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Using ab initio total-energy and molecular dynamics based on local orbitals and density-functional
theory, we present results on the nonequilibrium Al-Si solid solution. We report on relaxations, vibra-
tional spectrum, and superconducting transition temperature. Our results are in excellent agreement
with experimental measurements on rapidly quenched samples which show evidence of lattice instabili-
ties induced by the solute. We perform a similar analysis on the vibrational properties of the Al vacancy
and discuss the results in terms of the mechanical instability leading to the crystalline-to-amorphous

transition.

I. INTRODUCTION

Metals like sodium, magnesium, and aluminum are the
simplest form of condensed matter. They crystallize in
close-packed structures and their electrons behave as free
particles weakly perturbed by the presence of the ions.
Because of the elementary electronic structure, the prob-
lem of defects in these simple metals has been for a long
time a benchmark for theoretical approaches. In fact
most of the calculation techniques, starting from the sim-
ple pair potentials to the most complex first-principles
theories, have been applied to them.

At the early times, pseudopotentials and perturbation
theory in the linear-response approach were supposed to
give a good description of their electronic structure. This
lead to the development of pair potentials plus volume
terms, an approach widely used for many years to study
defects in most metals.! ™3 It soon appeared that this ap-
proach was inadequate for polyvalent metals with high
electronic density like Al, because of nonlinear effects
that, if neglected, give unrealistic defect energetics, for
example vacancy-formation energies close to zero.*’
Higher-order perturbations did not provide a conclusive
result.®

This situation changed some years ago due to impor-
tant progress made in two main directions: On one side,
a semiempirical method, known as the embedded-atom
model,”® replaced the pair potential plus volume term, by
a many-body potential derived from tight-binding or
density-functional theories (DFT). This had great success
for the late transition metals, although the situation was
less satisfactory for simple metals.’~!! On the other side,
recent substantial progress in full ab initio calculations
made it possible to deal with such large-scale problems on
a first-principles basis.!>!3 Also relevant to mention are
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those models developed between these two approaches,
namely the tight-binding or one electron picture of the
chemical bonding, also applied to AL

With these tools now at hand, many matrix-solute
combinations can be accurately described, in addition to
intrinsic point defects. A very attractive problem is sil-
icon as substitutional impurity in aluminum, as it induces
dramatic effects on many physical properties, indicating a
possible way to amorphize via a mechanical instabili-
ty.>~17 At room temperature Al and Si are two immisci-
ble elements; the Si solubility at 550 K is only 0.05%.
The AlSi alloys close to equilibrium are composed of two
distinct phases, fcc metallic Al, and Si in the diamond
structure. Attempts to stabilize the solid solution by
standard rapid quenching from the melt lead to the pres-
ence of small Si precipitates, with strong effects on the su-
perconducting transition temperature (from 1.1 K for
pure Al to 11 K for Al 18% Si).!® In the last few years, a
new technique of quenching under high pressure was ap-
plied by Chevrier and co-workers to produce homogene-
ous solid solutions for Si concentrations up to 10%.1° "
Pressures in the range of 50 kBar and temperatures of
1000 K significantly increase the solubility because of the
tendency of Si to become metallic; at about 100 kBar
pure Si transforms into a metallic 5-Sn compact structure
whose volume per atom (15.5 A3 is much closer to Al
(16.6 A3 than to covalent Si (20 A 3). Quenching rates
of 100 K/sec under pressure retain the Si atoms trapped
at substitutional Al sites.

These samples show important changes in several
properties, namely, (a) a significant decrease of the lattice
parameter of the fcc matrix: —0.35% for 6% Si, (b) a
significant increase of the superconducting transition
temperature, from 1.1 K for pure Al to 4.4 K for Al 10%
Si, (c) a large modification of the phonon density of states
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(DOS) implying a decrease of the Debye temperature,
also a decrease of the shear modulus (up to 35% for Al
10% Si); (d) the presence of an abnormal linear term in
the low-temperature specific heat, similar to what is ob-
served in amorphous samples exhibiting two-level system
excitations; and (e) an important exothermal reaction un-
der annealing at high temperature, giving a heat of disso-
lution under normal pressure equal to 38 kJ/mol.

