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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.

[. INTRODUCTION This fact is well known from early studies of surface-
terminated bulk cryst&: However, to our best knowledge,
Since the proposal of semiconductor superlatti@ss),!  the previous experimental and theoretical studies on the
the fundamental properties of these structures have attract€é@upled SL's with defect layers mainly focused on the prop-
a great deal of attention owing to their potential applications€rties of localized electrons and excitation stéfes;and the
The SL structures consist of periodically alternating thin lay-localization properties of phonon states in the coupled SL's
ers of different materials, in which the thickness and materia/vere paid less attention. _
for each layer can be controlled with considerable accuracy 1he aim of this paper is to study the properties of the
due to a high level of perfection in the growth techniques ofiocalized folded acoustic phonon modes lying within the
nanostructures. It is the great advance in microfabricatio?P€ned minigaps in the phonon spectrum of the coupled SL's
techniques that stimulates the experimental and theoretic¥fith defect layers. This paper is organized as follows: Sec. II
studies on the physical properties of various SL structures.9ives a brief description of model and the necessary formulas
The propagation of acoustic wave in the SL structures jdised in cz_ilculatlons. Thg calculated results_ are pres_ented in
one of the most important objects of physical investigationSec. Ill with analyses. Finally, a summary is made in Sec.
It has received increasing interest due to the unusual physic&Y-
properties observed in the SL structures in comparison with w.ow W
bulk materials. It has become a well-known fact that a peri- ‘ ‘ L ‘ ‘ ‘ ‘

odic modulation of elastic stiffness constants in SL's
changes the Brillouin zone to the zone-folded structures
along the growth direction. As a result, the mini-Brillouin
zone is formed and the folded phonon bands separated by
minigaps appear. Theoretically, the properties of the folded

acoustic phonon modes in various SL structures, such as in- @
finite and semi-infinite SL'$;® finite SL's®” and polytype
SL's 9 have been extensively investigated by using transfer- W, W, W, W,

Raman scatterintf™** the phonon transmission

spectroscopy> and the femtosecond time resolved pump-

probe techniqué=2° are applied to explore the dispersion

relations, minigaps, and coherence of the zone-folded pho-

non modes in the above-mentioned various SL structures.
Recently, one of extremely interesting subjects is to study ®

the properties of localized modes in the coupled SL's, where g, 1, (a) Schematic diagram of two semi-infinite SL’s with an

an “artificial” defect layer is sandwiched by two semi- embedded structural defect laydr Wy, W,, andW,, denote,
infinite SL’s. It is well known that electronic structures of respectively, the thickness of defect layer and constituent layers of
perfect SL’s consist of a series of allowed minibands, i.e.the unit cell of the SL(b) Schematic diagram of the SL with the
continuum states are separated by the forbidden minigapsinary structure defect layersV,; andW,, are the thicknesses of
Deviation of the structures from strict periodicity should re-the first and second defect layers, respectivély.andW, are the
sult in the creation of bound states located within minigapsthicknesses of the constituent layers of the unit cell of the SL.

matrix and Green’s-function methods. Experimentally, the ’ ‘ ‘ PN ‘ ‘ ‘
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Il. MODEL AND FORMALISM

nm
= 4 >0, n=1,2,3...), 1
We consider two typical samples of the SL’s with struc- d W 9 | : v

tural defects(i) single structural defect SL, in which a defect
layer is labeled ad (material AIA9 with a thickness oWy
embedded between two semi-finite superlattices with a cew]
unit composed oh (GaAs andb (AlAs) materials, as shown
in Fig. 1(a); (ii) binary structural defect SL, in which defect
layers are labeled adl (GaA9 and d2 (AlAs) with the
thickness ofWy; and Wdz: respectwely, as shqwn in Fig. d(z,t)=U (2)e 1", )
1(b). In what follows, for simplicity, we chosg axis parallel
to the SL axis. For these structures, there exist pure longitu-
dinal (L) and transverséT) acoustic phonon modes, and where U, (z) represents the atomic displacement for local-
transverse modes are twofold degenerate. izedL modes, andv is the frequency of the localized modes.
First, we investigate the localizadmodes. For the local- For the coupled SL'’s with structural defect layers, the corre-
ized phonon states, the Bloch wave numiyeshould take a sponding atomic displacement in different layers can be ex-
complex values in the form as pressed as

hereW(=W,+W,) is the period of the SL'SW,(W,) is
e width ofa (b) layer. The localized state solution of the
elastic wave motion equation for modes can be written as

