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Raman spectroscopy of two novel semiconductors and related superlattices:
Cubic Cd;_,Mn, Se and Cd,_, Zn, Se
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The Raman scattering from Cd,_,Zn, Se and Cd,_ ,Mn, Se, grown by molecular-beam epitaxy on
(001) GaAs substrates, shows zone-center optical phonons characteristic of a zinc-blende structure,
indicating that these epilayers represent the cubic phase of these materials which in the bulk crystal-
lize only in the wurtzite form. The variation of the frequency of the zone-center optical phonons as
a function of composition x shows a “two-mode” behavior in Cd;_,Mn,Se and a pattern inter-
mediate between “two-mode” and ‘“one-mode” in Cd,_,Zn,Se. The modified-random-
element—-isodisplacement model provides a satisfactory basis for these patterns. In the case of
Cd, _,Mn,Se, the large Raman shifts associated with the spin flip of donor-bound electrons and the
huge Zeeman shifts of an excitonic component observed in photoluminescence (including saturation
at high magnetic fields and low temperatures), show that the large sp-d exchange interaction charac-
teristic of diluted magnetic semiconductors is manifested also in the zinc-blende phase of this alloy.
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I. INTRODUCTION

The tetrahedrally coordinated II-VI compound semi-
conductors typically occur in the cubic (zinc-blende) or
the hexagonal (wurtzite) structure.! Indeed, some of the
Mn-based II-VI-compound diluted magnetic semiconduc-
tors? (DMS) grown by bulk crystal-growth techniques
may occur in the zinc-blende phase over a certain range
of composition and in the wurtzite phase outside that
range. For instance, Zn;_,Mn Se is zinc blende for
0=x =0.35 and wurtzite for 0.35 <x <0.55. On the
other hand, Cd,;_,Mn,Se occurs in the wurtzite phase
throughout the composition range accessible to bulk
growth techniques (0=<x <0.5). Recently, Samarth
et al.>* have demonstrated that CdSe,’> Cd,_,Mn,Se,
and Cd;_,Zn,Se can be stabilized in the cubic zinc-
blende structure by growing epitaxial layers on (001)
GaAs substrates using molecular-beam epitaxy (MBE).
This exciting development has several implications of
fundamental importance. First, it permits the study of
the physical properties of these materials in the previous-
ly inaccessible zinc-blende phase and enables us to exam-
ine the relationship between the properties of MBE-
grown cubic and bulk-grown hexagonal structures. Fur-
ther, it offers the possibility of fabricating new types of
DMS superlattices such as Cd;_,Mn,Se/Cd,_,Zn,Se in
which appropriate choices of x and y can lead to lattice-
matched wells and barriers and ZnSe/Cd;_,Mn, Se su-
perlattices with magnetic wells. Finally, the relative ease
of growing n-type CdSe and Cd,_,Mn,Se in the bulk
also augurs well for attempts at fabricating lattice-
matched heterostructures such as (p-type ZnTe)/(n-type
CdSe) and modulation-doped superlattices such as
CdSe/(n-type Cd;_,Mn, Se).
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The vibrational spectra of mixed crystals are of special
interest as they illustrate many fundamental aspects of
lattice vibrations.® The Raman spectra of the
tetrahedrally coordinated II-VI compound semiconduc-
tor alloys such as Cd,_,Mn, Te and Cd,_,Zn, Te pro-
vide excellent illustrations of the lattice dynamics of
mixed crystals. In this connection, the Raman spectros-
copy of cubic CdSe, Cd,_,Mn,Se, and Cd,_,Zn,Se is
also of interest. Furthermore, as a new member of the
DMS family of alloys, cubic Cd,_,Mn, Se is very appeal-
ing for a study of its magnetic properties. We note here
that DMS alloys display a host of striking magnetic phe-
nomena such as giant Faraday rotation’ and spin-flip Ra-
man scattering® associated with donor-bound electrons,
as well as that arising from the Zeeman multiplet of the
ground state of the magnetic ion. The underlying spin-
spin exchange between the d electrons of Mn®>" and the s
electrons of the I'q conduction band and the p electrons
of the I'y valence band (the so-called sp-d exchange) can
now be explored in cubic Cd;_, Mn, Se.