Although the lowest concentration experimentally
studied is 4% Si, in the analysis of the results it is as-
sumed that these effects are due to local dynamical prop-
erties of a single impurity. Recent measurements on such
properties on other systems indicate a large softening of
the host matrix around the impurity. In PbSn solid solu-
tion, for example, the change of the Pb dynamics around
a Sn impurity is so large that the authors describe it as a
local melting.?>2*

These observations lead the authors in Refs. 19-22 to
conclude that the nonequilibrium AIlSi solid solutions
behave, with respect to pure Al, in a manner like amor-
phous metallic alloys, with the important difference that
AlSi is still crystalline. The question of whether the lat-
tice instability induced by Si may lead to a massive
amorphization at higher concentrations is however still
open.

The purpose of this work is to calculate the dynamical
properties of substitutional Si in Al and to compare with
the dynamics of the Al vacancy, to find similarities in the
behavior of both defects. We use ab initio molecular dy-
namics (MD), based on density-functional theory (DFT),
on cells large enough to determine the relaxations around
the defects.

II. METHOD OF CALCULATION

Sankey and Niklewski have recently developed an ap-
proximate first-principles electronic structure method
that closely matches a more rigorous calculation, but
greatly reduces the computational effort required.” We
employ this ab initio local orbital density-functional MD
scheme which is very well documented and proven. We
refer the reader to the literature? for tests and applica-
tions. The essential approximations are (1) Nonlocal,
norm conserving pseudopotentials of the Hamann-
Schliiter-Chiang type;2® (2) a set of four local orbitals per
site with confinement boundary conditions'® (the
confinement radii are 6 and 5 Bohr radii, for Al and Sij,
respectively); and (3) the method uses the Harris func-
tional implementation of the local-density approximation
(LDA),?” assuming a spin unpolarized system with dou-
bly occupied orbitals. The exchange-correlation func-
tional is assumed to be of the Ceperley-Alder form, as
parametrized by Perdew and Zunger.”®?* Forces were
determined using the Hellman-Feynman theorem as dis-
cussed in Ref. 13.

In this work we use a supercell of 107 Al atoms ar-
ranged in an fcc lattice with periodic boundary condi-
tions, and a vacancy or a Si atom at its center. The elec-
tronic structure is calculated with four special points in
the Brillouin zone. The defects are first allowed to relax
by the steepest descent algorithm, until all forces are less
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than 0.01 eV/A. The vibrational properties are obtained
from the diagonalization of the dynamical matrix ®Jg,
which in turn is obtained from the forces acting on atom

j direction B when atom i is moved 0.03 A in the direc-
tion a.

III. RESULTS
A. AlSi solid solution

Lattice relaxations

Lattice relaxations around Si are significant, as report-
ed in Table I and fig. 1. They are all inwards, with a
maximum of —2.8% at the first layer. An oscillatory
pattern develops, although without a change in sign in
the magnitude of the relaxations; we come back to this
point later. With our calculation being made at constant
volume, we are unable to determine the volume contrac-
tion upon the creation of such a substitutional defect; we
can only assert that there is a volume contraction, com-
patible with the experimental observations.?

Dynamics

To analyze the vibrational properties of the defect lat-
tice we study the participation ratio of the modes, which
reflects the number of sites that participate on a given
mode:

P,=3,0%/2.0% 8y

where a denotes the vibrational eigenmode and ¢, the
corresponding eigenvector. In Figs. 2 and 3 we report
the participation ratio P,, Eq. (1), and the amplitude of
modes at the Si atom, respectively. A clear, although
weak, tendency to localization on the impurity of some
low- and high-energy modes comes out from these
figures. It is important to point out that the cell size
(3X3X3)a (3,, with a the lattice parameter, and the way
we determine the spectrum (I point for phonons) imply a
low-frequency cutoff of about 100 cm ™ 1

We have identified some of the modes appearing with
high weight on the Si atom. Considering for simplicity
only the subspace formed by the Si substitutional and its
12 nearest neighbors (nn) using the cubic symmetry, and
noting that from the 36 modes of the 12 nn, only three in-
volve motion of the center of mass and can then couple to
the Si impurity, it turns out that a total of four eigen-
modes include Si. For a longitudinal spring model, three
out of these four modes have zero frequency because they
involve only transverse relative displacements, and the

TABLE 1. Lattice relaxations.