F(ALj Bl K j.Z— 2 %MDY (—wj2<z- 27 <W;/2),
UL(z2)=1 F(ALd,BLd KL 2~ Zg) (—Wyl2<z—24<W,/2), 3)

F(AL; Bl ki 2= 29 DWW (—wW/2<z- 7, <W;/2),

where the functiori(A,B,k,z) is defined by o S
_ , Q=T"%Cuj.k; WHIT M(Ci1g kigi, Wai)
F(A,B,k,z)=Ae**+Be 7, (4) =1
z4 is the center coordinate of the defect Ia;a%,\'j andz;,; are XT(Coyjr ki, =Wi), ©)
the center coordinates of the¢h(j =a,b) layer in themth P .
(m=1,2,3...) period of the left and right semi-infinite P=T (Ciia,kia,Wa)M(Cy1p ,Kip, Wh)
SL’s; k, , is given b A
L 1S gIVen By XT(Crrakia,—W,), (10)
o with
kL,u:— (/.L:a,b,d). (5) . . .
[Ci1u M(C.k,2)=T(C,k,—2)T~C k,2), (11
Pu oikz/2 o ikzl2
C11, is elastic stiffness constant in thelayer, andp is the T(Ck,2)= ickek?2  _icke kz2)" (12

mass density.

By imposing boundary conditions at interfaces: theCombining Egs(1), and(6)—(8), we derive the equations for
atomic displacemenit), (z) and the forceC1;,U((z) should  determining the frequency and the decay factog of the

be continuous at each interface, we then obtain localized modes for longitudinal acoustic phonons as fol-
lows:
Al AL
il _afl A A
gl =Rl | (6) cosHqW)=0.5—1)"(Py;+ Py, (13
Lj Lj’
A (=1)"sinHqW)(Qu1+ Q22) +0.8(P 22— P12) (Qz2~ Q1)
~ La
SB( Bfa> -0 BELD, @) +P12Qo11 P21Q12=0. (14)

Whens=1 andj=j'=a, the formulas above actually are
for a single structural defect situation as shown in Fig),1
N while s=2, j=b, and’'=a, they become the ones for a
A I —pPeaV  (B=r), binary structural defect situation as shown in Figo)1
SP= (8 Without losing generality, we now study the wave func-
[—Pe W (B=I), tion of localized modes in SL’s with binary structural defect

where
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layer corresponding to Fig.(B). In fact, asWy, =W, or
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In terms of the normalized condition of localized state wave

Wy,=W,, the binary structural defect SL is reduced to afunctions:[”_|U (z)|?dz=1, we have
single structural defect SL. We introduce the relative coordi-
nate in each layer as follows:

Za=7-291 (—Wgl2<Zgy<Wg:/2), (15
Z42=2- 240 (—Wgl2<Zgp<Wg/2),  (16)
ZM=7-70 (—W,2<ZT<W,/2), (17)
ZM=7-70  (—Wp/2<Zp<W,/2). (18)

According to Egs.(1), (3), and (4), the wave function of

localized states can be expressed as

U (2)=

whereA[, is the normalized constang, is determined by
Eq. (13). By using boundary conditions at interfaces, we ob-

