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Vibrational properties and infrared spectra of Al Ga, „As systems. I. Average-t-matrix
approximation versus supercell calculation for homogeneous alloys
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We calculate the optical properties of the Al, Ga& As mixed crystal in a bond-charge-model,
average-t-matrix-approximation (ATA), and mass-defect scheme. Comparison is made with numer-

ical results obtained by a supercell procedure and with recent experimental measurements. The
predictive power and the limits of the perturbative approach in the 50% concentration range are
discussed, in view of a useful application of the ATA technique to the Al Ga& „As superlattices,
which will be investigated in the following paper.

I. INTRODUCTION

The recent development of epitaxial-growth techniques
has renewed a strong interest in the spectral properties of
mixed III-V compounds. In fact, it is now possible to
tune exactly the Al content x in Al Ga& As mixtures,
to alternate different concentrations in
Al Ga& „As/Al Ga& ~As superlattices, or even to
modulate the composition x as a smooth periodic func-
tion along the growth axis, as is the case of modulated al-
loys. In the latter situations, an interesting problem
arises, i.e., which are the dynamical effects of macroscopic
order (such as superperiodicity) when superimposed on
the microscopic disorder of a mixed crystal. This prob-
lem will be investigated in the companion paper of ours'
(hereafter referred to as II); still we need a reliable tool
for the calculation of the vibrational spectra of composi-
tionally disordered materials. The virtual crystal approx-
imation (VCA) is not suitable for two-mode-behaved sys-
terns, however it can be used as a starting point for
single-site-scattering perturbative techniques, such as the
average-t-matrix approximation (ATA) and coherent po-
tential approximation (CPA). The latter is a powerful
self-consistent approach recently used for III-V com-
pounds in the framework of simplified dynamical mod-
els. ' As a rnatter of fact, the application to superlattices
and modulated alloys in the framework of a three-
dimensional, sophisticated dynamics (such as the bond-
charge-model, BCM) requires a less computer-time tech-
nique, i.e., the ATA.

In the present paper we investigate the predictive
power and the limits of a BCM-ATA approach for the
calculation of some optical properties of the Al Ga& As
system, such as Im y(co), —Ime '(to), and reflectivity
response functions. The critical region where the ATA
interpolation scheme is known to be poor, is the 50%%uo

concentration range: Here an extensive comparison is
made to supercell calculations (up to 960 atoms), in the
framework of the BCM dynamics.

Very recent Raman measurements on Al Ga& „As
samples, grown by molecular-beam epitaxy, display
several minor features, which are still a matter of discus-
sion in current literature. Comparison to —ImV (to)
calculated by the ATA and supercell (SC) approaches
may be helpful in order to understand if they represent
either extrinsic or intrinsic effects. However, a quantita-
tive analysis requires the calculation of the Raman inten-
sities, a task which is presently in progress and will be the
subject of a forthcoming publication by us.

In Sec. II we review the state of the art for the optical
properties of Al„Ga, „As systems and point out the
relevant features which are expected to be reproduced by
a reliable calculation. Section III provides a survey of the
BCM scheme, its advantages and drawbacks, and a dis-
cussion of the mass-defect (MD) approximation, here
adopted for A1As dynamics. The ATA and SC tech-
niques are outlined in Secs. IV and V, respectively,
whereas in Sec. VI we explain how the dielectric proper-
ties of the mixed crystal have been calculated. The re-
sults of both ATA and SC calculations along with the
final conclusions of the present work are contained in
Sec. VII.

