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Localized folded acoustic phonon modes in coupled superlattices with structural defects
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Using a transfer-matrix method, we investigate the property of the localized folded acoustic phonon modes
in superlattices~SL’s! with structural defect layers in the elastic approximation. We find that there exist
localized folded acoustic phonon modes inside the minigaps of the coupled SL’s grown along a cubic axis of
bulk materials when introducing structural defect layers, and the frequency and the localization degree of these
localized modes strongly depend on the widths of the structural cell and the defect layers. Moreover, we also
notice an interesting change of the parity of the localized modes in the same minigap for different widths of
defect layers.
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I. INTRODUCTION

Since the proposal of semiconductor superlattices~SL’s!,1

the fundamental properties of these structures have attra
a great deal of attention owing to their potential applicatio
The SL structures consist of periodically alternating thin la
ers of different materials, in which the thickness and mate
for each layer can be controlled with considerable accur
due to a high level of perfection in the growth techniques
nanostructures. It is the great advance in microfabrica
techniques that stimulates the experimental and theore
studies on the physical properties of various SL structure

The propagation of acoustic wave in the SL structure
one of the most important objects of physical investigati
It has received increasing interest due to the unusual phy
properties observed in the SL structures in comparison w
bulk materials. It has become a well-known fact that a pe
odic modulation of elastic stiffness constants in SL
changes the Brillouin zone to the zone-folded structu
along the growth direction. As a result, the mini-Brillou
zone is formed and the folded phonon bands separate
minigaps appear. Theoretically, the properties of the fold
acoustic phonon modes in various SL structures, such a
finite and semi-infinite SL’s,2–5 finite SL’s,6,7 and polytype
SL’s,8,9 have been extensively investigated by using trans
matrix and Green’s-function methods. Experimentally,
Raman scattering,10–14 the phonon transmissio
spectroscopy,15 and the femtosecond time resolved pum
probe technique16–20 are applied to explore the dispersio
relations, minigaps, and coherence of the zone-folded p
non modes in the above-mentioned various SL structure

Recently, one of extremely interesting subjects is to stu
the properties of localized modes in the coupled SL’s, wh
an ‘‘artificial’’ defect layer is sandwiched by two sem
infinite SL’s. It is well known that electronic structures o
perfect SL’s consist of a series of allowed minibands, i
continuum states are separated by the forbidden minig
Deviation of the structures from strict periodicity should r
sult in the creation of bound states located within miniga
PRB 610163-1829/2000/61~18!/12075~7!/$15.00
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This fact is well known from early studies of surfac
terminated bulk crystal.21 However, to our best knowledge
the previous experimental and theoretical studies on
coupled SL’s with defect layers mainly focused on the pro
erties of localized electrons and excitation states,22–31and the
localization properties of phonon states in the coupled S
were paid less attention.

The aim of this paper is to study the properties of t
localized folded acoustic phonon modes lying within t
opened minigaps in the phonon spectrum of the coupled S
with defect layers. This paper is organized as follows: Sec
gives a brief description of model and the necessary formu
used in calculations. The calculated results are presente
Sec. III with analyses. Finally, a summary is made in S
IV.

FIG. 1. ~a! Schematic diagram of two semi-infinite SL’s with a
embedded structural defect layerd. Wd , Wa , and Wb , denote,
respectively, the thickness of defect layer and constituent layer
the unit cell of the SL.~b! Schematic diagram of the SL with th
binary structure defect layers.Wd1 andWd2 are the thicknesses o
the first and second defect layers, respectively.Wa andWb are the
thicknesses of the constituent layers of the unit cell of the SL.
12 075 ©2000 The American Physical Society
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II. MODEL AND FORMALISM

We consider two typical samples of the SL’s with stru
tural defects:~i! single structural defect SL, in which a defe
layer is labeled asd ~material AlAs! with a thickness ofWd
embedded between two semi-finite superlattices with a
unit composed ofa ~GaAs! andb ~AlAs! materials, as shown
in Fig. 1~a!; ~ii ! binary structural defect SL, in which defec
layers are labeled asd1 ~GaAs! and d2 ~AlAs! with the
thickness ofWd1 and Wd2, respectively, as shown in Fig
1~b!. In what follows, for simplicity, we choseZ axis parallel
to the SL axis. For these structures, there exist pure long
dinal ~L! and transverse~T! acoustic phonon modes, an
transverse modes are twofold degenerate.