[ ALF(AL .BL, Ky Z,)(v=d1d2),
ArLaF[l,(e*iqZW_ ﬁ)ll)/ﬁ)lzykLa ,za]eiqz(m— Hw

LaF (Al Blp Kip,Zp)e'dm= bW,

| ALF(AL; Bl ki Z)el™ W (;=ab),
(19)

tain
Lo
( : )zgl“, (20)
Lb
ALla2| . -
=SA, (21
BlLa2
A A
( Ldl):SSA, 22)
Bia1
A . -
|| =SiA, (23
BLb
AL\ L.
( B ) S 2
La
with
) ( 1 )
= X ~ ~ y 25
(e 9W—P )Py, (29
S1=T X (Cu1pkip, ~Wp) T(Ci1a kia, Wa), (26
ézz?71(C11n2ydez,Wdz):r(CllarkLa’_Wa)' (27)
$=T X (Crya1.Kia1- Wa) T(Cragz Kiaz, —Wa2) Sz, (28)
Si=T XCu1p,Kip,Wp) T(Cr1g1,KLar, — Wg1)Ss, (29)
35:?71(C11a1kLa1Wa)-’ll(cllb’kLb’_Wb)é4' (30)

1
Al =————, (31)
NI,
with
Wyy/2 = =
Iv:f |F(ALg1,BLa1.Kia1,2)|°dZ
~Wyy/2
Wqo/2 N
+f |F(ALd2,BLd2,de2,Z)| dZv (32)
—Wy,l2
1 Wy/2 )
|f=— f F[1,(e 92V
: 1—e2q2""[ —Wa/2| (14
—P1)IP1y ki 2]|%dZ
W,/2 -~
+j |F(ALp .Blp kb, 2)[?dZ], (33
—W,/2
and
T fwalz F(A B! k...2)2dZ
j_l—e_quw *Wa/2| (ALa:BLa Kia,2)|
+f |F(ALp.BLp.Kip.2)|?dZ]. (34
—W,/2

Then we can easily write the wave functions of the local-
ized modes in all layers according to the formulas above. All
the above-mentioned formulas are also valid for the localized
modes of the transverse acoustic phonons as lor@g s is
replaced byCyy,, -

In the following calculations, we employ the values of
elastic stiffness constants and the mass densities presented in
Ref. 32:C1;=12.21(16° Nm?),C,,=5.99(13° Nm™?),
and p=5317.6(kgm3) for GaAs; C;;=12.02
(10 Nm~?),C,,=5.89(13° Nm~2), and p=3760
(kgm™3) for AlAs.

IIl. NUMERICAL RESULTS AND ANALYSES

We first describe the influence eflayer widthW, on the
localized modes of longitudinal acoustic phonons. The cal-
culated results are depicted in Fig. 2. We cho#g
=8 nmWy;=4 nm, and the material of the defect layer
being the same ab (AlAs) material in calculations. The
regions between two dotted lines in Fig$a)2and(c) repre-
sent the first and second minigaps and solid lines display the
variation of frequency of two localized modes located in the
first and second minigaps, respectively. Figurés 2nd (d)
show the dependence of the decay faciaf the localized
modes onW,, corresponding to the first and second local-
ized modes, respectively.

From Figs. 2a) and(c), it is clearly seen that minigaps
always shift towards low frequency region A4, increases.

At the same time, the frequencies of localized modes are also
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FIG. 2. Dependence of frequeney and decay factoq of the FIG. 3. Dependence of frequenay and decay factog of the
localized L acoustic modes on the widW, of the layera in the  localizedL acoustic modes on the widW, of the defect layed in
coupled SL's withW,=8 nm andW,=4 nm. (a) and (b) corre- the coupled SL’'s with a single s_tructure defect layer. Héhg,
spond to the localized modes lying within the first minigep,and =3 NM andW,=8 nm. Explanations fofa)—(d) are the same as
(d) to the localized modes lying within the second minigap. TheFig- 2.
regions between two dotted lines {g) and (c) describe the fre-
quency scopes of the first and second minigaps, respectively.  minigaps are determined by periodic structure of SL and

have nothing to do with defect layers. Some main character-
decreased with the increaseWf,. These results can be well jstics of the localized states can be described as follgivs:
understood. As is well known, the center frequency of theThe frequencies of the localized modes are usually decreased
mth minigap for the folded acoustic phonons is determinedyith the increase of the widtW, of the defect layer. Here it
by is worthy to be pointed out in particular that the localized
_ modes fully vanish aWy=8 nm=W, . This is because the
wym=mum/W, (35  structure has become a perfect SL whgg=8 nm. Appar-

