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Optical vibrations of the lattice and the electron—phonon interaction in polar ternary mixed crystals are studied

in the framework of the continuum model of Born and Huang and the random-element-isodisplacement model. A

normal-coordinate system to describe the optical vibration in ternary mixed crystals is correctly adopted to derive a

new Frohlich-like Hamiltonian for the electron—phonon interaction including the unit-cell volume variation influence.

The numerical results for the phonon modes, the electron—phonon coupling constants and the polaronic energies for

several typical materials are obtained. It is verified that the nonlinearity of the electron—phonon coupling effects with

the composition is essential and the unit-cell volume effects cannot be neglected for most ternary mixed crystals.
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1. Introduction

Many experimental and theoretical studies on the
lattice dynamics of ternary mixed crystals (TMCs)
of polar crystals have been performed.[!=11 Tt is well
known that there are generally two frequency branches
of phonon modes for either the transverse optical (TO)
or the longitudinal optical (LO) vibration in TMCs in-
stead of the single branch in the binary crystals. The
characteristics of the polarization modes of the lattice
vibration exhibit so-called “one-mode”, “two-mode”
behaviour or their intermediate case.!=3] In the one-
mode case, only one set of the LO and TO phonon
modes whose frequencies move smoothly between the
end-member crystals with compositional changes is
observed. For the two-mode case, two optical phonon
frequencies can be found close to the end-member fre-
quencies for each LO and TO phonon branch. Some
theoretical models have been proposed to discuss
the properties of the lattice vibration in a TMC.?!
These properties may give rise to novel phenomena of
electron—phonon (e—p) interaction and related prob-
lems in bulk 12 and layered semiconductors.[13:14 A

simple and successful method in studying the mode

behaviour of the lattice vibration in TMCs is to use
the random-element-isodisplacement (REI) model [
and its modifications.[5~8 The REI model introduced
by Chen et al dealt with just the TO modes with-
out including any Coulomb forces. Chang and Mitra
modified the model and introduced the macroscopic
electric field to split the transverse and longitudinal
optical modes."¥] The model was called the modi-
fied random-element-isodisplacement (MREI) model.
These models have been successfully used to explain
the experimental results for the one-mode and two-
mode behaviour.[!""8 The ep interaction in TMCs
has also been investigated theoretically.!11:12:15-17]
Unfortunately, the e—p coupling constants has not yet
been obtained experimentally in the whole range of

the composition from z =0 to = =1.

One of the authors and his cooperator discussed
the e—p interaction in TMCs on the basis of the MREI
model and derived an e—p interaction Hamiltonian in
Ref.[12].

tween the e—p coupling constants and composition .

The results gave a nonlinear relation be-

However, the normalization of the optical polarization
modes was not correctly performed so that the results

are over-sketchy. Zheng and Matsuura have derived
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the e—p interaction Hamiltonian in a recent work.1®
The so-called pseudo-unit-cell model they used is ex-
actly the same as the MREI model, and the calcu-
lated results show nothing but the conclusions given
by the linear interpolation method. Moreover, the
effect of the unit-cell volume variation in consider-
ing the e—p interaction in TMCs was not considered.
Some authors have investigated the e—p interaction in
TMC heterostructures.'”) However, the normal modes
of the lattice vibration in TMCs have not been con-
structed previously. Thus, the normal coordinates to
describe the polarization modes and the corresponding
normalization procedure in TMCs should be correctly
carried out for the future work, in particular, for het-
erostructures. The unit-cell volume effect on the e—p
interaction should also be considered.

