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Collective and localized excitations in superlattices of the Mn-based II-VI diluted magnetic semi-
conductors Cdl Mn„Te/Cd] ~Mn~ Te and ZnSe/Zn] Mn„Se have been investigated with use of
Raman scattering. The new periodicity introduced by the superlattice causes zone folding of the
acoustic phonons allowing modes with large q vectors, normally inactive in light scattering, to be-
come Raman active; their frequencies can be understood in terms of the elastic constants of the two
constituents. In the optical-phonon region, the Raman spectra of the superlattices with superlattice
axis along [001] show optical phonons "confined" to the well or the barrier layer when the corre-
sponding dispersion curves do not overlap, whereas "propagating" optical phonons are observed
when they do. In [111] Cdi Mn„Te/Cd, ~Mn~Te superlattices, interface optical phonons are
selectively favored in Raman scattering by the intermediate states associated with excitons localized
at the heterointerfaces. In ZnSe/Zn& Mn Se superlattices, the strain arising from lattice mismatch
gives rise to shifts in the optical-phonon frequencies. The large magnetic field shifts in the photo-
luminescence associated with the electronic transitions in the well demonstrate the existence of large
exchange interaction between the band electrons and Mn +, as in bulk crystals. This effect can be
exploited in the magnetically tuned resonance enhancement of the Raman spectrum of optical pho-
nons. In the presence of an external magnetic field, as in the bulk, Raman electron paramagnetic res-
onance of Mn + is observed. The absence of a magnon feature is indicative of the absence of magnet-
ic ordering in superlattices. In the [111]Cd, „Mn„Te/Cd, „Mn~ Te superlattice, a new Ratnan line
is observed which can be interpreted as a transition in the isolated Mn pairs; its position yields a
value of the nearest-neighbor exchange interaction JiiN

~

=(6.8+0.2 K)ke.

I. INTRODUCTION

Semiconductor superlattices are of great interest be-
cause of their unique physical properties and potential
for device applications. These two-dimensional struc-
tures are grown by either molecular-beam epitaxy (MBE)
or metalorganic chemical-vapor deposition (MOCVD).
The most extensively studied superlattices have been
those composed of III-V compounds such as GaAS/
Ga& „Al As. Recently, multiple quantum wells and su-

perlattices containing diluted magnetic semiconductors
(DMS's) have been grown successfully by MBE. '

A DMS is a II-VI semiconducting compound which
contains magnetic ions, such as Mn +, at random loca-
tions on the group-II sublat tice, e.g. , Cd

&
Mn Te.

These alloys occur in a homogeneous crystalline phase
with either the zinc-blende or the wurtzite structure over
a large composition range. As semiconducting alloys,
DMS's display important composition-dependent behav-
ior such as the dependence of the band gap (Es ) and lat-
tice parameter (a) on the Mn + concentration (x). Furth-
ermore, the presence of the magnetic ions endows unique
properties to DMS's and their superlattices. For exam-
ple, these alloys display magnetic phase transitions and
magnetic excitations. Also, the spin-spin exchange in-

teraction between the magnetic moments of the localized
Mn + ions and those of the band electrons (the sp dex--
change interaction) leads to a dramatic enhancement of
the Zeeman splitting of electronic energy levels compara-
ble to minigaps and other energy parameters.

As a bulk crystal, Cd& Mn Te occurs in the zinc-
blende structure for 0 & x & 0.7, while Zn

&
Mn Se

has the zinc-blende structure for 0&x &0.30 and the
wurtzite structure for 0.33 &x & 0.57. However,
ZnSe/Zn& Mn Se superlattices of the cubic zinc-blende
phase have been grown successfully by MBE for the en-
tire composition range. The lattice parameter in these
materials changes linearly with x resu1ting in a lattice
mismatch at the interfaces. The lattice mismatch is ac-
commodated by a homogeneous strain in the layers
resuling in a "strained layer superlattice" (SLS). Such a
strain can be particularly Large in the Zn& Mn Se/
Zn

& „Mn~ Se superlattices.
In this paper, we report an investigation of the

DMS superlattices Cd
&

„Mn Te/Cd
& ~ Mn~ Te and

Zn] Mn Se/Zn& ~Mn~Se using Raman scattering.

II. EXPERIMENTAL PROCEDURE
We have investigated Cd

& ~ Mn~ Te/Cd
& ~ Mn~ Te su-

perlattices with the axis normal to the layer planes —the
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TABLE I. Parameters of samples.

Sample

SL-4
SL-8
SL-9

SSL-2

SSL-3

ZSL-2
ZSL-3
ZSL-4

ZSL-11

ZSL-12

Well

Cdp 89Mnp ] [Te
CdTe
CdTe

CdTe

CdTe

ZnSe
ZnSe
ZnSe

ZnSe

ZnSe

Barrier

Cdp 5pMnp 5pTe
Cdo. 76Mno. 24Te
Cdp 7pMnp 3QTe

Cdp 75Mnp 25Te

Cdp 75Mnp 25Te

Znp 77Mnp 23Se
Zno. 67Mnp 33Se
Znp 49Mnp»Se

Znp 74Mnp 26Se

Znp 67MnQ 33Se

d[
(A)

59
71

650

57

84

63
97
73

24

29

(A)

59
128
650

96

94

104
175
180

160

170

Number of
periods (n)

135
128
61

30

20

67
67
67

76

76

Orientation

[111]
[111]
[111]

[001]

[001]

[001]
[001]
[001]

[001]

[001]

Buffer
layer

Cd& 5pMnp 5pTe
CdQ jpMnQ 3QTe

Cdp 7OMnp 3QTe
CdTe &

CdQ 75Mnp 25Te
CdTe &

Cdp. 75Mnp 25Te
ZnSe
ZnSe
ZnSe

ZnSe &
Znp. 74Mnp. 26Se

ZnSe &
Znp 67MnQ 33Se

superlattice axis —along [001] or [111] as well as
ZnSe/Zn

&
Mn Se superlattices with their superlattice

axis along [001]; the samples are grown on (001) surfaces
of GaAs substrate followed by Cd

&
Mn Te or

Zn] Mn Se buffer layers. Various parameters charac-
terizing the different samples are listed in Table I. Details
of their fabrication are described elsewhere. ' ' Transmis-
sion electron microscopy shows that these superlattices
have sharp interfaces separating the successive layers. '

Raman spectra were obtained in the backscattering
geometry using several discrete lines provided by a Kr+
laser, He-Ne laser, and an Ar+ laser, as well as radiation
from a tunable ring dye laser operating with the com-
pound 4-dicyanomethylene-2-methyl-6-p-dimethylamino-
styryl-4H-pyran (DCM). The incident laser beam is
passed through a polarization rotator to achieve the
desired incident polarization and is focused onto the sam-
ple using either cylindrical or spherical lenses. Typical
laser power (PL ) ranged from 50 to 100 mW. The scat-
tered radiation was analyzed with a computer-controlled
double (triple) monochromator and detected with stan-
dard photon-counting electronics. The polarization of the
scattered radiation was analyzed using a linear polarizer.

Low-temperature measurements were performed with
either a glass cryostat or a variable-temperature stainless-
steel cryostat. Magnetic-field-dependent measurements
were carried out with a variable-temperature optical cryo-
stat equipped with a superconducting coil providing exter-
nal magnetic fields up to 60 kG.

