 7 K using a transient
heat pulse technique over a time span between 1 and 10%s
in a dilution cryostat.® The mass of samples was usually
between 1 and 2 g. In measurements of samples with
very different masses, a difference of about 1% has been
found. This shows the reproducibility of these measure-
ments. The total sample holder calibrated in an indepen-
dent experiment has been subtracted at each temperature.
At the lowest temperature around 100 mK, the sample
holder contribution was 0.5 erg/K compared to a total
specific heat of about 1-2 erg/K. This is the worse case:

at higher temperature, the contribution of the sample is
much larger than the specific heat of the sample holder.
The general uncertainty on the measurement is of the or-
der of a few percent.

RESULTS

DSC experiments: Figure 1 presents characteristic DSC
scans obtained with AlSi alloys of different concentra-
tions. The major results in these measurements is a large
enthalpy release for all the silicon concentrations investi-
gated, causing a peak in the dynamic DSC scan roughly
centered at a temperature of 7=200°C. The integrated
peak intensities show that this enthalpy release is in the
range 1-5 kJ/mole. An x-ray diffraction measurement
before and after annealing clearly demonstrates, by the
appearance of silicon diffraction peaks after annealing,
that this enthalpy release is mainly due to the silicon pre-
cipitation out of the aluminum matrix into covalent sil-
icon clusters. Also an analysis of the maximum tempera-
ture in each spectrum versus the heating rate indicates
that the DSC peak is due to an activated process with an
activation energy of about 1.3 eV. This is very close to
the characteristic activation energy for silicon diffusion in
aluminum. Therefore we conclude that the exothermal
effect is associated with the decomposition of the none-
quilibrium aluminum silicon solid solution. Another re-
markable feature is the shift towards lower temperatures
of the whole peak as the silicon concentration is in-
creased. This is a direct experimental evidence of the
enhanced instability of this solid solution as the silicon
concentration is increased. For the different silicon con-
centrations, one can also measure the total enthalpy
released during the exothermal effect. This result is
shown in Fig. 2. The error bars present the dispersion for
different measurements on several samples of the same
composition and for different heating rates. The varia-
tion of AH with the silicon concentration is linear in our
range of measurement. The slope is 38 kJ/mole of sil-
icon. This can be considered as the enthalpy of dissolu-
tion of silicon in solid aluminum. As the aluminum sil-
icon liquid solution is almost ideal,'? this highly positive
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FIG. 1. DSC curves measured at d7/dt=10 K/min for

three different compositions of supersaturated aluminum silicon
solid solution: AlSi4%, AlSi6%, and AlSi8%.
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FIG. 2. Enthalpy variation due to complete segregation dur-
ing annealing of aluminum silicon solid solution (integral of
DSC spectra; see Fig. 1) vs the silicon concentration.

enthalpy of mixing is very much consistent with the
shape of the simple eutectic phase diagram of the Al-Si
system. A clear illustration of this, is presented in Ref.
17 using calculation of a phase diagram through the ele-
mentary quasichemical model with AH =0 in the liquid
state and AH =30 kJ/mole in the solid state. However
this consistency of our measurement of AH with the
shape of the measured bulk phase diagram does not ex-
plain what is the origin of this large enthalpy of mixing in
the solid state. The major contribution to the measured
enthalpy of mixing can be deduced from several known
experimental results.

During the decomposition of the solid solution, the sil-
icon atoms undergo a major electronic change. They
come from a metallic matrix of aluminum atoms to co-
valent clusters. A dramatic effect of this change is seen in
the atomic volume of silicon. The atomic volume in pure
fcc aluminum matrix is 16.6 A® whereas it is 20 A®
pure covalent silicon. The relevant volume to descrlbe
the state of silicon dissolved in aluminum is then certain-
ly not the atomic volume in covalent silicon clusters but
much more the atomic volume measured in the metallic
silicon phases stabilized by high pressure. In the silicon
B-Sn metallic phase, the first which is obtained when the
hydrostatlc pressure is increased, the atomic volume is
15.5 A® much closer to that of aluminum (16.6 A®). This
observation suggests that in order to estimate AH, one
has to consider the energy change induced during the
metal-semiconductor transition of silicon. Also it justifies
the huge difference between the metallurgy of aluminum
silicon alloys at normal pressure and under very high
pressure. Under normal pressure, one has to deal with
covalently bonded clusters embedded in a metallic ma-
trix. For elements characterized by s and p electronic
states, the major consequence of this is a phase diagram
with very limited solid solutions. Under high pressure,
the silicon is metallic. The electronic configuration of sil-
icon is qualitatively close to the one of aluminum and ba-
sically described by the nearly free electron theory. With
comparable atomic volumes, the large solubility of silicon
in aluminum!? is not very surprising. Such a large solu-
bility is also what is seen in the metallic liquid state of the