In the present paper, we report the results of our study
of the Raman spectra of the epilayers of cubic CdSe,
Cd;_,Mn,Se, and Cd,;_,Zn,Se, as well as of two ‘“‘at-
tempted” superlattices: Cd;_,Zn, Se/Cd;_,Mn,Se and
ZnSe/Cd;_,Mn,Se. We first describe the photolumines-
cence spectra of zinc-blende CdSe, Cd,_,Mn,Se, and
Cd,_,Zn,Se—this allows us to estimate their band-edge
parameters E, and the effective g factor of the band elec-
trons. We then discuss the vibrational Raman spectra of
these epilayers, and show that these spectra confirm the
cubic structure of these systems. Finally, we discuss Ra-
man  scattering from magnetic excitations in
Cd,_,Mn,Se and in the two superlattices mentioned
above.
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II. EXPERIMENTAL PROCEDURE

The epilayers used in this study were grown by
molecular-beam epitaxy (MBE) on (001) GaAs substrates.
The epilayer thickness ranged from 0.3 to 3.7 um. The
lattice parameter (and therefore the composition) of the
samples were determined by x-ray diffraction. The epi-
layers were found to be of zinc-blende structure, with a
(001) layer plane (the growth direction is designated by z
in this paper).

Raman spectra were excited with monochromatic radi-
ation from Kr* or Ar™ lasers, or from a tunable ring dye
laser operated with DCM.® The power of the incident
beam was typically <75 mW in order to avoid sample
heating. Measurements in an external magnetic field
were carried out using a variable temperature (1.8-300 K)
optical cryostat with a superconducting coil providing
external magnetic fields up to 60 kG. Scattered light was
spectrally analyzed with a computer-controlled double
(triple) Spex Industries, Inc. monochromator and detect-
ed with standard photon counting electronics. The pho-
toluminescence measurements were carried out on the
same spectrometer.

III. RESULTS AND DISCUSSION

A. Photoluminescence

The photoluminescence spectra obtained during our
Raman  scattering study. of Cd,_,Zn,Se and
Cd;_,Mn, Se allowed us to establish the resonance con-
ditions for Raman scattering. In addition, estimates of
the fundamental energy gap and the effective g factors
characterizing the band extrema could be obtained from
these measurements. In this section we focus on the pho-
toluminescence spectra and their interpretation.

1. CdSe

The photoluminescence spectrum of an epilayer of cu-
bic CdSe is shown in Fig. 1. We ascribe the peak labeled
A to an exciton bound to a shallow center, in view of its
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FIG. 1. The photoluminescence spectrum of an epilayer of
cubic (zinc-bleqde) CdSe at T=5 K with incident laser wave-
length of 6764 A.

RAMAN SPECTROSCOPY OF TWO NOVEL SEMICONDUCTORS . . .

3721

proximity to the energy gap determined from the piezo-
modulated reflectivity’ spectrum (see Table I). As we
shall see in Sec. III B, the LO-phonon Raman line in cu-
bic CdSe is at 213 cm™!. The energy separation between
the luminescence peaks B and C and that between D and
E, are close to the energy of the LO phonon, strongly
suggesting that C and E are phonon replicas of B and D.
(Phonon replicas such as these are commonly observed in
the luminescence spectra of CdTe. 19 peaks B, D, and F
are presumably due to impurity emission centers yet to be
identified.

The energy band structure of wurtzite CdSe is well do-
cumented in the literature,!! but there is only very limit-
ed information about cubic CdSe. The piezomodulated
reflectivity study carried out in our group® yielded a
value of 1.75 eV for the fundamental gap at T =10 K, in
excellent agreement with that obtained from photo-
luminescence spectrum. In Table I we compare the ener-
gies of the fundamental gap transitions in cubic and wurt-
zite CdSe at several temperatures. The subindices 4 and
B for the energy gap in the wurtzite crystal correspond to
the 4 and B valence bands resulting from the anisotropic
part of the crystal potential in the hexagonal structure;
the energy gap for the cubic structure is smaller by 0.7 eV
than that for the hexagonal structure. It is interesting to
note that for the closely analogous II-VI compound semi-
conductors CdS and ZnS, the energy gaps reported in the
literature!? are smaller for the cubic as compared to those
of the hexagonal structure. The current band-structure
calculations on II-VI compound semiconductors which
occur either in the zinc-blende or wurtzite structure do
not provide sufficient insight into the nature of the
difference in energy gap. Calculations based on the
orthogonalized-plane-wave (OPW) method!® applied to
cubic CdSe yielded a direct gap of 1.9 eV, which exceeds
the experimental value by 0.15 eV. Also, the energy gaps
for the wurtzite!* as compared to that of the zinc
blende, !* calculated either by the OPW or the pseudopo-
tential techniques, yielded a larger value for the wurtzite
in agreement with experimental results in CdSe, CdS, and
ZnS.!? This, however, has to be taken cautiously be-
cause, in general, the same calculations were not available
for both the cubic and the hexagonal structures. It ap-
pears that before any general conclusion can be derived,
band-structure calculations must be performed using ex-