III. RESULTS AND DISCUSSIONS

A. Folded acoustic phonons

Figure 1 shows the low-frequency Raman spectra for
[111) Cd~ Mn Te/Cd, ~Mn~Te superlattices excited
with the 6764-A line of a Kr+ laser at room temperature.
A11 the spectra were recorded in the z'(x'x')z' scattering
configuration: here x' and y' are in the plane of the layers
with z' along the superlattice axis. The incident laser ra-
diation has an energy AcoL intermediate between the band
gap of the well and that of the barrier layers. Bulk crys-
tals corresponding to the constituent materials of the su-
perlattices show no Raman lines due to phonons in this
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FIG. 1. Stokes (S) and anti-Stokes (AS) components of the
folded longitudinal acoustic phonons in Cd 1 Mn Te/
Cd~ «Mn~Te superlattices with z'~~[111]; (a) SL-4, PL =120
mW, and (b) SL-8, PL ——100 mW. See Table I for parameters.

spectral region. We attribute these lines to the longitudi-
nal acoustic (LA) phonons folded into the new Brillouin
zone, which arises from the additional periodicity of
the superlattice. Raman scattering from folded LA
phonons has been reported previously for
GaAs/Ga& Al As, ' '" Si/Si Ge&, ' and amorphous
Si/SiN, (Ref. 13) superlattices, as well as in a
Cdo s9Mno I ITe/Cdo soMno 50Te (Ref. 14) suPerlattice.

Since the acoustic dispersion curves of the two constitu-
tent materials of the superlattice overlap over a wide fre-
quency range, acoustic phonons can propagate through
both layers. For long-wavelength acoustic phonons one
can apply a model in which the superlattice is considered
as an elastic continuum composed of two alternating lay-
ers characterized by densities p& and pz, and by bulk lon-
gitudinal acoustic velocities v& and v2 along the superlat-
tice axis. The dispersion relation for the acoustic pho-
nons propagating along the superlattice axis with wave
vector q, is given by'
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where d& and d2 are the respective thicknesses of the well
and barrier layers, D =d

~ +d 7, and
&= —,'(p~v~ —pqv2) /(p~v, p.vz). From Eq. (1) one can
deduce that the dispersion curve of the average bulk ma-
terial is folded into the new Brillouin zone; in addition,
small gaps open up at the zone center and the boundary
when 6 is different from zero. As a result of this zone
folding, additional "zone-center" modes which can in-
teract with the electromagnetic radiation can be observed
in Raman scattering.

In Fig. 2, folded LA phonons in [001]
Cdt Mn Te/Cd, ~ Mn~ Te and [001] ZnSe/
Znt „Mn„Se superlattices are shown. Figure 2(b) shows
the second and third doublets of folded LA phonons in
ZSL-4, excited with the 4765-A line of the Ar+ laser; the
higher-frequency peak of the first doublet is also observed
when a finer resolution is used. Using the interpolated
values of the densities and elastic moduli for various com-
positions of bulk Cd& Mn Te (Refs. 16 and 17) and
Zn& Mn Se, ' one can calculate the frequencies of LA
phonons as a function of the wave vector q. In the back-
scattering geometry, the wave vector of the scattered radi-
ation is q, =2(2rrn /A, L ), where n is the refractive index of
the sample. The longitudinal sound velocity along the
[001] direction is given by (ct t /p)'~ and along the [111]
direction by [—,

' (c» + 2c tz +4c44 ) /p] ' . For example, in
the [111] Cdo s9Mno t/Te/Cdo 5oMno 5oTe superlattice,
SL-4, the densities' and the sound velocities' are given
by

pi ——5.745 g/crn, U
&

——3.447 && 10 cm/sec;

p2 ——5.330 g/cm, v2 ——3.482)& 10 cm/sec .
The solutions of Eq. (1) with these parameters are 8.8 and
10.8 cm ' for the first doublet and 18.6 and 20.5 cm
for the second doublet, in an excellent agreement with the
experimental values of 9.2, 11.0, 19.0, and 20.7 cm ', re-
spectively. The strain associated with the lattice
mismatch between the alternate layers is estimated to be
less than 0.007 in both layers. With the Gruneisen con-
stant estimated from the pressure derivative of the bulk
elastic constants, ' ranging from 1.0 to 1.3 for
Cdt „Mn„Te (x =0 to x =0.5), the change in the fre-
quencies of LA phonons due to strain are expected to be
insignificant in the context of the present measurements.
The calculated frequencies of folded LA phonons for vari-

ous superlattices are marked on the dispersion curves of
each sample in Fig. 3. The measured frequencies of the
folded LA phonons in the [111]CdTe/Cd, Mn Te su-
perlattice, SL-8, are in a reasonable agreement with the
calculated values, as can be seen in Fig. 3(a). Figure 3(c)
also shows an excellent agreement up to the third-order
doublet in the ZnSe/Zn

~
Mn Se superlattice, ZSL-4.

However, in the [001] CdTe/Cd, „Mn Te, SSL-2, the
deviation of the measured values from the calculated
values is significant as can be seen in Fig. 3(b). Since the
strain associated with the lattice mismatch cannot be in-
voked to explain this discrepancy, we speculate that it
may be a consequence of the small number of periods,
n =30, for this particular sample.

Finally, we note that the intensities of folded LA pho-
nons are extremely weak in the ZnSe/Zn& Mn„Se su-
perlattices, ZSL-11 and ZSL-12, which have very thin
well layers as compared to the thicknesses of the barrier
layers. The Raman intensity of the folded LA phonons
can be described by a photoelastic mechanism. The in-
tensity of the Raman line corresponding to the mth-order
folded LA phonons is proportional to
(1/m )sin (m~d, /D). Thus the intensity of the first dou-
blet is a maximum when d& and d2 are equal and de-
creases as the ratio d&/D decreases. On the other hand,
the intensity of the second doublet is zero for the superlat-
tices with d&

——d2, and is still negligible if d, /D is very
small. However, the second doublet is indeed observed
under the resonance conditions in SL-4, which has
d, =d2, as shown in Fig. 1(a).

B. Confined, propagating, and interface optical phonons

In this section we focus on Raman scattering from vi-
brational excitations in DMS superlattices with frequen-
cies comparable to those of optical phonons in the bulk
DMS's. In this context it is useful to recall some of the
relevant features of the optical phonons in the bulk and
their modifications expected in a superlattice.

Due to the significant difference in the masses of Cd
and Mn, Cd& Mn„Te exhibits a "two-mode" behavior
having two pairs of lines characteristic of zone-center
"CdTe-like" and "MnTe-like" LO-TO phonons. ' The
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FIG. 2. Folded longitudinal acoustic phonons in CdTe/
Cd() 75Mnp 2q Te and ZnSe/Znp 67Mnp q3Se suPerlattices with
zII [001];(a) SSL-2 and (b) ZSL-4. See Table I for parameters.

FIG. 3. Dispersion curves for the folded LA phonons calcu-
lated using the elastic continuum theory. Observed Raman
shifts are shown with dots, the size of dots being indicative of the
error bars; (a) SL-8, (b) SSL-2, and (c) ZSL-4.
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FIG. 4. Dispersion curves of LO phonons in bulk CdTe and
in Cdo 75Mno»Te calculated using the linear chain model. Solid

curve, CdTe; dashed curves, Cd075Mno»Te. I and II are fre-

quency ranges of confined optical phonons whereas III corre-
sponds to propagating optical phonons.

localized mode of Mn impurity in CdTe evolves into the
LO and TO modes of hypothetical zinc-blende "MnTe"
while the LO and TO modes of "CdTe" merge into the
gap mode of Cd in "MnTe. " The behavior of optical pho-
nons in this alloy system has been interpreted by Peterson
et al. using a modified random element isodisplacement
model. In contrast, optical phonons in Zn

&
Mn, Se

(Ref. 23) exhibit a mixed-mode behavior intermediate be-
tween "two-mode" and "one mode" as in
Zn& Mn Te: the LO phonon of ZnSe continuously
evolves into that of MnSe (LOt) while the TO phonon
(TO2) and one of the components of the Mn + impurity
mode in ZnSe (LOz) merge into the gap mode of Zn in the
hypothetical zinc-blende "MnSe." The other Mn + im-
purity component (TOt) transforms into the TO phonon
of "MnSe."

