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Theory of long-wavelength optical lattice vibrations in multinary mixed crystals:
Application to group-III nitride alloys
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The optical lattice vibrations in multinary mixed crystals are investigated in the long-wavelength limit based
on the pseudo-unit-cell approach and the Born-Huang procedure. A general equation for calculating the optical
phonon frequencies in multinary mixed crystals is presented. The analytical expressions of phonon oscillator
strength and dielectric constants of the multinary mixed crystal are obtained as functions of the phonon
frequencies. The composition dependence of the oscillator strength shows clearly the phonon-mode behavior of
the mixed crystals. As an application of our theory, a group of III-nitride mixed crystals is taken into numerical
calculation. The concentration dependences of optical-phonon energy, lattice oscillator strength, and dielectric
constants of the crystals are calculated in the whole compound range. It is found that the quaternary
Al yInxGa12x2yN mixed crystal shows a two-mode behavior.
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I. INTRODUCTION

In recent years, much attention has been focused
group-III nitride mixed crystals since the success of h
efficient green/blue InGaN/GaN light-emitting diode
~LED’s! and laser diodes~LD’s! by Nakamura.1 Recent de-
velopments in metal-organic chemical vapor deposition
molecular-beam-epitaxy technologies have made poss
the fabrication of heterostructures from ternary and qua
nary group-III nitride mixed crystals.2–4 It has been shown in
experiments that the group-III nitrides are polar semicond
tors with direct band gap over the range of 2.0 eV~InN! to
3.5 eV ~GaN! to 6.2 eV~AlN ! in a wide range of the com
position. The ternary and quaternary, and even multin
III-nitride mixed crystals offer more flexible choices for co
secutive layers in heterostructures and quantum wells w
desirable lattice constants and band offsets, which make
important potential application of III-nitrides in LED’s an
LD’s with wavelengths from red to deep ultraviolet.

Although nitride-based LED’s and LD’s have been co
mercially available since 1993, many problems remain
known to date. It is found in experiments that the optic
properties of the III-nitride compounds are very complex a
cannot be explained by usual properties of bulk cryst
Some authors have proposed that some kinds of self-for
nanostructures may exist in the III-nitride films due to t
inherent property, immiscibility and phase separation, of
III-nitride compounds.5–8 However, there rises a problem
that, among the very complex phenomena of the III-nitrid
films measured in experiments, which of these arise from
inherent property of mixed crystals and which from the pro
erty of the disordered quantum-confinement systems. The
lutions depend on the developments of the theory of mi
crystals and the theory of disordered low-dimensional s
tems, and also, further more experimental works.

The optical properties of the ternary mixed crystals ha
been studied intensively by many authors.9–16 Many theoret-
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ical methods and approaches have been well established
developed. The main features of ternary mixed crystals
known theoretically in a certain sense. On the other hand,
theoretical study of quaternary and multinary mixed cryst
has only attracted limited attention because these kind
compounds are very complex. In the past years, only a
papers concerning this issuer were published. Guptaet al.
calculated the optical phonon frequencies
CdTe12x2ySexSy quaternary mixed crystals by means of
concentration-dependent model.17 Eunsoonet al. studied the
optical properties of some II-VI quaternary compounds, su
as, Cd12x2yZnxMnyTe18 and Cd12x2yMgxMnyTe,19 in terms
of the modified random element isodisplacement~MREI!
model. The equations of motion for the anion and catio
were given out and the optical-phonon frequencies were
culated numerically. A schematic diagram showing the zo
center optical phonon frequencies in the mixed crystals a
function of x-y was presented. It was shown th
Cd12x2yZnxMnyTe and Cd12x2yMgxMnyTe mixed crystals
exhibit a classic three-mode behavior, and the MREI mo
provides a fairly good agreement with experiments.

