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Interface vibrational modes and interface structure of CdSe/ZnTe superlattices
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Interfacial vibrational modes~IFM’s! of CdSe/ZnTe superlattice are shown for perfect and atomically
rearranged interfaces with four probable exchange configurations. In addition to the IFM at 222 cm21 origi-
nating from single interface Zn-Se ‘‘wrong’’ bonds~WB’s!, another IFM at 235 cm21 occurs due to atomic
rearrangement at the interfaces, which is attributed to double Zn-Se WB’s. Raman scattering on both atomic-
layer-epitaxy and molecular-beam-epitaxy grown samples is reported. Using the experimental data for the
218 cm21 line of LIF as a base for improving calculations, the corresponding LIF2 line is predicted at
228 cm21. Experiments failed to detect this line owing to insufficient double WB’s with long-range order. This
characteristic IFM is observed in an annealed sample, with abnormally strong intensity at 227 cm21.
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I. INTRODUCTION

CdSe/ZnTe superlattice~SL! is a lattice-matched hetero
structure since the lattice parameters of cubic CdSe
ZnTe are closely matched, 6.099 and 6.077 Å, respectiv
It is also the only II-VI system formed between two bina
compounds without common anions or cations. Raman s
tering studies on CdSe/ZnTe SL~Ref. 1! show an interfacial
vibrational mode~IFM! at the interface between the CdS
and ZnTe layers, which is attributed to the stretching o
localized Zn-Se bond whose multiphonons up to fifth ord
are observed.2 The order and temperature dependencies
the multiphonon linewidth show that the IFM is defectlik
The Zn-Se IFM is a two-dimensional analogue of the vib
tional modes of point defects in bulk three-dimensional~3D!
semiconductors.2 In general, at the interfaces between t
AB and CD layers of anAB/CD SL, the cross-interface
bonds ofA-D andC-B are distinct from theA-B andC-D
bonds owing to the lack of common anions or cations. Th
are referred to as wrong bonds~WB’s!. Their vibrational
modes evanesce exponentially toward both layers and h
localize at the interface. Raman scattering can detect th
IFM’s ~Refs. 1–10! that thus serves as a spectroscopic pro
for interface structure in order to understand fundame
growth processes.

Recently, atomic rearrangement during growth at Cd
ZnTe interfaces, shown by x-ray diffraction~XRD!, x-ray-
absorption fine-structure spectroscopy~XAFS!, and
transmission-electron microscopy~TEM! ~Ref. 11! on
molecular-beam-epitaxy~MBE! grown samples, has arouse
concern about the interfacial structure of CdSe/ZnTe
This is of prime importance for the vibration properties3 and
electronic band structure6 of the SL. Four possible reorderin
configurations across interfaces have been proposed.11 Could
they also be characterized by Raman scattering?

In this work, the dynamic properties of CdSe/ZnTe SL a
first theoretically studied for perfect and atomic reorde
interfaces and characteristic IFM’s including one of atom
570163-1829/98/57~3!/1637~7!/$15.00
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rearrangement, are determined. Raman scattering is then
plied to both the atomic-layer-epitaxy~ALE!- and MBE-
grown CdSe/ZnTe SL’s. Besides the IFM that originat
from single Zn-Se WB’s a second IFM that originates fro
double Zn-Se WB’s is observed and identified.

II. EXPERIMENTATION

SL’s ~CdSe!4 /~ZnTe!8, ~CdSe!8 /~ZnTe!12, and
~CdSe!10/~ZnTe!10, which consist of less than a hundre
periods,1 were grown by ALE at 220 °C on a~001! GaAs
substrate with a 2mm ~001! ZnTe buffer layer. This serves to
decrease the dislocation density owing to the 7% lattice m
match between ZnTe and GaAs. The details of the gro
conditions are given elsewhere.12 Another four samples simi-
lar to those prepared and investigated in Ref. 11, were gro
by MBE at 310 °C, and provided by Furdyna and Yang. T
four SL’s (CdSe)m /(ZnTe)n are labeled asMi ( i 51 – 4),
respectively, for~1! m5n56; ~2! m5n54; ~3! m55, n
53; and~4! m5n52.

