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Effect of structural defects consisting of ternary mixed crystals
on localized interface optical modes in superlattices
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The localized interface optical-phonon modes lying in a minigap of AlAs-GaAs superlattice with structural
defects consisting of ternary mixed-crystal AlxGa12xAs are studied in the dielectric continuum approximation.
We find that three localized interface optical modes appear in each frequency minigap for certain structural
parameters. Two of them are antisymmetric with respect to the center of the defect layers and display inter-
esting features significantly different from those in the structure with a binary crystal defect layer. However, the
third mode with symmetric property shows similar behavior as that in the structure with a binary crystal defect
layer.
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In the past two decades, the vibrational properties in
perlattices~SL’s! have attracted much attention due to th
novel physical properties in comparison with bulk materi
and potential applications. As far as optical phonons are c
cerned, their characteristics in various SL structures h
been extensively investigated. It has become a well-kno
fact that the optical-phonon modes in a SL can be divid
into two types: One is a type of bulklike modes, the othe
type of interface optical modes.1,2 The bulklike modes con-
fined to different slabs are completely decoupled, while
interface optical-phonon modes~IOPM’s! extend over the
whole structure. The IOPM’s have been found to play
dominant role in electron-phonon interactions in quant
wells and superlattices.3–7 The dispersion relation of IOPM’s
has been extensively analyzed in terms of the dielectric c
tinuum model theoretically,8–12 and the IOPM’s predicated
by theoretical models have been observed by means of
man scattering.13–16

Recently, one of the extremely interesting subjects is
study the properties of localized vibrational modes in a
perlattice with the presence of inhomogeneities such as
face, interface, or defect layer. Some authors have inve
gated localized acoustic modes of different samples suc
in a finite layered structure with defect layers,17–19 in semi-
infinite SL’s with a substrate or an adsorbed layer,20 and in
infinite SL’s with structural defects.21 Surface phonon polari
tons have been studied within two-layer22 and three-layer
SL’s.23

Very recently, the authors24 studied the localized IOPM’s
in SL’s with structural defects. Here, we will extend our pr
vious work and investigate the effects of the defect la
consisting of ternary mixed crystal AlxGa12xAs on the local-
ized IOPM’s in detail. The ternary mixed-crystal system
usually used in heterostructures and SL’s. Many propertie
the ternary mixed crystals are different from those of bin
crystals and they can be modulated by changing the m
fractions of the compounds. It is well known that the lon
wavelength optical phonons in ternary mixed crys
Al xGa12xAs exhibit the so-called two-mode behavior. O
investigation shows that the effects of the mixed crys
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changes substantially the localized IOPM’s in the SL’s.
We now consider such a structural defect SL

•••ubuaubuauduaubuaubu•••, in which a defect layer labeled
as d ~material AlxGa12xAs) with a thickness ofWd is em-
bedded between two semi-infinite SL’s with the unit c
composed ofa~GaAs! andb~AlAs! material. The thicknesse
of constituent layersa and b are Wa and Wb , respectively,
and the superlattice period isW5Wa1Wb .

In the following, we numerically examine the effec
of the structural defect layer consisting of ternary mix
crystal AlxGa12xAs on the localized IOPM’s in accordanc
with the formulas derived in Ref. 24. In the calculations, w
employ those values of dielectric constants and phonon
quencies of GaAs, AlAs, and AlxGa12xAs referred to in
Refs. 12 and 25:e`(GaAs)510.89 ande`(AlAs) 58.16,
vLO ( GaAs )5 55.045 THz,vTO ( GaAs )5 50.5503 THz,
vLO(AlAs) 576.0608 THz, andvTO(AlAs) 568.150 THz;
while AlxGa12xAs has both AlAs-like and GaAs-like modes

vLO~GaAs-like!555.04529.9461x12.7181x2, ~1!

vTO~GaAs-like!550.550320.9718x21.7614x2, ~2!

vLO~AlAs-like!567.7699113.3323x25.0414x2, ~3!

vTO~AlAs-like!567.769910.8352x20.4555x2. ~4!

Note that the frequencies cited correspond toq50. The
value of dielectric constant of AlxGa12xAs is evaluated by

e`~Al xGa12xAs!510.8922.73x. ~5!

The dielectric functions of a binary crystal and a terna
mixed crystal are expressed in the form of26,27

e i~v!5e` i

~v22vLOi
2 !

~v22vTOi
2 !

