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A simplified Green’s-function treatment is reported to explain the recent Raman scattering
experiments in solid solutions with the zinc-blende structure. By incorporating phonons from
an eleven-parameter rigid-ion model (RIM11) fitted-neutron (GaAs, GaSb), and optical (AlAs)
data, we have studied the vibrations of low concentration of point defects in mixed
Ga;_,Al,As(Sb) crystals. In the absence of precise experimental results, the present
phenomenological method will be useful to predict the impurity-induced structure in different
Raman-active irreducible representations by assuming derivatives of the polarizability tensor as
free parameters. Explicit calculations are reported for Ga As:Al, 4/ As:Ga, and GaSb:Al sys-
tems. A reasonable explanation for the impurity modes and the Raman structure (wherever
available) by a single perturbation parameter lend justification to the reliability of phonons by
RIMI11. This method may be significant for checking the internal coherence of those lattice-
dynamical schemes which claim a good fit to the neutron data but suffer from internal incon-
sistencies. The force variation results for impurities obtained from a modified random-
element-isodisplacement model fitted to the optical data (two-mode behavior) are compared and
discussed with the full lattice-dynamical calculations.
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I. INTRODUCTION

In ionic solids, most of the harmonic theories
developed in the last decade are remarkable because
of their simplicity and moreover they provide good
tests of their validity in explaining séveral phonon-
assisted properties.'"¢ However, in partially ionic
zinc-blende-type crystals, some of the existing
lattice-dynamical models are not consistent despite
their claim for good fit to the neutron data of phonon
dispersions along high-symmetry directions. In order
to find a reliable shell model (SM) scheme, Kunc
and Bilz’ have recently performed numerous comput-
er experiments considering all its (SM’s) seventeen
ramifications: the analysis of optical experiments in
different zinc-blende systems (ZBS) led them to be-
lieve that a ten-parameter overlap valence-shell
model (OVSM10) is better than the most commonly
employed fourteen-parameter shell model (SM14) 3
Another important outcome of their findings was that
the SM 14 is not suitable for its nonlinear extension
to understand the phonon-assisted Raman scattering
spectra.” The basic point that compels recognition to
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a lattice-dynamical scheme demands simultaneously
correct eigenvalues and eigenfunctions.! Inelastic
neutron scattering experiments are capable of obtain-
ing both the phonon frequencies and the eigenfunc-
tions; however, the latter are usually not measured
merely to curtail considerable extra effort and valu-
able experimental time. In the absence of eigenfunc-
tion data, the reliability of calculated phonons can be
checked using alternative methods.

Among others, the most important way to ap-
proach the subject is to understand the phonon-
assisted impurity-induced optical experiments.'0~!s
The new modes (gap or localized) and the spectra in
the band-mode region offer a unique opportunity to
study the lattice dynamics of perfect and imperfect
crystals by the Green’s-function technique. Such cal-
culations will be useful to check the internal coher-
ence of eigenvalues and eigenfunctions in the crystal
lattices.

Quite recently, impurity-induced Raman scattering
experiments have been reported in mixed
[Ga,_,AlAs (Refs. 16—18) and Ga,_,Al,Sb (Refs.
19'and 20)] systems. The observed changes in the
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Raman structures with the composition x have sug-
gested that these solid solutions exhibit two-mode
behavior [i.e., the optical phonons of GaAs(Sb) and
AlAs(Sb) vary linearly with the composition of Al or
Ga and finally result in well-defined impurity modes
for their limiting concentrations]. The Al (light) im-
purities for x =0 in Ga As(Sb) give rise to localized
vibrational modes whereas for x =1 the Ga impuri-
ties in 4/ As(Sb) provide gap modes. Furthermore,
the lattice phonon results from inelastic neutron
scattering techniques [GaAs, GaSb (Refs. 21 and
22)1 as well as optical experiments [AlAs (Ref. 23)]
have also appeared in the literature.