Raman spectra were taken at liquid-nitrogen temperat
The backscattering geometry ofz(x8,x8) z̄ configuration
from the~001! surface was employed, wherex8 andz are the
@1̄10# and @001# directions of the underlying zinc-blend
structure, respectively. Excitation was provided by the A1

laser lines and the RAMALOG 1403 spectrometer syst
was used with a cooled photomultiplier tube detect
Hamamatsu R928.

III. THE LINEAR-CHAIN MODEL

Figure 1 is a schematic plot of a~CdSe!4 /~ZnTe!8 SL.
Each atom row follows the convention of a linear chain, w
all possible interface configurations: sharp interfaceS and
four atomic rearrangementsR1 , R2 , R3 , andR4 . There are
two types of interfaces: ~I! the Zn-Se interface and~II ! the
1637 © 1998 The American Physical Society
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Cd-Te interfaces. The four possible rearrangements
R1 , the switch of cations across interface I while anio
exchange across interface II;R2 , the switch of anions acros
I while cations exchange across II;R3 , only the cations
switch across both interfaces I and II,R4 , only the anions
exchange across both interfaces I and II.

These are limited to the nearest two atomic planes at
interface.11 The configurations show that atomic reorderi
is rigorous, implying some correlation between interface
and II. It is readily seen that there are two kinds of sing
WB’s, Zn-Se and Cd-Te, alternatively appearing at interfa
I and II in theS configuration. Exchange of interface atom
planes introduces not only single WB’s but also dou
WB’s such as Zn-Se-Zn or Se-Zn-Se~Zn-Se double WB!,
Cd-Te-Cd or Te-Cd-Te~Cd-Te double bond! to SL. All
Zn-Se WB’s are boxed by the dashed line in Fig. 1.
atomic rearranged interfaces, WB’s never cross over the
terfaces and do not locate at the nominal interface as in thS
configuration.

The linear chain model with the nearest-neighb
approximation13 is used to calculate the dispersion curve
longitudinal phonons of the~CdSe!4 /~ZnTe!8 SL along the
@001# direction. The parameters are the same as in Table
Ref. 1. All force constants, including those of Zn-Se a
Cd-Te, are obtained by fitting to the corresponding bulk v
ues of the longitudinal-optical~LO! phonon frequencies a
the G point.14,15 Calculated dispersion curves are shown
Fig. 2 for casesS and Ri ( i 51,2,3,4), respectively. The
longitudinal phonon continua~bands! of both ZnTe and
CdSe compounds are also shown for comparison. TheS dis-
persion curves have been discussed in Ref. 1. Three mo
denoted as interfacial~IF!, lie beyond the phonon branche
of either ZnTe or CdSe. The topmost one at 222 cm21 ~above
the optical branches! is a strong Zn-Se IFM strongly local
ized to the interface,1 denoted as LIF. Its maximum fre
quency originates from the larger force constant of the Zn
bond and smaller reduced mass compared to other bo

FIG. 1. Schematic plot of~CdSe!4 /~ZnTe!8 SL: S for a sharp
interface,Ri ( i 51 – 4) are four configurations of atomic rearrang
ment. The nominal interfaces are presented by vertical lines: I
II are the light~Zn-Se! and heavy~Cd-Te! interfaces, respectively
Zn-Se WB’s are boxed with dashed line. Each row of ions follo
the convention of the linear chain model.
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Two other modes lie in the gap between the optical a
acoustic branches of either ZnTe or CdSe, labeled as IF1 and
IF2.