Very recently, the successful application of group-III n
trides in optoelectronic devices prompted us to perform
detailed theoretical analysis on the optical properties of
group-III nitrides. We extended our previous theoretic
works on ternary mixed crystals14,15to multinary mixed crys-
tals, and found with pleasure that we can treat the proble
generally by using a simple method. The optical-phonon f
quencies of a multinary mixed crystal can be calculated
rectly by using a matrix method. The oscillator strength
every phonon mode and the dielectric constants of the cry
can be given analytically as a function of the phonon f
quencies. The phonon-mode behavior of the mixed cry
can be seen directly from the concentration dependenc
the oscillator strength. By using this generalized theory,
have investigated the properties of group-III nitride terna
and quaternary compounds in a unitary theoretical fram
©2002 The American Physical Society27-1
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work. Some interesting results have been found.
The extension of the mixed crystal theory to multina

crystals seems very worthwhile because it can give fun
mental insight into the physics of the multinary compoun
It provides a powerful tool for analyzing the physical ph
nomena of compounds. In the present paper, we would
to introduce our improved mixed crystal theory, and also
application of the theory. The paper will be organized
follows: In Sec. II we present the theory of long-waveleng
optical lattice vibrations in multinary mixed crystals. An a
plication of the theory to group-III nitride compounds
shown in Sec. III. The main purpose of the application is
predicate the optical properties of AlyInxGa12x2yN quater-
nary mixed crystal as functions of the compositions. In or
to give a good understanding of the quaternary mixed c
tal, three correlated ternary mixed crystals, AlxGa12xN,
Al xIn12xN, and InxGa12xN, are also calculated in the sam
theoretical framework for comparison. The conclusions
drawn in Sec. IV.

II. GENERAL THEORY OF MULTINARY MIXED
CRYSTALS

The multinary mixed polar crystals have been divided in
three classes:20 ~1! purely anionic solutions, such a
AIIIB12x2y

V Cx
VDy

V ; ~2! purely cationic solutions, such a
A12x2y

III Bx
IIICy

IIIDV; and~3! both anions and cations are mixe
such as,A12x

III Bx
IIIC12y

V Dy
V . All of the mixed crystals consid-

ered here are assumed to be substitutional mixed cry
with completely miscibility. In the present work, we take th
first two classes into consideration within a general theo
ical frame. The third class is somewhat different and will
studied elsewhere.

A. Theoretical model

Among various theoretical approaches used to study
optical properties of mixed crystals, the MREI model pr
posed by Chang and Mitra9,11 is the most successful one. Th
main advantage of this model is not only simple enough
application, but also that it can give theoretical predicatio
in good agreement with experiments. Therefore this mo
has been believed reliable and has been used extens
Recently, Grille, Schnittler, and Bechstedt16 published a de-
tailed study on the phonons in ternary group-III nitride all
with a generalized MREI model. By taking the lattice stru
ture into consideration, their model can be used to desc
various phonon modes in arbitrary crystal structures. T
pseudo-unit-cell~PUC! model, also proposed by Chang an
Mitra,10,11 is another good theoretical model. This mod
simplifies greatly the concept of the many-body and rand
problem of the mixed crystals, and also has the advan
that the Hamiltonian of the mixed system can be obtain
directly. The MREI model can be regard as a special cas
the PUC model at the long-wavelength limit.

Using the PUC model, we have studied successfully
electron-phonon interaction in ternary mixed crystals
long-wavelength limit.14,15 In our previous papers, we hav
explained in detail why the optical lattice vibration of mixe
07532
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crystals can be described fairly well by the PUC model.
the present work, we begin our study from the PUC mo
directly.

We consider a multinary mixed polar crystal in form
Ax0

Bx1
Cx2

•••Xxn
with

x051 and (
i 51

n

xi51, ~2.1!

wherei 50,1,2,•••,n (n>2), represents ionsA, B, C, . . . ,
respectively.xi is the molar fraction of thei th ion in the
mixed crystal. TheA ion is an anion andB, C, . . . ions are
cations, or vice versa. The lattice of the mixed crystal co
sists of two sublattices. TheA ion is placed in one sublattice
solely, andB, C, . . . ions with same polarity are distribute
randomly in other one sublattice. The nearest neighbors o
A ion are alwaysB, C, . . . ions. The probability of finding a
B ion as a nearest neighbor of anA ion is equal to the con-
centrationx1, and so on for other ions.

