Vol 16 No 9, September 2007
1009-1963/2007/16(09)/2537-07

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

Exciton—polaritons in ternary mixed crystals®
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In this paper the bulk exciton polaritons in ternary mixed crystals (TMCs) are investigated in the Born-Huang

approximation. The numerical results of the polariton frequencies as functions of the wave-vector and the compositions

for ternary mixed crystals Alp;Gaj_,As, CdzZni—.Se, and Al,Gaj_,N are obtained and discussed. The new dispersion

characteristics for exciton—polaritons in TMC systems are found in comparison with binary crystals. The splitting of

the two branches of exciton—polariton frequencies varies nonlinearly with the composition of TMCs and has a minimum

in the long-wavelength range.
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1. Introduction

Exciton—polaritons, as a kind of mixed mode of
elementary excitations in condensed matter, have at-
tracted a great deal of interest since the pioneering
work of Hopfield et all'~3] Properties of exciton—
polaritons associated with transverse excitons cou-
pled to electromagnetic waves have been success-
fully studied experimentally and theoretically.[*~7]
Exciton—polaritons have been first observed exper-
imentally by the methods of resonant Brillouin
scattering (RBS) and two-photon resonant Raman
scattering (RRS).[>®9 Later, the exciton—polaritons

in quantum-confined systems, such as quantum

4,6,7]

wells,[1%11] superlattices,!®'? microcavities! and

other systems,!'®~ 15 were also studied. Very re-
cently, the spin dynamics, photoluminescence dynam-
ics and nonequilibrium Bose—Einstein condensation of
exciton—polaritons have been extensively investigated

experimentally by various optical methods.[16:17]

In recent years, the properties of ternary mixed
crystals (TMCs) have attracted much attention of
both theoretical and experimental scientists,!'8—2% be-
cause of their increasing role for the development of
optoelectronic devices. As is well known, an impor-
tant feature of TMCs, which is quite different from
binary crystals, is that the band structure can be
varied over a wide range by altering the composi-
tion of the alloys. Excitons and related elementary
excitations play the crucial role for the optical and
electrical properties of TMC systems.['921] Naturally,

the novel properties of excitons in TMCs, such as
the concentration dependence of binding energies and
longitudinal-transverse energies, contribute new char-
acteristics of exciton—polaritons. Application of polar
TMCs in artificial materials can enable one to modify
optical properties of the systems in a controlled man-
ner, and extend their applications to devices.[22—24
Seisyan et all?”) investigated experimentally the ab-
sorption edge spectra and excitonic absorption index
of polar TMC Al,Ga;_,As with different composi-
tions and presented evidence for the existence of bulk
exciton—polaritons. However, although the exciton—
polaritons of polar binary crystals are widely investi-
gated, to the best of our knowledge, the theoretical
studies of the exciton—polaritons in polar TMCs have
been rarely reported. The further investigations on
the properties of exciton—polaritons in TMC systems
are therefore required.

In this paper we discuss the bulk exciton—
polaritons in TMCs in the Born—Huang appro-
ximation.[?®! The polariton-frequencies are calculated
numerically as functions of the wave-vector and the
compositions for several typical TMCs. The disper-
sion characteristics and their concentration depen-
dence of the bulk exciton—polaritons are discussed in
detail.

2. Theory

Now we explore the properties of exciton—po-

laritons in bulk polar TMCs. Consider an electro-
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magnetic wave propagated in a polar TMC A,B;_,C
of cubic symmetry, which couples with a transverse
polarization wave of excitons and forms exciton—
polaritons. For simplicity, the dielectric function &
(k, w) is considered as isotropic for the TMC materi-
als of cubic symmetry. The propagation of exciton—
polaritons in the TMC can be described by linking
the Maxwell’s equations with the Born-Huang-like

equations(®) as follows:

o0H
VxE= —MOWa (1)
0
VxH= &(50E+P), (2)