II. OPTICAL PROPERTIES OF Al„Ga& „As

A fair amount of Raman data has been collected for
Al„Ga, As, especially in relation to the interpretation
of disorder-activated structures in the low-energy part of
the spectrum (for a review see Ref. 7, and references
quoted therein). In regard to infrared absorption (ir) and
reAectivity measurements, only a couple of systematic in-
vestigations are present in literature by Ilegemes and
Pearson (1970) and by Kim and Spitzer (1979). The two
reAectivity measurements substantially agree in finding
no significant ir-active modes in Al Ga& „As other than
two dominant reststrahlen bands close to the optical
modes of pure GaAs and pure A1As, respectively. The
two-mode behavior is typical of mixed crystals for which
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the optical bands of pure materials do not overlap and
where, near the extremes of the composition range, the
localized mode of the minority ions lies well outside the
reststrahlen peak of the host crystal. By Kramer-Kronig
transformation the shift in frequency with Al concentra-
tion for the GaAs-like and A1As-like LO and TO peaks
has been carefully studied by Kim and Spitzer. The
reInectivity spectra of Ilegemes and Pearson, however, do
cover a wide range for x and our calculations will also be
compared to them. A two-mode behavior is observed for
Raman peaks associated to LO phonons as well. More-
over, disorder-activated-transverse-acoustic (DATA) and
longitudinal-acoustic (DALA) bands are evidenced in res-
onant conditions, as caused by the relaxation of the crys-
tal momentum conservation rule due, in turn, to the lack
of lattice periodicity: disorder-activated optical (DAO)
modes are also present just beneath GaAs-like and A1As-
like LO peaks. The absence of other structures in the
Raman spectra for the optical vibrations and in the
refIectivity curves may suggest that the impurity distribu-
tion in the metallic sublattice is essentially homogeneous,
i.e., no cluster modes are resolved in the experimental
measurements. Consequently„ the perturbative approach
to configurationally averaged Green functions can pro-
vide realistic spectra, especially in our case, where a su-
percell calculation is also performed. Actually, some
theoretical models for the lattice dynamics of
Al Ga

&
As have been alternatively proposed as com-

plementary investigation: Kobayashi, Do w, and
O'Reilly' performed a numerical calculation on a 1000-
atom cluster, by means of the recursion method tech-
nique; Bonneville treated the mass defect in the CPA
scheme and the ofF-diagonal disorder just at the VCA
step, since the modifications in the force constants are
well known to be of minor importance in this system.
However, both these calculations of the phonon spectra
employed Born-Von Karman dynamics or crudely
simplified shell models (no Coulombic interactions, for in-
stance) and, moreover, no disorder in the effective
charges is comprised.

The Raman spectra in the limits x -0, 1 have been in-
vestigated by Talwar, Vandevyver, and Zigone, ' in the
framework of a 11-parameter rigid-ion model for the iso-
lated defect. Here, in our opinion, the role of force-
constant changes with composition is overestimated. In
fact, vibrational properties of homogeneous alloys have
been studied very recently by means of ab initio linear-
response density-functional theory by Baroni et al. '

Both dispersion relations and the Raman spectrum for
the 50/o Al concentration alloy have been calculated
showing that the force-constant changes between A1As
and GaAs are negligible. Despite the advances in ab ini-
tio calculations, the phenomenological model used in the
present calculations (see the following section) still
preserves some advantages: (i) it displays a large tlexibil-
ity in dealing with extended calculations, especially for
the case of superlattices and modulated alloys; (ii) no
realistic phonon densities of states for the homogeneous
alloys (such as the ones here reported) are, to our
knowledge, presently available.

III. DYNAMICAL NIODKL

Both for ATA and SC calculations we adopted the adi-
abatic BCM, originally developed by Weber for bulk
dispersion relations in homopolar semiconductors' and
III-V compounds. ' This model is characterized by the
presence of bond charges (BC) placed along the
tetrahedral covalent bonds as predicted by ab initio calcu-
lations and experimental measurements. ' A suitable
modeling of the electronic degrees of freedom allows, in
turn, a good description of the dispersion relations with a
limited set of parameters. In fact, only six of them are in-
cluded in the BCM for III-V compounds, namely,
cation-anion, cation-BC, and anion-BC short-range cen-
tral interactions; BC-BC angular potential (Keating-like)
around each ion and Coulomb interactions between all
the charged particles of the crystal. The latters are gen-
erated by a standard Ewald summation' with one pa-
rameter only, i.e., the BCM effective charge Z*/&e. In
contrast to other microscopic models (such as the shell
model) even with a large set of parameters, the BCM does
provide the correct zone-boundary flattening of the TA
branches, one particularly important feature for the
analysis of DATA structures with respect to resonant
Raman measurements. Recently, the microscopic
soundness of the BCM has been proved by comparison
between BCM and ab initio interplanar force con-
stants' ' and by neutron-scattering measurements by
Strauch and Dorner.