In the PUC model, the effective unit cell of the mixe
polar crystal consists of two ions with opposite polarity.
the present work, one of the ions is anA ion, and the other is
assumed to be a pseudoion which is like an aggregate oB,
C, . . . ions weighted with their molar fractions. Therefor
one can understand that the multinary mixed crystals con
ered here is essentially a pseudo-binary crystal.

On the assumption mentioned above, the dynamic ene
of the cell can be written in the form of

T5
1

2 (
i 50

n

ximi u ṙ i u2, ~2.2!

wheremi andr i are the mass and the displacement of thei th
ion, respectively.

The potential energy of the cell can be written in form

V5
1

2 (
i 51

n

xib i ur i2r0u22
1

2 (
i 51

n

xiei* ~r i2r0!•Eloc ,

~2.3!

whereb i andei* are the nearest-neighbor force constant a
effective charge of thei th ion corresponding to theA ion,
respectively.Eloc is the local electric field defined by th
well-known Lorentz equation

Eloc5E1
P

3e0
, ~2.4!

whereE is the macroscopic electric field,e0 the permittivity
of vacuum, andP the polarization field.P is represented by

P5(
i 51

n

xineei* ~r i2r0!1(
i 51

n

xineg iEloc , ~2.5!

wherene is the number of ion pairs per unit volume,g i ( i
51,2,3, . . . ) is theelectronic polarizability of the pairs o
the i th ion and theA ion.

We can introduce the center-of-mass coordinateR and
relative coordinateu by
7-2
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M5(
i 50

n

ximi , ~2.6!

R5
1

M (
i 50

n

ximir i , ~2.7!

ui5r i2r0 , ~ i 51,2,3, . . . ,n!; ~2.8!

then the expressions ofT, V, andP are reduced to

T5
1

2
M uṘu21

1

2 (
i 51

n

ximi uu̇i u22
1

2M F(
i 51

n

ximi u̇i G2

,

~2.9!

V5
1

2 (
i 51

n

xib i uui u22
nea

18e0
F(

i 51

n

xiei* ui G2

2
a

6 F(
i 51

n

xiei* ui G•E, ~2.10!

P5
nea

3 (
i 51

n

xiei* ui1e0~a23!E, ~2.11!

respectively. Herea is calculated by

a23

a
5

1

3e0
(
i 51

n

xineg i . ~2.12!

It is easy to see thatṘ must be a constant because the p
tentialV is independent ofR. In the present work, we do no
consider the motion of the mass center, so that we seṘ
50 in the following calculations. The Lagrange and t
Hamiltonian for the system can be obtained straightforw
from Eqs.~2.9! and ~2.10!, here we have no need to writ
them out since they are simple.

B. Equation of motion

As usual, the variables ofE, u, andP may be assumed to
have a harmonic time dependence as exp(2ivt) for the study
of long-wavelength lattice vibrations.P can also be calcu
lated by

P5@e~v!21#e0E, ~2.13!

wheree(v) is the dielectric function of the mixed crysta
which is a function of the frequency of the lattice vibratio
Using Eqs.~2.13! and ~2.11!, we have

E5
ane

3e0~e~v!122a! (
i 51

n

xiei* ui . ~2.14!

Inserting Eq.~2.14! into Eq. ~2.10!,
07532
-

d

V5
1

2 (
i 51

n

xib i uui u22
nea

18e0
S 11

a

e~v!122aD
3F(

i 51

n

xiei* ui G2

. ~2.15!

The equation of motion for the lattice vibrations is calc
lated by the Euler-Lagrange equation

d

dt

]T

]u̇
52

]V

]u
. ~2.16!

Inserting expressions~2.9! and ~2.15! into Eq. ~2.16!, we
obtain a generalized equation of motion for optical latti
vibrations in the multinary mixed crystal:

S b i

mi
2v2Dui1(

j 51

n S xj

mj

M
v22

xj

mi

~e~v!12!a

e~v!122a

neei* ej*

9e0
D

3uj50

~ i 51,2, . . . ,n!. ~2.17!