V- (c0E + P) =0, 3

(
V-H=0, (4
W = bW + b2 E + DV?*W, (5

(

P = by W, b E. 6

)
)
)
)
Here E and H are respectively the macroscopic elec-
tric and magnetic field and P the macroscopic polar-
ization, po and g9 are the vacuum magnetic perme-
ability and the dielectric constant respectively, W =
(p* /02)Y2u, where u is the relative displacement of
the electron and hole related to the polarization, (2 is
the primitive cell volume, p* = mim} /(m} + m]) is
the exciton reduce mass and M* = m} 4+ mj the exci-
ton mass-centre mass, m; and m;, are respectively the
effective masses of the electron and hole. Equation (5)
differs from the Born-Huang equation correspond-
ing to the long-wavelength optical phonon field by a
spatial-dispersion DV?W , where D = hwr/M*, and
wr is the transverse frequency of the uncoupled exci-
ton mode. The dynamical coefficients b;; (7, j = 1, 2)
in Egs.(5) and (6) have been determined by Tilley,?’!
and here we use them directly as follows:

bin = —w3,  biz = bay = (Se0)Y/?,

522 = [E(O) — 1]80,

where S = 47w is the oscillator strength of exciton
at the limit of w = 0 as well as k = 0. £(0) is the static
dielectric constant.

Let us assume that the solutions of Egs.(1)—(6)
have the following form:

vaaEvHO(eXp[i(k'r_Wt)]v (7)

where w and k are respectively the frequency and
wave-vector of the exciton—polariton. Using the so-
lutions of form (7) in Eqgs.(1)—(6), one can obtain the

following equation group:

wegEl +wP —kH =0, 8)
kE —wpoH =0, )
bioE + (b +w? — kK2D)W =0, (10)
bao B — P + b1 W = 0. (11)

The condition of the equation group having the
nonzero solutions is that the coeflicient determinant

vanishes:
wey W —k 0
k 0 —w 0
o —0.  (12)
b12 0 0 b11 + (.«)2 — kzD
b22 -1 0 b21

Calculating the determinant in Eq.(12), we get the
implicit dispersion relation of the exciton—polariton
in the TMC:

k2 B S

1 NI A
w? 8()+w%+Dk2—w2

(13)
The implicit dispersion relation obtained here is con-
sistent with that given by the previous works.?:2%] The

oscillator strength S = 47 Bw? is determined by!2%)

Amf3 = dhee'/?(0) Eyo Ey) /T E2, (14)
where E, is the exciton binding energy and o(Eg)
the absorption coeflicient at the band-gap energy E,
which can be written as?7:28!

Ae?h 20\ 3/2 B2
0B = o5 (Gr) v

(15)

Here Pcvy is the momentum matrix element at k= 0
and given by

E,m?
Poy|? = =22 16
| Pov] o (16)
with
Mooy, (16a)
Me m

7 is the refractive index and mg the rest mass of elec-
tron.
According to the relation between Ep, and E[T2 9

1
=—— —=F
1+278/e(0) "
one can obtain the frequency of longitudinal modes at
k=0 as

Er

S
2 2
= ) 17
WL wr + E(O) ( )
Inserting Eq.(17) into Eq.(13), we obtain the implicit
dispersion relation
ﬁ2 2I€2 E2 _ E2
YERE 0 (1 e T ),
E? E% + h?Dk? — E?

(18)
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where Ey, is determined by relation Ey, = FEy — E,.130]

Some physical parameters of the TMC, such as
Me, My, E;, €(0), are usually determined by using
the macroscopic parameters of the end-member binary
crystals AC (z = 1) and BC (z = 0), according to the
formula of linear interpolation

Ta,B,_.c(@)=xBac+ (1 —x)Bpc =a+ bz, (19)

where T" and B stand for the values of the parameter
Me, My, E, or €(0) for the TMC and the end-member
binary crystal AC (z= 1) or BC (z= 0), respectively,
and a = Bpc and b = Bac — Bpac.

The band-gap energy FE; in TMCs deviates
largely from the linear relation of Eq.(19) and has an
approximately quadratic dependence on the compo-
sition . The following approximate relation is then
approved:

Ey(AgB1_oC)(z) = 2By (AC) + (1 — 2) Ey(BC)

+Cp_pr(1—2) = at+br+ca?, (20)

where a = E,(BC), b = E;(AC) — E4(BC) + Ca—,
and ¢ = —C'4_p. The parameter c is usually called
the ‘bowing’ or nonlinear parameter.

The dispersion of exciton—polaritons in TMCs can
be calculated by using Eqs.(13)—(20).