Shell Al vacancy Si substitutional
(1st) —0.011 A (—0.38%) —0.08 A°(~2.8%)
(2nd) 0.010 A (0.25%) —0.026 A (—0.66%)
(3rd) 0.014 A (0.28%) —0.051 {x (—1.08%)
(4th) 0.002 A (0.03%) —0.055 A (—0.97%)
(5th) 0.004 A (0.06%) —0.013 A (—0.2%)
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FIG. 1. Lattice relaxations of the first five shells around a Si
substitutional impurity in the Al matrix.

fourth has a high eigenvalue (for a detailed discussion see
Ref. 30). Our calculation gives several eigenstates with
large amplitude on the Si atoms, as reported in Fig. 3.
The three high-frequency modes around 375 cm ™! corre-
spond to motion of the Si atom pointing to a nn which it-
self moves towards the Si atom, or motion of Si towards
the center of the square formed by four nn, who move
against Si. Similarly the low-frequency modes analyzed
at around 100 cm ™! correspond to in-phase motion of Si
and its nn along (110) or (100) directions; all these modes
have a large component on the basic eigenmodes of the
12+ 1 substitutional of cubic symmetry discussed above.
It can be concluded that the local spectrum is well
characterized by the standard analysis in terms of the
properties of a cubic substitutional characterized by cou-
pling constants weaker than those of the matrix.

The local density of vibrational states at the Si site is
shown in Fig. 4. These spectra, and all those shown in
this paper, are obtained from the eigenvalues using a
Lorentzian of width 30 cm ™!, to match the experimental
resolution of the neutron spectrometer used in Refs. 20
and 22. Three nonequivalent directions, namely (110),
(111), and (001), show a remarkable isotropy, with the
main result being a substantial softening of the frequen-
cies, much larger than what is expected from the mass ra-
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FIG. 2. Participation ratio P,, Eq. (1), of the eigenmodes of
the supercell containing 107 Al atoms and the Si impurity. A
tendency towards localization of some low- and high-frequency
modes is observed.
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FIG. 3. Amplitude of the eigenmodes projected on the Si
atom. Modes with high amplitude are discussed in the text.

tio M /M,=1.04, indicating a significant decrease in the
coupling constants. Similar behavior is observed at the
nearest neighbors (nn) and second-nearest neighbors
(nnn) located at a,, /2 (110) and a, (100), Figs. 5 and 6, re-
spectively. In these last figures, once again we report
three nonequivalent directions adapted to the symmetry
of the particular site, and we conclude that motion point-
ing to the Si impurity, along (110) for nn, and along (100)
for nnn, are softer than in other directions, revealing the
weak coupling to Si. Also interesting is the shift of the
upper band edge towards higher frequencies in the case of
(001) displacements, as seen in Fig. 5.

The DOS at the nnn is still quite different from the per-
fect crystal DOS reported in Fig. 7, indicating the long
range of the perturbation. Summing the LDOS for all
atoms in the cell, we obtain the total DOS reported in
Fig. 7. This figure has to be compared with the experi-
mental results of Ref. 20. The agreement in the main
features of the spectrum between our results for 1% Si
concentration and the experiments for 4% is extremely
good.