TABLE 1. Excitonic energies (in eV) in wurtzite and zinc-
blende CdSe. See the text for the labels of the excitonic transi-
tions.

T=300 K T=80 K T=10 K
Wurtzite?
E, 1.74 1.81 1.82
E, 1.77 1.83 1.84
Zinc-blende®

E, 1.67 1.74 1.75
2See Ref. 11.

*See Ref. 3.
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FIG. 2. The photoluminescence spectrum of a cubic (zinc-
blendg) epilayer of Cd,;_,Zn,Se (x =0.21) at T=5 K. The
5145-A radiation from an Ar™ laser excited the photolumines-
cence.

actly the same theoretical approach for both structures in
the crystals of interest, e.g., CdSe, ZnSe, and MnSe.

2. Cdy_,Zn,Se

Figure 2 shows the photoluminescence spectrum of
Cd,_,Zn,Se, x =0.21, where four peaks (4, B, C, and
D) are clearly distinguished. The energy of 4 at x =0 is
lower by 56 meV than that of the free exciton observed in
the piezomodulated reflectivity spectrum of CdSe (see
Table I). We therefore attribute 4 to a shallow emission
center and B, C, and D to its optical phonon replicas. In
Fig. 3 we plot the energy of the photoluminescence
feature at A4 as a function of x. As can be seen, the x
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FIG. 3. Position of the photoluminescence peaks in zinc-
blende Cd,_,Zn,Se as function of the Zn concentration x at
T =35 K. The points indicated with a square at x =0 and x =1
were obtained from piezomodulated reflectivity measurements
of the A exciton in CdSe and ZnSe at T =10 K.
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dependence of this feature is approximately linear, again
consistent with the virtual-crystal approximation.

3. Cdy_,Mn,Se

It is possible to grow cubic Cd;_,Mn,Se by MBE in
which Mn?* has randomly replaced Cd. We once more
emphasize that bulk Cd,_, Mn,Se has wurtzite structure.
As in cubic CdSe, one observes a peak close to the free-
exciton signature in the piezomodulated reflectivity in the
photoluminescence spectrum of cubic Cd, ¢Mn ;Se and
can also be attributed to an exciton bound to a shallow
center. If one assumes a linear x dependence of this exci-
ton energy (as indicated by the solid straight line in Fig. 4
and as justified in the virtual-crystal approximation), one
sees that its energy tracks the energy gap as a function of
x. Figure 4 also shows that, throughout the composition
range, the energy gap of the cubic Cd,_,Mn,Se for a
given x is smaller than that of the corresponding hexago-
nal structure. Piezomodulated reflectivity measurement
data presented in Table I show a similar difference in the
energy of the A4 exciton of the cubic and of the hexagonal
CdSe (x =0). The concentration range over which the
position of the bound exciton can be followed is limited
by the occurrence of the photoluminescence feature asso-
ciated with the 2.2-eV internal transition of the Mn?*
ion; when the excitonic feature occurs close to the Mn?*
luminescence or beyond, the strong Mn?* luminescence
dominates the spectrum, preventing the observation of
the excitonic feature of Cd,_,Mn,Se for x >0.4. We
add parenthetically that the piezomodulated reflectivity
measurements do not suffer from this limitation.

In DMS’s, the sp-d exchange interaction between band

2+

ENERGY OF EXCITON AND Mn FEATURE (eV)

N | L1
00 02 04 06 08 10

X

FIG. 4. Position of the photoluminescence peak of the
donor-bound exciton in zinc-blende Cd,_,Mn, Se as function of
Mn?* concentration x. For comparison, the energy gap of the
wurtzite structure as a function of x (observed in bulk crystals)
is shown by the dashed line. The horizontal line denotes the on-
set of the 2.2-eV Mn?" photoluminescence.