%'e evaluated the GaAs bulk dynamics by the set of
parameters contained in Ref. 14. In regards to A1As, few
experimental data (only at zone center and questionable
at zone boundary) are presently available, consequently
the fitting procedure of the BCM parameters is somewhat
arbitrary. In order to bypass any arbitrariness in the
fitting procedure, the present calculation is performed
within the MD approximation suggested by ab initio re-
sults by Baroni et a/. ,

' which, moreover, turns out to be
a necessary condition for SC and ATA approaches to
mixed Al Gai As systems. Our results for bulk A1As
are in good agreement with the few experimental data,
except for a too large dispersion of the optical branches
at the M point of the Brillouin zone, which promptly
disappears as soon as a few Ga impurities are present:
Just our case.

One final comment still deserves the evaluation of the
transverse e6'ective charge Z, needed for the calculation
of the dielectric susceptibility (see Sec. VI): The value of
Z can be consistently derived from the parameters of the
present model. One~ossible way to derive it is to identify
the denominator &e of the BCM parameter Z*/&e as
the dielectric screening provided by the multipolar defor-
mation of the valence charge, not described by the point-
like nature of the bond charges. Following this approach
in the simultaneous evaluation of the transverse eA'ective
charge Z and electronic static dielectric constant e, one
obtains e =4.488 and Z =2. 165. Probably, this excellent
agreement to the value obtained from the LO-TO split-
ting and the experimental value of e, is partially ac-
cidental, by considering the lack of interatomic charge
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transfer during the ionic motion ' in the BCM, but it
confirms that the electronic response is correctly de-
scribed by the model.

IV. AVERAGE t-MATRIX-APPROXIMATION
FOR MIXED CRYSTALS

~=(i+&T&G, )-'&T) .

In a multiple-scattering approach:

(T)=y&T, &

(2)

In order to correctly reproduce the dynamical features
of a disordered crystal, it is necessary to evaluate
configuration averages: To this aim we must calculate
the configuration-averaged perturbed Green function
(G ) by means of a translational invariant Dyson equa-
tion

(G ) =G0+GDX(G ),
where X plays the role of an effective~erturbation, relat-
ed to the average transition matrix ( T ) by

X is exact at both limits of the composition range, if a
first-order expansion in the defect concentration is car-
ried out. Therefore, ATA represents a useful interpola-
tion scheme, which is expected, however, to give some
problems at x -=0.5. In particular, it may originate un-
damped plane-wave excitations outside the frequency
spectrum of the reference crystal. This feature would be
in contrast with the fact that such plane-wave excitations
cannot occur in disordered systems. Actually these
shortcomings could be avoided by a self-consistent ap-
proach to the SSA, i.e., by making use of the CPA
scheme: In this case the reference crystal is chosen in
such a way that X=O. However this approach requires
the self-consistent solution of an equation in 60 and X
which is, in the case of BCM, very cumbersome to handle
analytically and prohibitively expensive to solve by nu-
merical iteration in the case of extended-cell systems, like
the superlattices studied in paper II. For these reasons
we adopt the ATA, whose validity for A1 Ga, „As is
here investigated by comparison to superce11 calculations.

Turning to the problem of configurational averages, we
take advantage of the translational invariance of (G )
and X, and write explicitly

(Gj, (qco) ) =5,'[co c00 (q—)+i 2coO+]

+g [co —era (q) +i 2coO+ ] 'X '.

where

t; = V;(1 —GDV;)

(4)

X(G'. (q~)&,

where q is the wave vector and j the branch index. Final-
ly, the phonon density of states for biatomic mixed crys-
tals is defined as

describes the single-site scattering at the ith defect of the
phonon wave scattered by the other defects. Accordingly
to MD, the perturbation matrix V is

V=(MD —M)co =[MD(K) M(K)]co 5ii5„5~~,

where M, M0 are the atomic masses, e,a' are Cartesian
indexes, and l, l' and K, K label the unit cells and the sub-
lattices, respectively.