It is instructive to trace out the origin of these features
by  inspecting  the  dynamical  matrix QZB
=yUs/(M"*M’)'”2, where ¢ is the force constant ma-

0.016 T T T T

LDOS [states—cm/atom]
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FIG. 4. Local density of states (LDOS) on the Si impurity.
Three partial LDOS along nonequivalent directions are report-
ed, together with the total LDOS. A significant softening with
respect to the perfect lattice, Fig. 7, is observed.
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FIG. 5. Local density of states (LDOS) on the Al atom locat-
ed at a,/2 (110), nearest neighbor to the Si impurity at the ori-
gin. Three partial LDOS along nonequivalent directions are re-
ported, together with the total LDOS.

trix. Let us first analyze the diagonal matrix correspond-
ing to the Si atom, that we denote by ®°® (with the su-
perscript indicating the difference r;—r;), and those re-
lating it to its nn, ®!/2172% and nnn, ®1%:
0.17 0.0 0.0
®%%%°=0.0 0.17 0.0
0.0 0.0 0.17,

—0.03 —0.03 0.0
o!/21/20=-0.03 —0.03 0.0
0.0 0.0 0.01,

—0.01 0.0 0.0
®%%= 00 —0.01 0.0
0.0 0.0 —0.01,

and compare with the perfect crystal case, that with
denote with the subscript @

——— "

--- [100]
—-—[010]
—=-[110] ]
— Total

LDOS [states—cm/atom]

0 100 200 300 400 500

Frequency [1/cm]

FIG. 6. Local density of states (LDOS) on the Al atom locat-
ed at aq (100), second-nearest neighbor to the Si impurity at the
origin. Three partial LDOS along nonequivalent directions are
reported, together with the total LDOS.
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FIG. 7. Total LDOS of the 108 atom supercells, for pure Al
and 107 Al plus 1 Si, making an atomic concentration of ~1%.

0.24 0.0 0.0
®3%°=0.0 0.24 0.0

0.0 0 0.24,
—0.04 —0.02 0.0
¢/21/20=—-0.02 —0.04 0.0
0.0 0.0 0.01,

0.02 0.0 0.0

®)%°=0.0 0.02 0.0
0.0 0.0 0.02,

These matrix elements are given in units of eV/ (A amu),
{the factor transforming [eV/(A emu)]'’? into cm™! is
519.6.].

From ®3® and ®%° we see that the Einstein frequency
of Si is 18% less than that of Al: 210 cm: ™! versus 255
cm™!, respectively. The interaction between nearest
neighbors, located at ay /2 (110) and a, (100), analyzed in
terms of longitudinal and transverse couplings ®_ and

q)l’

q)l:,l,Oz { [(4)1/2,1/2,0))“ +
+(q)1/2,1/2,0)

1/2,1/2,0 2
(@1/21720) ]

’

+[D!/21/2.0) ]2}1/2
xy

yy
— 1/2,1/2,0 2
(@ )y ]

(q)l/Z,l/Z,O)y ]2} 172

(1)1,1,0: 1 [(q)I/Z,I/Z,O)XX
_[¢1/2,1/2,0)xy +

show a similar longitudinal spring for both pure Al and
AlSi [—0.085 eV/(A amu )] but, while in pure Al the
transverse spring has a strength of —0.03 eV/(A amu), in
AlSi this interaction is zero or very small. Second neigh-
bors show a softening of the longitudinal force constant
in AlSi as compared to Al, together with a change in sign
[from 0.02 eV/(A emu)] in Al-Al to —0.01 eV/(A emu)]
for Si-Al.

It is interesting to note that these results indicate that
in pure Al the pair interaction is attractive for nn and
repulsive for nnn, which is not the usual behavior for an
effective pair potential with a single minimum, but is in
agreement with the effective pair potential for Al derived
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by Harrison which contains several oscillations.! Also, it
agrees with unpublished work of Ercolessi.’! For Si in
turn, nn and nnn interactions are attractive, as can also
be qualitatively deduced from the relaxations reported in
Fig. 1.

Also instructive is the analysis of the diagonal matrices
corresponding to the nn and a nnn located at the same
position as before:

0.25 —0.01 0.0
®%%0=—-0.01 0.25 0.0
0.0 0.0 0.30,

023 0.0 —0.01

®%%0= 0.0 0.29 —0.01

—0.01 —0.01 0.29.