We now discuss the difference between the vibrational
excitations for bulk crystals and those for the superlattices
in the context of the matching of the optical-phonon fre-
quencies in the two constituent layers. The dispersion
curves for LO phonons in bulk CdTe and Cd& Mn Te
(x =0.25) calculated using the linear chain model with
nearest-neighbor interaction only and assuming that
Mn + ions randomly replace the Cd + ions in the mixed
crystal Cd& Mn Te are shown in Fig. 4. This plot indi-
cates that in CdTe/Cd

&
Mn„Te superlattices, the

MnTe-like phonon mode of the Cd& Mn Te layers can-
not propagate into the CdTe layers because of the large
attenuation of the vibration in that frequency region (re-
gion I). Similarly, in the frequency region between the
CdTe zone-center LO phonon and the CdTe-like zone-
center LO phonon of the Cdt, Mn„Te layer (region II),
the Cd Te LO mode cannot be sustained in the
Cd& „Mn Te layers. Therefore, these phonon modes can
be considered to be confined to their respective layers, re-
sulting in quantized optical phonons which are equivalent

to vibrations in the bulk material whose wave vectors are
given by q =m~/(d+a/2), where d =dt or d2, the
thickness of the CdTe (I) or the Cd, Mn Te (2) layer,
and m is an integer. On the other hand, in the frequency
region of CdTe-like phonon modes in the Cd& Mn Te
layers (region III), the vibrations of Cd, Mn„Te layers
and CdTe layers can propagate into both layers: the cou-
pling between excitations originating in different layers
may result in an average collective excitation as in the
case of the acoustical phonons discussed in Sec. III A.

We note that, as in the bulk crystal, in a superlattice
one can obtain a selective enhancement of the intensities
of the Raman lines associated with optical phonons from
the well or the barrier layers by matching either the in-
cident or the scattered photon energy with electronic tran-
sitions; ' in superlattices the relevant electronic transi-
tions can be associated with either the well or the barrier.

For finite crystals like thin films, or layers in superlat-
tices and heterostructures, the existence of surfaces or in-
terfaces results in new vibrational excitations in addition
to the "bulk" vibrational excitations which we discussed
earlier. These additional vibrational modes are the sur-
face modes in thin ionic slabs or the "interface" vibra-
tional (IF) modes in superlattices. IF modes have recently
been observed by Raman scattering ' as well as by
high-resolution electron-energy-loss spectroscopy '

(HREELS) in GaAs/Ga, „Al„As superlattices. IF
modes propagate along the interface planes and are highly
localized near them; the amplitude of an IF mode decays
exponentially in the direction perpendicular to the layer
plane. One of the characteristics of IF modes is that their
Raman intensity is resonantly enhanced when the incident
photon energy is close to the electronic transitions of ei-
ther the well or barrier layer since its vibrational ampli-
tude does not vanish in either layer. In addition, the fre-
quencies of IF modes observed in Raman scattering great-
ly depend on the incident photon energy. These charac-
teristics distinguish Raman lines which are associated
with IF modes.

Another consequence of the formation of the superlat-
tice is the strain due to the lattice mismatch between two
constituent layers. The lattice parameter in bulk DMS
crystals changes almost linearly with the manganese con-
centration. For example, the lattice parameter of bulk
Cd& ~ Mn Te is given by a =6.487 —0. 149x A,
whereas that of bulk (or epitaxial film) Zn t Mn„Se
shows a stronger dependence on x, viz. ,
a =5.666+0.268x A. Therefore, the lattice mismatch
in ZnSe/Zn& Mn, Se superlattices is significantly larger
and the shift of the optical-phonon frequencies due to
such large strains must be considered; further discussions
are given in Sec. III B 3. On the other hand, such strains
in most of the Cd& Mn„Te/Cd& ~Mn~ Te superlattices
are not significant and do not appear to be important in
the interpretation of their Raman spectra.

l. (001J Cdt ~ Mn Te/Cdt ~ Mn~ Te superlattices

Figure 5 shows the Raman spectra of a [QQI]
CdTe/Cdp 75Mnp 2&Te superlattice (SSL-2) at T = 80 K in
the frequency region of optical phonons with various
wavelengths of laser excitation (XL). In Fig. 5(a), ob-
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FIG. 5. Raman spectra from optical phonons in [001]
CdTe/Cdo 75Mno»Te obtained at T =80 K. Spectra were excit-
ed with three different laser wavelengths: (a) A,L ——7525 A, (b)
XL ——6471 A, and (c) A.L

——6328 A; PL ——50 mW. Phonons origi-
nating from the CdTe well layers and the Cdo 75Mno &5Te barrier
layers are labeled W and B, respectively.

tained with RL ——7525 A, i.e., with photon energy (ficol )

close to the lowest electronic transition of the CdTe well,
the LO phonon of CdTe appears resonantly enhanced
whereas those of the Cdp 75Mnp 25Te barrier are weak. As
the incident photon energy is increased to a value lying
between the energy gaps of the two layers, LO phonons
from the CdTe well as well as those from the
Cdp 75Mnp 2s Te barrier are observed as shown in Fig. 5(b).
When the incident photon energy approaches the bandgap
of Cdp 75Mnp z5Te, only the Phonons from the barrier lay-
er are observed as shown in Fig. 5(c). These spectra illus-
trate the resonance enhancement of intensities of phonons
associated with the different layers as discussed earlier.
By choosing the appropriate incident photon energy, we
can thus obtain a selective resonance enhancement of the
LO phonons in either superlattice layer.

In Fig. 6, we show once more the Raman spectrum of
SSL-2, recorded at T =80 K. The peak at -200 crn
is the MnTe-like LO phonon from the barrier layer. The
peaks between 160 and 173 cm ' are due to the CdTe-
like and CdTe LO phonons of the barrier and well lay-
ers, respectively. The frequencies and shapes of these
Raman lines are different from the LO phonons seen in
the bulk crystals. The most prominent peak at 165
cm ' is the CdTe-like LO phonon of Cdp75Mnp25Te,
which propagates through both layers. Although this
mode is expected to be folded, the Raman line does not
resolve into multiple peaks since the frequencies of this
mode do not change substantially with the variation of
the wave vector. The peaks labeled n =2, 4, and 6 are

attributed to the LO phonons confined to the CdTe lay-
ers.

In the [001] superlattice, belonging to the point group
D2d, the phonons observed in Raman scattering have
symmetry 3 t for z (xx)z scattering and B2 for z (xy)z
scattering. Here x,y, z are along the cubic axes, z being
the superlattice axis. 3

&
phonons, which dominate the

Raman spectra of the well under resonance condition,
have wave vectors characterized by even m values, while
B2 phonons, which can be observed far from resonance,
have wave vectors with odd m values. In Fig. 6, the
confined LO phonons of the CdTe layers appear in the
(xx) polarization and hence these phonons should be as-
signed to the even m values, 2, 4, and 6. Their frequen-
cies are given by cp(q ), where cp(q) is the dispersion of
the LO phonon in bulk CdTe and q =m~/(d, +a/2).
With this assignment, their measured frequencies are in
excellent agreement with the dispersion curve calculated
by the linear chain model for CdTe as shown in the inset
in Fig. 6. Although not resolved into the additional peaks
due to the absence of significant variation of frequency
with wave vector and the large layer thickness, the peak at
the MnTe-like LO mode of the Cd~ Mn Te layer has a
frequency shifted to the lower energy due to the
confinement effect. Furthermore, this peak shows a
marked low-energy asymmetry which resolves into a weak
additional peak labeled "IF" at the low-energy side when
the incident photon energy approaches the electronic sub-
band transitions of the well layer. This additional peak is
even better resolved in the overtone region as shown in
Fig. 7. A similar peak is observed in SSL-3, whose Ra-
man spectra are shown in Fig. 8. With kL ——6471 A, the
Rarnan lines due to LO phonons from the well as well as
barrier layers appear in the spectrum. In this superlattice
the confined LO phonons of the CdTe layer are not
resolved due to the large well thickness. One can also no-
tice the low-energy asymmetry of MnTe-like LO phonon.
When the incident photon resonants with the CdTe well
transitions, both CdTe-like and MnTe-like LO phonons of
Cdp 75Mnp 25Te barrier layer become very weak, while the



36 RAMAN SCATTERING FROM SUPERLATTICES OF DILUTED. . . 4321

750

(D

O

cn 425
LLI

Z'.