In this paper we reconsider the optical vibra-
tion of TMC A_.B;_,C by taking the unit-cell vol-
ume variation into account to extend an early brief
discussion.['8] Starting from the motion equations of
the lattice vibration within the framework of the con-
tinuum model of Born and Huang ' and the MREI
model,[1:9] the Lagrangian function of the system is
accurately and correctly constructed. The correct for-
mulations for the optical vibration are given in the
normal coordinate system by using a standard canon-
ical transformation. A new Fréhlich-like Hamiltonian
for the e—p interaction is obtained by taking the unit-
cell volume variation into account. The numerical
computations for the frequencies of LO phonons and
the energies of polarons in several typical TMC mate-
rials are performed. The results show that the com-
positional dependence of the contribution of the e—p
interaction to the polaronic energy is generally nonlin-
ear. The unit-cell volume effects on the e-p interaction
cannot be neglected for the systems with mismatch of

the unit cell volumes of end-member materials.
2.Normal modes of optical vibra-

tion

To derive correctly the electron-LO-phonon in-
teraction Hamiltonian in a TMC A,B;_,C, firstly we
construct a normal coordinate system to describe the
polarization modes of the lattice vibration in TMC
A,.B;_,C. The formulation for the normal modes of
the optical vibration is also necessary for the further
work, in particular for the research on the e—p inter-
action in heterostructures of TMCs.

In the framework of MREI model, the relative

motion of the ion pairs and the polarization field in

a TMC A,B;_,C can be described by the following
group of coupled equations,['2:13] which resemble the
dynamical equations of the Born and Huang contin-

uum model:[19]

Wy = byywi + bipwy + bizE, (1a)
Wy = byyw; + bygwy + bys E, (1b)
P = b31’U.71 + b32’U.72 + b33E. (IC)

Here we have introduced the following quanta, similar
to those used by Born and Huang for the vibration of
a simple binary crystal, to describe the relative dis-

placements of the A-C and B-C ion pairs:

wi = ()" (uy ~ u),

wy = (%B)m (up — uc), (2)

where pa (pg) is the reduced mass of the ion pair of
the end-member AC (BC)

_ MaMg
FAZ Mo + Mc

Mg Mg
BB = M+ Mc (3a)

Here Ma, My and M are respectively the masses of
ions A, B, and C, v is the volume of the two-ion unit-
cell of the TMC. The x-ray examinations indicated
that v varies smoothly from the unit-cell volume of
the end-member crystal vg (for BC) to vy (for AC)
over the composition range (z=0 to 1) for the TMC
A,B;_,C.[7-12,15-20] Thus, we can write the unit-cell
volume of the TMC as

v=zvp + (1 —z)vp. (3b)

The dynamical coefficients b;; (i,j=1, 2, 3) in
Egs.(1a)-(1c) have been given correctly in Ref.[15],
where some errors for the corresponding coefficients
in Ref.[12] were also corrected, and we do not rewrite
them again here.

For the relation between the macroscopic elec-
tric field and the polarization, the following equation

holds:
P(r) = eox(w)E(r), (4)
where
x(w) = e(w) —1 (5)
is the isotropic dielectric susceptibility.
Eq.(4) into Eq.(1c), we have

Inserting

_ bzjw; + bzawy

B(r) = eox(w) — bz ©)
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Inserting Eq.(6) into Eq.(1), one can obtain a group of

coupled equations for the displacements w; and w,:

1:('}1 = b’ll'wl + b,12’UJ2, (73.)
’l:bg = b'21'w1 + b122ll)2, (7b)
with
bisbs; .
b = by + ——— i,7=1,2). Tc
J ! gox(w) — bss (i-3 ) (7c)

Here b;j are generally functions of the frequency w.

It is easy to verify that the Egs.(2.35)—(2.36) and
(2.39)—(2.40) in Ref.[16] are special forms of our uni-
versal equations (7a)—(7c) in the cases of transverse
and longitudinal vibrations respectively.

Now let us write down the Lagrangian density
describing the relative motion of the ions in the mass-
centre system of a unit-cell of TMC A,B; ,C. Ignor-
ing the motion of the mass-centre, the density of the

kinetic energy of the system can be written as

1 . .
T = EZTijw,--wj, (8)
ij
where
MA.’E[MC + MB(l — .’E)]

T = , 8a
3 — (s0)
MaMpz(1—

Tyy = Tyy = _M, (8b)

VEapsM
Mg(1—z)(M M
T, — (1 — z)(Mc + Maz) (8¢)

usM

In the above equations M = M¢c + zMa + (1 — z)Mp
is the effective unit-cell mass of the TMC. The La-
grangian density of the system then can be written
as 1
L= EZ(T,]w,w] —V,-]-w,--wj). (9)
ij
The potential coefficients is given by

Vij ==Y Tubj;. (10)
1

The motion equation group can be obtained by

the Lagrangian equations as
> (Tijiv; + Vijw;) =0, (11)
J
which is equivalent to Eq.(7) and also Eq.(1).