40 RAMAN SPECTROSCOPY OF TWO NOVEL SEMICONDUCTORS . . .

electrons and the 3d subshell of the Mn?* ions results in
the large spin splitting of the J =1 conduction band and
the J =2 valence band in the presence of an external
magnetic field. It is of interest to compare the magnitude
of these Zeeman splittings in the wurtzite and cubic
structures of Cd;_,Mn,Se. Figure 5 shows the photo-
luminescence shift with magnetic field in cubic
Cd,_Mn,Se, x =0.16, at T=5 K. The crystal was ex-
cited with the 4579-A line with a power of 10 mW. The
photoluminescence spectra were obtained with an exter-
nal magnetic field in the range 0-60 kG parallel to the
plane of the epilayer. The large Zeeman shift and the sat-
uration at high magnetic field are clearly seen. The posi-
tion of the photoluminescence peak corresponds to the
Zeeman component of the A exciton formed by the
m,=—1 component of the conduction band and the
m; =3 component of the valence band. The shift of this
Zeeman component is given by AE=guzH. From the
slope of the linear portion of the curve in Fig. 5 we obtain
a g factor of 160 at 5 K; this large g factor is typical of
DMS’s. The corresponding g factor for hexagonal
Cd,_.Mn,Se at T=5 K for a comparable x estimated
from the results given in Ref. 15 is gy, ~200, somewhat
larger than that for the cubic structure. The magnitude
of the Zeeman shift with magnetic field is given by
AE=1Ny(a—B)x(S), where a and B are the
conduction- and valence-band exchange integrals .and
(S) is the magnitude of the thermal average of Mn?*
spins.® The difference in the g factors could be attributed
to different values of a and B for the cubic structure.
Since Mn?" in the cubic structure has the same number
of nearest neighbors as in the wurtzite structure, one ex-
pects comparable a and S for the cubic and the hexago-
nal structures. Before any significance can be attached to
these differences, it is of interest to carry out spin-flip
studies which will, in combination with the above results,
allow an independent determination of the magnitude of
both exchange constants.
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FIG. 5. Position of the photoluminescence peak as a function

of magnetic field in zinc-blende Cd,_,Mn,Se, x =0.16, at T =5
K. :
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B. Vibrational Raman spectra

In this subsection we present a Raman-scattering study
of the vibrational modes of cubic Cd;_,Zn,Se and
Cd,_,Mn, Se epilayers. We note here that, to date, only
the Raman spectrum of uniaxial Cd,_, Mn, Se (including
CdSe) and cubic ZnSe have been investigated. !® The suc-
cessful growth of cubic Cd;_,Zn,Se now allows its Ra-
man study over the entire alloy composition range
0=<x=1. Previous Raman scattering studies on
Cd;_,Mn,Se (Ref. 17) were carried out on the hexagonal
phase with 0.0=x <0.51; a comparison of the Raman
spectra of the zinc-blende and the wurtzite structures of
this alloy is given at the end of this subsection. This Ra-
man study unambiguously proves that these MBE-grown
Cd;_,Zn,Se and Cd,;_,Mn,Se epilayers have cubic
zinc-blende structure.

The Raman spectrum of a (001) epilayer of cubic
Cd,;_,Zn,Se, x =0.75, recorded in the backscattering
geometry z(xx )z is shown in Fig. 6. The spectrum was
recorded at T=5 K with the 4965-A line of the Ar™
laser. The Raman lines labeled LO and TO can be traced
to the LO and TO phonons of CdSe as x —0 and to the
LO and TO phonons of ZnSe as x —1.0. These extrapo-
lations can be appreciated from the frequencies of the
relevant Raman lines as a function of x displayed in the
right-hand side of Fig. 7 for Cd,_,Zn,Se. In addition to
the transverse-optical (TO) phonon and the longitudinal-
optical (LO) phonon, there is a Raman peak labeled I
which can be traced to the impurity mode of Zn in CdSe
at x =0 and to the impurity mode of Cd in ZnSe at x =1.