The first term in Eq. (4) describes the scattering of an
average incident wave by an atom with an average t rna-
trix. The second term takes into account the correlation
between Auctuations in the incident wave and in the
atomic t matrix. The single-site approximation (SSA)
consists in completely neglecting the correlation term.
Under this assumption X takes the final form

~=y &t, )(1+G,(t, ))-'

We point out that these relations hold even if G0
represents the Green function of an arbitrary reference
crystal. The standard choice for ATA is to take the
latter as a periodic crystal with cation masses equal to the
weighted average between Ga and Al (VCA). In this case

p(co) = — Im Tr(MG )3~%

and the (MG ) configuration average can be calculated
by means of conditional configuration averaged Green
functions expressed in terms of ( G ) and X (for an exten-
sive treatment of this subject, see Elliot, Krumhansl, and
Leath, Ref. 3).

V. SUPERCELL CALCULATION SCHEME

Our supercell approach consists in a direct diagonali-
zation of a large dynamical matrix, where the mass ma-
trix contains all the information about compositional dis-
order in the crystal. This technique has been outlined in
a previous paper by two of us and here we report only
the main ideas.

The first step in this procedure is to construct a force-
constant matrix (FCM) @ ti(Q~(JK)(J'K')) using GaAs
parameters only and referring to a unit cell containing a
large number of atoms [labeled by the (JK) index]. This
can be done by iterating the calculation of the FCM for
the standard GaAs unit cell ()(( t((q~KK') at selected q
points of the original Brillouin zone (OBZ):
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1 M)M2M3 i (Q —q)-[L1M1a1+L2M2a2+L3~3a3]
X 1 1 1 2 2 2 3 3 3

1 2 3 L , L ,L 1 2 3

1

M)M2M3

(Q —G) EOBZ I G' [(J )
—J) )a) + (J2 —J2 )a2+ (J3 —J3 )a3+ x( a' ) —x(rc) ] (10)

where I a„a2, a3I are the unit vectors of the (small) origi-
nal unit cell; [M, a(, M2a2, M3a3I are the ones of the ex-
tended cell and G =m, B,+m 2 B2+m 3 83= ( m, /M, )b (

+ (m2/M2)b2+(m 3/M3 )13 is the generic reciprocal vec-
tor of its reduced Brillouin zone. The FCM W can be
now multiplied by the mass matrix M as

M
—)/2( JK)@M

—)/2( J~K~)

where a random substitution of Ga masses by Al ones can
be performed for a suitable set of lattice sites (J,K is the
cation). The set is selected by a generation of random
numbers, which assigns at each (J,K is the cation) site a
real value between 0 and 1. If this latter exceeds x (Al
concentration) a Ga mass is assigned, otherwise an Al
mass is chosen. This corresponds to a MD approach for
the Al G& „Al dynamics. Obviously, the calculation of
the optical properties and phonon densities of states re-
quires the evaluation of an average over several different
configurations, selected by different runs of the random
number generator at fixed x. Here we have considered up
to six configurations for each concentration and the
minor structures that still remain in our spectra could be
washed out by increasing the number of such
configurations, if they do not represent some persistent
cluster in the alloy.