The Hamiltonian density of the lattice vibration

of the system is then given by

1 o
H= Z (Tijwi - wj + Vijwi - wj).  (12)
ij

Some authors have performed partly the normal-
ization for the polarization modes,['216] but only the
longitudinal displacement of the ions was considered.
It is necessary to re-seek a correct normal coordinate
system that can completely describe the optical vi-
bration including both the LO and TO vibrations by
a standard procedure.[?!]

Writing the solution in the form w; o« S;exp(iwt),
the motion equation can then be expressed in the fol-

lowing matrix form:

(V —w?T)|w?) =0, (13)
where
2 S] (wz)
w?) = , 13a
= e (13a)

and tensors V and T are defined by Egs.(10) and (11)
respectively. The requirement that this equation pos-

sesses a nontrivial solution is
Det(Vi]- - w2Tij) =0. (14)

The frequencies are easy to obtain by solving Eq.(14)

as
W2 = 0t ¥) /By — )7+ Al
11— ’
2
w2 = 0t 80) = By — B,)T + Aty
2= .
2

The relations between the components of the ket-
vectors corresponding to the frequencies w; and ws

are obtained as

Sy(wi) = By Sy (w?),

Sy(w3) = B2S1(w3), (16)
where )
wiTi — Vi
B =-——21-= = 16
! wiTiy — Via’ (162)
and )
T, —
B, = -“2u1=u (16b)

w2Tiy — Via’
The orthogonal and normalized relation of the

eigen-solutions (13) can be chosen as
(W} |T|w?) = 8y (17)

in a space with the metric tensor T. By using the

above condition, the solutions can be determined as

S11 S12
wi) = ;o lwi) = ; (18)
521 522
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where following commutation relations are satisfied:
Sll — 1 S s [Qnu7 Qn’u’] = lhénn’ 61/1/’7
\/Tll + 2BllT12 + Bl T22 [Qnuﬂ Qn’u’] = [Qnuﬂ Qn’u’] =0. (23&)
S]z = , (18&) . . . .
\/Tll +2ByTy5 + B3Tx By using Fourier fransformatlons we can write
B] Qnu("') - T = Z Qnu(k)elk'relu (24)
S21 = 5 ) \/‘7 k
V/Ti1 +2B1Tia + B3To,
where e, is the unit vector in the direction of the vi-
and B, bration and will be taken as k/k for the longitudinal
Sog = (18b)

V/T11 + 2B2T12 + B2Ts, .

Now we transform the coordinate system to a new

normal coordinate system Q; and Q5 by

w S S
< 1>:< 11 12)<Q1>_ (19)
w2 Sa1 Sao Q,
The kinetic matrix T is then transformed into the unit
and the potential V a diagonal matrix with the eigen-

values w]2-. Thus the Lagrangian becomes a collection

of simple harmonic oscillators

L= 23 (@ - w3Q)). (20)

J

Dividing the polarization into two perpendicu-
lar components, i.e. the transverse and longitudinal
modes, a unitary motion equation can be finally ob-

tained as
Q?’LV + w?LI/QnV = 07 (21)

where the subscripts n=1, 2 stand for respectively
the higher- and lower-frequency branches of phonon
modes, and v = T, L for the transverse and longi-
tudinal modes, whose frequencies are determined in
Eq.(15) by choosing [12:19]

bgj = bij (22&)
forv =T, ¢ = o0 and
bizbs;
b =by; — ——— 22b
(%] J €0 —|—b33 ( )

forv=1L,e=0.
3.e—p interaction

The energy density of the optical vibration in the

normal coordinate system can be written as
1A? 2 2
Hvib = Z E(Qnu + wannu)‘ (23)