_ ently, there is no localized mode in a perfect SL. The forma-
where v is the average velocity of the acoustic wave. It istion of the minibands is attributed to the split of levels due to
evident that the increase of the period of the SL tends to shifperiodicity coupling between the adjacent quantum wells in
minigaps towards low frequency region. Hence the frequenthe perfect SL. When introducing structural defects into an
cies of the localized modes are reduced as the width of layadeal SL, this periodicity coupling is locally broken down
a increases. Similar results can be found as increasing tharound the structural defect layer. This periodicity-broken
b-layer width. From Fig. &), we also notice that the mini- coupling leads to the appearance of new splitting levels, dif-
gap gradually narrows and finally vanishes &V, ferent from the splitting levels stemmed from the periodicity
=6.75 nm. This can be well explained according to ap-coupling. Some of them may lie within the minibands of the
proximate formulas of evaluating minigap widths. SL and develop into the delocalized scattering states, and the

g value of the localized modes represents a localizatiorother part of them resided in the minigaps of the SL become
degree of the modes in space. Apparently, we can see thtite localized states. Therefore the localized modes exist only
there exists a maximum value in eaghW, curve in Figs. in SL with defect structure(ii) For some values oiVy, the
2(b) and (d), but the peak positions for different localized localized modes also no longer appear. For example, when
modes are different. Compare Figlb2 with Fig. 2(d); we  2.07<Wy=<2.38 nm, there is no localized mode in the sec-
can find the peak value of the second localized mode i&nd minigapJiii) The closer to the center of the minigap the
higher than that of the first localized mode for the sameposition of the localized state, the higher is its localization
structural parameters. We also display behaviors of the translegree.
verse acoustic phonons in the same coupled SL. Similar fea- To further reveal the influence of the widW; of defect
tures are found. layer on the localized modes, we study the modulus of wave

We now investigate the effect of the widiVy of the  functions of the localization modes. The moduli of the wave
defect layer on the localized modes of the longitudinalfunctions within the region including four unit cells at each
acoustic phonons. Here, we tak&/,=3 nm and W,  side of the defect layer as well as defect layer itself for the
=8 nm. Figures &) and (b) show the dependence of the structures in Fig. 3 are illustrated in Fig. 4. The center of the
frequency and decay factor of the first localized mode ordefect layer is chosen as the coordinate centerQ).

Wy, and Figs. &) and (d) for the second localized mode. Curvesa—c in Fig. 4@ correspond tdNy=2.12, 5.80, and
The regions between two horizontal dotted lines represent.80 nm in Figs. @) or (b), respectively. Accordingly, their
frequency scope of the first and second minigaps, respectvalues are 13.533, 7.172, and 0.681(30nm™1). Curves
tively. It should be noted from Eqg7) and (8) that the a-d in Fig. 4b) correspond toW,=1.50, 3.60, 5.16, and
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FIG. 4. Moduli of the wave function of the localizeédacoustic
modes lying in the first and second minigap. Curees in (a)
correspond tdVy=2.12, 5.80, and 7.80 nm in Figs(a® or (b).
Curvesa—d in (b) correspond t&Vy=1.50, 3.60, 5.16, and 7.80 nm
in Figs. 3c) or (d), respectively. Here, we plot the moduli of the
wave function within the region including four unit cells at each
side of defect layer and defect layer itself in each curve in lgath
and (b). For clarity, two consecutive curves (a) and(b) are ver-
tically separated by % 10° and 6x 10°, respectively. The center of
the defect layer is chosen as the coordinate cezter().