For Raman scattering, the only phenomenological
approach to our knowledge in which the differential
polarizabilities are organically built into the lattice-
dynamical model, is the nonlinear extension of the
SM.2=27 However, in ionic crystals, the existing cal-
culations with a reasonable fit to the Raman intensity
data require polarizability values which are not always
realistic.2*=?" Moreover, Kunc and Bilz” have pointed
out that the nonlinear extension of the commonly
used SM14 (Ref. 8) in ZBS is not possible. It is
worth mentioning that the SM14 (Ref. 8) fitted neu-
tron data also fail to explain the simultaneously ob-
served two-impurity modes (localized and gap) by a
single defect in gallium phosphide.?® The use of clus-
ter models in the vibrational properties of mixed sys-
tems is again not very encouraging as it predicts a
number of modes more than actually observed in op-
tical experiments.’>3® On the other hand, the rigid-
ion-model (RIM) calculations have provided a very
good explanation for the two or even more impurity~
effects related with a single impurity by a single per-
turbation parameter in several ZBS.3!=3¢

From these remarks, it is apparent that a safer
starting point to gain physical insight from phonon-
assisted Raman scattering data is to use a simplified
lattice-dynamical model. In the present paper we
have studied the lattice dynamics of perfect and/or
imperfect zinc-blende-type crystals using the
Green’s-function technique and incorporating an
eleven-parameter rigid-ion model (RIM11). Without
imposing additional constraints in the Green’s-
function theory of impurity-induced Raman scatter-
ing, the motive of the present work is to find wheth-
er or not the same perturbation parameters extracted
from the impurity-mode calculations' provide some
correspondence to the spectra observed in the band-
mode region.'® This approach will be useful for
checking the internal coherence of lattice-dynamical
schemes and here in application to RIM11. The cal-
culated impurity-induced Raman intensity and the
separate information of 4,-, E-, and F,-type impurity
host vibrations®® may encourage experimentalists to
undertake similar studies. The results of our calcula-
tions for the low concentration of impurities in the
Ga,_,Al,As system have provided very good
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correspondence to the recently reported experimental
data by Kim and Spitzer.'® In the absence of suffi-
cient Raman results in the band-mode region for the
GaSb:Al system, we have interpreted our calculations
in terms of the existing optical data.’*3” Moreover,
the positions of the calculated two-phonon density of
states for GaSb (both additive and subtractive) when
compared with the Raman experiments?®3¢37 has
provided additional justification to the accuracy of
phonons by RIM11. The concentration dependence
of long-wavelength optical phonons in
Ga;—,Al,As(Sb) systems have also been studied in
terms of the random-element-isodisplacement (REI)
model of Gorska and Nazarewicz.’® The results of
force variation due to point defects obtained from the
REI model are discussed with those obtained from
the full lattice-dynamical treatment.

The paper is organized into five sections. The
underlying physics for the impurity-induced Raman
scattering in polar crystals and here in application to
zinc-blende-type crystals is outlined in terms of
Green'’s-function formulation in Sec. II. Group-
theoretic arguments to simplify the problem are
given, especially to obtain the relevant expressions
for the components of individual impurity-induced
Raman scattering intensities in Sec. IIl. Numerical
computations are made and the results for the
lattice 'dynamics in perfect and/or imperfect
Ga|—_,Al,As(Sb) systems have been compared and
discussed with the existing experimental data in Sec.
IV with the concluding remarks presented in Sec. V.

II. GREEN’S-FUNCTION REPRESENTATION
OF LATTICE DYNAMICS

A. Perfect crystals

A comprehensive account of the dynamical proper-
ties of crystal lattices has been discussed in several
review articles,® monographs,>? and books."*?° In
most of the physical situations, the method of
Green’s functions has become fairly standard
although unnecessarily powerful and clumsy in some
applications but very elegant in its formal generality.
The Green’s-function representation of lattice
dynamics given here is general and is restricted to
some of the formal results needed for understanding
the impurity-induced Raman scattering spectra in
zinc-blende-type crystals.

. Following Maradudin et al., the classical Green’s
function for the vibrating system in matrix notation
is defined as

G(==5(1 , (1)

d2
M +
[— d,Z .(.é

where M, ¢, and G are, respectively, the mass, po-
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tential energy, and Green’s-function matrices and / is
a unit matrix.

If a set of basis vectors that corresponds to a unit
displacement along the o direction for the xth atom
in the /th unit cell is defined as |/ka) then it follows
that

(Ikal|l'k'B) =8”,8",8a5 . )

Also the displacement U for the atom /« along «
will be denoted as (/ka|W). The elements of the
Green’s function (/ke|G (1)|/'«'B) in Eq. (1)
represent the displacement of atom /k along a direc-
tion due to the force —8(r) on the atom /'«’ in the 8
direction.