The Raman spectrum of a (001) epilayer of cubic
Cd,;_,Mn,Se, x =0.16, recorded in the backscattering
geometry z(xx)Z, is shown in Fig. 8. The spectrum was
taken at T =5 K with the 6328-A line of a He-Ne laser.
As shown in the left-hand side of Fig. 7, the Raman peak
labeled LO, can be traced to the zone-center LO phonon
of CdSe as x —0. The Raman peak labeled LO, corre-
sponds to the line evolving from the local mode of Mn in
CdSe as x increases.
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FIG. 6. Raman spectrum of a (001) epilayer of zinc-blende
Cd,_Zn,Se, x =0.75, at T =5 K. The spectrum was recorded
in the backscattering geometry z (xx)Z with incident wavelength
of 4965 A.
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FIG. 7. Composition dependence of the zone-center optical
phonon frequencies in zinc-blende Cd,_,Zn,Se and
Cd,;_,Mn,Se. The solid lines were calculated with the MREI
model for mixed crystals (Ref. 6). The assignments of the modes
follow the scheme in Genzel et al. (Ref. 18).

The observation of the TO mode, as indicated by a
number of experimental points in Fig. 7, is rather surpris-
ing, since the TO mode is forbidden in the (001) orienta-
tion of the epilayers. This could be due to the near-
resonant conditions of the Raman experiment and/or a
small departure from the backscattering geometry. In
this connection we plan to explore epilayers grown on
(111) GaAs substrates in the future.

We now focus our attention on Fig. 7. The right-hand
side of Fig. 7 shows the so called ‘“intermediate-mode”
behavior of cubic Cd;_,Zn,Se. In this case, the impurity
mode as x —O0 is the local impurity mode of Zn in CdSe
and evolves into the local mode of Cd in ZnSe as x — 1.
The LO and the TO modes of CdSe evolve into the LO
and TO modes of ZnSe, respectively, as x—1. In con-
trast to the intermediate-mode behavior exhibited by the
optical phonons in Cd,;_,Zn,Se, the optical phonons of
Cd,_,Mn,Se do show a composition dependence corre-
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FIG. 8. Raman spectrum of the zinc-blende Cd, g,Mn, ;¢Se
epilayer at T=5 K. The spectrum was recorded in the bacok-
scattering geometry z (xx)Z with incident wavelength of 6328 A.

sponding to a “two-mode” behavior. As shown in the
left-hand side of Fig. 7, in the two-mode behavior the
modes (LO and TO) of each of the two binary crystals in-
volved in the alloy maintain their character throughout
the concentration range. We shall refer to them as
“CdSe” modes and “ZnSe” modes. The CdSe modes at
x =0 converge into the gap mode of Cd in MnSe as
x — 1. Similarly, the MnSe modes at x =1 become the
local mode of Mn in CdSe as x —0. At x =0 the Mn im-
purity in CdSe has a higher frequency than the two
modes of CdSe, as expected for an impurity with a mass
significantly smaller than those of the other constituents.
On the other hand, the Zn impurity in CdSe, with a
higher mass than Mn, has a lower frequency which falls
between the two modes of CdSe. This is, in part, the ori-
gin of the dramatic difference in the mode behavior as a
function of x in these two mixed crystals.

The curves in Fig. 7 were generated from a modified
random-element isodisplacement (MREI) model.%!® The
fundamental assumptions of the MREI model are that in
the long-wavelength limit (¢ ~0), the anions and the cat-
ions of like species vibrate with the same phase and am-

TABLE II. Parameters in the MREI model. Note: €, and a are the notations for the static dielectric

constant and lattice constant, respectively.

Cd;-,Zn,Se

Cd,_,Mn,Se

— -1
WTO(CdSe) — 171.5 cm

@po(cdse) =212.6 cm™!
Opcasezn) = 198.0 cm™
O10(znse) =209.9 cm ™!
OLOZnse) =256.6 cm ™!
@f(znse:cd) = 224.0 cm™
€9(CdSe)=9.53
€3(ZnSe)=18.80
a=6.077—0.407x A

1

1

= -1
@(cdse:Mn) —222.5 cm

= —1
OTo(Mnse) =219.5 cm

= -1
OLOMnse) =257 cm

= -1
@1 (Mnse:ca) = 180.0 cm

€,(MnSe)=10.0 .
a=6.077—0.175x A

Resultant force constants [10° amu (cm™!)?]
Feyse=3.34,%2.34,* Fz,5.=2.16, Fcy.7,=2.30
FMn-Se = 2.02, FCd—Mn =1.30

*The larger value corresponds to Cd,_ ,Zn, Se and the smaller to Cd,_,Mn, Se.