Here Q,,,and Qm, are respectively the generalized co-

ordinate and the conjugate momentum so that the

€0
P =
(r) €0 + b33 Z VYV

vibrations. Furthermore, writing Q(k) in the follow-

ing field operator form:

h

2Wny

Quuth) = ( fﬁ%m+d%a (25)

the commutation relations for the field operators can

be derived as

[anuk, an’”’k’] = [aILl/k7aIL’l/’k’] = 07
[anv; a’;l:L’l/'k’] = Onns Ouu Okker (26)

The Hamiltonian of the phonon field is then given by

Hyn = Z hwnyalukanyk. (27)
nvk

Now we consider the interaction between an elec-
tron and the polarization field of the lattice vibra-
tions. Our attention is focused on the LO vibrations
hereafter, since the TO vibration modes generally do
not induce the Coulomb field so that they do not cou-
ple with the electrons. The Hamiltonian of electron—

polarization-field interaction is usually written as

e r—r

Hi = P(r")dr'. (28)

dmeg J |r' — |3
By using Egs.(4), (6) and (19), the polarization

vector can be written as

P:D1Q1L+D2Q2La (29)
where
€0
D= ——+(b5:S b32.S 30
1 Eo+b33( 31511 + b32521), (30a)
and
€0
Dy = —————(b31S12 + b32.592). 30b
2 50+b33( 31012 32.592) (30b)

In the above equations, all the coefficients are fre-
quency dependent. The Fourier expansion of the po-

larization field (29) is given by
k.
e]k-’l‘

nk

no\1/2 .
g [<2wnL> (borS1n + baaSan)(arp 0, 3 )|

(31)
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By using Egs.(28) and (31), and also the Fourier trans-

formation given by

ikp T T k Lik
/ei r md’l"l = q:47l'1—26:t 'I", (32)

k

the e—p interaction Hamiltonian is finally obtained as

H = Gue®7al, +He, (33)
nk
where
or 1€ A\ 1
™ "o + baz \ 2wir V1i/2k
1 1/2
X
<T11 +2BTi2 + Bszz)
X (b31 + Blbgg), (343.)
N A\
g + bsz \ 2war, V12k
1 1/2
X
(Tn + 2B5T12 + B§T22>
X (b31 + 32632). (34b)
The e—p coupling constant is defined as
|92 <2mwnL>l/2
nL = y 35
AL 47rh2w?21L h (35)
where
gn = V1/2ank (363.)

Here a linear interpolation for the electron band mass
is used

m=zma + (1 — 2)mp, (36b)

where ma and mp are the electron band masses of
the end-member materials AC and BC respectively. It

is obvious that there are two branches of LO phonon

modes coupling with the electrons in the TMC, in con-
trast to binary crystals. The e—p coupling constants
depend on the composition z of TMC A,B; .C.

By using Egs.(27) and (33), the Hamiltonian of
the electron—phonon system in TMC A,B; ,C can

be written as
P2 t
H :% =+ Zk hwnLankank
n

+ Z G:ke_ik'railk + H.c.
nk

(37)

This Hamiltonian can be solved by various tech-
niques to obtain the polaron energy. A variational
method used by Lee et al for the polaron problem in
a binary polar crystal 221 has been generalized to cal-
culate the polaron energy in a TMC.[23! The interme-

diate coupling polaron energy is obtained as follows:

p2

E=-F, P
t—I_Zm*

(38)

where the self-trapping energy and the renormalized

effective mass are given by the following equations:

By = aiphwir + asrhwar, (38a)

m* = [1+ (aur + azr)/6]m. (38Db)

4. Numerical results and discus-

sions

We have computed numerically the phonon fre-
quencies, the e—p coupling constants related to the
two branches of LO phonon modes and the polaron
energies for several polar TMC materials by using the

new e—p Hamiltonian. The unit-cell volume variations

Table 1. Optical phonon energies, dielectric constants, effective masses of electrons and the lattice

constants for several materials. Energy is measured in units of meV and m in the electron rest mass.