I 00 I I

360 390
RAMAN SHIFT (cm ')

I

420 450

FIG. 7. Overtones and combinations of LO phonons in SSL-2.
The line labels denote the following assignments: (1) 2LO~ &, (2)
2LO~, (3) LO~ & + LO& ~, and (4) 2LO& 2, where the subscripts
8'and B represent the well and barrier layers, respectively, and 1

and 2 represent the CdTe-like and MnTe-like phonons, respec-
tively. 2IF is the overtone of the MnTe-like interface mode
which causes the low-frequency asymmetry of the MnTe-like LO
phonon in Fig. 6.

SSL-3

0)

O
O
O

O
06—

M

LIJ

z 4—
X
CL

peak located between the MnTe-like LO and TO phonons
labeled "IF" as well as the CdTe LO phonon appear
strongly, as can be seen in Fig. 8(b). The peak labeled
"IF" is attributed to an interface mode; we will defer the
basis for this assignment to the discussion of the results
obtained with [111] superlattices. In summary, for the
[001] superlattices we have identified LO phonons

confined to the well or barrier layers as well as LO pho-
nons propagating through both layers.

2. Il lip Cdt Mn„Te/Cd» «Mn» Te superlattices

In Fig. 9 we show the Raman spectrum of the [111]
CdTe/Cdo 75Mno 25Te superlattice, SL-8, recorded at
T =80 K. The spectrum consists of only one Raman line
in the frequency region of the MnTe-like phonon (peak A)
and one in the region of the CdTe-like phonon (peak B),
with Raman shifts not uniquely identified with the LO or
TO phonons of either the well or the barrier layer; in con-
trast to the [001] superlattices, this is the case for all A.L

's.
Peaks 3 and B appear in z'(x'x')z ' (parallel polarization)
as well as in z'(y'x')z ' (crossed polarization), with a larger
intensity in the parallel polarization. Here x', y', and z'
are along [011], [2 1 1], and [111],respectively. A partic-
ularly noteworthy feature of these lines is their marked
frequency dependence on A.L,' this is shown in Fig. 10 for
SL-8 and SL-9.

For [111] Cd &,Mn, Te/Cd
&

«Mn«Te superlattices,
the point group symmetry is reduced to C3, from the
higher symmetry Td of the bulk crystal. LO phonons with
A

&
symmetry can be observed in z'(x 'x')z ' whereas TO

phonons with E symmetry are allowed in both z'(x'x')z '

and z'(x'y')z '. The zone folding of propagating LO pho-
non referred to the new Brillouin zone can, in principle,
show a small variation in its frequency as the energy of the
incident laser radiation is changed. However, such a vari-
ation is expected to be insignificant in view of the highly
dispersive character of those LO phonons likely to be ob-
served. Furthermore, the behavior of Raman peak A is
even more difficult to understand in this manner because
its frequency increases with the incident photon energy, a
behavior opposite to that expected for the folded LO pho-
nons. Thus, there is a clear difference between Raman
scattering from LO phonons in [111]and [001] superlat-
tices.

In the light of the above observations, it is useful to
review other experimental observations distinguishing
these two types of superlattices. In Fig. 11, we show the
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FIC». 8. Raman scattering from LO phonons in the [001]
CdTe/Cdp 75Mnp 25Te superlattice, SSL-3, excited with (a)
A,L

——6471 A, (b) kl ——6764 A. 8' and B represent the phonons
originating from well and barrier layers, respectively. IF
represents the interface phonon.
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FIG. 9. Raman spectra in the frequency region of optical
phonons in the CdTe/Cdp 76Mnp &4Te superlattice SL-8, recorded
at T =80 K, for different polarizations. 3 and B are the Raman
lines in the MnTe-like and CdTe-like phonon regions, respective-
ly.
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photoluminescence peak at T =5 K and magnetic fields
of 0 and 60 kG in [111]Cdp s9Mnp ~]Te/Cdp 5pMnp spTe
superlat tice, SL-4. The position of the luminescence
peak shifts with magnetic field towards lower energy
with an effective g factor of —100. This demonstrates
that the s-d and p-d exchange enhanced g factor charac-
terizes the DMS superlattices just as they do the bulk
DMS's. This enhancement is both magnetic field and
temperature dependent. Furthermore, there is a marked
difference between the magnetic field dependence of the
photoluminescence spectrum in [111]and [001] superlat-
tices, as was first reported in Ref. 38. The luminescence
spectrum of [ill] superlattices exhibits one broad peak
arising from the excitons localized at the heterointer-
faces, whi1e for [001] superlattices, a sharp peak due to
intrinsic excitons as well as a weaker one arising from

cos(q, D) = ~2 + sinh(q, d, )sinh(q, d, )
29

+cosh(qid i )cosh(qid2 ) (2)

the localized excitons were observed. It appears that a
significantly larger number of excitons are localized at
the heterointerfaces in the [111]than in the [001] super-
lattices. A result of this localization is the observed shift
in the exciton luminescence peak position as the magnet-
ic field is changed from being perpendicular to parallel
with respect to the superlattice axis. In Fig. 12, we
show a similar result for SL-4. From the large spectral
red shift of the luminescence peak seen in other [111]su-
perlattices, the authors of Ref. 38 argued that the exci-
tons are localized at the interfaces, conceivably due to
the compositional fluctuation at the interface. In addi-
tion, a TEM evaluation of the superlattice structure indi-
cates that [111]samples have a surface dislocation densi-
ty approximately an order of magnitude higher than in
the [001] samples. It also appears that the [001) inter-
faces are more abrupt than the [111]interfaces. We sug-
gest that the quality of the interface results in the ab-
sence of confined or folded optical phonons in [111]su-
perlattices and the Raman lines 3 and B should be as-
cribed to vibrations associated with the interface. The
imperfection of the interfaces suggests the possibility of
the excitation of IF modes even in the backscattering ex-
periment in [111]superlattices. Furthermore, the obser-
vation of the exciton localization at the interfaces sug-
gests that the IF mode may be strongly enhanced, there-
by dominating the Raman spectra in these [111] super-
lat tices.

IF modes have recently been observed in the Rarnan
spectra of GaAs/Cza] „Al As superlattices and discussed
in terms of an electrostatic model. The dispersion rela-
tion for IF modes in a superlattice is given by
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FIG. 11. Magnetic-field-induced shift in the position of the
luminescence Peak in Cdp g9Mnp llTe/Cdp 5pMnp 5pTe suPerlat-
tice, A, L ——5682 A.