From @2 it can be seen that motion along (110), point-
mg to the Si substitutional has the same restoring force as
in a perfect crystal [0.34 eV/(A amu)], while along (1-10)
and (001) forces are harder [0.37 eV/(A amu)]. Interest-
ing is the fact that the transverse coupling along (001) be-
tween Al and Si, (®!/21/20)__is essentially the same as
in the AI-Al interaction (d>'/ 21/2.0)  namely 0.01
eV/(A amu), while the total restoring force along (001) of
the nearest neighbor, (®%°)_ =0.30 eV/(A amu), is
larger than the perfect crystal case (®°),,=0.24
eV/(A amu), reflecting that the hardening of the z motion
of the Al atom nn to Si is not due to a direct Al-Si in-
teraction, but rather to the complex many-body character
of the interactions. As shown in Figs. 5 and 6, these
features clearly show up in the local spectra.

Once again, it is important to stress the following: On
one side, frequencies below 100 cm ! (12 meV) are absent
in our results because of size effects; the tails observed in
our figures correspond to the Lorentzians; on the other
side, the experiments are also unable to determine the
low-frequency part of the spectrum (below 12 meV) be-
cause the presence of the elastic peak; they fill that part
of the spectra with second-order polynomials. Having
this remark in mind, we conclude that the main influence
of the presence of Si in solid solution in the Al matrix is a
shift of the transverse phonon peak towards lower fre-
quencies, together with a general, small shift of the high-
frequency longitudinal phonon peak.

Figure 8 shows the difference between the perfect crys-
tal and the 1% solid solution density of states, ADOS,
which is to be compared with the experiment, Fig. 3 in
Ref. 20. The similarity is remarkable.

From these ADOS all thermodynamic properties can,
in principle, be obtained. However some limitations
prevent us from doing so: specific heat at low tempera-
ture and Debye temperature calculations need a precise
description of low-frequency modes; entropy calculations
need a much larger cell to include the slow 1/r decrease
of the shell-by-shell contribution.

A characteristic that depends on an integral property
of the phonon DOS is the superconducting transition
temperature. Within the framework of the McMillan
analysis,*? and assuming that the electronic properties of
Al 1% Si are unchanged with respect to pure Al (the
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FIG. 8. Difference between the impurity cell and perfect
crystal cell DOS.

electronic density of states, extracted from the linear
term in the specific heat, shows a very small variation
with Si concentration??), the superconducting transition
temperature depends on phonon properties according to

_ (o)
¢ 0.595

1.04(1+A)
A—pu(1+0.621)

exp

in this expression we have used (), the average phonon
frequency, as suggested in McMillans’s paper, instead of
the Debye temperature; A is the electron-phonon cou-
pling term, inversely proportional to {w?), and pu is the
Coulomb term. In Table II we give the values used for
Al as well as our determinations of () and {®?) and
the predicted value of T, (1.31 K). This increase of 20%
in T, is in excellent agreement with the experimental
determinations. '

Our calculations, and the experimental results as well,
show that Si, being smaller than Al, and having very
small transverse couplings to its neighbors, destabilizes
the crystalline lattice, inducing a dramatic phonon
softening and a decrease of the transverse elastic con-
stants. These features have been compared in Refs.
19-22 to the mechanisms of lattice instabilities leading to
crystalline-to-amorphous transitions, and speculations
concerning the critical Si concentration for such transi-
tions to happen have also been given.? We can also
speculate that the simplest case of a decrease of both
transverse and longitudinal couplings is obtained by re-
placing Si by an Al vacancy.

It is experimentally unfeasible to obtain a high enough
concentration of vacancies to induce an instability in Al.
To learn more about the nature of such an instability, we

TABLE II. Parameters for McMillan formula.

Al Al 1% Si
A 0.38 0.392
U 0.1 0.1
() [em™!] 161.7 159.4
(@?) [em™? 472253 45746.0
T, [K] 1.1 1.31




6652

consider the properties of the Al vacancy, which is an
even stronger perturbation than the Si substitutional.