For theRi dispersion curves there are still two gap mod
IF1 and IF2, but on the top of the optical bands two interfa
modes appear, labeled as LIF1 and LIF2. These modes are a
nearly the same frequencies. LIF1 is at 222 cm21, coincident
with that of LIF and LIF2 at 235 cm21. For the assignment o
LIF1 and LIF2, the displacement patterns ofRi are calculated
from the linear-chain model. In all four cases, LIF1 is a lo-
calized IFM of Zn-Se single WB and LIF2 is a localized IFM
of Zn-Se double WB, although their locations depend on
specific arrangement. This explains the frequency coin
dence of LIF and LIF1 ~henceforth the subscript 1 will be
eliminated!. The IFM of Zn-Se double WB has an upwar
frequency shift of 13 cm21 from LIF owing to the more
bulklike environment of its innermost ion—Se in configur
tionsR1 andR3 , Zn in R2 andR4 ~Fig. 1!. Furthermore, IF1
and IF2 can be assigned to in-phase motion of Zn-Se a
out-of-phase motion of Cd-Te, respectively. In retrospec
is concluded that LIF2 is the characteristic of interface rea
rangement of CdSe/ZnTe SL.

IV. THE BOND POLARIZABILITY MODEL

It is well established that in a semiconductor SL wi
underlying zinc-blende structure the longitudinal phono
propagating along the@001# direction are all Raman active in
backscattering geometry.16 However, the observability de
pends on their scattering efficiency. To determine whet
LIF2 can be detected, the Raman scattering intensity of L2
is calculated, together with those of LIF and the ZnTe co
fined mode LO1, using the bond polarizability model16,17that
has already been applied to the II-VI heterostructure~ZnSe/
ZnTe SL!.18

Let x, y denote crystalline axes andA denote a bond. The

d
FIG. 2. The dispersion curves of longitudinal phonons along

@001# direction in a~CdSe!4 /~ZnTe!8 SL for S and Ri ( i 51 – 4)
configurations. Longitudinal phonon continua of both materials
shown on the left.



riz
y

n
t

s
e

ha

IF

y

a-

a
r,

to
co
re

s
i

er
B
r,

li-
r

to

er-
the
the
e,

n to
the

ar-
is

of

on
ed

-

the

57 1639INTERFACE VIBRATIONAL MODES AND INTERFACE . . .
polarizability model concerns the components of the pola
ability tensor: axx,A andaxy,A ~in backscattering geometr
light is incident along@001# and there are onlyEx andEy!.
On the assumption that]a' /] l !]a i /] l , wherea' anda i

are the polarizability components defined in the local bo
coordinates andl is the bond length, it is found tha
axx,A'axy,A5aA .16 For simplicity,aCdSeandaCdTe are ne-
glected, which is reasonable as the vibrational amplitude
Cd-Se and Cd-Te bonds are much smaller than thos
Zn-Se bonds~LIF, LIF2! and Zn-Te bond (LOT). It is also
consistent with the excitation lines of the Ar1 laser where the
Raman scattering efficiency of CdSe is much smaller t
that of ZnTe.1 Therefore only one variable,aZnSe/aZnTe, is
required to calculate the relative scattering intensities of L
LIF2, and LO1.

Figure 3 shows relative intensitiesI LIF2
/I LIF andI LO1

/I LIF

in thez(x8,x8) z̄ configuration of~CdSe!4 /~ZnTe!8 SL, where
x8 is parallel to the plane, say~1̄10!, containing a single
Zn-Se WB for optimal LIF observation.10 As the polarizabil-
ity ratio (aZnSe/aZnTe) increases,I LO1

/I LIF decreases steadil

owing to the confinement of LO1 in ZnTe layers. However
I LIF2

/I LIF has a quite different dependence. AsaZnSe;aZnTe,

the I LIF2
/I LIF value depends significantly on the configur

tions. As aZnSe.aZnTe, I LIF2
of all configurations comes

close to I LIF while I LO1
/I LIF falls below 1. It implies that

LIF2 can readily be detected in experiment to manifest re
rangement. AsaZnSe/aZnTe increases from 1 to 3, howeve
the I LIF2