aluminum silicon alloys which presents a small negative
enthalpy of mixing. The influence of the silicon electron-
ic transition is found in different situations. The first and
obvious one is the melting of silicon with a latent heat of
melting L, =49 kJ/mole. This extremely large value
does in fact account for the electronic transition at the
melting point. A rough estimate of the contribution of
the lattice disordering to the latent heat of melting is
about 10 kJ/mole (The crystallization energy of amor-
phous silicon provides an experimental figure for this
term.'® It is 11.5 kJ/mole). This gives an electronic con-
tribution of about 39 kJ/mole. A second experimental
indication for the value of AH is the study of the enthal-
pies of formation of different alloys like M-Al and M-Si
(M =Fe,Co,Ni, . . .). Although its interpretation is quite
complex, one has to take into account an extra contribu-
tion AH =37.7 kJ/mole due to the metal-semiconductor
transition of silicon'® in order to compare the measured
and calculated enthalpies of formation for M-Si alloys.
These different estimates of the characteristic energy as-
sociated with the electronic change of silicon are indeed
very close to our experimental DSC results. We then
conclude that the heat released during annealing of the
quenched solid solution is, for its most important part,
determined by the electronic transition of silicon from a
metal to a semiconductor. This effect is the key point for
the analysis of all subsequent experimental results
presented in this paper. As previously mentioned, the
source of the nonequilibrium state in these solid solutions
is not the size difference between aluminium and the sil-
icon atoms but the stabilization of the metallic state of
silicon by the aluminum matrix.

Inelastic neutron scattering: In Fig. 3, phonon densities
of states measured by inelastic neutron scattering for Al,
AlSi4%, and AlSi8% are presented. The characteristic
shape of the phonon density of states for an fcc structure
is clearly identified. Below about 30 meV, the major con-
tribution to the density of states is due to the transverse
acoustic (TA) modes of vibrations whereas above 30 meV,
the longitudinal acoustic (LA) modes are dominant. For
both silicon concentrations AlSi4% and AlSi8%, the ma-
jor result is the enhanced density of states at E <15 meV
and the reduced one for 15 meV < E <30 meV compared
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FIG. 3. Phonon frequency distribution of aluminum (+),
AlSi4% (0), and AlSi8% (@) determined from cold neutron in-
elastic scattering experiments.
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to aluminum. Thus this is a reproducible and strong
feature that dissolution of silicon induces an enhance-
ment of the phonon density of states at low frequency in
the part of the curve where the TA modes are the most
important. If one extrapolates these curves to the very
low frequencies, these results imply a large decrease of
the elastic shear modulus. Figure 3 also demonstrates
that, as the number of silicon atoms substituting the
aluminum atoms in the fcc lattice is increased, this
softening of TA phonons becomes more important. This
is an experimental evidence for the increased lattice insta-
bility due to the dissolution of silicon in the aluminum
lattice. It is interesting to note that the magnitude mea-
sured here is very much comparable to a similar change
of the dynamical properties measured for amorphous
metals or metastable quasicrystalline phases in a none-
quilibrium state'®? relative to the corresponding crystal-
lized samples. Hence looking at our data on AlSi solid
solutions and other experimental studies on different ma-
terials in a nonequilibrium state, it is suggested that this
phonon softening is linked with the nonequilibrium state
of materials.