First, we investigate the localizedL modes. For the local-
ized phonon states, the Bloch wave numberqz should take a
complex values in the form as
he
ll

u-

qz5
np

W
1 iq ~q.0, n51,2,3, . . . !, ~1!

whereW(5Wa1Wb) is the period of the SL’s,Wa(Wb) is
the width ofa (b) layer. The localized state solution of th
elastic wave motion equation forL modes can be written a

F~z,t !5UL~z!e2 ivt, ~2!

whereUL(z) represents the atomic displacement for loc
izedL modes, andv is the frequency of the localized mode
For the coupled SL’s with structural defect layers, the cor
sponding atomic displacement in different layers can be
pressed as
UL~z!55
F~AL j

r ,BL j
r ,kL j ,z2zm j

r !eiqz(m21)W ~2Wj /2<z2zm j
r <Wj /2!,

F~ALd ,BLd ,kLd ,z2zd! ~2Wd/2<z2zd<Wd/2!,

F~AL j
l ,BL j

l ,kL j ,z2zm j
l !eiqz(m21)W ~2Wj /2<z2zm j

l <Wj /2!,

~3!
r

ol-

e

a

c-
ct
where the functionF(A,B,k,z) is defined by

F~A,B,k,z!5Aeikz1Be2 ikz, ~4!

zd is the center coordinate of the defect layer,zm j
l andzm j

r are
the center coordinates of thej th( j 5a,b) layer in themth
(m51,2,3, . . . ) period of the left and right semi-infinite
SL’s; kLm is given by

kLm5
vL

AC11,m

rm

~m5a,b,d!. ~5!

C11,m is elastic stiffness constant in them layer, andr is the
mass density.

By imposing boundary conditions at interfaces: t
atomic displacementUL(z) and the forceC11UL8(z) should
be continuous at each interface, we then obtain

S AL j
l

BL j
l D 5Q̂S AL j 8

r

BL j 8
r D , ~6!

ŜbS ALa
b

BLa
b D 50 ~b5 l ,r !, ~7!

where

Ŝb5H Î 2 P̂eiqzW ~b5r !,

Î 2 P̂e2 iqzW ~b5 l !,
~8!
Q̂5T̂21~C11,j ,kL j ,Wj !)
i 51

s

M̂ ~C11,di ,kLdi ,Wdi!

3T̂~C11,j 8 ,kL j 8 ,2Wj 8!, ~9!

P̂5T̂21~C11,a ,kLa ,Wa!M̂ ~C11,b ,kLb ,Wb!

3T̂~C11,a ,kLa ,2Wa!, ~10!

with

M̂ ~C,k,z!5T̂~C,k,2z!T̂21~C,k,z!, ~11!

T̂~C,k,z!5S eikz/2 e2 ikz/2

iCkeikz/2 2 iCke2 ikz/2D . ~12!

Combining Eqs.~1!, and~6!–~8!, we derive the equations fo
determining the frequencyv and the decay factorq of the
localized modes for longitudinal acoustic phonons as f
lows:

cosh~qW!50.5~21!n~ P̂111 P̂22!, ~13!

~21!nsinh~qW!~Q̂111Q̂22!10.5~ P̂222 P̂11!~Q̂222Q̂11!

1 P̂12Q̂211 P̂21Q̂1250. ~14!

When s51 and j 5 j 85a, the formulas above actually ar
for a single structural defect situation as shown in Fig. 1~a!,
while s52, j 5b, and j 85a, they become the ones for
binary structural defect situation as shown in Fig. 1~b!.

Without losing generality, we now study the wave fun
tion of localized modes in SL’s with binary structural defe
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layer corresponding to Fig. 1~b!. In fact, asWd15Wa or
Wd25Wb , the binary structural defect SL is reduced to
single structural defect SL. We introduce the relative coor
nate in each layer as follows:

Z̃d15z2zd1 ~2Wd1/2<Z̃d1<Wd1/2!, ~15!

Z̃d25z2zd2 ~2Wd2/2<Z̃d2<Wd2/2!, ~16!

Z̃a
m5z2za

m ~2Wa/2<Z̃a
m<Wa/2!, ~17!

Z̃b
m5z2zb

m ~2Wb/2<Z̃b<Wb/2!. ~18!