This equation can be rewritten in the form of a dynamic
matrix,18 that is,@M #@u#50. The frequencyv can be calcu-
lated by solving the equation of det@M (v)#50. Since
det@M (v)# is a polynomial of degreen for v2, the roots of
v2 can be obtained analytically whenn<4 in principle, but
their expressions are too lengthy to write them out ifn.2.
For a practical application, it seems convenient to solve
equation numerically by a personal computer.

The frequencies of transverse optical~TO! phonons are
determined by the pole points of the dielectric functione(v),
that is to say, the TO modes correspond to the result
e(v)→` in Eq. ~2.17!. Obviously, this result can also b
obtained by settingE50 in the expression~2.10! since the
macroscopic electric filedE do not affects the TO mode. O
the other hand, the frequencies of longitudinal-optical~LO!
phonons can be determined by the zero points of the die
tric function, that is to say, the LO modes correspond to
result of e(v)→0, which means thate0E1P50 in Eq.
~2.17!. The eigenfrequencies of the TO and LO phonons
represented asvTi andvLi ( i 51,2, . . . ,n), respectively.

C. Physical parameters

In order to perform further calculation, one needs to d
termine the microscopic parameters that appeared in
above equations. As one advantage of the PUC model,
microscopic parameters can be expressed by the macros
measurable physical parameters according to the well-kn
Born-Huang procedure without any adjusting parameter.12,21

This work is slightly tedious but without any difficulty.
In the present work, we will not consider the difference

the unit-cell volumes between the mixed crystal and the
binary crystals because~1! as we do not have sufficien
knowledge of the lattice strain in mixed crystals, the lack
this information hinders us in proposing any reasona
modification; and~2! the difference is relatively small in
7-3
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practice. As explained early by Genzelet al.,12 this approxi-
mation changes only slightly the curvature of the frequen
curves inside the composition range, but has no effect at
end ranges ofxi→0 andxi→1.

In fact, we do not need to give the expression for ev
microscopic parameter. The masses of the cations and
ions, mi ( i 51,2, . . . ,n), are well known. The other param
eters that need to be deduced are in three groups, they

a,
b i

mi
and

neei* ej*

9e0
. ~2.18!

Settingxi51 andxj50, (j Þ0,i ), from Eq.~2.17! we obtain

S b i

mi
2v2Dui1S mi

Mi
v22

1

mi

~e i~v!12!ai

e i~v!122ai

neei*
2

9e0
Dui50,

~2.19!

with

Mi5m01mi , ~2.20!

ai53F12
1

3e0
neg i G21

. ~2.21!

Then, following the Born-Huang procedure, the parame
listed in Eq.~2.18! are deduced as

a53F12(
i 51

n

xi

e i~`!21

e i~`!12G21

, ~2.22!

b i

mi
5

m0

Mi

e i~`!vLi
2 12vTi

2

e i~`!12
, ~2.23!

neei* ej*

9e0
5m0Amimj

MiM j

Ae i~`!~vLi
2 2vTi

2 !

e i~`!12

3
Ae j~`!~vL j

2 2vT j
2 !

e j~`!12
. ~2.24!

Here e i(`) (e i(0)) and vL j (vT j) represent the high
frequency~static! dielectric constant and the frequency
LO ~TO! phonon of thei th end binary crystal, respectively.
should be noted that, since the valuese(`), e(0), vL and
vT do not exactly obey the Lyddane-Sachs-Teller~LST! re-
lation for a practical polar crystal, using or not using the L
relation to simplify the expressions will affect the final n
merical results slightly.

Inserting above expressions into Eq.~2.17!, then we ob-
tain the dynamical equation expressed by the macrosc
measurable parameters of the end binary crystals. With
help of numerical linear algebra method, one can easily
culate the frequencies of the zone-center optical phonon
the multinary mixed crystals.