Materials hwTto hwro £0 Eoo m M /a.u. a/nm
AlAs? 44.88 50.09 10.06 8.16 0.150 26.99 74.92 0.5660°¢
GaAs? 33.29 36.25 13.18 10.89 0.067 69.72 74.92 0.56419¢
GaPP 45.33 49.97 10.28 8.46 0.338 69.72 30.97 0.54505¢
GaSbP 28.58 29.79 15.69 14.44 0.047 69.72 121.7 0.60959¢
ZnSeP 25.67 30.50 8.33 5.90 0.171 65.38 78.9 0.5668¢
ZnSP 34.65 44.00 8.00 5.14 0.280 65.38 32.06 0.5410°¢
Ccdsb 30.25 38.24 8.42 5.27 0.155 112.4 32.06 0.5825¢
AlP€© 70.38 79.44 9.8 7.54 0.21 26.98 30.93 0.54635°¢
AINd 82.70 112.83 8.5 4.68 0.33 26.99 14.01 0.4982¢
GaNd 69.43 91.87 9.5 5.35 0.20 69.72 14.01 0.5185°¢
InNd 59.27 86.05 9.3 7.72 0.11 114.8 14.01 0.5760°
InPP 38.21 43.33 12.29 9.56 0.076 114.8 30.97 0.64794°
aRef.[11], PRef.[24], ©Ref.[25], 9Ref.[10].
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are included in the calculations. As examples, the re-
sults for the e—p coupling constants, self-trapping en-
ergies and renormalized effective masses of some one-
and two-mode behaviour TMCs are shown in Figs.1-
3. The calculated e—p coupling constants and polaron
self-trapping energies for some TMCs of nitride-based
components are also illustrated in Figs.4 and 5. The
parameters used in the computations are listed in Ta-

ble 1.

4.1. e—p coupling

The coupling constants a; and ag between the
electron and the higher and lower branches of LO
phonon modes are illustrated as functions of the com-
position z for several TMC systems of III-V and IT-VI
compound semiconductors in Fig.1. It is found that
the one- and two-mode behaviours can be reflected by

the calculated results for the e—p coupling constants.

0.15 0.20 T T T T 0.7 T T T T
(b)
/ 0.6
0.12 4 0.16 - -
2 / 0.5
2 /
n - =
g 0.09 0.12 0.41
§ /
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Fig.1. The e—p coupling constants aj (long dashed), ag (short dashed) and aj+as2 (solid) involving

unit-cell volume variations as functions of the composition z for the TMCs: (a) Al;Gaj_zAs, (b)

GaP;Asi_z, (c) ZnS;Sei_g; (d) GaAsgSbi_z, () GazIni_,P, (f) Zny; Cd1_,S.

TMC Al,Ga;_,As, GaP,As;_, and ZnS,Se;_,
show their two-mode behaviour in the curves of the
e—p interaction. It is clearly seen in Figs.1(a)-1(c)
that the e—p coupling constant a; can be regarded as
the coupling constants between the electron and the

AlAs-, GaP- and ZnS-like LO phonons, and ay the

GaAs-, GaAs- and ZnSe-like e-p coupling constants.
The corresponding values of a; increase from zero at
x =0 and finally have their end-values of AlAs-, GaP-
and ZnS at z=1 respectively. Otherwise, as has the
end-values of GaAs, GaAs and ZnSe at =0 and de-

cays to zero at x=1 respectively.



No.1

Optical vibration modes and electron—phonon interaction... had

On the other hand, the one-mode behaviour of
optical vibrations in GaAs,Sb;_,, GazIn;_,P and
Zn,Cd;_,S systems is clearly seen in Figs.1(d)-1(f).
For example, one cannot tell which is the e-p cou-
pling of the GaAs-like or GaSb-like mode branch from
the two branches of LO modes in the GaAs,Sb;_,
system. The same situation also arises for the sys-
tems GagIn;_,P and Zn,Cd;_,S. A main branch in
the e—p coupling constants, whose coupling is much
stronger than the other one, is found in these sys-
tems. The weaker branch can usually be neglected
in considering the e—p interaction, in particular for a
much weaker coupling system like GaAs,Sb; .. Thus,
the one-mode behaviour can also be understood since
only one branch of LO phonon modes is important for
the e—p interaction. The results are the same as in
the previous consideration according to the oscillator
strengths.[®7]