Low-temperature specific heat: In Figs. 4—6, the mea-
surements of the specific heat for three different silicon
concentrations, AlSi6%, AlSi8%, and AlSil0%, are
presented. Above the superconducting transition temper-
ature which is evidenced in these curves by a characteris-
tic jump in the specific heat, the specific heat in this re-
gime of temperature is well described by equation:

C,(T)=yT+BT? m

with no need for any correction term in this equation.
Figure 7 shows C, /T versus T? plots for three different
concentrations. The renormalized electronic density of
states is determined from the contribution ¥ T and the
Debye temperature 6, from the phonon term 87T
Figure 8 reports the variation of ¥ with silicon concen-
tration. The most noticeable effect is a slight increase of
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FIG. 4. Low-temperature specific heat of AlSi6% vs temper-
ature. The solid line has been calculated using Eq. (4) with pa-
rameters 7,=3 K, B=0.0343 mJ/moleK* (©,=384 K),
¥=1.47 mJ/mole K2, a=0.01 mJ/mole K2
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FIG. 5. Low-temperature specific heat of AlSi8% vs the tem-
perature. The solid line has been calculated using Eq. (4) with
parameters T,=3.65 K, 8°=0.020 mJ/mole K* (the measured
value above T, is B¥=0.039 mJ/moleK?), y=1.40
mJ/mole K2, =0.01 mJ/mole K2.

v with silicon concentration. Such a small variation can
be explained if one takes into account the metallic state
of silicon in this solid solution. It is very consistent with
the increase of the electron density due to the four
valence electrons of silicon compared to three for alumi-
num. Figure 9 presents the variation of the Debye tem-
perature with the silicon concentration. A large decrease
of the Debye temperature is observed as the silicon con-
centration is increased. As the Debye temperature is
mainly determined by the TA phonon modes in the low
frequency limit, this is evidence for a large decrease of
the shear modulus. Such a decrease of the Debye temper-
ature is very much consistent with the enhanced phonon
density of states measured by inelastic neutron scattering
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FIG. 6. Low-temperature specific heat of AlSi10% vs the
temperature. The solid line has been calculated using Eq. (4)
with parameters T,=4.5 K, ££=0.020 mJ/mole K* (the mea-
sured value above T, is BY=0.052 mJ/moleK*), y=1.56
mJ/mole K?, =0.004 mJ/mole K2.
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FIG.7. C,/Tvs T? for different silicon concentrations inves-
tigated in the temperature range above T,. For AlSi6% (@), the
solid line is calculated with 8=0.0343 mJ/mole K* (0, =384
K) and, y =1.47 mJ/mole K2. For AlSil0% (0O), the solid line
is calculated with $=0.052 mJ/mole K* (©p=334 K) and,
y=1.56 mJ/mole K?. The line (— — —) is the calculated curve

for aluminum with ($=0.0248 mJ/moleK* (6,=428K),
¥ =1.35 mJ/mole K2

and can be seen as further evidence for the enhancement
of the lattice instability as the silicon concentration is in-
creased. A relative decrease of the shear modulus as
large as 35% for the highest silicon concentration
AlSi10% can be deduced from this change of Debye tem-
perature following:

0,aV . ()

This is not the maximum change observed in nonequili-
brium materials {as an example, the decrease of the shear
modulus in CuZr amorphous metals is about 50% (Ref.
5)] but it is nearly as large. Experimentally the prepara-
tion of samples with even higher silicon concentrations is
limited in our case by the rapid decomposition of the
solid solution. However it would be of great interest to
prepare samples with higher silicon concentrations in or-
der to investigate the structural and dynamical behavior

2 T T T T T

Y (mJ/mole K?)
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FIG. 9. Variation of the Debye temperature © of AlSi solid
solutions as the silicon concentration is varied. The solid line is
calculated using Eq. (4).

of samples as the shear modulus is further reduced.