According to Eqs.~1!, ~3!, and ~4!, the wave function of
localized states can be expressed as

UL~z!55
ALa

r F~ALn ,BLn ,kLn ,Z̃n!~n5d1,d2!,

ALa
r F@1,~e2 iqzW2 P̂11!/ P̂12,kLa ,Z̃a#eiqz(m21)W,

ALa
r F~ALb

r ,BLb
r ,kLb ,Z̃b!eiqz(m21)W,

ALa
r F~ALz

l ,BLz
l ,kLz ,Z̃z!e

iqz(m21)W ~z5a,b!,

~19!

whereALa
r is the normalized constant;qz is determined by

Eq. ~13!. By using boundary conditions at interfaces, we o
tain

S ALb
r

BLb
r D 5Ŝ1Â, ~20!

S ALd2

BLd2
D 5Ŝ2Â, ~21!

S ALd1

BLd1
D 5Ŝ3Â, ~22!

S ALb
l

BLb
l D 5Ŝ4Â, ~23!

S ALa
l

BLa
l D 5Ŝ5Â, ~24!

with

Â5S 1

~e2 iqzW2 P̂11!/ P̂12
D , ~25!

Ŝ15T̂21~C11,b ,kLb ,2Wb!T̂~C11,a ,kLa ,Wa!, ~26!

Ŝ25T̂21~C11,d2 ,kLd2 ,Wd2!T̂~C11,a ,kLa ,2Wa!, ~27!

Ŝ35T̂21~C11,d1 ,kLd1 ,Wd1!T̂~C11,d2 ,kLd2 ,2Wd2!Ŝ2 , ~28!

Ŝ45T̂21~C11,b ,kLb ,Wb!T̂~C11,d1 ,kLd1 ,2Wd1!Ŝ3 , ~29!

Ŝ55T̂21~C11,a ,kLa ,Wa!T̂~C11,b ,kLb ,2Wb!Ŝ4 . ~30!
i-

-

In terms of the normalized condition of localized state wa
functions:*2`

` uUL(z)u2dz51, we have

ALa
r 5

1

AI n1I j
l 1I j

r
, ~31!

with

I n5E
2Wd1/2

Wd1/2

uF~ALd1 ,BLd1 ,kLd1 ,Z̃!u2dZ̃

1E
2Wd2/2

Wd2/2

uF~ALd2 ,BLd2 ,kLd2 ,Z̃!u2dZ̃, ~32!

I j
r5

1

12e22qzW
F E

2Wa/2

Wa/2

uF@1,~e2 iqzW

2 P̂11!/ P̂12,kLa ,Z̃#u2dZ̃

1E
2Wb/2

Wb/2

uF~ALb
r ,BLb

r ,kLb ,Z̃!u2dZ̃G , ~33!

and

I j
l 5

1

12e22qzW
F E

2Wa/2

Wa/2

uF~ALa
l ,BLa

l ,kLa ,Z̃!u2dZ̃

1E
2Wb/2

Wb/2

uF~ALb
l ,BLb

l ,kLb ,Z̃!u2dZ̃G . ~34!

Then we can easily write the wave functions of the loc
ized modes in all layers according to the formulas above.
the above-mentioned formulas are also valid for the locali
modes of the transverse acoustic phonons as long asC11,m is
replaced byC44,m .

In the following calculations, we employ the values
elastic stiffness constants and the mass densities presen
Ref. 32: C11512.21(1010 Nm22),C4455.99(1010 Nm22),
and r55317.6(kgm23) for GaAs; C11512.02
(1010 Nm22),C4455.89(1010 Nm22), and r53760
(kgm23) for AlAs.

III. NUMERICAL RESULTS AND ANALYSES

We first describe the influence ofa-layer widthWa on the
localized modes of longitudinal acoustic phonons. The c
culated results are depicted in Fig. 2. We choseWb
58 nm,Wd54 nm, and the material of the defect layerd
being the same asb ~AlAs! material in calculations. The
regions between two dotted lines in Figs. 2~a! and~c! repre-
sent the first and second minigaps and solid lines display
variation of frequency of two localized modes located in t
first and second minigaps, respectively. Figures 2~b! and~d!
show the dependence of the decay factorq of the localized
modes onWa , corresponding to the first and second loc
ized modes, respectively.