3. Numerical results and discus-
sion

We have performed the numerical computations
of the frequencies of bulk exciton—polaritons for sev-
eral TMCs of III-V, II-VI compound semiconduc-
tors with various composition x. As examples, the
exciton—polariton dispersion curves for TMC systems
Al,Ga;_,As, Cd,Zn;_,Se, and Al,Ga;_,N are illus-
trated in Fig.1, where the composition = is chosen
successively as 0, 0.15, 1; 0, 0.5, 1; and 0, 0.5, 1 for
the three systems respectively. The used parameters
in the calculations are listed in Tables 1 and 2.

Table 1. Effective masses of electrons and heavy holes, static dielectric constants, band-gap energies

and exciton binding energies for binary materials. m is measured in the electron rest mass, and energy

in eV.

material Me Mhh £0 Eg Ey

GaAs 0.0672 0.622 13.182 1.5194b 0.0042P
AlAs 0.152 0.762 10.062 3.0994P 0.0112P
ZnSe 0.17° 0.6° 8.1°¢ 2.8214 0.0198
CdSe 0.13° 0.45° 9.6° 1.7654 0.0158
AIN 0.33° 4.55°¢ 8.5¢ 6.1f 0.05658
GaN 0.2¢ 20 9.5¢ 3.5 0.02718

2Ref.[31], PRef.[32], “Ref.[33], Ref.[34], ®Ref.[35], [Ref.[19], 8E, = 13.6 u*/e2(eV).

Table 2. Band-gap energies and exciton binding energies for ternary materials. Energy is measured

in eV.
material Eg E.
AlyGaj_zAs 1.5194 + 1.362 + 0.2222) 0.0042 + 0.007z
CdyZny—;Se 2.821 — 1.386x + 0.33z2% 0.019 — 0.004x8
Al;Gaj_ ;N 3.5 4+ 1.6z + x2f 0.0271 4 0.0294x8

iRef.[36], KRef.[37]

As expected, the dispersion curves of the exciton—
polaritons in Fig.1 degenerate respectively to those of
the corresponding binary crystals GaAs, ZnSe, and
GaN when = 0 and AlAs, CdSe, and AIN when
x = 1. The theoretical results here for the disper-
sion curves and the frequencies of the longitudinal-

transverse excitons of binary system GaAs, ZnSe and

CdSe are in agreement with experiments. 3839
When the composition x is neither zero nor one,
we can find the dispersion characteristics which are
different quantitatively from those in binary crystals.
Even though there are still two branches of exciton—
polariton frequencies in TMCs, the values of the fre-
quencies change obviously with the composition x.
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Fig.1. Energies of the bulk exciton—polaritons as functions of the wave-vector for (a) Al Gai—zAs, (b) CdzZni—4Se,

and (c) AlzGaj—;N. The dimensionless wave-vector kc/wrGaas, k¢/wrcdse; k¢/wTcaN are used, where wrgaas,
wrcdse, and wrgan are the frequencies of the uncoupled exciton modes for (a), (b), and (c) respectively, c is the

velocity of light.
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As k — 0, the upper branch with higher fre-
quencies in the two polariton solutions gets the fi-
nite frequency corresponding to the longitudinal ex-
citon of the TMCs (exciton-like behaviour), for which

nary system (photon-like behaviour). It is found that
the calculated value of the energy (1.7242 eV) of
the upper branch of the dispersion curves of TMC
Alp.15Gap.s5As at k= 0 in Fig.1(a) agrees very well

e(k, w) = 0. The other one with lower frequen-  with the measured value in Ref.[20].
cies has vanishing frequency, similar to that in bi-
AlGaAs CdZnSe AlGaN
3.2 [T T T T T T T T T T T T T T T T 7 T T T T T T T T
>
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2
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Fig.2. Energies of the exciton—polaritons as functions of the composition z in the TMCs Al Gaj_zAs, CdgzZn;_,Se,
and Al;Gaj_zN for (a) k = 4 and (b) k = 30. The wave-vector k is measured in wrgaas/¢, wrcdse/¢, and wrgan/c

respectively.