FICr. 12. Magnetic-field-induced shift in the position of the
luminescence Peak in Cdp g9Mnp llTe/Cdp gpMnp gpTe with the
magnetic field directions parallel or perpendicular to the super-
lattice axis.
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2 2
CO —CtPLO

E(co ) =e( oo )
CO —COTQ

(3)

whereas the Cd& Mn„Te alloy, which exhibits a two-
mode behavior, the dielectric constant is given by

+Lol )(+ +LO2)
2 2 2 2

e(cu) =E(~ )
~Tol )(~ ~To2)

(4)

where q, and q~ are the IF phonon wave vectors parallel
and perpendicular to the superlattice axis, respectively.
Even in the backscattering configuration, qz may not van-
ish if the interfaces are not perfect, thus allowing the IF
phonons to be excited. In Eq. (2), rj=e, (co)/e2(co) is the
ratio of the frequency-dependent dielectric constant of the
well and barrier layers. For pure CdTe, the frequency-
dependent dielectric constant is

2IO

200—

l90—
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leo—
LLI
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SL —9

I

q~dl = 0.2

(+)

In the above equations, coLQ and coTQ are the LO and TO
phonon frequencies for CdTe and coLQ&, coTQ&, coLQ2, and
co fQ2 are the LO and TO phonon frequencies of CdTe-like
and MnTe-like modes for Cd& Mn Te, respectively.
Equation (2) shows that an excitation is allowed in the fre-
quency range for which g is negative. Hence, a superlat-
tice consisting of pure CdTe layers alternating with
Cd& Mn Te layers, as in SL-8 and SL-9, has IF modes in
three frequency ranges: viz. , coTQ& to coTQ Q)LQf to coLQ,

'

and ~TQ2 to coLQ2 A superlat tice characterized by
Cd, ,Mn„Te/Cd| «Mn» Te, x&0, y&0, has four re-
gions of IF modes since both components now exhibit a
two-mode behavior. In order to identify physically mean-
ingful characteristics of the IF mode, we have calculated
the frequency as a function of the wave vector q, using
Eq. (2). In Fig. 13, we show the frequencies of the Ra-
man lines 3, B, and C as well as the dispersion curves of
IF modes calculated for a specific value of the wave vector
parallel to the interface plane, viz. , q~ =0.2/d&, for SL-9;
as the qz varies the slope of the dispersion curves will
change slightly. Here (+ ) and ( —) refer to the modes as-
sociated with the symmetric or antisymmetric potential
with respect to the center of the layers, respectively.
Based on the symmetric nature of the electronic wave
function with respect to the center of the layers, it has
been argued that in Raman scattering the symmetric
mode couples more strongly to the exciton via the intra-
band Frohlich electron-phonon interaction. As we see in
Fig. 13, although the observed range of the frequency
variation exceeds that expected from the calculations, the
functional behavior of the frequency variation with respect
to the incident photon energy is consistent with theory.
Similar phenomena have been observed in GaAs/
Ga& AI„As superlattices, in which only an IF mode
was observed in the frequency region of an AlAs-like pho-
non. It therefore appears reasonable to conclude that the
Raman lines observed in SL-8 and SL-9 are indeed IF
modes.

%hen the incident laser excitation energy is increased
to a value far from resonance, a prominent peak around
127 cm ', labeled D, as well as a peak labeled C in the vi-
cinity of the TO phonon, were observed in addition to 2
and 8 as shown in Fig. 14. The longitudinal acoustic pho-
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FIG. 14. Off-resonance Raman spectrum of SL-8 excited with
0

A, L ——5682 A. D is attributed to the disorder activated zone-
boundary phonons, whereas 2, B, and C are the Raman lines as-
signed to the interface modes as in Figs. 9 and 13.

FIG. 13. Comparison of the frequency variation of observed
Raman lines with the dispersion curves for interface vibrational
modes in SL-9. (+ ) and {—) represent the modes associated
with the potentials symmetric or antisymmetric with respect to
the center of the layers; q, and q& are the wave vectors of the in-
terface phonons along and normal to the superlattice axis, re-
spectively. Note that the new Brillouin zone is extremely small

0
bemuse of the large periodicity, D = 1300 A, for this superlattice.

0
With laser wavelengths 5145 (A, L (7525 A, the phonon wave
vector q, =4~n/A, L has values between 2~/D and 3~/D, which
are equivalent to those between 0 and ~/D.
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nons in CdTe (Ref. 40) at the X point of its Brillouin zone,
i.e., the LA(X) phonons, occur = 125 cm '. The strong
low-frequency feature D in the [111]superlattices could
thus correspond to Raman scattering from disorder ac-
tivated zone-boundary LA phonons selectively favored
due to the large density of states. This could be construed
as additional evidence of disorder in the [111]samples.

We now consider the results of Raman scattering in
SL-4 a Cdo 89Mno & &

Te/Cdo &OMno 5oTe superlattice,
which are different from those expected for either IF
modes or bulk excitations. We have observed three Ra-
man lines, one each in the frequency range corresponding
to the MnTe-like phonons, the CdTe-like LO phonons,
and the CdTe-like TO phonons. The frequencies of these
peaks are shown as a function of incident photon energies
in Fig. 15. Here, the frequencies of bulk zone-center
optical-phonon modes for both the well and barrier com-
ponents are shown by horizontal lines. The shaded ranges
are the frequency regions where g is negative, allowing the
excitation of an IF mode. As can be seen in Fig. 15, the
Raman line in the frequency range of CdTe-like LO and
TO phonons appears in the allowed frequency ranges for
IF modes. Qn the other hand, the peak in the region of
MnTe-like phonons can be identified neither with optical
phonons nor with IF modes. Because of the relatively
large difference in the Mn + concentrations of the well

and barrier layers, the strain resulting from the lattice

mismatch between the two layers is larger than in the oth-
er CdTe/Cd

&
Mn„Te superlattices, SL-8 and SL-9.

Such a strain can shift the frequencies of the optical pho-
nons by a small amount, the sign of the frequency shift for
each phonon being indicated by arrows in Fig. 15. How-
ever, the effect of the strain does not provide an explana-
tion for the frequencies of the observed peaks since the fre-
quency ranges of IF modes increase or decrease only by a
small amount as shown in the figure. In order to have a
definitive interpretation of the peaks observed in SL-4,
further work with [111]superlattices having a wide range
of d &, d2, x, andy is needed.

Finally, we discuss the resonant Raman effect of optical
phonons in Cd] „Mn~ Te/Cd

& ~ Mn~ Te superlattices.
We can obtain a resonance enhancement of optical pho-
nons or of IF modes by matching the incident (in reso-
nance) or the scattered (out resonance) photon energy
with the electronic transitions in the superlattice. Exploit-
ing the magnetic field dependence of the exciton photo-
luminescence peak with its large effective g factor as
demonstrated in Fig. 11, we can achieve an out resonance
either by magnetic field or by temperature tuning. This is
illustrated in Figs. 16 and 17. In Fig. 16, we show the
striking resonance effects observed for the Raman lines 3
and 8 in SL-4 with a magnetic field of 60 kG which shifts
the onset of the photoluminescence peak to the region
beyond 600 cm '. The clear observation of overtones
and combinations of the two fundamental modes up to
fourth order in these superlattices attests to the resonance
enhancement. Similar resonant scattering is observed in
SL-8 as shown in Fig. 17, where the onset of the photo-
luminescence peak lies beyond 900 cm ' at zero magnetic
field at T =80 K. When the laser excitation energy is
below the electronic transition energy none of these over-
tones is observed. Since the IF modes are associated with
a macroscopic electric field, the striking out resonance
seen in the parallel polarization suggests the coupling of
these peaks with excitons localized at the interfaces, e.g. ,
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FIG-. 15. Variation of the frequencies of the interface Raman
lines in SL-4 as a function of the incident photon energy. The
frequencies of bulk optical phonons corresponding to the well or
barrier compositions are identified by horizontal lines. Sub-
scripts 1 and 2 refer to CdTe-like and MnTe-like phonons, re-
spectively, and B and W denote barrier and well components, re-
spectively. The arrows show the direction in which the frequen-
cy shifts as a result of the strain due to lattice mismatch. The
interface phonons are allo~ed in the shaded frequency ranges.
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FICx. 16. Resonant Raman scattering from interface optical
phonons, their overtones and combinations. The line labels
denote the following assignments: (1) IFl, (2) IF&, (3) 2IFI, (4)
IF i + IF2 (5) 2IF2 (6) 3IFI (7) 2IF l + IF2 (8) IF I +2IF~, (9) 3IF2,
(10) 4IFl (1 1) 3IFI + IFp (12) 2IFI + IFp. IFl and IF2 ale the Ra-
man lines 8 and 2 in [111]superlattices.
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FIG. 17. Resonant Raman scattering from fundamental IF
phonons, their overtones, and combinations in SL-8. Up to
fourth-order overtones and combinations are clearly seen.

via the Frohlich electron-phonon interaction. ' The
enhancement of the interface modes once more under-
scores the exciton localization in the interfaces in the
[111]superlattices. Recently, resonant Raman scattering
by combinations and overtones of IF phonons has also
been observed in GaAs/AlAs superlattices.