FIG. 5. Dependence of frequency and decay factor of the local-
ized L acoustic modes olVy, in the first and second minigaps in
the coupled SL’s with the binary defect layer. Hergy,
=3 nmW,=8 nm, and curves and b correspond to different
thicknesses of the defect layel:Wy,=2 and 4 nm, respectively.
The regions between two dotted lines (@ and (c) describe the
scopes of the frequency of the first and second minigaps, respec-
tively. For clarity, two consecutive curves are separated by 0.2 THz
in (&) and(c), and by 15(10% nm™1) in (b) and(d), respectively.

shown in Figs. &) and(b) for the first minigap, and in Figs.

7.80 nm in Figs. &) or (d), respectively. Accordingly, their 5(c) and(d) for the second minigap, respectively. Cunaes
q values are 4.781, 9.758, 15.435, and 1.670€1Gm™ 1), and b correspond to different thicknesses of defect layer
respectively. d;: W4, =2 and 4 nm, respectively. The region between two

From Figs. 4a) and (b), some characterstics can be ad-dotted lines in Figs. @) and(c) represents the scope of the
dressed as followsi) The wave function exhibits a decaying first and second minigaps, respectively.
behavior. When the frequency of the localized modes ap- From Figs. %b) and (d) it is clearly seen that the peak
proaches closer to the center of the minigap, the correspondalue of the curves and b for the same minigap almost
ing q value is bigger, and its localization becomes strongerremains unchangef@bout 13.533(10° nm™ 1) for the first
Soq value can serve as a measure of localization degree fdocalized mode and 15.435(18 nm™?) for the second lo-
the corresponding localized modéii) The number of calized modé As mentioned above, the maximum value of
maxima of the modulus in each cell always coincides withdecay factoig corresponds to the frequency of the center of
the minigap numbertiii) The wave function of each local- minigap. As soon as this frequency goes through the center
ized mode has a definite parity due to structural symmetryof minigap, which is determined by, andW,, the peak of
The wave function in Fig. @) possesses odd parity. In fact, decay factorg will appear necessarily. Their locations shift
the wave function of the localized modes lying in the firsttowards the lowekV,, as increasing the width of the defect
minigap is of odd parity for 1<Wy=<8 nm. However, Fig. layerdl. These results manifest that the defect layers do not
4(b) shows that the parity of the localized mode in cade  affect the peak value off and only cause a shift of peak
odd, while parity of the localized modes in cadesd is  positions. This shows that the effect of the binary defect
even. As a matter of fact, the parity of the localized modes irlayer is plausibly equal to that of a single defect layer with
the second minigap is odd forlWy<2.07 nm, while it  certain attaching thickness.
becomes even as 288Vy<8 nm. These characteristics  We now begin to envisage the effect of differéfiy val-
are similar to those of the localized electron states in SL’sies on curvesw, —Wy, and g, —W,, for a fixed Wy,

with symmetric defect layers. In our previous wifkwe =3 nm. Figure 6 displays the variations ©f andq; with
made a detailed study on the parity of the localized electrowv,, for different values ofW, in the first minigap and sec-
states. ond minigap. The regions between two dotted lines in Figs.

We also consider the cases of the structural defect cons(a) and(c) represent the scope of the first and second mini-
posed ofa material (GaAs. Similar phenomena are ob- gaps, respectively. Curvesandb in Fig. 6 correspond to
served, too. W,=2 and 4 nm, respectively.