For comparison with the previous theoretical re-
sults, we also plot the curves of the so-called “total”
coupling constants a=a;4as in Fig.1, even though its
physical meaning is not very clear. A nonlinear de-
pendence of the “total” coupling constants « on the
composition z is obtained for either one-mode or two-
mode behaviour systems and a few materials with ex-
tremely weak e—p coupling, such as Al,Ga; ,As. The
results are qualitatively different from that given by
Ref.[16], in which Zheng et al calculated the e—p cou-
pling constants for some TMC systems by using their
Hamiltonian, and affirmed that the “total” coupling
constants vary linearly with the composition. Unfor-
tunately, as seen in Fig.1, the linearity of the “total”
coupling constant with the composition is only an acci-
dental phenomenon for a few systems. The nonlinear-
ity is easily understood on the basis of the fact that the
e—p coupling constant is a complicated function of the
phonon-frequency, the electronic mass, the dielectric
constants and other parameters, and thus of the com-
position. It can also be found that the flexure of the
“total” coupling constant « is related generally to the
e—p coupling strength. For example, the Al,Ga;_,As
has a very small “total” e—p coupling constant (around

1071-1072) and then its corresponding curve versus z

is almost linear. In contrast, the “total” e—p coupling
constants of materials GayIn;_,P and ZnCd,S,_, are
an order of magnitude larger than the former, hence
the corresponding curves are obviously nonlinear.
Similar character can also be seen in the pola-
ronic effects. The self-trapping energies and renor-
malized masses of polarons in the same TMC mate-
rials are respectively illustrated in Figs.2 and 3. The
nonlinearity of the polaronic effect is also found for
the majority of the systems calculated, even though
the Al,Ga;_,As system keeps the almost linear de-
pendence of the self-trapping energy and renormalized
masses on the composition. The flexure of the corre-
sponding curves is enhanced generally with increasing

e—p coupling strength.
4.2. Unit-cell volume effect

For comparison, we have plotted the calculated
curves of the self-trapping energies and renormalized
effective masses of polarons as functions of the com-
position z respectively with and without including the
unit-cell volume variations in Figs.2 and 3.

It is found from the figures that the effect of the
unit-cell volume variation on the compositional de-
pendence of the polaron effects cannot be entirely ne-
glected generally. The mismatch between the lattice
constants of the end-member materials enhances the
nonlinearity of the self-trapping energies (see Fig.2).
We have chosen the lattice constants to be 0.56611 and
0.56419nm for AlAs and GaAs, 0.5409 and 0.5669nm
for ZnS and ZnSe respectively in the computations.
The unit-cell volume mismatch rates are 0.3%, 4.8%
and the corresponding maximal deviation from the
values with the unit-cell volume variation to that with-
out the variation are then 0.5% and 8.2 % respec-
tively. The larger the mismatch rates, the bigger
the deviation of the self-trapping energy. For the
small mismatch and weak e—p coupling TMCs, such
as Al,Ga;_,As and GaAs,Sb;_, systems, the curves
of the self-trapping energies with and without the vol-
ume deviations coincide completely with each other,
so that the volume effect can be ignored in considering

polaron properties.
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Fig.2. Self-trapping energies (in units of meV) of the polarons with (solid lines) and without (dashed

lines) involving unit-cell volume variations as functions of the composition z for the TMCs: (a)
Al;Gaj_zAs, (b) GaPzAs1_4, (c) ZnS;Sei—z; (d) GaAszSbi_g, (e) GagIni_ 5P, (f) Zn,Cd;_5S.

Figure 3 shows the polaronic correction for the
effective masses of polarons m*/m with and without
unit-cell volume variations as functions of z in TMCs.
The characteristics of the curves for the renormalized
masses is somewhat similar to that of the self-trapping
energies, only the nonlinearity of the curves and the
effect of the unit-cell volume variation on the effective
mass are more obvious. It is also found that the unit-
cell volume effect can be neglected only for the small
mismatch and very weak e—p coupling TMCs, such as
the Al,Ga;_,As and GaAs,Sby_, systems.