Along with the increase of the wave-vector k, the
frequency of the upper branch of exciton—polaritons
increases and rapidly tends to linear (photon-like ex-
citation). Otherwise, the lower branch starts with a
photon-like excitation and then turns to an exciton-
like excitation at a certain wave-vector (the first knee)
with a frequency lower than the transverse-exciton
frequency. Next the dispersion curve bends up at
a frequency larger than the transverse-exciton fre-
quency (the second knee) due to the spatial disper-

sion and finally tends to the asymptotic form F =
Er 4+ h2k?/2M* (or w? = w2 + Dk?) as k — co. The
characteristic of the dispersion curves is similar qual-
itatively to that in binary crystals, but shows impor-
tant quantitative difference from binary ones. Most
of the characteristic quantities depend on the com-
position z in TMCs. For example, the positions of
the knees in the dispersion curves of exciton-like ex-
citations shift towards the larger wave-vectors with

the increase of the mole fraction of the wider band-
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gap binary end-materials, i.e. AlAs for Al,Ga;_,As
in Fig.1(a), AIN for Al,Ga;_,N in Fig.1(c) and ZnSe
for Cd,Zn;—,Se in Fig.1(b), respectively.

For ease of representation, we have also illus-
trated the energies of the exciton—polaritons as func-
tions of the composition x in the TMCs Al,Gaj_;As,
Cd;Zni_,Se and Al,Ga;_,N for kK = 4 and 30 in
Figs.2(a) and 2(b) respectively. It is obvious that
the energies of two branches of exciton—polaritons in-

crease non-linearly with the increase of the mole frac-
tion of the Al-components in the Al,Ga;_,As and
Al,Ga;_;N systems and Zn-composition (1 — z) in
the Cd,Zn;_,Se system. The nonlinear property of
the dispersion curves of exciton—polaritons originates
mainly from the parabolic behaviour of the energies
of exciton in TMCs. It is also concluded that the po-
lariton energies increase with the mole fraction of the
wider-gap end-material, say, AlAs, AIN and ZnSe.

AlGaAs CdZnSe AlGaN
T T T T T T LI l4r— T T 71 1
1.2 0.6 | i
1.2
1.0
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1.0
~ . 0.8
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4 06
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1 1 1 1 1 1 1 L 1 0
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(a) k =4
——— 15.7 —— —T—— 304
30.2
15.5
>
L
S| 30.0
<
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1 2 1 2 1 2 1 L 151 1

(b) k = 30

Fig.3. Splitting energies of the two branches of exciton—polaritons as functions of the composition x in the TMCs
Al Gai—zAs, CdzZni—,Se, and Al;Gaj—;N for (a) k = 4 and (b) & = 30. The wave-vector k is measured in

WTGaAs/C, WTCdSe/C, and wrgaN /¢ respectively.
Moreover, the splitting energies of the two
of exciton—polaritons as functions of
the composition z in the TMCs Al,Gaj_;As,
Cd;Zn;_,Se, and Al,Ga;_,N are illustrated in
Figs.3(a) and 3(b) for k = 4 and 30 respectively. Tt
is found that the splitting energy is also sensitive to

branches

the composition z of TMCs. The non-linearity of the

splitting with the composition x is obvious and the
tendency to go up or down is related to the wave-
vector k. Naturally, the exciton—polariton frequen-
cies are rather complicated functions of the compo-
sition x as well as the wave-vector k because of the
nonlinear dependences of E, and the dispersions of
the longitudinal and transverse excitons. It is clearly
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seen in Figs.2 and 3 that the compositional effect on
the two branches of the polariton energies and their
splitting for the smaller wave-vector (k = 4) near the
exciton-photon resonant region is much more obvious
than that for the larger one (k = 30). The splitting
has a minimum at a certain value of the composition
x, where the separation of the longitudinal-transverse
frequencies of excitons is reduced due to the competi-
tion between two alloy components.

4. Conclusion

We have investigated theoretically the bulk
exciton—polaritons of TMCs in the Born—-Huang ap-
proximation. The energies and splitting of the two
branches of bulk exciton—polaritons have been cal-
culated. The results show the new dispersion char-

acteristics for exciton—polaritons in TMC systems in
comparison with binary crystals. The appearance of
the dispersion curve, the excitation energy of exciton—
polaritons and the energy splitting are all sensitive to
the composition of TMCs. The calculated results for
some TMC systems, such as Al,Ga;_,As as well as
GaAs, ZnSe and CdSe are in agreement with the re-
ported experimental results. More experimental re-
sults for TMCs are expected in the future.

It is pointed out that the ternary mixed crystal
Al,Ga;_,N has been considered as isotropic in the
present work for simplicity, but without losing the
qualitative validity. In fact, IIl-nitride compounds
usually grown in a wurtzite structure is not of a cu-
bic lattice. The further work by taking the anisotropy

into account will be done in the future.
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