For the present calculation of the phonon density of
states (where only the eigenvalues of the dynamical ma-
trix are required), we extended the three unit vectors of
the original unit cell by 6, 8, and 10 times, obtaining a su-
percell of 960 atoms. However, for the evaluation of the
optical properties, the eigenvectors are needed as well, so
we reduced the size of the macrocell to 480 atoms for the
sake of computer memory limits. This size turns out to
be sufficiently large in order to avoid fictitious correla-
tions between neighboring supercells (i.e., the three-
dimensional superperiodicity does not affect the results).
Moreover, the asymmetric shape of the supercell prevents
the sampling of the OBZ from containing equivalent
points (i.e., degenerate frequencies) and optimizes the
statistic distribution of the normal modes in the SC spec-
tra. The technique outlined here is really convenient in
numerical applications only if the cation substitution
does not affect the force-constant matrix or, in other
words, if the MD approximation does reproduce the ex-
perimental features of A1As. As previously discussed,
this is the case of Al Ga, Al and very few other III-V
compounds. '

VI. DIELECTRIC PROPERTIES

The dielectric function in the spectral region of the lat-
tice vibrations can be expressed as

6=C~ 1+4%+, (12)

where e is the static dielectric constant of the electronic
system only and g is the ionic part of the dielectric sus-
ceptibility. The absorption coefficient along the z axis is
proportional to Imp (ro, q, ~0)(an=xx, yy) and the ex-
citation spectrum for transverse modes is therefore ob-
tained. For what concerns the longitudinal phonons, a
quantity which can be helpfully compared to the Raman
spectra (except for the relative intensities of the peaks) is

—Im
1

e„(co,q, ~0) (13)

Calculations for the Raman scattering with the bond po-
larizability model and the same ATA/SC approach are in
progress and will be published elsewhere. The refIectivity
can be readily obtained by

(1 n, ) +n2-
(1+n, ) +n2

(14)

where n& and n2 are the real and imaginary parts of the
refraction index n, respectively, and n=&e. All the
different optical response functions can be easily derived
by evaluating the ionic part of the dielectric susceptibility
(12) in terms of the effective charges and the Green func-
tion:

(co)=— g Z t3(lK)Z tt
(1'K')1

Iv, I't~', PP'

X Gt)t(rl,Kl' 'K~ a)). (15)

Actually, g contains the electronic contribution due to
the deformation of the electronic wave function produced
by the ionic displacements, but does not contain the po-
larization of the electronic system under the external field
with ions at rest. For this reason e is added separately
in Eq. (12). Moreover, we note that y in Eq. (15) is the
response function to the external field, while y in Eq. (12)
is the response to the total (external plus induced) field.
The two quantities coincide for the transverse part of the
tensor (zero-induced field). On the other hand, for the
longitudinal response the induced field is not zero and it
is given by the macroscopic field associated to optical
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4'
~LO ~TO

U~Pc~
(16)

which is derived from the Lyddane-Sachs-Teller relation
(Uz, p are the volume and the reduced mass of the unit
cell, respectively). Here, by using the experimental values
e ' '=8. 16 and e ' '=10.88, we obtain Z~&=1.875
and Z&, =2. 165, in units of one electronic charge.

In the mixed crystal we have to consider the
configurational average of the dielectric susceptibility,
given by

(Z(la. )Z(l'ir')G(l~, l'ir'~a)) ) .
1~, l', ]c'

We assume that in the mixed crystal Z(ll) is equal to
Z~, (Zo, ) if an Al(Ga) atom is present in the lth cell,
while

Z(l2) =Z2=xZ~i+( I —x)Zo, (18)

phonons. Consequently, in order to reproduce the
correct longitudinal susceptibility in Eq. (12), we have to
remove this macroscopic Aeld from the Green function
appearing in Eq. (15).

For pure A1As and GaAs Z is independent of the cell
index l and can be estimated by the usual expression

for any cell index I. This assumption introduces the dis-
order in the effective charges of the metal ions and
preserves the neutrality condition taking the VCA
effective charge for As. This is actually an approxima-
tion, because even the As charge is site dependent in a
real system and a straight forward physical consequence
of this position is that the intensity of the AlAs-like
response turns out to be slightly underestimated, whereas
the one of the GaAs-like peaks slightly overestimated.
Obviously, the same VCA approach is used also in the
definition of the static electronic part of the dielectric
constant:

A1As+
( 1 )

cxaA.s

For the evaluation of the average (ZGZ ) we need to cal-
culate the configurational conditional averages (see Elliot,
Krumhansl, and Leath, Ref. 3) of the Green function
Gd(l 1,l'~') and GI, (l 1, l'l~') where only those
configurations with a defect (d) or a host atom (h) at the
(l 1) lattice site are included. We need also the calcula-
tion of configuration averages which are conditional on
both the Arst and the second site in each unit cell: They
will be denoted by G;, where i and j take the values h

and d for host and defect atom on sublattice ~= 1.
The final expression for y is obtained by Fourier trans-

forming the averaged Green function:

Z2 ( G(22~q~O) ) + g Z2Z;[(G;(21~q~O) ) + (G;(12~q~O) ) ]+ g Z;Z (
G J(11 ~q~O) )

i =h, d i j =h, d

where ( G," ) and ( G, ) can be expressed in terms of
(G(vz'~q —+0) ) and X(iris'' q —+0), as described by Elliot,
Krumhansl, and Leath.

Finally, we remark that the disorder in the effective
charges produces a strong enhancement of DATA and
DALA structures (up to 300%%uo). Nevertheless, in the
Al Ga& As alloy the intensity of DALA and DATA
peaks is 100 times weaker than the one of optical peaks:
This is a consequence of the small difference in the
effective charge of our GaAs and A1As. In the Raman
spectra, on the contrary, the larger inequivalence between
GaAs and A1As polarizabilities makes easily observable
DATA, DALA, and even DAO features. Moreover, we
note that there is no inconsistency between the choice of
the MD approximation and the introduction of the disor-
der in the effective charges. As a matter of fact, the
effective charge enters in the dynamical matrix only
through the term Z /e . Different Z's are consistent
with the same force-constant matrix (supposed un-
changed in the MDA) provided that the e is consistent-
ly rescaled, as is the case for A1As and GaAs compounds.

VII. RESULTS AND DISCUSSION

In this section we report a comparison between ATA
and SC calculations for the density of states, Imp (co),—1m[1/e„(co)], and the refiectivity at normal incidence.

The calculation of the reference Green function has been
performed by a root sampling procedure, involving
64000 points in the Brillouin zone and a small imaginary
part (0.04 THz) has been added to the frequency in order
to smooth out the numerical fluctuations, generated by
the sampling procedure. The values of Al concentrations
tested by ATA (x =0.0,0.08,0.21,0.38,0.54,0.82, 1.0) are
the same of Ilegems and Pearson in order to make a
comparison with the experimental reAectivity spectra.
The SC results are presented only for three concentra-
tions around 50%. In this range the failure of the ATA
should be most evident, whereas this interpolation
scheme is fully reliable near the concentration limits
x —+0.0 and x ~1.0.

Figure 1(a) displays the ATA density of states (DOS):
By comparing with the SC results [Fig. 1(b)], we note that
the acoustic part of the spectrum is very well reproduced
up to 6 THz. In particular, we distinguish TA contribu-
tion from L, X, and K points of the bulk Brillouin zone in
the broad structure near 3 THz and a sharper LA peak
just below 6 THz. A slight stiffening of both, by increas-
ing the A1As concentration, is also well reproduced. In
the optical region, however, the GaAs-like peak displays
a reversed-intensity trend from x =0.38 to 0.82 and the
gap between GaAs-like and AlAs-like optical modes
turns out to be smaller than the SC one. These effects are
originated by the fact that the multiple-scattering pertur-
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bation provided by the ATA in the region of maximum
disorder, hardly manages to provide a two-mode behav-
ior out of the VCA unperturbed crystal, where no gap is
present between GaAs-like and A1As-like modes (this is
particularly true for the GaAs-like resonance). A useful
comparison can be made with the normalized superposi-
tion of pure GaAs and pure A1As BCM phonon densities
[Fig. 1(c)]. In such a very crude approximation (the pev
sistent featuves scheme of Ref. 10) we note that the opti-
cal gap (two-mode behavior) is quite well reproduced, al-
though a doubling of the main structures is present and
the acoustic part is only poorly reproduced. Generally
speaking, the superposition of the bulk DOS's is very
similar to the SC calculations in the optical region. Still
we note the effects of the alloy configuration in the pres-
ence of (i) a low-frequency shoulder in the GaAs-like
peak; (ii) the filling of the dip in the A1As-like structure.
The same alloy modes have been found by Kobayashi,
Dow, and O'Reilly' by a recursion-method technique
that allows for a detailed attribution of spectral features
to vibrations of specific cluster environments. According
to Ref. 10 we identify the following alloy modes: (i) the
low-frequency shoulder of GaAs peaks [see Fig. 1(b)] as
due to vibrations of Ga atoms surrounded by Al atoms as
second nearest neighbors and vibrations of central As
atoms with Al atoms as first nearest neighbors; (ii) the
filling of the dip in the AlAs-like peak as due to vibra-
tions of Al atoms with Ga atoms as second nearest neigh-
bors.