/I LIF value of the configurationR2 andR4 decreases

but those ofR1 andR3 behave oppositely. This is related
the peculiar interface structure of each rearrangement
figuration, i.e., the Zn-Se double WB has Te ions as nea
neighbors~to form Zn-Te bonds! in R2,4 but Cd ions~to form
Cd-Se bonds! in R1,3 ~Fig. 1!. aZnTe is not negligible in the
range from 1 to 3. InR2,4 configurations the nearest Te ion
that are situated inside the ZnTe layer form Zn-Te bonds

FIG. 3. Curves of relative intensityI LO1
/I LIF ~solid! and

I LIF2
/I LIF ~dashed! vs the ratioaZnSe/aZnTe for the configurationsS

andRi ( i 51 – 4). The horizontal line~dotted! represents the experi
mental value ofI LO1

/I LIF50.27.
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the ~1̄10! plane, which contribute to the scattering of LIF2
owing to incomplete localization and resulting in a larg
LIF2 intensity. The Zn-Te bond near the single Zn-Se W
has a negligible contribution to the LIF intensity, howeve
since it lies in the~110! plane vertical tox8.10 As the polar-
izability ratio becomes large, i.e.,aZnSe predominates, the
influence of this environmental Zn-Te bond remains neg
gible andI LIF2

/I LIF in all configurations tends to a simila

value. LIF2 is thus shown to have an intensity comparable
LIF and is Raman identifiable.

Calculations for IFM’s of ~CdSe!4 /~ZnTe!8 SL are ex-
pected to be applicable to other CdSe/ZnTe SL’s with diff
ent number of layers as IMF’s are strongly localized at
interfaces. Besides the double Zn-Se WB is similar to
double Ga-As WB in the III-V semiconductor structur
where an As or Ga monolayer~ML ! is sandwiched between
two Ga or As ML’s periodically~a similar situation occurs in
the double Al-As WB!.5 These IFM’s were well resolved
with distinct peaks. Reference 5 also paid special attentio
the connection between the buffer temperature and
atomic diffusivity. It is reasonable to expect that the re
rangement IFM, originating from similar double WB’s,
also a probe in the II-VI SL’s.

Figure 4 shows simulated Raman spectra
~CdSe!4 /~ZnTe!8 SL for configurationS and Ri ( i 51 – 4).
Probable strain at the Zn-Se bond11 makesaZnSe/aZnTe dif-
ferent from the bulk value with a particular dependence
configuration. The polarizability ratio is therefore obtain
by fitting the experimentalI LO1

/I LIF value, 0.27, taking the

FIG. 4. Raman spectra of~CdSe!4 /~ZnTe!8 SL measured in
backscattering geometry ofz(x8,x8) z̄ configuration: five spectra
from top downward are simulated ones forS and Ri ( i 51 – 4)
configurations: the bottom spectrum is the experimental one of
ALE grown SL excited by 501.7-nm line.
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overlapping of LO1 and LIF into consideration.2 In Fig. 3 the
horizontal line corresponding to the ratio value 0.27 int
sects the five solid curves in the range 2.9–5.0, wh
I LO1

/I LIF varies slowly. In this range all configurations giv

similar LIF2 intensity. Each line is broadened to a Lorentzi
shape with a full width at half maximum~FWHM! of 6 cm21

for LO1 and 9 cm21 for LIF ~all experimental values!.
FWHM of 9 cm21 is also used in LIF2 for simulation. A
sample with perfectly sharp interfaces produces a Ram
spectrum with two peaks, LO1 and LIF, but a sample with
rearranged interfaces might show an extra LIF2 peak in ad-
dition. The 13 cm21 separation of LIF2 from LIF, both with
similar intensity, makes a distinct characterization.