The Fourier transform of G (1) may be easily seen
to satisfy

_Q"l(w)=_ﬁ_4w2"<_é , (3a)
or
[M'2G(0)M'*"'=10?*~D , (3b)

where D = M~"2¢ M~/ is called the dynamical ma-
trix. -

The complexity of Egs. (3a) and (3b) for evaluat-
ing G (w) requires a transformation of (/ka|%) to a
representation that diagonalizes Eq. (3a). From the
elementary theory of lattice dynamics, the required
transformation for periodic lattices is

([Kalﬁj)=N“l/26’:(K|ﬁj)eXP[—ifﬁ((IK)] R (4)

where @ forms a set of N wave vectors in the first
Brillouin zone, j is the polarization index (1 <j <3/,
where r is the number of atoms in the unit cell),

X (/k) is the equilibrium position vector of atom /«,
and e, (x|G/) form the components of the polariza-
tion vector for the mode (G,) which are orthonormal

Sied (elTeaeldi) =5, . (52)

aK

and complete
-— * ’ Y __
?ea(Klq,/)eﬁ («'1G)) =8agd, /- (5b)

If the transformation [Eq. (4)] is used it yields
(@G ()T =lo? =X (@NIs 8, . (6)
where w(G/) is the phonon frequency of the mode
(G)).

The component form of the perfect lattice Green’s

function in the site representation can be obtained
from Egs. (4) and (6)

(lka|G () |I'k'B)

=H/I_A/I—l—_)‘/TN— zé’a(Km,i)e;(K'm./)
kY Jjk

x (qj1G (o) |d))
x expligIR (/) =X (']}
(7

The above Green’s-function treatment is useful
not only for expressing many of the vibrational prop-
erties of perfect crystalline solids but also for imper-
fect systems too.

B. Impurity-induced Raman scattering spectra in solids

The effect of impurities in polar cyrstals is to
change the dependence of the electronic polarizability
P with the atomic displacements. The polarizability
may couple with the incident radiation £ and can give
rise to the nature of impurity-induced Raman scatter-
ing. Following Born and Huang,’® the scattering in-
tensity for an imperfect crystal may be expressed as
o

o 3 nuuu,EBEﬁ, iaﬂa,p,(Aw) , (8)
ap

10
ap

I wg) =

2

where n, is the @ component of a unit polarization
vector parallel to the scattered light, £4 is the 8 com-
ponent of the incident field, w; and w,(=w; + Aw)
are the frequencies of the incident and scattered light.
In the Green’s-function matrix notation, the tensor
i(w) for the first-order impurity-induced Raman
scattering process is

, I3 apaﬁ
’ l( )= - (
Iaﬁaﬁ @ p1r E" w)aul‘m
'

- P

xIm{lkplU (o) l'k'v LA

Uy

kv

9)
where

n(w) = [1—exp(=x)]"!", @ >0, Stokes process
[exp(x) —1]7'", @ <0, anti-Stokes process
. Fw
with x = ——
kgT
and p is the concentration of impurities.
The imperfect Green’s function U (w) in Eq. (9) is
related to G (w) and the perturbation matrix 8L (w)
by the well-known Dyson’s equation as

Ulw)=G(0)l-8L(0)G(w)]!
=[1-G(0)sL(0)]'G(w) . (10)

Furthermore, the first-order derivative of the po-
larizability (8P/9u) tensor, which governs the excita-
tion or deexcitation of the one-phonon Raman pro-
cess in the expansion
Py
Pag=P3p +3, o