The DOS collects contributions from the whole Bril-
louin zone, so that the dispersion (and linewidth) of the
modes affects quite heavily the resulting spectra. There-
fore we expect that the susceptibility and the dielectric
function at zone center (q=0) should display minor
differences in the optical region between ATA and SC re-
sults. This is actually seen in Fig. 2, where a comparison
of the ATA versus SC for the Imp function is displayed.
Choosing SC spectra as a benchmark calculation [Fig.
2(b)], we see that the ATA results [Fig. 2(a)] give a good
description of the DATA and DALA structures at low
frequency (here magnified 100 times). Their line shape is
rather similar to the acoustic part of the phonon density
of states [see Figs. 1(a) and 1(b)]: Disorder in the
efFective charges (here included) strongly contribute to
enhance the intensity of the q&0 peaks (up to 300%%uo).

Even the interchange in intensity of the two peaks around
3 THz [TA(X) and TA(X)] is well reproduced when the
Al concentration ranges in the interval 0.38&x &0.82.
In the optical side the frequency position of the peaks is
now in good agreement even if the intensity and the
linewidth of the GaAs-like peak is still poorly described
by ATA. In particular, we note that the GaAs-like peaks
of Fig. 2(b) (SC) do display a low-frequency shoulder by
activation of q&0 TO modes for maximum disorder con-
centration (x =0.52). These features are masked in the
ATA approach by the spurious broadening originated by
VCA. As already mentioned, the configurational aver-
ages performed in the SC calculation are not able to en-
tirely eliminate the statistical Auctuations, still present all
throughout the spectra: These minor kinks, however,
may contain some intrinsic feature, as we will see in the

2.5 Al Ga As

0

0
x = 1.00

x100 I x1

6.53
q

0

0

0

0

0

x = 0.
p 14.79

x = 0.0

0
0 6 9

Frequency ( THz )

12

0

Al Ga, As

x100I xl
7.25

x=o

6 9
Frequency ( THz )

12

FIG. 2. (a) Function Imp (co) calculated by ATA for the
same Al concentrations of Fig. 1(a). The spectrum has been
magnified by a factor of 100 for frequencies less than 6.3 THz.
The absolute intensity of the truncated optical peaks has been
explicitly indicated. We report, also, the scale for the vertical
axis in the top left corner of the picture. (b) Function Imp (~)
calculated by a supercell of 480 atoms, in the 50%%uo concentra-
tion range. For each concentration the average has been evalu-
ated over six diA'erent configurations. The spectrum has been
magnified by a factor of 100 for frequencies less than 6.3 THz.
The absolute intensity of the truncated optical peaks has been
explicitly indicated.
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A1As-like peak, in particular, does display the correct
shift in frequency with concentration and both ATA and
SC results do agree with experimental results within a
few percent.