D. Dielectric function and oscillator strength

The dielectric function is an important physical parame
to characterize materials. The concentration dependenc
the dielectric function is a prerequisite for designing op
07532
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electronic devices using mixed crystals. Since the dielec
function responds to the lattice vibrations, it can be cal
lated in the frame of phonon theory.

The high-frequency dielectric constant,e(`), of the
mixed crystal can be calculated simply since the lattice
bration has no effect on the polarization at high-frequen
limit. From Eqs.~2.11! and ~2.13! we obtain that

e~`!5a22. ~2.25!

Since the expression ofa has been given in Eq.~2.22!, we
obtain an analytical expression fore(`):

e~`!21

e~`!12
5(

i 51

n

xi

e i~`!21

e i~`!12
. ~2.26!

This result appears in the form of a weighted summation
the Clausius-Mossotti equation from the high-frequency
electric constants of the end binary members.

In general cases, by taking Eq.~2.14! into consideration,
we can rewrite Eq.~2.17! in the form of

S b i

mi
2v2Dui1(

j 51

n S xj

mj

M
v22

xja

mi

neei* ej*

9e0
Duj5

aei*

3mi
E.

~2.27!

We have noticed that the eigenfrequencies of the TO mo
of the mixed crystal,vTi ( i 51,2, . . . ,n), can be obtained
by settingE50 in Eq. ~2.27!, and that the eigenfrequencie
of the LO modes,vLi ( i 51,2, . . . ,n), can be obtained by
settinge0E1P50 in Eq. ~2.27!. Then using relations~2.11!
and ~2.13!, we obtain

e~v!

e~`!
5)

i 51

n
~vLi

2 2v2!

~vTi
2 2v2!

. ~2.28!

Obviously, this equation is the general dispersion relation
the dielectric function of a system consisted ofn uncoupled
harmonic oscillators. The static dielectric constante(0) of
the mixed crystal is calculated by settingv→0 in Eq.~2.28!,
that gives

e~0!

e~`!
5)

i 51

n
vLi

2

vTi
2

. ~2.29!

This is just the LST relation for multinary mixed crystals.
The oscillator strength is a very useful parameter for us

judge the characteristic of the phonon modes, and its c
position dependency shows the phonon-mode behavior o
mixed crystal. Since the harmonic-oscillator model is a go
approximation of optical phonons, the dielectric function c
be constructed as a linear superposition of the contributi
of the individual oscillators. In this way, we can define t
oscillator strengthsf i ( i 51,2, . . . ,n) for phonon modes by
following equation, as introduced by Genzel, Martin, a
Perry:12

e~v!5e~`!1(
i 51

n f ivTi
2

~vTi
2 2v2!

. ~2.30!
7-4
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Comparing Eq.~2.30! with Eq. ~2.28! and performing a par-
tial fraction decomposition, we obtain directly that

f i5e~`!)
j 51

n

~vL j
2 2vTi

2 !FvTi
2 )

j 51

n

8 ~vT j
2 2vTi

2 !G21

,

~2.31!

where)8 denotes the product for all terms excludingj 5 i .
If we obtain all of the eigenfrequencies of a mixed cryst

then we can use Eq.~2.31! to calculate the oscillator strengt
for every optical phonon mode. Equation~2.31! shows that
the phonon oscillator strengthf i will tend to zero if the fre-
quency of thei th TO phonon mode is very close to any o
of the LO-phonon frequencies; on the contrary,f i will tend
to be larger ifvTi is near any other one of TO-phonon fr
quencies.

III. OPTICAL PROPERTIES OF III-NITRIDE MIXED
CRYSTALS

In recent years, the group-III nitride compounds have
tracted considerable interest due to their applications for
toelectronic devices, which are active in the blue and ul
violet spectral regions with high quantum efficiency.2–4,22–25

A knowledge of these mixed compounds is urgently requi
for further investigations and applications. Using the mu
nary mixed theory described in Sec. II, we can give so
predictions about the optical properties of these mixed c
tals.