3. ZnSe/Zn & „Mn Se superlattices

As we discussed in Sec. III B, the LO
&

phonon of
Zn& Mn Se evolves continuously from the LO mode of
ZnSe into that of MnSe with its frequency increasing with
x. One thus expects the LO& phonon from Zn& Mn Se
to be confined to the barrier layer while that from the
ZnSe well propagates through both layers. We have ex-
amined five ZnSe/Zn

&
Mn Se superlattices with

023&x &051, 24&d& &97 A, and 104&d2 & 180 A.
The free-exciton transition in the zinc-blende
Zn& Mn„Se is in the range 2.7 —3.1 eV at room tempera-
ture. Thus the 4579-A line of the Ar+ laser is a con-
venient choice for exploiting the resonance enhancement
associated with the electronic transitions in the ZnSe wells
of these superlattices. In Fig. 18, the fundamental and the
first overtone of the ZnSe LO phonon are clearly observed
in the Raman spectrum of ZSL-3 for A.L

——4579 A; when
the incident photon energy is close to the electronic transi-
tion of the well, the LO phonon of the ZnSe well and its
overtone dominate the Raman spectrum. In order to
simultaneously observe the LO phonons from the ZnSe
well and from the Zn& Mn Se barrier layer, we chose

0
A,L

——4880 A having an incident photon energy below the
electronic transition energy. In Figs. 19(a) and 19(b) such
off-resonance Raman spectra of LO phonons are present-
ed for ZSL-3 and ZSL-12; both superlattices have ZnSe
well and Znp 67MnQ 33Se barrier layers. In all the
ZnSe/Zn& „Mn„Se superlattices or in the Zn& Mn„Se
thin layers, the LOz mode originating from the Mn + im-
purity modes is not observed; the TO modes are forbidden
in the scattering geometry used. In Fig. 19(a), three LO
phonons at -250, -252.5, and -258 cm ' appear in ad-
dition to the LO of the GaAs substrate at 292 cm '. The
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highest-frequency phonon at —258 cm ' (LOb) is from
the Zn& Mn Se barrier. We note that the frequency of
this phonon is shifted by —3.5 cm ' from the value of
254 5 cm ' in the bulk crystal and in a thick
Znp 67MnQ 33Se layer deposited on a GaAs substrate by
MBE. Although this phonon is expected to be confined to
the Znp 67MnQ 33Se layer, it is difficult to observe the other
higher-order confined LO phonons, presumably due to the
large layer thickness and the small difference in the fre-
quencies between LO phonons of ZnSe and
ZnQ 67Mnp 33Se. In addition, the frequency shift due to
the confinement effect can be considered to be negligible in
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FIG. 19. Off-resonance Raman spectra of LO phonons in
ZnSe/Zno 67Mno 33Se superlattices. (a) ZSL-3 and (b) ZSL-12.
Subscripts w, b, and B represent well, barrier, and buffer layers,
respectively. The frequencies of LO phonons in bulk ZnSe and
Zno 67Mno 33Se are marked with arrows on the abscissas.

FIG. 18. Resonance Raman spectrum of the LO phonon of
ZnSe well layers in ZSL-3. The fundamental and the overtone
of I 0 are clearly seen.
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view of the larger barrier thickness. The position of pho-
nons in the bulk crystals having the same compositions
as those of the well and barrier layers are marked by ar-
rows on the abscissas in Fig. 19. The peaks labeled LO„
and LO& were better resolved when a finer resolution was
used and have frequencies of -250 and -252.5 cm ', re-
spectively; we interpret them as the LO phonons of the
ZnSe well layer and buffer layer, respectively. We note
LO& occurs at approximately the same frequency as that
of the bulk crystal, while LO appears to be shifted by
-2.5 cm ' to a lower frequency. Thus the positions of
LOb and LO indicate that there is a finite strain in the
superlattice. The spectra for ZSL-2 and ZSL-4 are similar
to that for ZSL-3. It seems reasonable to ascribe the fre-
quency shifts of LO phonons in these superlattices, with
respect to their positions in the bulk, to strain originating
from the large lattice mismatch between the constituent
layers.

Firstly, we note that the lattice mismatch between the
wells and the barriers in superlattices is accommodated by
a homogeneous strain. The magnitude of this strain de-
pends on the effective lattice constant of the superlattice
determined by the shear moduli and the lattice constants
of both layers. If we take into account the presence of
the buffer layer but neglect the difference in the elastic
constants of the barrier and the well, the effective lattice
constant in the planes perpendicular to the superlattice
axis is given by

n (a d +aqdb )+-a~d~
n (d„+db )+d~

where n is the number of periods, d's and a's with the
subscripts u, b, and 8 are the layer thicknesses and the
bulk lattice constants of the well, barrier, and buffer layer,
respectively. In ZnSe/Zn] Mn Se superlattices, the
ZnSe (Zn, Mn Se) layer has an effective hydrostatic ten-
sile (compressive) strain in the layer plane and an uniaxial
compressive (tensile) strain along the growth axis. The
strain in the layer plane is

az —a;eff

=C =Eg=xx yy a;

and the strain in a direction parallel to the superlattice
axis is

S 12 i
C 12 iCg= —2 . E,g

S»+S12 C»

where i represents the well or barrier layers, and s; and

c;~ are the elastic compliance and stiffness constants, re-
spectively. Using these equations we can estimate the
amount of the strain present in our superlattices. For ex-
ample, in the superlattice used in Fig. 19(a), ZSL-3, con-
taining a 2200-A ZnSe buffer layer followed by a
175-A Zn1 Mn Se barrier and a 97-A ZnSe well, the
amount of the strain in each layer is estimated to be
0.0089 and —0.0066 for the well and barrier layer, re-
spectively. Exciton ground-state splittings, which can be
attributed to such strain, in ZnSe/Zn1 Mn Se superlat-
tices have been indeed observed.

Secondly, the effect on the optical-phonon frequencies
arising from the two-dimensional (2D) stretch or compres-
sion due to the lattice mismatch can be understood quali-
tatively in terms of such uniaxial strains. Under a uni-
axial strain, the frequency of optical phonons in the zinc-
blende crystal shows a splitting and a shift. ' The
change in the frequency of the optical phonons in the
presence of strain can be considered as the sum of a hy-
drostatic shift (b,QH) and a splitting (b,A) due to the
shear component of the stress. In the [001]
ZnSe/Zn1 Mn Se superlattices, the LO phonon ob-
served in the backscattering configuration has a wave vec-
tor along the direction of the uniaxial strain, [001], and
thus has an eigenvalue of the singlet component,
ALQ —cc)Lo +6co f Q with

5~LQ c„+ 2E] =AA, H + —', AB )2') Lo 2' LQ
(8)

where ALQ and coLQ are the frequencies of the LO phonon
with and without the strain, respectively. In Eq. (8) the
hydrostatic shift AAH and the splitting term AA are

C11 —C12
a = 2y~Lo (9)

p q c»+2C12
207 LQ

(10)

where y is the mode Griineisen parameter, and p and q
are the deformation constants. The mode Griineisen pa-
rameters for LO and TO phonons in Zn1 Mn Se for
various x have been obtained from Raman scattering un-
der hydrostatic stress accessible with a diamond anvil cell;
for LO phonons it is 0 79 and 1 02 for ZnSe and
ZnQ67Mnp33Se, respectively. Using the values of y and

p —q for bulk ZnSe, we estimate frequency shift of LO„
in ZSL-3 with respect to the frequency of the LO mode in
bulk ZnSe to be ——2.8 cm ', showing a good agree-
ment with that observed. The deformation constants for
Zn] Mn Se have not yet been determined. However,
we can estimate (p —q)/2~Lo from the observed frequen-
cy shift of LOb using Eqs. (8)—(10); it is —0.98,
significantly larger than that for ZnSe. In this context,
it is clearly of interest to perform Raman scattering mea-
surements on Zn] Mn Se under uniaxial stress.