Iy Iy

(eyld) + - - - an

has been retained in Eq. (9) as PSB is zero in cubic
crystals.
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III. GROUP-THEORETIC ANALYSIS 2. -
25c e
In the case of low concentration of isoelectronic- 3 é 8 '_‘\_‘
point defects in ZBS, the effect of impurities can be 2o § Hy
assumed to be significant only up to their first- - g < ;f
nearest neighbors. With this assumption and using = E L
group-theoretic arguments, the problem of impurity ;‘S:,é E b Lo
vibrations becomes easily tractable. Since the dis- o i = +|l
placement coordinates of the first-nearest neighbors o s %
form a basis for a reducible representation, it is con- g 8 & +||
venient to work in the (/ka|T;) representation of the & § 2 )
normalized symmetry coordinates pertaining to the ﬁ El 9—’ ~jn
point group 7,. Here I is each one of the irreducible £ % .g
representations contained in the perturbation and i £ “7 = o
refers to the ith partner function of I'. Furthermore, 592 5;
only those irreducible representations are said to be E = i . 1
Raman active in which the tetrahedral molecule (e.g., = '% s e
GaAs,) related with the nearest-neighbor coordinates = b -
in the GaAs lattice (for example) suffer internal dis- Bl S N
tortions while those in which the molecule moves as £ § e
a rigid unit will be Raman inactive.*° 2 :% g -
If the derivatives of the polarizability tensor, which § 5] § +ljg
are very-little-known quantities vanishing in terms of 23 5 +
harmonic approximation are considered as free 5% @ i~
parameters, the scattering tensor for each of the E g & <
Raman-active (4, E, and F,) irreducible representa- .2 g 2 f He,
tions can be calculated for point defects in zinc- 2 L = =]
blende-type crystals as [using Egs. (8) and (9)] 2 § g +||
— o0 > ;—
o :
1(4,)=C (An)lm<F4,|Q|FA> , o &7
1 52 +,
RN ]
1(E)=CXE)Im(T'g|UITg) , 3 g e
and : £ S +I§C°
Z £ @ T
[T o)
1(F2);CZ(F';)Im(nglz_flng) z : g o
E5 e +
+2C(F§)C(F§) Im(T,|UIT ) <22 | i
2 2 25 ¢ +
+C2(F3)Im(I‘F12,|Q|FFg) , (12) E g g +(Ii?
[0
where C(4,), C(E), ..., etc., are the unknown £ 2 f__‘ &
parameters related with the derivative of the polariza- s 2 2 J,Tw
bility to the atomic displacements. For each of the g 3 ‘:—3. &
A,- and E -type vibrations, C (4,) and C (E) create 5 2 : :
absolutely no problem as they will merely scale the g § :6’ &?
intensity curves. For F,-type vibrations the constant 2 S5 . |
C (F%) is related with the relative' movements of ca- SoCEl Tt
tion and anion along the threefold axis where as S = S=E|= ¥
C (F%) is related with stretching and compression § £ -é’ £ o
along the same direction in the case of a fixed center. 7 = 3 a N
In the absence of precise experimental results, one T % = E iy
may also treat C (F$)/C (F}) as a free parameter. g : g 2. |
The relevant forms of the Green’s-function G, and s S %
the perturbation matrix 8L belonging to various mtex B E
Raman-active irreducible representations have been a‘,j £ E 3 -
given in Table I. S| S

)
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TABLE II. Calculated force variation due to point defects in Ga-Al compounds.

Relative
Localized/or gap force variation
System mode (cm™") P® b
Ga As:Al 359¢ 0.18 0.098
Al As:Ga 252¢ 0.23 —0.11
GaSb:Al 3154 —0.15 0.109
AISb:Ga =2]2¢ ce —-0.122

4Present study.
bREI model (from Table 111).

IV. NUMERICAL COMPUTATIONS, RESULTS
AND DISCUSSIONS

A. Impurity-induced first-order Raman scattering

It has been pointed out that the use of RIM for
calculating the Raman scattering intensities is not
adequate because of the neglect of polarizability of
ions. However, if the derivatives of the polarizability
tensor are considered as unknown parameters, the
nature of impurity-induced Raman scattering intensi-
ties can be understood. This approach is similar to
that described and used in the literature for point de-
fects in alkali*' and cesium halides.*?

The lattice phonons (eigenvalues and eigenfunc-
tions) and thereby the relevant lattice Green’s func-
tions are computed using RIM11 (Ref. 43) by fitting
the available neutron scattering [GaAs (Ref. 21) and
GaSb (Ref. 22)] and optical [AlAs (Ref. 23)] data.
A simplified perturbation model,’? that accounts for
the change of the nearest-neighbor coupling constant
as well as the mass change at the impurity site, is
considered to extract information regarding the force
variations incurred in Ga As(Sb):Al and 4/ As:Ga
systems (see Table II). Using these parameters to-
gether with Eq. (12), the Raman structures for dif-
ferent impurity-host vibrations are calculated. In or-
der to have some correspondence with the experi-
mental structure, we have plotted the imaginary part
of the imperfect Green’s functions projected in the
spaces of Raman-active (A4, E, and F,) irreducible
representations.