For the group-III nitrides, there are many optical-phon
modes due to the large unit cell of the wurtzite structu
Since we are interested in the mode behaviors and the q
tative optical properties of the III nitrides, we only focus o
attention on the main branchE1 mode in the present calcu
lation. As we have mentioned in our previous paper,15 the
other modes may be some small different in values but h
no qualitative different. The numerical results for oth
modes can be obtain by the same procedure by choo
different initial parameters.

The main purpose of this section is to study the compo
tion dependency of optical properties of AlyInxGa12x2yN
quaternary mixed crystal, but, in order to see the relations
between the ternary and quaternary mixed crystals and
to compare our theoretical results with other theoreti
works, we also show briefly the numerical results
Al xGa12xN, AlxIn12xN, and InxGa12xN, which are calcu-
lated within the same framework.

The parameters used in the calculation is listed in Tabl
The numerical results of phonon energies, oscilla

TABLE I. The physical parameters of InN, GaN, and AlN cry
tals. The band gapEg is in units of eV, the phonon energy in unit
of meV. These data are taken from Ref. 26.

Material Eg \vL \vT e0 e`

InN 2.05 86.0 59.3 — 9.3
GaN 3.5 92.5 69.3 10.4 5.8
AlN 6.2 111 83.3 9.14 4.84
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strengths and dielectric constants of AlxGa12xN, AlxIn12xN,
and InxGa12xN ternary mixed crystals are plotted in Fig. 1
the form of a graphic matrix. It is seen clearly th
Al xIn12xN shows a typical two-mode behavior because
the large mass difference of In and Al atoms, InxGa12xN
exhibits a typical one-mode behavior. The mode behavio
Al xGa12xN mixed crystals is slightly confused since the o
cillator strength of the mode 2 is zero at the two end ca
(x51 and 0! and increases slightly inside the compositi
range, but, its amplitude is always much smaller than tha
the mode 1. According to the early work of Chang a
Mitra,11 Al xGa12xN can also be qualitatively classified t
one-mode behavior, though mode 2 may be observed in
periments. This classification is in agreement with the wo
of Yu et al.13 The phonon-mode behavior and the effect
atomic structures in ternary group-III nitride alloys ha
been discussed in detail in Ref. 16.

It is noticed that the oscillator strengths of AlxIn12xN
show a sudden change near the region ofx50. When Al
concentration is nearly zero, the InN-like mode~mode 2!
exhibits a very strong oscillation, but, when Al concentrati
is little more increased, the InN-like mode decreases abru
with an abrupt increasing of the AlN-like mode~mode 1!.
The cross of the two strengths is at aboutx50.02. Whenx
.0.1, the AlN-like mode is dominant and the AlxIn12xN
shows a behavior like a one-mode crystal. Recently, Ka
et al.27 reported an investigation on the influence of stra
and composition on theE1(TO) phonon of undoped

FIG. 1. Concentration dependence of optical-phonon energ
oscillator strengths, and high-frequency and static dielectric c
stants of~a! Al xGa12xN, ~b! Al xIn12xN, and~c! InxGa12xN ternary
mixed crystals. The solid lines in the top graphs represent the
phonon energies, and the dashed lines represent the TO-ph
energies.
7-5
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a-Al xIn12xN (0.883>x>0.788), and they found that th
Al xIn12xN shows a one-mode behavior in contrast to
theoretical work of Grilleet al.16 However, this confusion
can be explained reasonable by the present work. As sh
in Fig. 1, in the range of 0.883>x>0.788 the AlxIn12xN
crystal indeed shows a one-mode behavior because the o
lator strength of the mode 1 is much larger than that of m
2, even though AlxIn12xN is really a two-mode mixed crys
tal in the full composition range. Based on the present th
retical results, we suggest that, in order to judge the pho
modal behavior, one should perform experiments in the
range of concentration ratios, especially in thex,0.1 range
for Al xIn12xN.