4.3. Nitride-based compounds

The properties of column-ITT-nitride (III-N) com-
pound semiconductors attract many scientists due to
their potential developmental prospects. Some au-

thors have investigated the phonon modes in III-

N ternary mixed semiconductors theoretically.[2?! We
have calculated the e-p coupling constants and po-
laronic energies for several TMC systems of ITI-N

The

computed results of the e—p coupling constants and

compound semiconductors using our theory.

the self-trapping energies for the III-N TMC systems
GazIn;_,N, Al,In;_,N and AIN,P;_., as examples,
are illustrated in Figs.4 and 5.

A one-mode behaviour is clearly shown in Fig.4,
where there is a main branch of e-p coupling con-
stants. It is found that the e—p coupling in ITI-N
compounds is much stronger than that in other III-V
compounds, and the nonlinearity is also more obvi-
ous than for the latter. One can also find from the
curves of self-trapping energies in Fig.5 that the effect
of the unit-cell volume variation on the compositional
dependence of the polaron effects is remarkable and

cannot be neglected for the III-N TMCs.



No.1

Optical vibration modes and electron—phonon interaction...

79

1.026 T T T T 1.035 T T T T 111
1.024
1.030
1.10-
1.022 3
¢ 10201 1.025 - .
< 1.09
1018 1.0204
1.016 108
1.015-
1.014 4
1.012 T T T T 1.010 T T 1.07 T T T T
0.0 02 0.4 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
T T T
1.014 T T T T 1.030 1.110 ] T T
IICY ]
1.012 1.028 1 1.105 -
] 1.026 3
1.010 4 1.100
§ 1.024 4
£ o008 1.095
1.022 4
1.006 10204 1.090
1.004 ' 1.018 1.085

T T T T T T v T T T
0.0 0.2 0{4 0.6 0.8 1.0 0.0 0.2 0.4 06 08 1.0 00 02 04 06 038 1.0
T T T

Fig.3. Renormalized coefficients m* /m of polaron masses with (solid lines) and without (dashed
lines) involving unit-cell volume variations as functions of the composition z for the TMCs: (a)
Al,Gai_zAs, (b) GaPzAs1_4, (¢) ZnSzSei—_z; (d) GaAszSbi_z, (e) Gaglni_,P, (f) ZnyCdi_4S.
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T T

Polaron self-trapping energies (in units of meV) with (solid lines) and without (dashed

lines) involving unit-cell volume variations as functions of the composition z for several TMCs of
nitride-bases compounds: (a) GagIni—zN, (b) AlzIni_;N, (¢) AINgP1_,.

It should be pointed out that ITI-N compounds
are usually grown in a wurtzite structure, which is not
of a cubic lattice. For simplicity, in this paper we have
used only one lattice constant to calculate the unit-cell
volume and choose one pair of TO-LO frequencies for
the binary crystals. This calculation is rather rough
for the systems. However, the result for the volume ef-
fect is for reference. The correct calculation for ITI-N
TMCs should take the non-cubic lattice and multi-
branch phonon effects of binary crystals into account.

This will be a subject of future investigations.

5.Summary

In summary, we have investigated the optical
modes of the lattice vibration and the e—p interaction
in ternary mixed crystals. In the framework of the
continuum model of Born and Huang and the modi-
fied random-element-isodisplacement model, we have

constructed a canonical normal coordinate system to

describe the optical modes in a ternary mixed crystal
A;B;_,C. A new Frohlich-like Hamiltonian for the e—
p interaction in the TMC system has been derived in
the normal coordinate system. The unit-cell volume
variation in forming the mixed crystals is also consid-

ered.

The numerical results of the e-p coupling con-
stants and the polaronic energies for several typical
ternary mixed crystal materials are obtained and dis-
cussed. The one-mode and two-mode behaviours of
optical vibrations agree with the previous theoretical
criteria and the experimental results. The nonlinear
variation of the e-p coupling and polaron energy with
the composition is verified, which is different from the
previous conclusion of linearity. It is pointed out that
the nonlinearity is related to the e—p coupling strength
of the systems. It is also found that the volume devia-
tion of the e—p coupling cannot be neglected generally,

except for the materials with very weak e-p coupling.
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