B. Al vacancy

There are several recent papers on the Al vacancy us-
ing ab initio calculations; by Guillan,**® by Jansen and
Klein,** and Mehl and Klein,>* and by Benedek et al.3®
Due to the size of the calculations, the defect has usually
been studied in very small cells (up to 32 sites) that
prevent a detailed description of the relaxations. Such is
the case in Refs. 33 and 34, whereas in Refs. 35 and 36 a
relaxation of the first shell was performed. As far as we
are aware, there is no report on the dynamical properties
of the Al vacancy based on results of first-principles cal-
culations. This is the aim of this section.

Lattice relaxations

Lattice relaxations around the vacancy in Al are ex-
tremely small, less that 0.5% of the lattice spacing. Table
I and Fig. 9 show the relaxations in A of the first five
shells around it. The characteristic behavior already ob-
served for substitutional Si is the oscillatory pattern in-
cluding, in this case, a change in sign. The first shell re-
laxes inwards by —0.011 A, which is the same result ob-
tained by Benedek et al. ¢ using full self-consistent LDA
and plane waves in a smaller cell (32 atoms), and is also
coincident with the LAPW calculations of Mehl and
Klein.3® The size of our simulation cell allows us to ana-
lyze up to the fifth shell (the fifth shell is only partially
contained in the 108 atoms supercell, therefore this value
has to be considered with caution): Second and further
shell relaxations are positive. The energy involved in the
relaxation is small, less than 10% of the defect formation
energy.’® The oscillatory character of the relaxations
around the vacancy was predicted long ago from the os-
cillations of the effective pair potentials derived from
pseudopotential calculations.

Dynamics

A standard reference for the vibrational properties of
the vacancy in fcc Cu and bee Fe is the work by Hatcher,
Zeller, and Dederich using pair potentials.’’ They deter-
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FIG. 9. Lattice relaxations of the first five shells around a va-
cancy in the Al matrix.
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mined the formation entropy and the temperature-
independent part of the diffusion constant. From this
work, the qualitative behavior of fcc lattices was extract-
ed.

To analyze the vibrational properties of the Al vacancy
we again study the participation ratio P,, Eq. (1), which
gives the number of sites that participate on a given
mode. Figure 10 shows this parameter for all the eigen-
modes, versus the eigenenergies. Some of the modes have
a P, less than 50 and may suggest a localization of the vi-
bration. The situation in this case is however less evident
than it was for Si, because we are projecting on neighbors
to the defect instead of the defect itself. Many modes
show a tendency to become localized around the vacancy,
as can also be seen in the projected amplitudes, Fig. 11,
creating a quasiresonant peak’® in the local DOS of a
nearest neighbor, Fig. 12, which shows the LDOS on
atom at ay/2 (110), along (110), (1-10), and (001) direc-
tions.

As expected, the main difference appears for vibrations
along the direction pointing to the vacancy, where the
spectrum is significantly shifted to lower frequencies.
This can be intuitively understood in terms of the missing
bond to the vacancy. The other two directions show a
complementary effect, i.e., a shift to higher frequencies,
which cannot so easily be understood in terms of the ar-
guments used in Ref. 37 based on changes of relative dis-
tances induced by the relaxations, and consequently
changes in coupling strength, since an increased strength
of the nn bond is not expected: The distance between
them in this direction is only slightly modified by the re-
laxations, and it happens in the opposite sense (increased
by 0.25%).

Some relevant components of the dynamical matrix are
the following: diagonal matrices of an atom nn to the va-
cancy, ®% [at position a,/2 (110)], of an atom nnn to
the vacancy, ®%% [at position a, (100)], and the nn ma-

trix linking them ®!/2 ~1/20;
0.25 —0.05 0.0
®%00=—-0.05 0.25 0.0
0.0 0.0 0.28,
300 ‘( v T N T T bl
£ 200 |
2
o . . . .
o] 100 200 300 400 500

Frequency [1/cm]

FIG. 10. Participation ratio P,, Eq. (1), of the eigenmodes of
the supercell containing 107 Al atoms and the vacancy. A ten-
dency towards localization of some low- and high-frequency
modes is observed.
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FIG. 11. Amplitude of the eigenmodes projected on an Al
atom nearest neighbor to the vacancy.
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FIG. 12. Local density of states (LDOS) on the Al atom lo-
cated at ay/2 (110), nearest neighbor to the vacancy at the ori-
gin. Three partial LDOS along nonequivalent directions are re-
ported, together with the total LDOS.
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FIG. 13. Total DOS of the 108 atom supercell, for pure Al
and 107 Al plus a vacancy, making an atomic concentration of
~1%.
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FIG. 14. Difference between the vacancy cell and perfect
crystal cell DOS.