In Fig. 19(b), we show the Raman spectrum of another
ZnSe/Zno 67Mno 33Se superlattice (ZSL-12). In contrast to
ZSL-3, this superlattice has a pure ZnSe buffer layer fol-
lowed by a Znp 67Mnp 33Se buffer layer. Therefore we ex-
pect four peaks in the LO phonon region; LO„, LOb, and
two LO& 's: one corresponding to ZnSe buffer and the oth-
er from the Znp 67Mnp 33Se buffer layer. They are not well
resolved as we see in Fig. 19(b). However, we note that the
highest-frequency phonon LOb is approximately at 256
cm ' showing a smaller shift than that for ZSL-3, as can
be seen from a comparison of Figs. 19(a) and 19(b). The
strains in the superlattice estimated using Eqs. (5) and (6)
are 0.0127 in the ZnSe layer and —0.0028 in the
ZnQ 67MnQ 33Se layer for ZSL-12, approximately half of
the strain in the Znp 67Mnp 33Se layer as compared with
Znp 67Mnp 33Se layer in ZSL-3. This difference in strain is
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consistent with the difference in the observed frequency
shifts of LOb with respect to the LO& of bulk
Zno 67Mno 33Se as manifested in the two superlattices; the
estimated frequency shift of LOb in ZSL-12 using
(p —q) /2coLo =0.98 for Zno. 67Mn0. 33Se as obtained above
is —1.5 cm ', showing an excellent agreement with the
observed frequency shift as can be seen in Fig. 19(b).

C. Magnetic excitations
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FIG. 20. Raman scattering associated with the paramagnetic
spin-flip transitions (CPM�) in the [111] Cdp s9Mnp ],Te/
Cdo 50Mno ~oTe superlattice SL-4. Exciting wavelength
Xl ——6764 A, PL ——10 mW, the applied magnetic field H =60
kG, and temperature T = 5 K.

In this section we discuss magnetic excitations in DMS
superlattices. Bulk DMS alloys exhibit a magnetic phase
transition as the temperature is lowered and the Mn +
concentration increases. Using specific-heat and magnetic
susceptibility measurements, it has been found ' that
Cd& Mn Te crystals are paramagnetic at T) 5 K for
x 50.17, but as the temperature is lowered the crystal
shows a transition from paramagnetic to a magnetically
ordered phase depending on x.

In the paramagnetic phase, Raman scattering associat-
ed with spin-flip transitions between adjacent sublevels
of Zeeman multiplet of the ground state of Mn + has
been observed in an external magnetic field in bulk
Cd( Mn Te crystals. Such Raman lines are also ob-
served in DMS superlattices, as can be seen in Fig. 20.
With an applied magnetic field of 60 kG, an intense Ra-
man paramagnetic resonance signal (PM) as well as mul-
tiple spin-flip Raman peaks up to fifth order are ob-
served when the incident photon energy resonates with
the excitonic transitions. Multiple spin-flip Raman
scattering has also been observed in the bulk and is ac-
counted for in terms of excitations within antiferromag-
netically coupled Mn + ion pairs. In addition, as in
the bulk, coupling between the Mn + spin-flip transition
and vibrational excitations is also observed in superlat-
tices. In Fig. 21, in the Raman spectrum of the [111]su-
perlattice, SL-4, Raman lines A, B, and their combina-
tions with PM are seen with a laser excitation energy
close to the electronic transitions of the well layers. The
peaks labeled as "A +PM" and "B+PM" are a result
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FIG. 21. Raman spectrum of SL-4 with 0 =60 kG, showing
Raman lines 3, B, and their combinations with PM. The slop-
ing background is due to photoluminescence.

of the creation of interface phonons through the
Frohlich interaction ' during which there is a sirnultane-
ous excitation of the Mn + ion to the next sublevel of
the Zeernan multiplet. Similar Raman lines are observed
in SL-8.

For bulk Cd& Mn Te crystals in the magnetically or-
dered phase, a zero-field magnetic excitation (magnon) as-
sociated with the Mn + ions has been observed. ' As the
temperature is lowered the Mn + spin flip of the
paramagnetic phase evolves into the high-frequency com-
ponent of the magnon doublet of the spin-glass phase. As
in the case of the optical phonons, we can expect to ob-
serve confined or propagating magnons depending upon
the Mn + concentrations of the superlattice layers. In ad-
dition, we also expect a magnetic excitation propagating
along the interface with an amplitude decaying exponen-
tially along the superlattice axis, similar to the IF pho-
nons. The dispersion relation for such magnetic excita-
tions is derived in the Appendix.

The superlattices we have examined have barrier layers
of DMS alloys which exhibit magnetic ordering for T (5
K, in the bulk crystal. Thus one can expect to observe
magnons confined in the barrier layers as well as those
propagating along the interfaces at low temperature.
However, we have not yet observed any feature which we
can associate with such modes in either backscattering or
right-angle scattering. It is possible that even at 1 ~ 8 K the
two-dimensional thin layers of the superlattice may lack
spin-glass ordering, even though such ordering occurs for
the same composition of the bulk alloy. If so, this would
signify that the dimensional constraints created in a super-
lattice can exert a decisive influence on magnetic phase
transitions. Recently, Cxunshor et al. have come to
similar conclusions on the basis of their studies on the
Zeeman effect of the photoluminescence of the ZnSe/
MnSe superlattice. In this context, it is of interest to per-
form specific-heat and magnetic susceptibility measure-
ments on DMS superlattices.

Finally, we note that Raman scattering from antifer-
rornagnetically coupled Mn + ion pairs has been observed
in the bulk Cd& Mn Se and Cd~ Mn S, both of
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which have wurtzite structure with C6, point group sym-
metry. Antiferromagnetically coupled Mn + pairs pos-
sess a series of energy levels for the total spin S =0, 1, 2, 3,
4, and 5 states; the separation of the energy levels is deter-
mined by the nearest-neighbor exchange interaction

~
JNN

~

. Raman lines associated with transitions between
the spin multiplets have a temperature dependence
characteristic of the population of the multiplets. We
have observed a distinct Raman line at 9.5+0.3 cm ' in
the [1 1 1j Cdo s9Mno» Te/Cdo, OMno 50Te superlattice,
SL-4, when the incident photon energy resonates with the
electronic transitions of the well, as shown in Fig. 22. We
ascribe this to the Raman line associated with the transi-
tion from the S =0 to the S =1 state of the Mn + pairs in
Cdo 89Mno» Te layers. This peak exhibits the same
characteristics as those discussed in Ref. 54; the peak
lacks any polarization characteristics, does not show any
magnetic field dependence up to 60 kG, and its intensity
decreases as the temperature increases. Its transition en-

ergy yields the nearest-neighbor exchange constant,
~
JNN

~

=6.8+0.2 K, which agrees with previously deter-
mined values that range from 6.3 to 7.7 K. It is particu-
larly interesting to note that bulk Cd& „Mn Te, as well as
the other DMS's of zinc-blende structure with point group
symmetry Td, do not show this Raman peak. The ap-
pearance of the Mn + pair Raman peak in SL-4 could be
due to the new crystal symmetry of the Cd& Mn Te lay-
ers; [111]superlattices have a crystal symmetry of point
group C3, and, in addition, have an uniaxial strain along
the superlat tice axis.