From Figs. 2~a! and ~c!, it is clearly seen that minigap
always shift towards low frequency region asWa increases.
At the same time, the frequencies of localized modes are
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decreased with the increase ofWa . These results can be we
understood. As is well known, the center frequency of
mth minigap for the folded acoustic phonons is determin
by

vm5mỹp/W, ~35!

where ỹ is the average velocity of the acoustic wave. It
evident that the increase of the period of the SL tends to s
minigaps towards low frequency region. Hence the frequ
cies of the localized modes are reduced as the width of la
a increases. Similar results can be found as increasing
b-layer width. From Fig. 2~c!, we also notice that the mini
gap gradually narrows and finally vanishes atWa
.6.75 nm. This can be well explained according to a
proximate formulas of evaluating minigap widths.15

q value of the localized modes represents a localiza
degree of the modes in space. Apparently, we can see
there exists a maximum value in eachq-Wa curve in Figs.
2~b! and ~d!, but the peak positions for different localize
modes are different. Compare Fig. 2~b! with Fig. 2~d!; we
can find the peak value of the second localized mode
higher than that of the first localized mode for the sa
structural parameters. We also display behaviors of the tr
verse acoustic phonons in the same coupled SL. Similar
tures are found.

We now investigate the effect of the widthWd of the
defect layer on the localized modes of the longitudin
acoustic phonons. Here, we takeWa53 nm and Wb
58 nm. Figures 3~a! and ~b! show the dependence of th
frequency and decay factor of the first localized mode
Wd , and Figs. 3~c! and ~d! for the second localized mode
The regions between two horizontal dotted lines repres
frequency scope of the first and second minigaps, res
tively. It should be noted from Eqs.~7! and ~8! that the

FIG. 2. Dependence of frequencyv and decay factorq of the
localizedL acoustic modes on the widthWa of the layera in the
coupled SL’s withWb58 nm andWd54 nm. ~a! and ~b! corre-
spond to the localized modes lying within the first minigap,~c! and
~d! to the localized modes lying within the second minigap. T
regions between two dotted lines in~a! and ~c! describe the fre-
quency scopes of the first and second minigaps, respectively.
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minigaps are determined by periodic structure of SL a
have nothing to do with defect layers. Some main charac
istics of the localized states can be described as follows~i!
The frequencies of the localized modes are usually decre
with the increase of the widthWd of the defect layer. Here it
is worthy to be pointed out in particular that the localiz
modes fully vanish atWd58 nm5Wb . This is because the
structure has become a perfect SL whenWd58 nm. Appar-
ently, there is no localized mode in a perfect SL. The form
tion of the minibands is attributed to the split of levels due
periodicity coupling between the adjacent quantum wells
the perfect SL. When introducing structural defects into
ideal SL, this periodicity coupling is locally broken dow
around the structural defect layer. This periodicity-brok
coupling leads to the appearance of new splitting levels,
ferent from the splitting levels stemmed from the periodic
coupling. Some of them may lie within the minibands of t
SL and develop into the delocalized scattering states, and
other part of them resided in the minigaps of the SL beco
the localized states. Therefore the localized modes exist o
in SL with defect structure.~ii ! For some values ofWd , the
localized modes also no longer appear. For example, w
2.07<Wd<2.38 nm, there is no localized mode in the se
ond minigap.~iii ! The closer to the center of the minigap th
position of the localized state, the higher is its localizati
degree.

To further reveal the influence of the widthWd of defect
layer on the localized modes, we study the modulus of w
functions of the localization modes. The moduli of the wa
functions within the region including four unit cells at eac
side of the defect layer as well as defect layer itself for
structures in Fig. 3 are illustrated in Fig. 4. The center of
defect layer is chosen as the coordinate center (Z50).
Curvesa–c in Fig. 4~a! correspond toWd52.12, 5.80, and
7.80 nm in Figs. 3~a! or ~b!, respectively. Accordingly, their
q values are 13.533, 7.172, and 0.681(1023 nm21). Curves
a–d in Fig. 4~b! correspond toWd51.50, 3.60, 5.16, and

FIG. 3. Dependence of frequencyv and decay factorq of the
localizedL acoustic modes on the widthWd of the defect layerd in
the coupled SL’s with a single structure defect layer. Here,Wa

53 nm andWb58 nm. Explanations for~a!–~d! are the same as
Fig. 2.
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7.80 nm in Figs. 3~c! or ~d!, respectively. Accordingly, their
q values are 4.781, 9.758, 15.435, and 1.670(1023 nm21),
respectively.