In Fig. 1, we see that the dielectric constants,e` ande0,
of the three ternary III-nitride mixed crystals vary smooth
and monotonically from one end-member value to the ot
end-member value over the composition range regardles
the one- or two-mode behavior. We are very interested in
modal behavior of optical phonons in AlyInxGa12x2yN qua-
ternary mixed crystal since AlyInxGa12x2yN is regarded as a
solid solution made up from two one-mode crystals~InGaN
and AlGaN! and one two-mode crystal~AlInN !. The optical-

FIG. 2. Concentration dependence of LO-phonon energie
Al yInxGa12x2yN.

FIG. 3. Concentration dependence of TO-phonon energie
Al yInxGa12x2yN.
07532
e

n
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r
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e

phonon energies, oscillator strengths, and dielectric const
of Al yInxGa12x2yN are calculated in the fullx-y range. Al-
though the numerical results can be plotted in the form
three-dimensional~3D! objects, it seems difficult to show th
numerical relation clearly by projecting the 3D geometry
the paper. In the present work, we plot the results as a fu
tion of y while x is fixed to several typical values. The LO
phonon energies, the TO phonon energies, the oscill
strengths and the dielectric constants of AlyInxGa12x2yN are
plotted in Figs. 2, 3, 4, and 5, respectively.

Comparing Figs. 2–5 with Fig. 1, we see that, in the ca
of x50, y50, and 12x2y50, all of the results can be
reduced to that of AlGaN, InGaN, and AlInN ternary mixe
crystals, respectively. For the AlyInxGa12x2yN quaternary
mixed crystal, there should be three LO phonon modes
three TO phonon modes in principle, which can be calcula
formally by the motion equation of Eq.~2.17!. The results
are shown in Figs. 2 and 3. However, the modal behavio
the phonons is very different. As shown in Fig. 4, since t
oscillator strength of the mode 3 is almost zero for all co
position ratios, AlyInxGa12x2yN is really a two-mode qua-
ternary mixed crystal.

in

in

FIG. 4. Calculated phonon oscillator strengths as a function
x-y in Al yInxGa12x2yN.

FIG. 5. Calculated static and high-frequency dielectric consta
as a function ofx-y in Al yInxGa12x2yN.
7-6
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From Fig. 4 we also see that the oscillator strength
mode 1 is much larger than that of the mode 2 in nearly
full composition range expect the narrow region ofx.0.8. It
can be predicted that when the In concentration is larger t
0.8, the oscillator strengths of AlyInxGa12x2yN will vary
rapidly with adding a small amount of Al, as we have seen
Fig. 1 for AlxIn12xN.

Figure 5 shows that the dielectric constants of the qua
nary mixed crystal vary smoothly and monotonically wi
varying concentration ratios. This fact implies that the
electric constants of the quaternary mixed crystal can be
timated reliably by the linear interpretation method. Due
the lack of systematic experimental study on the concen
tion dependence of optical phonons frequencies and die
tric constants for AlyInxGa12x2yN alloys in the full compo-
sition range, the comparison of the present theoretical res
with experiments is hindered. It is expected that this wo
can be done in the near future.

IV. CONCLUSION

The optical phonons of multinary mixed polar crysta
have been studied theoretically in long-wavelength limit. T
equation for calculating the optical-phonon frequencies
J

.

v

6

.
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the multinary mixed crystals is obtained based on the P
model. The lattice oscillator strength and dielectric consta
of the multinary mixed crystal are obtained analytical
From the composition dependence of the oscillator stren
we can see clearly the phonon-mode behavior of the mi
crystals. Since the present theory is given in a general fo
it can be applied to ternary, quaternary, and so on, multin
mixed crystals. As an application of the theory, some
nitride mixed crystals, which have attracted much attenti
are taken into numerical calculation and comparison. T
concentration dependences of the optical phonon energy
lattice oscillator strength, and dielectric constants of
mixed crystals are calculated in the whole compound ran
It is shown that the results are reasonable in the full com
sition range. Based on the theory, it is predicted that
Al yInxGa12x2yN mixed crystal will appear as a two-mod
behavior. The present theory provides us with useful kno
edge of the optical properties of multinary mixed crystals
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