~ i 5a,b! ~6!

and
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FIG. 1. Calculated frequencies of localize
IOPM’s lying in the AlAs-like minigap as a func-
tion of the transverse wave numberq// for differ-
ent concentrationsx of defect layer.~a!–~d! cor-
respond to x50.25,0.317,0.318, and 0.40
respectively. The dashed curves~labeled v1S)
represent the localized IOPM’s with even parit
while the dotted and solid curves~labeledv2A

and v3A , respectively! denote localized IOPM’s
with odd parity. The dot-dashed curves represe
the band edge of the minigap. The region b
tween the two dot-dashed curves represents
frequency minigap. The signs1 and2 represent
the even and odd parities, respectively.
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e~v!5e`

~v22vLOa
2 !~v22vLOb

2 !

~v22vTOa
2 !~v22vTOb

2 !
, ~7!

respectively, wherevLOi~vTOi! is the longitudinal~trans-
verse! optical-phonon frequency of the binary crystal, a
e` i the optical dielectric constant of the materiali ( i 5a,b).
The two-mode behavior of ternary mixed crystal in Eq.~7! is
distinguished by subscriptsa andb which respectively stand
for GaAs-like and AlAsS-like modes.

Figures 1 and 2 show the dependence of the locali
IOPM’s lying in AlAs-like and GaAs-like minigaps on th
transverse wave numberq// for different concentrationsx.
Here, we takeWa520 nm,Wb58 nm, and Wd53 nm.
From Fig. 1, it can be clearly seen that there are th
15330
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branches of the localized IOPM’s, labeled asv1S ,v2A , and
v3A , respectively, lying in the minigap for certain structur
parameters and transverse wave numbers. Macroscopic
trostatic potential forv1S branch is symmetric and bothv2A

andv3A branches are antisymmetric with respect to the c
ter of the defect layer, respectively. The number of localiz
IOPM’s obtained here is remarkably different from that o
tained in Ref. 24 where only two localized IOPM’s are su
vival. In Ref. 24, the structural defect layer is different fro
constituent layers only in thickness. In this present wo
however, the structural defect layer is made of ternary mix
crystal AlxGa12xAs, where the AlAs-like~GaAs-like! mode
frequencies are different from the AlAs~GaAs! mode fre-
quencies in regions adjacent to the defect layer, so it can
d
-

,
e

FIG. 2. Calculated frequencies of localize
IOPM’s lying in the GaAs-like minigap as a func
tion of the transverse wave numberq// for differ-
ent concentrationsx of the defect layer.~a!–~d!
correspond tox50.20, 0.222, 0.223, and 0.25
respectively. Explanations for all curves are th
same as for Fig. 1.
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FIG. 3. Dependence of frequency of the loca
ized IOPM’s on the widthWd of the defect layer
d: ~a! and~b! correspond to the localized IOPM’
lying in the AlAs-like minigap for q//Wa50.6
and 0.8;~c! and ~d! correspond to the localized
IOPM’s lying in the GaAs-like minigap for
q//Wa50.6 and 0.8, respectively. Here, we tak
Wa520 nm,Wb58 nm, and x50.25. Explana-
tions for all curves are the same as for Fig. 1.
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understood that there are more than two localized IOP
appearing inside each minigap. Moreover, we find that in
limit ( qz50, andq//→0) of the long wavelength thev3A
branch approaches the LO frequency of AlxGa12xAs. This
implies that thev3A originates from the ternary mixed crys
tals defect layers. In fact, there exist three localized IOPM
in AlAs-like minigap for certain concentration extent ofx,
but beyond this concentration extent, only two localiz
IOPM’s or even one are survival. Whenx50 or 1, the re-
sults are the same as those of binary structural defect
presented in Ref. 24. Whena(GaAs) andb(AlAs) are per-
muted, similar phenomena are observed. It is interestin
note from Fig. 1 that, with the increase of the concentrat
x, v3A branch shifts towards the higher-frequency regio
15330
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meanwhilev2A branch shifts towards the low-frequency r
gion. Furthermore, both modesv2A and v3A degenerate a
certain values between 0.317,x,0.318 for certain trans-
verse wave numberq// . Whenq// is increased,v2A andv3A
are separated into two branches again. When further incr
ing x,v2A andv3A are divided into two parts@see Fig. 1~c!#.
Both the degeneracy positions ofv2A andv3A at the left and
right parts are varied with the concentrationx and transverse
wave numberq// . The larger thex, the wider the spacing
between two degeneracy positions is. When the concen
tion x is increased to certain value,v2A andv3A at the right
part are joined together and then it is difficult to distingui
them @see Fig. 1~d!#. Thev2A andv3A are coupled togethe
when they meet with each other, whilev1S is not coupled
l-