We now turn to investigation of the localized modes in  We first consider the circumstances of the localized
SL’s with binary structural defect layers, shown in Figh)l ~ modes in the first minigap, shown in Figgaand (b). The
First, let us focus on influences of the defect layers on th&copes of minigap correspondingdandb in Fig. 6(a) are
localized modes. We fixed/,=3 nm andW,=8 nm. The about 1.777-1.647 and 1.470-1.322 THz, respectively. Ac-
variations of the frequency and decay factor wiihy, are  cordingly, the maximum values af, illustrated in Fig. 6b),
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value of the curves), —Wj, is reduced, and its correspond-
ing location shifts right. Moreover, the peak value in the
second minigap is evidently higher than that in the first mini-
gap.

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

Som)

o

q_lx(10

IV. SUMMARY

We have studied the property of the localized folded
acoustic phonon modes for two types of coupled semi-
infinite superlattices with both single and binary structural
defect layers. We find that the emergence of the localized
folded acoustic phonon modes in the minigaps of the coupled
SL’s grown along a cubic axis bulk materials is due to the

w
o
~
)

w © (nm)

FIG. 6. Dependence of frequency and decay factor of the local

ized L acoustic modes olVy, in the first and second minigaps in
the coupled SL'’s with the binary defect layer for different values o
W, . Here,W4;=3 nmW,=8 nm, and curvea andb correspond
to different thicknesses of the well layarW,=2 and 4 nm, re-
spectively. The regions between two dotted lines(ah and (c)

f

introduction of structural defect layers. The frequency and
the localization degree of those localized folded phonon
modes strongly depend on the widths of the constituent lay-
ers of SL’s and the defect layers. In the coupled SL with the
single defect layer, the variation of the frequency of the lo-

describe the scopes of the frequency of the first and second minfalized modes with the constituent layer width of the SL
gaps. For clarity, two consecutive curves@—(d) have been offset  exhibits a monotonic decrease, however, the profile of the
by 0.5(THz), 15(10°% nm™%), 0.8(THz), and 20 (10% nm™'),  decay factor presents a peak. The variation of the frequency
respectively. and the localization degree of the localized phonon modes
with the width of the defect layer show some interesting
characteristics. For example, for some widths of defect layer,
there is no localization mode in the minigap; there exist both
odd and even parity states in the same minigap. In the study
. . - ; of the localized modes of the coupled SL’s with the binary
creased(i) the location of minigap goes down, and its Mag-g,cture defect layers, we find that the effect of the binary
nitude is increasedji) the peak value in curve—Wy, IS g cture defect layers on the localization degree is equal to

increased, and its according location shifts right. When eyt of 5 single defect layer with certain attaching thickness.
changingW, for Wy, the similar results can be obtained in 1,4 peak value of the localized modes in cutye W, is

the first minigap. Therefore we can make a conclusion safe;%

2 o etermined by the width of the constituent layer of the SL.
that the position and scope of the minigap as well as the peafe 5150 find the effect of the structural parameters on the

value in curveg —Wj;, are dominated by the structural cell of |4c4jized modes in the first minigap is quite different from

SL. . . o , _that in the second minigap, and we cannot observe ideal
Now, we investigate situations of the localized modes in,c4jization effect in the first and second minigaps at the

the second minigap, shown in Figgcband(d). The SCOPes  gyme time. Last, we propose that Raman scattering and pho-
of minigap, corresponding ta andb in Fig. 6(c), are about 4 transition techniques may be utilized to probe the local-

3.526-3.331 and 2.852-2.736 THz. The peak values, COMg;e 4 acoustic phonon modes in the structural defect SL's.
sponding toa and b in Fig. 6(d), are 17.938 and

10.943 (10° nm™1), and the peak positions are located at
Wg,=4.395 and 5.900 nm, respectively. These calculated
results exhibit features apparently different from those in the We gratefully acknowledge the financial support by a re-
first minigap: whenW, is increased(i) the position of mini- search grant from the Chinese National Natural Science
gap is descended, but the scope is narrowedlthe peak Foundation.

are 11.901 and 13.877 (18 nm 1), and their positions are
located atWy,=1.70 and 2.56 nm, respectively. From these
calculated results, we reveal the facts that, wkiénis in-
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