Individual results

a. Ga\_ Al As system. The long-wavel®dngth optical
phonons in the Ga,_,Al,As system display two-mode
behavior, a property that has been studied in the past
few years both by ir (Ref. 44) and Raman spectros-
copy.'®'® More recently Kim and Spitzer'® have pro-
vided confirmation to the mode behavior and report-

‘Réference 18.
dReference 19.

ed additional Raman structures for the acoustical vi-
brations too. In the limiting values of x, the results
of Kim and Spitzer'® can be understood in terms of
our calculations. For the lowest value of x, the ex-

perimental structure has been displayed in Fig. 1(a)

and compared with the calculated individual Raman-
active components [cf. Fig. 1(b)]. A very good

[ Ga,_ Al As l
Expt |

z i (a)
3 DALA

| x =014 .
~
§ L + } —t =
> GoAs:Al b
e 1 Calc i
S
§ | il A .
£ i i i
S HIRY A
® iV

0 100 200 300
Mode frequency(cm™')

FIG. . Calculated Raman scattering intensity in Ga As:Al
system using the perturbation parameter as given in Table 1.
The curve (a) represents the experimental data by Kim and
Spitzer (Ref. 18) whereas in (b) we have plotted the indivi-
dual contributions of 4|, E, and F, type of representations
to the scattering intensity: A4 ;(——-), E(---+), F§( ).
and F4(———). The vertical arrows in the lower part arc a
guide to the eyc for a quick comparison of the experimental
structure with the caiculated one in the F4§ irreducible
representation.
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correspondence with the experimental results includ-
ing the defect-activated longitudinal-acoustic
(DALA) peak with the calculated structure in the

4-irreducible representation can be easily marked.

When the molar concentration of Al constituents is
increased (i.e., for x — 1), Tsu ef al.,'® have suggest-
ed a well-defined gap mode (=252 cm™) and a
DALA peak (=197 cm™') related with the vibration
of Ga impurities in the AlAs lattice by Raman spec-
troscopy. In Fig. 2(a) the sum of the Raman struc-
tures calculated for A/As:Ga in the (4, +E +F%) ir-
reducible representations is shown while in Fig. 2(b)
the individual components for the impurity-host vi-
brations are plotted. We find that the position of the
gap mode (=252 cm™!) lies exactly within the region
where the calculated one-phonon density of states
(=237-330 cm™') is zero and a peak near 197 cm™
also corresponds well with the experimental results of
Tsu et al. '®

b. Ga,_,Al.Sb system. The Raman experi-

AlAs:Ga 1
[ (a) DALA i |

Raman Intensity (arbitrary unit)

PRTI ERRE S

o # oL el A
0 100 200 300 400
Mode frequency(cm™')

FIG. 2. Calculated Raman structure in A/ As:Ga system
using the perturbation parameter as given in Table I. The
curve (a) represents the sum of structures in (4, +E +F§)
irreducible representations whereas in (b) the individual
contributions of 4,, E, and F, type of irreducible represen-
tations to the scattering intensity are plotted: 4 (—~*),
E(--), F§( ), and F§(——=). The vertical arrows
represent the positions of the DALA and gap modes as sug-
gested by Tsu er al. (Ref. 16).

ments'®?° performed in recent years for Ga,_,Al,Sb
system are mostly aimed to understand the optical-
mode behavior, consequently these experiments are
confined to the region near § =0. As two-mode
behavior is confirmed, the occurrence of localized
(GaSb:Al) and gap (4/Sb:Ga) modes has been well
established. Unfortunately, the impurity-induced Ra-
man data in the band-mode region is still lacking,
moreover there do not exist neutron scattering
results of phonon dispersions for AISb. We have
therefore predicted the structures for impurity-host
vibrations for the GaSb:Al system in Fig. 3. Since
the aluminium impurities in gallium antimonide are
not going to appreciably affect the band modes, then
all the features found in the calculated one-phonon
density of states will be reflected in the Raman struc-
ture too. In the absence of detailed experimental
results, especially the variation of LA (L) mode with
the impurity concentration (x) in Ga,_,AlLSb sys-
tem, it is not wise to unambiguously assign the struc-
ture near 148 cm™! as a DALA peak (see Fig. 4 too).
In order to compare the positions of various van
Hove singularities arising from a pair of phonons-in
GaSb we have also calculated the two-phonon addi-
tive and subtractive density of states (cf. Fig. 5). It is
fair to mention that in recent years, the calculated
one -phonon density of states with its frequency scale
expanded by a factor of rwo has been used to corre-
late the second-order Raman spectrum in various ele-