An important effect observed in the specific heat mea-
surements is the enhancement of the temperature of the
superconducting transition. Starting with a 7. of 1.2 K
for pure aluminum which is one of the materials best ana-
lyzed by the BCS theory, a T, of 4.4 K is measured when
10% of silicon are dissolved in aluminum. The highest
temperature of superconducting transition ever measured
in these alloys is 11 K,'> an order of magnitude larger
than the T, of pure aluminum. Figure 10 presents the
change of T, in the high pressure quenched alloys as the
silicon concentration is varied. Since only a minor part
of the silicon may be segregated in these samples, this
curve presents the intrinsic variation of T, versus silicon
concentration. The origin of the solid curve in Fig. 10 is
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FIG. 8. Variation of the electronic contribution y to the
specific heat of AlSi solid solutions as the silicon concentration
is varied.
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FIG. 10. Variation of the temperature of the superconduct-
ing transition T, of AlSi solid solutions as the silicon concentra-
tion is varied. T, is determined from the characteristic jump of
the specific heat at the superconducting transition. The calcula-
tion of the solid line is presented in the discussion section of the
text in Ref. 10.
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presented in the following discussion.
At temperatures much lower than T, the specific heat
of an fcc crystalline AlSi solid solution should follow:

C,o(T)=8.55y T,exp(—1.44T, /T )+BT> . 3)

Furthermore the phonon term BT expected to be the
one extrapolated from the high-temperature regime (i.e.,
T>T,). The experimental results for different AlSi solid
solutions show that this expression of the specific heat is
not satisfactory. This calculated specific heat is smaller
than the measured value. The shift is larger than the er-
ror bar. The plot of C,/T versus T? in Fig. 11 at very
low temperature for AlSil0% reveals a linear contribu-
tion. The same is correct for the two other silicon con-
centrations with contributions of the same order of mag-
nitude. Thus specific heat measurements on AlSi solid
solutions at different silicon concentrations, lead to an ex-
tra term at very low temperature. Below the temperature
of the superconducting transition, the specific heat is well
described by:

C,3(T)=aT +8.55y T exp(—1.44T, /T)+BT> . 4)

From our experiments, an averaged value of the
coefficient of this linear term is a~3.10"7 J/gK? or
a@~0.01 mJ/mole K2 This is nearly an order of magni-
tude below the usual values measured in standard amor-
phous alloys (&~0.05 mJ/mole K? for CuZr amorphous
alloys). Using the expression of the specific heat calculat-
ed for a flat energy distribution of two level systems
(TLS),>! one finds a “TLS density of states” of
n=0.32.10*" J"!mole . The purpose of this estimate is
not to claim that the TLS model readily applies to the lo-
cal dynamic} of silicon impurities in the aluminum lat-
tice. It only shows that the specific heat measurements
are quite consistent with results of Ref. 22 where both the
internal friction and the thermal conductivity have been

0-02 T T T T

0.015

0.01

CP(T)/T (mJ/mole K?)

0.005

0 0.1 0.2
T2 (K?)
FIG. 11: C,/T vs T? for the silicon concentration AlSi10%
in the temperature range well below T,. The fitting curve of the
experimental points is C,/T (mJ/mole K?)=0.004+0.02T2.

The upper solid line uses the phonon contribution extrapolated
from above T.,.

shown to be an order of magnitude different from amor-
phous metals. However whatever is the origin of the
linear term observed in the specific heat, it appears very
difficult to go any further towards a clear analysis of local
dynamical properties around impurities on the basis of
measurements of the specific heat or of the thermal con-
ductivity in these particular alloys.

Another quite important measured effect for samples
with composition AlSil0% is the change of the phonon
term when measured at temperatures above or below T.
The ratio of the two values of B is larger than 2 as it is
seen in Fig. 11. This change is rather large and well
characterized experimentally. It is also seen in the case
of AlSi8% but with a smaller amplitude. No evidence for
such a lattice hardening in the superconducting state is
found for AlSi6%. In fact in different systems, this effect
has already been observed. One can find several experi-
mental reports of changes in the phonon contribution
above and below T,. This has either been found in crys-
talline materials?® or in amorphous materials.?*® Experi-
mentally the condensation of electrons in the supercon-
ducting state is directly associated with this change.?
Our measurements add another example to the set of sys-
tems exhibiting this property. To our knowledge, no sa-
tisfactory analysis of this complicated effect exists.