From Figs. 4~a! and ~b!, some characterstics can be a
dressed as follows:~i! The wave function exhibits a decayin
behavior. When the frequency of the localized modes
proaches closer to the center of the minigap, the corresp
ing q value is bigger, and its localization becomes strong
So q value can serve as a measure of localization degree
the corresponding localized mode.~ii ! The number of
maxima of the modulus in each cell always coincides w
the minigap number.~iii ! The wave function of each local
ized mode has a definite parity due to structural symme
The wave function in Fig. 4~a! possesses odd parity. In fac
the wave function of the localized modes lying in the fi
minigap is of odd parity for 1<Wd<8 nm. However, Fig.
4~b! shows that the parity of the localized mode in casea is
odd, while parity of the localized modes in casesb–d is
even. As a matter of fact, the parity of the localized modes
the second minigap is odd for 1<Wd<2.07 nm, while it
becomes even as 2.38<Wd<8 nm. These characteristic
are similar to those of the localized electron states in S
with symmetric defect layers. In our previous work,30 we
made a detailed study on the parity of the localized elect
states.

We also consider the cases of the structural defect c
posed of a material ~GaAs!. Similar phenomena are ob
served, too.

We now turn to investigation of the localized modes
SL’s with binary structural defect layers, shown in Fig. 1~b!.
First, let us focus on influences of the defect layers on
localized modes. We fixedWa53 nm andWb58 nm. The
variations of the frequency and decay factor withWd2 are

FIG. 4. Moduli of the wave function of the localizedL acoustic
modes lying in the first and second minigap. Curvesa–c in ~a!
correspond toWd52.12, 5.80, and 7.80 nm in Figs. 3~a! or ~b!.
Curvesa–d in ~b! correspond toWd51.50, 3.60, 5.16, and 7.80 nm
in Figs. 3~c! or ~d!, respectively. Here, we plot the moduli of th
wave function within the region including four unit cells at ea
side of defect layer and defect layer itself in each curve in both~a!
and ~b!. For clarity, two consecutive curves in~a! and ~b! are ver-
tically separated by 53103 and 63103, respectively. The center o
the defect layer is chosen as the coordinate center (Z50).
-

-
d-
r.
or

y.

t

n

s

n

-

e

shown in Figs. 5~a! and~b! for the first minigap, and in Figs
5~c! and ~d! for the second minigap, respectively. Curvesa
and b correspond to different thicknesses of defect lay
d1 : Wd152 and 4 nm, respectively. The region between t
dotted lines in Figs. 5~a! and ~c! represents the scope of th
first and second minigaps, respectively.

From Figs. 5~b! and ~d! it is clearly seen that the pea
value of the curvesa and b for the same minigap almos
remains unchanged@about 13.533(1023 nm21) for the first
localized mode and 15.435(1023 nm21) for the second lo-
calized mode#. As mentioned above, the maximum value
decay factorq corresponds to the frequency of the center
minigap. As soon as this frequency goes through the ce
of minigap, which is determined byWa andWb , the peak of
decay factorq will appear necessarily. Their locations sh
towards the lowerWd2 as increasing the width of the defe
layerd1. These results manifest that the defect layers do
affect the peak value ofq and only cause a shift of pea
positions. This shows that the effect of the binary def
layer is plausibly equal to that of a single defect layer w
certain attaching thickness.

We now begin to envisage the effect of differentWa val-
ues on curvesvL2Wd2 and qL2Wd2 for a fixed Wd1
53 nm. Figure 6 displays the variations ofvL andqL with
Wd2 for different values ofWa in the first minigap and sec
ond minigap. The regions between two dotted lines in Fi
6~a! and~c! represent the scope of the first and second m
gaps, respectively. Curvesa and b in Fig. 6 correspond to
Wa52 and 4 nm, respectively.