In our calculation of —Im(l/e„) the appearance of
disorder-activated TO modes is not so evident as in the
Raman measurements ': They are barely visible in the
SC case and an expansion by 100 times would be neces-
sary, as in the DALA and DATA case. However, an in-
teresting persistent feature is seen in Fig. 3(b), just below
the LO A1As peak. This peak is present for all the
configurations on which we have made the average and
since it is more evident for smaller Al concentration (and
not present in the ATA calculation), we interpret it as
due to the cluster of Ga second neighbors around an Al
impurity, according to Kobayashi, Dow, and O'Reilly. '

Moreover its frequency position is somehow midway be-
tween the TO band and the LO A1As peak. Calculation
of Raman intensities will hardly attribute the origin of
such a feature.

One more comment should be added with regard to the
fairly good description of the trend in the frequency shift
of both TO and LO peaks (either in the case of GaAs and
AlAs). Our results satisfactorily agree with the experi-
ments ' even in predicting the nearly linear dependence
of LO GaAs-like and TO A1As-like peaks, in contrast to
the nonlinear dependence of TO GaAs-like and LO
A1As-like ones. They indicate that the dynamical model
and the ATA scheme correctly take into account the
correlations among defects. In fact, the physical origin of
the shift (toward higher frequencies) of the optical peaks,
when the concentration of defects increases, relies in the
strengthening of the dynamical correlation among
difterent defect sites. As expected, the LO-TO splitting
increases from the low-concentration limit to the pure
compound. This can be easily understood noting that the
larger the number of correlated defects, the larger is the
macroscopic electric field. The discrepancies between
theoretical and experimental positions of the peaks are al-
ways smaller than 5%, with a systematical theoretical un-
derestimation. This misfit is mainly due to the dynamics.
As a matter of fact, an error of about 5% is present also
in the evaluation of the single-impurity localized modes:
The calculated defect mode of Al in Alp p~Gap 99As and of
Ga in A1Q 99GaQ p]As are, respectively, 7.3 and 10.0 THz
against the experimental values of 7.7 and 10.7 THz. '

Since in the single-impurity limit the ATA approxima-
tion is exact, the discrepancy has to be attributed to a
failure of the isotopic approximation (MD) and the BCM.

In Fig. 4 we display the refiectivity of the Al„Ga, As
system: Here both longitudinal and transverse modes
contribute to the total spectrum through the real and
imaginary part of the refractive index [see Eq. (14)]. The
ATA results [Fig. 4(a)] well agree with the experimental
data of Ref. 8 even if the intensity of the GaAs-like peak
is somehow underestimated with respect to the A1As-like
one. This is not due to the approximation for the
effective charges. We proved that by calculating the
reAectivity spectra with the charge of metallic ions set
equal to ZG, for all lattice sites: The results show that
the GaAs-like peak is only poorly affected, remaining un-
derestimated by a factor of about 10%. The same result
holds for the AlAs-like structure [in this case we put
Z (I 1 ) =Z&&]. Our conclusion is that the disagreement is
implicit in the ATA, which over(under)-estimates the
damping produced by the disorder in the GaAs(A1As)
band: In fact, as previously mentioned, within the ATA
the localization occurring outside the frequency spectrum
of the reference crystal has a plane-wave character. Fi-
nally, we remark that at x =0.54 concentration a double
structure appears in the calculated ATA GaAs-like band,
having no counterpart in the experimental spectra. Fig-
ure 4(b) clearly shows that all the ATA drawbacks are
overcome by the supercell calculation that turns out to be
in very good agreement with experiments, especially with
the more accurate measurement by Kim and Spitzer.

In conclusion, the ATA approach is demonstrated to
be a sufficiently reliable technique for the investigation of
the most important features in disordered materials
(disorder-activated bands and frequency positions of the
reststrahlen peaks). In regards to the intensities in the
50%%uo concentration range and any cluster contribution to
the optical activity, it is not adequate. Therefore a suit-
able strategy for more complicated systems, such as the
mixed crystal superlattice which are studied in the fol-
lowing paper (II), will be to use ATA for the interpreta-
tion of the main trends occurring by changing composi-
tion and superperiodicity, and to perform more time-
consuming SC calculations only in particularly interest-
ing configurations.
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