e

for
FIG. 4. Dependence of frequency of the loca
ized IOPM’s on the widthWb of the constituent
layer b: ~a! and ~b! correspond to localized
IOPM’s lying in the AlAs-like minigap for
q//Wa50.6 and 0.8;~c! and~d! correspond to lo-
calized IOPM’s lying in the GaAs-like minigap
for q//Wa50.6 and 0.8, respectively. Here, w
take Wa520 nm, Wd53 nm, andx50.25. Ex-
planations for all curves are the same as
Fig. 1.
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with v2A or v3A . This infers that both antisymmetric mode
v2A andv3A possess the same orientation of the polarizat
and the orientation of the polarization of symmetric mod
v1S is perpendicular to that of antisymmetric modesv2A and
v3A . It gives again a strong support of the conclusion dra
in Ref. 24 that the localized IOPM’s with symmetric or a
tisymmetric characteristics correspond to the longitudi
and transverse vibrations, respectively. For the special c
q//50, we can conclude that symmetric modev1S is of LO
mode polarized parallel to the superlattice axis and antis
metric modesv2A andv3A are of TO modes polarized in th
plane of the layers. It should be noted that thev1S branch
does not vary withx. This implies that thev1S branch origi-
nates from AlAs modes in the constituent layer.

For GaAS-like localized IOPM’s depicted in Fig. 2, sim
lar features are observed except that the frequency posit
of v1S ,v2A , andv3A branches are just reversed.

Figure 3 illustrates the frequencies of the localiz
IOPM’s as a function of theWd for different transverseq// .
With the increase ofWd , both v2A and v3A gradually ap-
proach each other and they degenerate atWd522.25 nm in
Fig. 3~a!, Wd517.25 nm in Fig. 3~b!, Wd56.45 nm in Fig.
3~c!, andWd54.35 nm in Fig. 3~d!, respectively. Thenv2A
and v3A vanish and onlyv1S is left. It is not difficult to
understand these behaviors after carefully observing the
lution of bothv2A andv3A with the increase of the concen
trationx and the transverse wave numberq// in Fig. 1, where
the spacing between the left and right degeneracy point
produced and bothv2A and v3A vanish. The width ofWd
corresponding to the degeneracy point is different for diff
ent transverse wave numbersq// and concentrationsx. With
the increase ofq// , the degeneracy position ofv2A andv3A
lying in the AlAs-like minigap shifts towards narrower widt
.
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Wd. Similar results are found for that lying in the GaAs-lik
minigap.

We now turn to investigate the influence of the widthWb
on the localized IOPM’s for different transverseq// , shown
in Fig. 4. It is well known from Ref. 24 that bothv1S and
v2A always appear in pairs inside each frequency minig
when the structural defect layer consists of AlAs or GaA
The emergence ofv3A is due to the introduction of ternar
mixed-crystal defect layer. Meanwhile thev2A with the same
asymmetry asv3A always shifts towardsv3A . The degen-
eracy always occurs whenv2A and v3A meet with each
other. From Fig. 4, it is seen that thev3A is almost not
influenced by the widthWb.

In summary, we have systematically investigated
properties of the localized IOPM’s in AlAs-GaAs SL’s wit
defect layer consisting of ternary mixed crystal AlxGa12xAs.
We find that, in comparison with the previous work,24 a new
localized IOPMv3A with antisymmetry appears in each fr
quency minigap for certain parameters and it sensitively
pends on the concentrationx, the transverse wave numbe
q// , and the width of the defect layer, but it is not qui
affected by the width of constituent layer. Another antisy
metric localized modev2A also sensitively depends on th
width of the constituent layers. Symmetric modev1S seems
not to be influenced by ternary mixed-crystal defect lay
Both antisymmetric modesv2A andv3A always degenerate
as soon as they meet with each other in frequencies, w
the symmetric modev1S is not coupled with the antisymme
ric modesv2A andv3A . Our studies show that the symme
ric modev1S is of LO mode polarized parallel to the supe
lattice axis and the antisymmetric modesv2A andv3A are of
TO modes polarized in the plane of the layers forq//50.

This work was supported by the National Natural Scien
Foundation of China.
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