V. RESULTS OF EXPERIMENTS, IMPROVEMENT
OF THEORY, AND DISCUSSION

On the bottom of Fig. 4, the Raman spectrum of the A
grown ~CdSe!4 /~ZnTe!8 SL excited by 501.7-nm line is als
shown for comparison. The Raman spectrum of ALE gro
SL is identical to the simulatedS spectrum but lacks the
characteristic LIF2 of atomic rearrangement. The peak
209 cm21 is LO1—the ZnTe confined mode, and that
222 cm21 is LIF—the single Zn-Se WB IFM.1 LIF2 at
235 cm21 is missing. For the other two samples with diffe
ent layers, identical results are obtained. The absence o
LIF2 modes indicates that no atomic rearrangement is
tected in this ALE grown~CdSe!4 /~ZnTe!8 SL. This could be
caused by insufficient double WB’s or insufficient lon
range ordering. In fact, it reminds us that Raman calculati
are complicated and require many approximations as n
in the previous sections. The prerequisite of the linear-ch
model19 is an ideal lattice so that the reordering configu
tions and following calculations are extreme cases involv
long-range ordering of double WB’s that is unlikely to ex
in general.

Raman spectra for MBE-grown samples under similar
perimental conditions, but using excitation lines of 496.5 a
514.5 nm, are shown in Fig. 5. There are only two Ram
bands—LO1 at 210 cm21 and LIF at higher frequency. Th
expected LIF2 is still missing. The fairly strong and shar
IFM peak shifts to a higher frequency~from 218 cm21 for
M1 to 223 cm21 for M4! while the position of LO1 of the
ZnTe confined mode is unchanged.

The double Zn-Se WB mode foretold by theory is mis
ing. LO1 is not much stronger than LIF, which is a chara
teristic of single Zn-Se WB also shown by the full curves
Fig. 3. These show that LIF should be ascribed to sin
Zn-Se WB. LIF is a strongly localized interface mode who
frequency is almost independent of structural parame
such as the layer numbersm and n in theoretical calcula-
tions. Therefore the frequency variation of this mode, in
range 218– 223 cm21, could be caused by interface disord
resulting from interdiffusion and interface roughness due
faceting and islanding during growth. The noticeable f
quency shift of IFM inAB/CD SL’s caused by interface
disorder has been verified both theoretically20 and
experimentally.4 The frequency shift of a sample is corr
lated to its spatial coherence length as measured in XR1

The smaller the spatial conherence length, the larger the
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quency shift. Interface disorder upshifts the frequen
of IFM. Hence it is possible to separate the effect
interface disorder from that of interface reordering. The f
quency shift in the Raman mode manifests the form
and the appearance of a new IFM of double WB show
latter.

This gives a clue to the discrepancy between experime
and theoretical frequencies of LIF: the LIF ofM1 andM2
is ;4 cm21 smaller than the value 222 cm21 obtained from
the linear-chain model. The expansion of interface Zn-
bonds found by XAFS~Ref. 11! shows that the model con
stants require more realistic consideration. The input-bu
value force constant is therefore considered as a zeroth-o
approximation and reiterative calculations are then adop
to improve the theoretical results. A force constant 0.6
3105 dyn/cm for the Zn-Se interface bond, obtained by fi
ting to the LIF 218 cm21 frequency of samplesM1 andM2
@better quality shown by XRD~Ref. 11!#, is used, which is
7.4% smaller than the bulk value for CdSe. Corresponding
the calculated value of the LIF2 position shifts to 228 cm21.

The question remains as to whether the LIF2 of the inter-
face rearrangement could appear. Characterization of M
samples by XAFS shows that the Zn coordination numbe
Se ions and the Cd number of Te ions are larger than th
expected from SL with sharp interfaces.11 If we takeM2 and
the coordination number of Se for example, there are 3.5
and 0.5 Zn around Se on the average layer on a sharp in
face ~S configuration! but XAFS gives 2.3060.25 Cd and
1.7060.25 Zn instead. The average number of Zn-Se bo