We first consider the circumstances of the localiz
modes in the first minigap, shown in Figs. 6~a! and~b!. The
scopes of minigap corresponding toa andb in Fig. 6~a! are
about 1.777–1.647 and 1.470–1.322 THz, respectively.
cordingly, the maximum values ofq, illustrated in Fig. 6~b!,

FIG. 5. Dependence of frequency and decay factor of the lo
ized L acoustic modes onWd2 in the first and second minigaps i
the coupled SL’s with the binary defect layer. Here,Wa

53 nm,Wb58 nm, and curvesa and b correspond to different
thicknesses of the defect layerd1:Wd152 and 4 nm, respectively
The regions between two dotted lines in~a! and ~c! describe the
scopes of the frequency of the first and second minigaps, res
tively. For clarity, two consecutive curves are separated by 0.2 T
in ~a! and~c!, and by 15(1023 nm21) in ~b! and~d!, respectively.
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are 11.901 and 13.877 (1023 nm21), and their positions are
located atWd251.70 and 2.56 nm, respectively. From the
calculated results, we reveal the facts that, whenWa is in-
creased,~i! the location of minigap goes down, and its ma
nitude is increased;~ii ! the peak value in curveq2Wd2 is
increased, and its according location shifts right. When
changingWa for Wb , the similar results can be obtained
the first minigap. Therefore we can make a conclusion sa
that the position and scope of the minigap as well as the p
value in curveq2Wd2 are dominated by the structural cell o
SL.

Now, we investigate situations of the localized modes
the second minigap, shown in Figs. 6~c! and~d!. The scopes
of minigap, corresponding toa andb in Fig. 6~c!, are about
3.526–3.331 and 2.852–2.736 THz. The peak values, co
sponding to a and b in Fig. 6~d!, are 17.938 and
10.943 (1023 nm21), and the peak positions are located
Wd254.395 and 5.900 nm, respectively. These calcula
results exhibit features apparently different from those in
first minigap: whenWa is increased,~i! the position of mini-
gap is descended, but the scope is narrowed;~ii ! the peak

FIG. 6. Dependence of frequency and decay factor of the lo
ized L acoustic modes onWd2 in the first and second minigaps i
the coupled SL’s with the binary defect layer for different values
Wa . Here,Wd153 nm,Wb58 nm, and curvesa andb correspond
to different thicknesses of the well layera:Wa52 and 4 nm, re-
spectively. The regions between two dotted lines in~a! and ~c!
describe the scopes of the frequency of the first and second m
gaps. For clarity, two consecutive curves in~a!–~d! have been offset
by 0.5 ~THz!, 15(1023 nm21), 0.8 ~THz!, and 20 (1023 nm21),
respectively.
-

.

a

.

-

-

ly
ak

n

e-

t
d
e

value of the curvesqL2Wd2 is reduced, and its correspond
ing location shifts right. Moreover, the peak value in t
second minigap is evidently higher than that in the first mi
gap.

According to the results obtained in Fig. 6, we find t
fact that for certain structural parameters there is an id
localization effect in the second minigap, however, the loc
ization degree in the first minigap is low, and vice versa.
other words, we cannot obtain ideal localization effect in t
first and second minigaps simultaneously.

IV. SUMMARY

We have studied the property of the localized fold
acoustic phonon modes for two types of coupled se
infinite superlattices with both single and binary structu
defect layers. We find that the emergence of the locali
folded acoustic phonon modes in the minigaps of the coup
SL’s grown along a cubic axis bulk materials is due to t
introduction of structural defect layers. The frequency a
the localization degree of those localized folded phon
modes strongly depend on the widths of the constituent
ers of SL’s and the defect layers. In the coupled SL with
single defect layer, the variation of the frequency of the
calized modes with the constituent layer width of the S
exhibits a monotonic decrease, however, the profile of
decay factor presents a peak. The variation of the freque
and the localization degree of the localized phonon mo
with the width of the defect layer show some interesti
characteristics. For example, for some widths of defect lay
there is no localization mode in the minigap; there exist b
odd and even parity states in the same minigap. In the st
of the localized modes of the coupled SL’s with the bina
structure defect layers, we find that the effect of the bin
structure defect layers on the localization degree is equa
that of a single defect layer with certain attaching thickne
The peak value of the localized modes in curveq2Wd2 is
determined by the width of the constituent layer of the S
We also find the effect of the structural parameters on
localized modes in the first minigap is quite different fro
that in the second minigap, and we cannot observe id
localization effect in the first and second minigaps at
same time. Last, we propose that Raman scattering and
non transition techniques may be utilized to probe the loc
ized acoustic phonon modes in the structural defect SL’s
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