IV. CONCLUDING REMARKS

Our Raman scattering studies of DMS superlattices
have led to the observation of a number of collective exci-
tations characteristic of superlattices. However, further
investigations are needed —and are indeed planned —to
address specific aspects of these excitations and to discov-
er those predicted but not yet experimentally observed.
Specially designed heterostructures with parameters op-
timum for such observations will be fabricated in this con-
text. We list below some of the problems of physical in-
terest which are worthy of further studies.

(1) The possibility of growing tetrahedrally coordinated
end members (e.g. , MnTe and MnSe) of the DMS's offers
the exciting possibilities of studying these hitherto hy-
pothetical crystals; it will be of interest to compare the be-
havior of lattice dynamics and magnetic excitations direct-
ly in these structures with that extrapolated from the
study of bulk crystals as a function of x.

(2) In order to take full advantage of the resonant Ra-
man effect in ZnSe/Zn

&
„Mn„Se superlattices, further

studies are needed using higher-energy laser radiation.
(3) The observation of folded transverse acoustic pho-

nons will complement the studies of folded LA phonons;
a high-resolution, high-contrast Fabry-Perot interferome-
ter will be employed in such studies.

(4) The theory of magnetic excitations in DMS superlat-
tices predicts excitations analogous to the IF vibrations of
optical phonons, which can be studied with suitably
designed superlattices in which the Mn + concentration is
large in both layers.
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APPENDIX: INTERFACE MAGNETOSTATIC
MODES
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We consider the interface magnetization waves in a su-
perlattice formed of two different materials, denoted by 1

and 2, as shown in Fig. 23. To fix our ideas we consider
each component of the superlattice to contain a different
concentration of magnetic atoms. We neglect the effect of
retardation so that the magnetic fields obey the equations
of magnetostatics, viz. ,

FIG. 22. Raman scattering associated with the spin-flip tran-
sitions from antiferromagnetically coupled Mn + ion pairs in
Cdo 89Mno I l Te/Cdo &OMno ~0Te, SL-4; T = 1.7 K, PI = 10 mW. and

VxH=O,
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~ dl = —— dP

where

4~y'H, mop(~)=1—
2 2H2

Z

We now investigate modes having

(A 1 1)

(A12)

0- dl +4P

FICs. 23. Schematic diagram of a superlattice where 1 and 2
refer to well and barrier layers of thicknesses d& and d2, respec-
tively. D =d&+dz is the superlattice period, z the superlattice
axis, and x an axis on the layer plane.

The function g(z) obeys the diff'erential equation

, —pqi&=0

with qi ——q +q». The solution of Eq. (A13) is

iI'jlz) = Ae ~'+ Be

(A13)

(A14)

7' B=O, (A 1)

Therefore

V PM ——4vrV. M . (A3)

Let there be an external magnetic field Hpz parallel to the
axis of the superlattice. We study magnetization modes in
which the component of M parallel to z is constant while
that in the plane of the layers vibrates harmonically with
angular frequency u, i.e.,

M =Mpz+ Mze (A4)

The equation of motion of the magnetization is the Bloch
equation

where H=B —4~M. Under such conditions a magnetic
scalar potential pM can be defined such that the intensity
of the magnetic field H is

(A2)

where g =v'pqi. For a superlattice in which p(m) takes
the values p&(cu) and pz(co) in the layers of thicknesses d

&

and d2, respectively,

P(z)=A, e ' +Bie ', 0(z(di
Q2Z —Q2Z= A2e +B2e, d) &z &d)+d2=D . (A15)

cos(q, D ) = cosh( g, d i )cosh( gzd z )

p i(~ )+pz(co)+
2V pi( )pz(

sinh(gaddi)sinh(gzdz) .

The condition of continuity of the tangential component
of H is equivalent to that of the continuity of pM and
hence of P. The time-dependent normal component of B
is simply —apM /az. This quantity is, therefore, also con-
tinuous. In addition, as in the cases of optical and acous-
tical phonons itj(z) obeys the Bloch condition,
P(z+D)=e ' g(z) for wave vector q, along z. These
conditions yield

=yM&H,dM
(A5) (A16)

where y is the gyromagnetic ratio and the magnetic field

H=H, z+Hze (A6)

—imM~=yMpz)& Hz+yH, MJ Q z

Solving this equation for Mz, we obtain

y H, Mp icuyMpz)&Hg
2 2 2 ~ 2 2 2

co —y H co —y H,

(A7)

Taking M& and H~ as sma11, we linearize the Bloch equa-
tion to obtain

and

BM,
Bt

= y'M, X (H —XMz+ H ~ ), (A17)

In the antiferromagnetic phase of a Mn-based DMS the
relation between M& and Hz obtained above is modified
according to the following argument. We classify the
magnetic moments of the Mn + ions into two classes
pointing preferentially in opposite directions. The net
magnetization of the two classes of atoms are denoted by
M& and M2. In equilibrium M&+M2 ——0. However in a
magnetic field of the form (A6), M& and Mz vary accord-
ing to

Substitution of Eq. (A8) into Eq. (A3) yields

4 y'H. ~o
V' PM

——4vrV Mz= — V Hz .
co —y H

Thus

a'y a'(t a'y
p(~) z + z +, =0,

Bx By Bz

(A9)

(A10)

BM2

Bt
=) Mz&&(H —AM, —H„) . (A18)

M) ——Mpz+ M)~e (A19)

Here XMi z is the exchange field due to atoms of class 1 (2)
on atoms of class 2 (1) and H~ is an anisotropy field. To
simplify the discussion we take Hz parallel to H, z. We
now write
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and where

M2 = —Moz+ M2qe (A20) co+ ——+yH, + y ~

(H~+2H~H~)' (A25)

—icoM&z ——yMoz X Hz —yHzz && M2&

—y(Ho+HF +H„)zX M, ~, (A21)

and

—icoM&& ———yMoz)& Hz+yH&z)& M&&

y(Ho—HF —H~ )z—X M„. (A22)

We need to evaluate Mz ——M&&+Mzz in terms of Hz. This
is accomplished by adding and subtracting Eqs. (A21) and
(A22), and eliminating M, t —Mzt. We obtain

If we denote the exchange field by Hz ——A.Mo, the Bloch
equations yield (after keeping only linear terms in Mt and
Ht)

are the antiferromagnetic spin wave frequencies for long
wavelengths. The condition of periodicity yields, as be-
fore, the result embodied in Eq. (A16). We now apply our
analysis to the experiments discussed in this paper, where
the layers have x =0.11 and y =0.5 for SL-4. In the bulk
the well layer would be paramagnetic while the barrier
layer would be in the magnetically ordered phase at the
low temperature. Assuming right-angle scattering, say,
with geometry z(xy)x, and Q& d &, Q2d2 « 1 for q, D =2nn
(n =0, +1,+2, . . . ), we obtain

p)d) +ppd2 = D (A26)

Using Eqs. (Al 1) and (A24) one can find the frequency of
the surface magnetic modes. In the absence of an external
magnetic field, this frequency is given by

bc ac
M~ — H~+ z && Hq,

a +b a +b
where

(A23) 277d J
cc) =AM 1 +

A,D
(A27)

and

a =2lcoyH

b = —m —y H, +y H~ +2y H~HE

c =2y MoH~ .

where A, is the exchange parameter defined above. Since k
is of order 5&& 10 (Ref. 21) the correction in Eq. (A27) is
negligible.

However, if both layers are in the paramagnetic phase
with externally applied field H„Eqs. (Al 1) and (A26)
yield

The vector potential pM satisfies again Eq. (A10) with Itc

replaced by
2= 2 2~7

co =copM 1+ (xd, +yd, )
D

(A28)

4~bc~=1+
2 b2a +b

8~y MoH„(co —co+co )

(co —co+ )(co —co )

(A24)

where 1 is the magnetic susceptibility for x = 1 and
fRiJ pM =

~ y ~

H . For high magnetic fields at low tempera-
ture X is not linear. The correction term in Eq. (A28) is
again negligible.
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