DISCUSSION

As shown in Refs. 10 and 25, it is possible to link the
experimental values characteristic of the nonequilibrium
state with dynamical properties through the equation:

Op(Al_,Si, )=0,(ADV 1—x[AH /L (AD]. (5

This equation is an extension of the approximate
Lindeman criterion to materials in a nonequilibrium
state.”® The Lindeman criterion describes the lattice in-
stability of a crystal as the temperature is raised. It is
also?’ a relationship between the resistance against a mac-
roscopic shear stress characterized by the shear modulus
and the energy associated with the occurrence of rigidity
and long-range order, i.e., with the latent heat of melting
L;. Compared to the latent heat of melting L, which
characterizes the rigidity of the fcc aluminum lattice, the
enthalpy of dissolution xAH is associated with the
change of the symmetry of silicon atoms when dissolved
in this aluminum lattice. The difference L, —xAH which
enters Eq. (5) shows the decreasing resistance of the fcc
lattice against shear stress due to the trapped silicon
atoms. Using L (Al)=10.7 kJ/mole and ©,(Al)=428
K with AH =38 kJ/mole of silicon, the change of the De-
bye temperature can be estimated with no adjustable pa-
rameter as the silicon concentration is varied. The result
is shown as the solid line in Fig. 9. Likewise, it is possible
to estimate the influence of the variation of the phonon
spectra on the change of T, in the framework of Mc
Millan’s analysis of superconductivity.?® Such a pro-
cedure has been described in Ref. 8. The main input
needed is the known characteristics of pure aluminum
and it is not necessary to use any adjustable parameter.
The result is the solid line in Fig. 10.

This rough analysis is by no means a complete descrip-
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tion of the instability of AlSi solid solutions. Clearly
more theoretical work is needed to quantitatively ascer-
tain our interpretation.”’ The aim of our simple argu-
ments is to state that the measured parameters presented
in this article are physically connected and are different
aspects of the same physical problem: the increasing in-
stability of AlSi solid solutions as the silicon concentra-
tion is increased. It also definitely shows that the
enhancement of the temperature of the superconducting
transition which has received conflicting interpretations
in the past, is mostly due to the softening of TA phonon
modes. Using Eq. (5) for higher silicon concentrations, a
Debye temperature of zero kelvin is obtained for a silicon
concentration of 28 at.%. This would lead to a shear
modulus continuously decreasing to zero. For a crystal-
line solid, a null shear modulus is clearly an unphysical
situation and it is likely that, if silicon segregation can be
avoided, a structural transformation would take place be-
fore such a high silicon concentration of 28% is reached.
Nonetheless this illustrates how much more interesting it
would be to investigate samples with higher silicon con-
centrations or to find another system in which the insta-
bility induced by the metallic state of silicon could be ex-
perimentally controlled until the lattice instability in-
duces a structural transformation. Furthermore in this
paper, we have been mainly concerned with macroscopic
and average properties of these solid solutions. Our ex-
perimental results do not directly provide local informa-
tion on the effect of the silicon dissolution on the alumi-
num lattice. Further studies on the increasing instability
of supersaturated AlSi solid solutions would certainly re-
quire experimental methods more directly related to the
local dynamic of silicon atoms.

CONCLUSION

An intrinsic consequence of the high supersaturation
of AlSi solid solutions is their nonequilibrium state and
the development of an important lattice instability. This
lattice instability, resulting in a softening of TA phonons,
appears to be the reason why the temperature of the su-
perconducting transition is dramatically increased. The
metallic state of silicon atoms in the fcc aluminum lattice
is simultaneously the main cause of the nonequilibrium
state and of the change of dynamical properties in these
supersaturated crystalline solid solutions. The use of
high pressure quenching to dissolve the silicon in alumi-
num directly emphasizes the change of electronic state
from a covalent bonding to a metallic bonding of silicon
atoms. Also due to the quality of samples prepared with
this technique compared to the one of alloys rapidly
quenched from the melt, quantitative results are obtained
which could be compared to a model for the lattice insta-
bility in nonequilibrium solid solutions. Furthermore
measurements which characterize the nonequilibrium
state and the dynamical properties yield behaviors very
close to what has been observed for other nonequilibrium
materials like amorphous metals using the same experi-
mental techniques. However this mainly concerns the
macroscopic properties of the AlSi solid solutions. The
only experimental result presented in this article which
may be related to the local dynamic of silicon atoms in
aluminum is the linear term in the specific heat. It is cer-
tainly not sufficient to characterize the existence of
specific effects due to the disordered distribution of in-
teracting impurities. Other experiments are needed to in-
vestigate this problem.
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