Raman Intensity (arbitrary unit)

120
Mode frequency (cm™')

FIG. 3. Same key as Fig. 2 but for the GaSb:Al system.
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FIG. 4. Calculated one-phonon density of states by
RIM11 for GaAs, AlAs, and GaSb systems. The existing
gap for AlAs and GaSb lie in the frequency regions
237—330 and 168—202 cm™!, respectively.
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5 2 ]
fol < X2 1
s | 5 << %
- o - - o
2 3 NP
K 1*—
s T | . 1 | i
£ ~ 1 2
* x i~ t
s | oz \UE L |
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Frequency in wave number

FIG. 5. Calculated two-phonon density of states (—— ad-
ditive) (—— subtractive) for GaSb in terms of RIM11. The
arrows marked correspond to the positions of the Raman
structure observed by Klein and Chang (Ref. 36) and Charfi
et al. (Ref. 37).

mental*** and compound semiconductors*~* [in-

cluding GaSb (Ref. 36)]. Since most of the combina-
tion bands le.g., TO+TA(X), LO+LA(X), etc.]
may contribute to the Raman spectrum, however,
one cannot find their correspondence in the scaled
one-phonon density of states. From Fig. 5, one may
note that the positions of the Raman structure®® ob-
served in experimental measurements (marked by ar-
rows) correspond very well with the calculated two-
phonon density of states. Furthermore, we have
made a tentative assignment of the additive and sub-
tractive peaks considering their characteristic tem-
perature dependence®® and using polarization selec-
tion rules® (cf. Fig. 5).

B. Optical phonons in mixed Ga;_, Al,As(Sb) systems

The behavior of long-wavelength optical phonons
in mixed crystals has been well interpreted in terms
of a random-element-isodisplacement model’' and its
various ramifications.’>~5* By including the concept
of effective electric field, Gorska and Nazarewicz®®
have made a precise modification in the REI method.
Using the same theory, we report here the results of
our calculations for the concentration dependence of
long-wavelength optical phonons in Ga,;_,Al,As(Sb)
systems (cf. Fig. 6) with the parameter values given

GaSb ALSb
350 T T T T

300 -
(a) Gaj_,ALSb

250 -1
T ol f : } }
L
>
Q
]
o 390 .
g
k] L& 4 +——4 4
s wb .

" :NHR
240 ! | 1 1

0 02 04 06 08 10
GaAs b AlAs

FIG. 6. The calculated fit of the concentration depen-
dence of the optical phonons in mixed Ga,;_,Al,Sb and
Ga;_, Al As systems using the random-element-
isodisplacement model of Gorska and Nazarewicz (Ref. 38).
The experimental points (%) are taken from Biryulin er al.
(Ref. 19) for Ga;_,Al,Sb and from Kim and Spitzer (Ref.
18) for Ga;_, Al As, respectively.
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TABLE IIl. Values of the parameters used in the REI model of Gorska and Nazarewicz (Ref.
38) for fitting the concentration dependence of the optical modes of Ga,Al;_,As(Sb) systems
(see Fig. 6). A,B|_,C with 4 =Ga, B =AIl C =As(Sb).

Parameters Ga Alj_ As? Ga, Al;_,Sb®
AC"’LO”‘) 292 cm" 241 cm"

AC“TO(r) 268 cm" 226 cm"

Wl 359 cm™! =307 cm™', 316 em™!
AC, 109 14.4

BCy, 1) 404 cm™! 340 cm™!

BCy ) 362 cm™! 319 em™!

Ogap 252 cm™! =212 cm™!

BC, 8.5 10.2

FACO 0.204x 10 dyncm™—'¢ 0.166x 106 dyncm™!¢
FBCO 0.184x 106 dyncm™!¢ 0.148x 10 dynem™!¢
'FABO 0.56x 10° dyncm™!'¢ 0.19% 10° dyncm™!¢
efc 0.51e¢ 0.365¢¢

esc 0.64¢¢ 0.476e¢

0 0.13¢ 0.10¢

4Reference 18.

in Table III.
For mixed 4,B,_,C crystals, the force constants

FACO (FBCO) in REI represent the nearest-
neighbor interactions for 4C (BC) crystals. In the
limiting values of x, the trends of force variations
due to impurities B(A4) in AC (BC) can be approxi-
mately calculated and the results are included in
Table II.