40 RAMAN SPECTROSCOPY OF TWO NOVEL SEMICONDUCTORS . . .

plitude and that the force which each ion experiences is
provided by a statistical average of the interaction with
its neighbors. The frequency of the vibrational modes in
cubic Cd,_,Zn,Se and cubic Cd,_,Mn,Se as a function
of x (Fig. 7) were determined from the macroscopic pa-
rameters!® listed in Table II. The resulting force con-
stants are also given in the table. For Cd,_,Zn,Se the
magnitude of the second-neighbor force constant re-
quired in this calculation turns out to be close to that cor-
responding to nearest neighbors which may indicate a
limitation of the model. As illustrated in Fig. 7, the
curves generated from this MREI model follow the ex-
perimental curves quite well.

In Fig. 9 we compare the frequencies of the zone-
center Raman lines as a function of x observed in cubic
and uniaxial'” Cd;_,Mn,Se. Both structures show a
similar two-mode behavior. In the cubic zinc-blende
[F43m (T3)] crystals only F, optical modes are allowed.
In the wurtzite [P6;mc (C¢,)] crystals the Raman active
zone-center optical phonons consist of 4,+E,+2E,.
The hexagonal crystal field splits the F, vibrational
modes of the zinc-blende lattice into the 4, and E;
modes of the wurtzite structure. Since the frequency of
F, observed in the zinc-blende epilayers are close to those
of A, and E, in the wurtzite Cd,_,Mn, Se throughout
the composition range (see Fig. 9), we conclude that the
anisotropy of the crystal field is small.
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FIG. 9. Composition dependence of the zone-center optical
phonon frequencies in Cd,_,Mn,Se with zinc-blende and wurt-
zite structures. The solid and dashed lines follow the experi-
mental data for the wurtzite structure (Ref. 17). The experi-
mental points corresponding to the F,(LO,) and F,(LO,) modes
in the cubic structure are close to those of the 4,(LO) and
E{(LO) modes in the hexagonal modification.
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TABLE III.  Superlattices incorporating zinc-blende
Cd,-,Mn,Se and Cd,_,Zn,Se. d, is well width, d, is barrier
width, and » is number of periods (d,, +d,, ).

d,/d,
Sample Well Barrier A n Buffer
SL-7 Cdy¢Zny Se CdyoMng,Se 50/50 100 CdSe
SL-8 Cdy oMn, Se ZnSe 30/60 100 ZnSe

C. Raman scattering from magnetic excitations

1. Raman-electron paramagnetic resonance of Mn?*

In this subsection we present a Raman-scattering study
of magnetic excitations in the zinc-blende epilayers of the
DMS alloy Cd,_,Mn,Se and related superlattices. We
consider here the magnetic excitations common to the
bulk and the superlattices. The nominal parameters of
the superlattices investigated are listed in Table III.

In addition to the vibrational modes described in Sec.
111 B, the Raman spectra of Cd,_,Mn,Se show magnetic
Raman features typically encountered in DMS’s. Figure
10 shows the Raman line associated with the spin-flip
transition within the Zeeman split 3d° multiplet of
Mn?*, ie, the Raman-EPR (PM), observed in
Cd,_,Mn,Se, x =0.16, at T =5 K. The intensity of this
Raman line is resonantly enhanced when the scattered
phonon is close to that of a Zeeman component of the ex-
citonic transition. This resonant enhancement demon-
strates’® that the Raman mechanism for Raman EPR in-
volves interband electronic transitions. The Raman-EPR
shift, given by fiwpy =8maMpH, yields a g factor of 2, as
expected for Mn?",

Figure 11(a) shows the remarkable Raman-EPR spec-
trum observed in a Cdy ¢Mng ;Se/ZnSe superlattice (SL-
8), at T =5 K, where Cd, ¢Mn, ;Se is the well. The ob-
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FIG. 10. The Raman-EPR (PM) peak in zinc-blende
Cd,_,Mn,Se, x =0.16, at T =5 K. The spectrum was recorded
in the backscattering geometry z (yx)z with H =60 kG along x
and incident wavelength of 6471 A with 50 mW power.
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FIG. 11. Raman-EPR lines in the Cdy ¢Mn, ;Se/ZnSe super-
lattice (SL-8), at T =5 K. The Raman lines in (a) correspond to
1PM, 2PM, 3PM, 4PM, and 5PM. They result from transitions
within the Zeeman multiplet of Mn2", with Amg=1, 2, 3, 4,
and 5, respectively. This spectrum is obtained in the crossed
polarization z (yx)z with magnetic field H =60 kG along x and
incident wavelength of 6764 A with 57 mW power. The 5PM
line appearing superposed on the photoluminescence shows how
closely the resonance condition is fulfilled. The spectrum in (b)
shows the additional 6PM and 7PM lines observed at a lower
magnetic field. In this spectrum the 1PM line is obscured by the
parasitic laser light.