0.28 0.0 0.0
®%%0=0.0 0.29 0.0
0.0 0.0 0.29,

—0.04 0.03 0.0
®!1/2-1/20= 003 —0.04 0.0
0.0 0.0 0.0.

These matrices show the origin of the characteristic spec-
tra: The Einstein frequency along (110) of the atom lo-
cated at a,/2 (110) is lowered from 300 to 275 cm !,
while the transverse frequency [along (1 —10)] is in-
creased to 340 cm~!. For second neighbors, both parallel
and transverse are increased. The main contribution to
these increments is the increased longitudinal spring
[0.37 eV/(A)] for displacements along (1,—1,0) linking
atoms at (1/2,1/2,0) and (100), as can be seen from
®!/271/20 compared to its value in the perfect lattice,
10% smaller.

The fact that even at the fourth shell (54 atoms) the
influence on the vibrational spectrum is still not negligi-
ble, makes that the total DOS of our crystal containing
approximately 1% of vacancies is significantly different
from the perfect crystal as seen in Fig. 13, and the corre-
sponding difference, ADOS, in Fig. 14.

IV. DISCUSSION AND CONCLUSIONS

The solution of Si in the Al matrix increases the free
energy of the system driving it into a nonequilibrium
state with important consequences on many physical
properties. The energy stored in the lattice influences the
dynamical behavior as can be deduced from the empirical
arguments described in Ref. 19 relating the heat of solu-
tion of Si, AE, the heat of melting of pure Al, L r» and
the Si concentration x to the Debye temperature ©:

Op(Al,_,Si,)=O,(Al[1—x(AE;/L,)] .

This expression indicates that when the heat of solution is
large compared to the heat of melting, like in the Al-Si
case, an instability can be driven for low concentrations
of solute.

Our main conclusions are that Si, being smaller than
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Al, induces large relaxations and is weakly bonded to its
neighbors; it essentially participates in vibrations con-
tained in the lower half of the phonon band, with a local
spectrum practically isotropic. Its nn appear to be cou-
pled with a longitudinal spring similar to the perfect lat-
tice case, but the transverse springs are virtually zero.
The complex nature of the interactions reflects in the
significant hardening of the vibrations involving a partic-
ular transverse coupling (curve [001], Fig. 5).

The coupling of Si to its second neighbors is also con-
siderably different, involving a reduction in magnitude
and a change in sign. Moreover, the presence of Si affects
the Al-Al interactions in its neighborhood: The total re-
storing forces of Al atoms nn to Si (the diagonal elements
of diagonal matrices) reflect complex behavior since,
despite the softening of the transverse Al-Si coupling, the
total restoring force for motion perpendicular to the Al-
Si axis is increased.

The total balance of 1% Si concentration gives an
overall drift towards lower frequencies, essentially at the
TA peak, and at the high-frequency tail of the LA peak,
see Fig. 7. These results are in excellent agreement with

experimental observations.

Since these general features are expected to occur in
presence of a vacancy as well, we performed similar
dynamical analysis for the Al 1% vacancy system. The
results show a very similar behavior at the TA peak
(compare Figs. 7 and 13), but a marked difference in the
LA peak, where the vacancy shows an increase of its
height. Vibrations of nn and nnn along directions per-
pendicular to the vacancy-Al axis are harder than in the
perfect crystal and the effect is more pronounced than for
Al-Si.

The concentration of modes at high frequency (the LA
peak) induced by the vacancy, affects the values of (w)
and (w?) in such a way that a reverse effect is predicted
for the superconducting transition (a decrease of T, as
compared to the increase observed for AlSi).
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