Before analyzing the trends of force variations it is
necessary to point out that in REI'model: (a) the
three force constants (FACO, FBCO, and FABO)
have the same compositional dependence, such that

FaBx = FaBO(1—6x) , 13)

with a, 8=A4, B, or C, and 8 is a constant; (b) all the
atoms of a given species vibrate in phase with identi-
cal amplitudes; and (¢) the vibrational-mode frequen-
cies due to isolated impurities B (or 4) in AC (BC)
are related by

0} (AC:B) = (FABO + FBCO)/Mj, (14)
and
wkp(BC:4) = (FABO +FACO)/M, , (15)

where Mg and M, are the masses of impurity atoms
B and A, respectively.

The above expressions for the local- and gap-mode
frequencies involve only the masses of the vibrating
impurities while the host lattice atoms are supposed
to be frozen. This situation is hardly realistic as the

bReference 19.

‘Present study.

impurity modes do depend on the atomic vibrations
of both the impurity and host lattice atoms. In the
case of a gap mode, for example, the atom 4 (impur-
ity) and C (host) vibrate in opposite phase® and thus
the neglect of the vibrations of the host lattice atoms
reflects a basic shortcoming of the REI model. Since
the mobile mass involved in the actual movements is
not well estimated but, moreover, is compensated by
taking arbitrary values of the nearest- and next-
nearest-neighbor force constants, then the discrepan-
cy in the force variations with respect to the full
lattice-dynamical treatment is not surprising. Consid-
ering these comments, we feel that further work is
needed to make the simplified REI model more real-
istic.

V. GENERAL REMARKS AND CONCLUSIONS

As the atoms in real solids interact with each other
by varied and complex forces, they provide us the
opportunities to develop lattice-dynamical schemes in
various ways by defining the force field, and, more-
over, by the art of approximations. However, it is not
simple to assess the internal coherence of a number
of such calculations which claim a good fit to the
neutron data (of phonon dispersions) but suffer from
several internal inconsistencies. In this respect a re-
cently reported lattice-dynamical calculation in vari-
ous ZBS crystals by Kushwaha and Kushwaha®’® is
worth mentioning: the authors have proposed a
phenomenological scheme amenable to the calcula-
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tions by adding three bond-bending forces in the
five-parameter RIM (BBFM8). What is important in
the present context is the contrast in their results of
the density of phonons with the existing calcula-
tions.*> Although they have found excellent fit with
the neutron data of phonon dispersions along high-
symmetry directions, the nonzero density of phonons
in the vibrational spectra for ZnS (as they have
claimed for), GaP, and InP (a small gap) is mislead-
ing.

In diatomic crystals where the masses of the two
atoms are significantly different, Maradudin® has ex-
plained the conditions for the occurrence of zero den-
sity of phonons, and this is equally supported by vari-
ous optical experiments.!®'* In view of this simple
argument, the model by Kushwaha and Kushwaha®’
suffers from a serious drawback and cannot be useful
for understanding the simultaneous occurrence of lo-
calized and gap modes in ZBS crystals (e.g., ZnS:Be).
It was mentioned earlier that, Kim and Yip?® were
also unsuccessful in explaining the two impurity
modes in GaP by SM14. The inconsistencies of the
phonon energies (and/or eigenfunctions) in the cal-
culations of BBFM8 and SM14 can be attributed to
the description of phenomenological parameters and,
moreover, the methods adopted in their numerical
evaluations. For further discussion, we refer to an
earlier paper** and references cited therein.

Although the polarizability of ions is not included
in RIM, the success for understanding two or even

more impurity modes associated with a single impuri-
ty by a single perturbation parameter provides sup-
port at least of the accuracy of phonons.’'—3* Now
the satisfactory description of impurity-assisted Ra-
man structure in the band-mode region using a single
perturbation parameter (in Ga As:Al and A/ As:Ga
systems) and a reasonable comparison with the addi-
tive and subtractive phonon-energy values for GaSb
lend additional justification to the reliability of lattice
vibrations by RIM11. We are planning to exam-

ine the question whether the simplified RIM or a
more physically plausible ramification of shell model
(OVSM10) will provide better understanding to the
vibrational properties of perfect and/or imperfect
zinc-blende-type crystals.
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