FIG. 5. Raman spectra of MBE (CdSe)m(ZnTe)n SL’s: M1 ,
m5n56; M2 , m5n54; M3 , m55 and n53; M4 , m5n52.
They are measured inz(x8,x8) z̄ backscattering configuration.
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is thus greater than expected. This could result from ato
reordering, as shown in Fig. 6~b! for the R1 configuration,
where previous single Zn-Se WB’s become double Zn
WB’s on interface I and additional single Zn-Se WB’s a
generated at interface II. There are now 1.5 Zn around
For the other three configurations there are similar chan
On the other hand, interlayer diffusion can result in the sa
increase of the average Zn number around Se@Fig. 6~c!#,
which is not so rigorous as the atomic reordering. The in
layer diffusion~or more simply disorder! has been observe
by TEM on interfaces of two to three monolayers.21 Al-
though the interdiffusion origin is excluded in Ref. 11, o
servation by TEM and Raman scattering~frequency shift of
LIF! show that the atomic reordering and interface disor
should be considered together. Theoretical calculations c
exaggerate the situation of the double Zn-Se WB’s based
the sole effect of atomic rearrangement. If interdiffusion
included, as shown by Fig. 6~c!, some double Zn-Se WB’s
are locally formed, randomly distributed and thus lacki
long-range ordering. Their only effect is on the position a
profile of LIF ~Ref. 20! but without LIF2. It should be noted
that the limited penetration depth of a visible laser beam
such opaque samples makes Raman scattering less sen
to interfacial reordering than x-ray techniques. The abse
of LIF2 in the Raman spectra is ascribed to the lack of s
ficient double Zn-Se bonds with long-range order. T
growth temperature~220 °C for ALE and 310 °C for MBE!
cannot generate enough Zn-Se double WB’s with long-ra
order for Raman identification. To identify LIF2, sufficient
atomic rearrangement should be induced by, e.g., heat
cessing.

To examine this idea, several ALE-grow
~CdSe!4 /~ZnTe!8 samples, annealed at 410 °C for differe

FIG. 6. Schematic cross section of~CdSe!4 /~ZnTe!8 SL along
the growth direction@001#: ~a! with sharp interfaces;~b! configu-
ration Ri ; and ~c! with interdiffusion of Zn and Se atoms int
opposite layers.
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times, have been studied. The one annealed for the lon
time, 20 min, is found to exhibit an additional band on t
high-frequency side at 227 cm21 using 488.0-nm excitation
~Fig. 7!. In this case the LIF peak becomes a shoulder p
without any frequency change. The invariance of the L
position shows that the effect of disorder is negligible.
could not be a coupled LO-plasmon mode since the car
density is too low to produce any noticeable effect as
as-grown samples. Compared with the 228 cm21 line of LIF2
from the improved theoretical calculations, this addition
feature at 227 cm21 is identified as LIF2 of double Zn-Se
WB’s. The new interfacial-reordering mode LIF2 does exist
as predicted by the theoretical models but the interfa
structure it reflects only appears after annealing.

It is shown that the LIF2 mode can be observed in an
nealed samples. Preliminary studies on the annealed M
samples result in the same observation of LIF2. It will be
highly interesting to investigate the progression of the sp
trum with both annealing time and temperature to clarify t
conditions of the development of LIF2. We leave it for fur-
ther study.

Further questions to consider are why the LO1 mode does
not appear and why the intensity of LIF2 is much larger than
LIF ~Fig. 7!. Theoretical calculations show that their inte
sities should be similar as LO1 is much weaker~Fig. 4! but
experimental results show a very strong dependence of
intensities of LO1, LIF, and LIF2 to the excitation wave-
lengths. The discrepancy is likely due to the effect of re
nance. Figure 8 shows the Raman spectra of an unanne
ALE sample with different excitation lines at 77 K. Wit
457.9-nm excitation both LO1 and LIF are almost unde

FIG. 7. Raman spectra of annealed and unannealed A
~CdSe!4 /~ZnTe!8 SL’s measured inz(x8,x8) z̄ backscattering con-
figuration with 488.0 nm excitation.
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tectable. As the wavelength increases to 488.0 and 501.7
both LO1 and LIF are significantly enhanced and the sp
trum at 501.7 nm is close to the calculated results. In
spectrum with 514.5 nm excitation, however, the LO1 mode
has such huge enhancement that both the excitation po
and the width of entrance slit have to be reduced to pro
the detection electronics. LIF, on the contrary, is not e
hanced so drastically. This is due to the fact that LO1 is a
confined mode within ZnTe layers whose energy g
(2.4 eV–517 nm) is very close to the excitation b
LIF is localized at interfaces. The annealed sample sh
similar wavelength sensitivity of the LO1 intensity with re-
spect to those of LIF and LIF2. However, the relative inten
sities of LIF and LIF2 first depend on the annealing cond
tions instead of the excitation wavelength. The mu
stronger line of LIF2 compared with LIF~Fig. 7! also shows
that assuming a single value foraZnSe for both single and
double Zn-Se WB’s is likely to be an oversimplificatio
considering their different sites, interface neighbors, and s
sequent resonance effects. We leave this for further inve
gation.

We can make a rough estimate of the number of interfa
required for experimental observation of the IFM. The re
tive intensity of the IFM at;220 cm21 of CdSe/ZnTe SL’s
decreases when the period thickness of the superlattice
creases as shown by Fig. 2 of Ref. 1. SampleS1 is
~CdSe!4 /~ZnTe!8 of 80 periods and sampleS2 is
~CdSe!8 /~ZnTe!12 of 35 periods. As both samples are excit

FIG. 8. Raman spectra of ALE sample,~CdSe!4 /~ZnTe!8 SL,
excited with different lines inz(x8,x8) z̄ backscattering configura
tion. The top spectrum with 514.5-nm excitation is measured w
both reduced laser power and reduced entrance slit.
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by the 4880-Å~2.55 eV! line, the IFM of S1 has a relative
intensity almost twice as large as that ofS2. The IFM inten-
sity of S3, the~CdSe!10/~ZnTe!10 sample with 35 periods, is
similar to S2. We assume that it results essentially from t
decrease of total interfaces that can be illuminated by li
rather than from the decrease of the volume fraction of
interfacial region. Considering the energy gap
Eg~ZnTe!52.26 eV andEg~CdSe!51.74 eV, and the absorp
tion coefficient a(cm21)5243104@(hn2Eg)(eV)#1/2,22

an estimate can be made thata(cm21) at 2.55 eV excitation
are 3.593104 and 2.143104 ~all in units of cm21! for CdSe
and ZnTe, respectively, although it is expected that th
practical value might be larger owing to the big differen
betweenhn andEg , interface reflection, and so on. Then th
transmission depth determined by 1/a could be found to be
52, 30, and 29 periods forS1, S2, andS3, respectively. The
IFM signal from samples with periods thicker thanS2 or S3
~e.g., m5n512! and with similar 30 periods weakens s
much that it can hardly be detected. Hence, the numbe
interfaces required for experimental observation of IFM
more than 30. The thickness of the CdSe layer is more c
cial sincea~CdSe!.a~ZnTe! and this number also depend
on excitation frequency and the quality of interface
This limit shows also in other cases, e.g., the IFM signal w
4579 Å ~2.71 eV! excitation disappears in CdSe/ZnT
SL’s with periods of 40.0 Å CdSe1163.1 Å ZnTe and
66.4 Å CdSe116.6 Å ZnTe, respectively~Fig. 2 of Ref. 23!.
The estimate penetration depth of light is;17 and 32
periods, respectively. It seems that 30 periods or p
of interfaces for observation of the IFM is a good estima
Obviously we cannot observe the IFM in a simple hete
junction, which again stresses the importance of long-ra
order.

VI. CONCLUSIONS

In summary, theoretical calculations based on the line
chain model predict a characteristic IFM for all configur
tions of atomic rearrangement that originate from dou
Zn-Se WB’s. This additional feature on the high-frequen
side of LIF is detectable with comparable intensity. Althou
experimental work on both ALE and MBE grown CdS
ZnTe SL’s show that no atomic exchange between layer
CdSe and ZnTe could be detected, the predicted LIF2 indeed
appears with strong intensity after annealing for 20 min
410 °C ~above both ALE and MBE growth temperatures!.
The theoretical models, though approximate and simplifi
are thus shown to be applicable with limit. Experiments a
show that Raman scattering can separate the effect of d
der from reordering.
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