served Raman lines labeled 1PM, 2PM, 3PM, 4PM, and
SPM have their origin in the transitions with Amg=1, 2,
3, 4, and 5 within the J =% Zeeman multiplet of Mn*™.
Figure 12 shows the linear dependence of the Raman-
EPR shift as function of magnetic field where the solid
lines correspond to g,, >+ =2. In Fig. 11(b) we also ob-
serve peaks corresponding to 6PM and 7PM (see also Fig.
12). The multiple spin-flip features in a DMS can be ac-
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FIG. 12. Raman-EPR (PM) shift as a function of magnetic
field in the Cdy ¢Mng Se/ZnSe superlattice (SL-8), at T=35 K.
The solid lines correspond to the Raman-EPR shift given by
ng,, »+pMpH with g2+ =2andn=12,...,7.
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counted for in terms of excitations within neighboring
pairs of Mn?" ions coupled antiferromagnetically and as-
suming an anisotropic exchange interaction between the
ground-state multiplet of one and the excited state of the
other.?! In fact, a pair of neighboring Mn?" in their
6S5,, states in a magnetic field H||Z can be described by
the Hamiltonian
FH=gupHS,—J(S*— ),

where J is the Mn?*-Mn?" exchange integral and
S=S1V+85? The Swpy and 6wpy will have contribu-
tions from S =3, 4, and 5, while the 7wpy; will have con-
tributions only from S =4 and 5, and hence will be corre-
spondingly weaker. Note that in the virtual transitions
involving this anisotropic exchange interaction the total
angular momentum need not be conserved.

2. Spin flip from electrons bound to donors

Another Raman feature associated with magnetic exci-
tations encountered in DMS alloys is the spin flip of elec-
trons bound to donors, enhanced by the sp-d exchange in-
teraction. Figure 13 shows the Raman spectrum of the
superlattice SL-7 (see Table III), where a Raman line con-
sistent with spin flip is observed. The spectrum is ob-
tained at T=35 K in the backscattering configuration
z(xy)z, with a magnetic field of 50 kG along x. As in a
bulk DMS, the Raman shift of the donor spin-flip line ex-
hibits a Brillouin-function-like behavior, as can be seen in
Fig. 14. Since the spin-flip Raman mechanism also in-
volves interband electronic transitions,?® the observed
resonant enhancement for incident frequencies close to
excitonic excitations is to be expected.

The spin splitting of the donor ground state in DMS’s
is determined by the macroscopic magnetization of the
Mn2" ions and the “intrinsic” Zeeman effect, i.c.,
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FIG. 13. Raman spectrum associated with the spin flip of
electrons bound to donors in the Cd, 4Zn, ;Se/Cd, sMn, ,Se su-
perlattice (SL-7). The spectrum is obtained at 77=20 K in the
crossed polarization z(yx)z with H =40 kG along x and in-
cident wavelength of 6471 A.
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a

fiogpr = My(H)+g*ugH =g gupH ,

an +

where a is the exchange integral characterizing the in-
teraction between the spins of Mn2* ions and those of the
s-like I'¢ electrons, up the Bohr magneton, My(H) the
macroscopic magnetization, g, .+ =2 the g factor of

Mn?", g* the intrinsic g factor of the band electrons,
and g.r the effective g factor of the conduction band.
Because of the strong s-d exchange interaction, the
first term, characterized by the Brillouin function
B ,,(gugH /kgT), dominates the spin splitting. >

From the slope of the linear portion of the spin-flip
data for SL-7 shown in Fig. 14, we obtain g =22 at
T =5 K, which is comparable to that observed in bulk
Cd,_,Mn,Se with y <0.01, much lower than the actual
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value of y in this superlattice (see Table III). The reason
for the smaller Raman shift observed has to be sought in
terms of the magnitude of the band offset which could re-
sult in electrons being in the quantum well levels while
the donors are in the barrier, the well or the interface, the
Mn?" ions being in the barrier. The value of y can also
be estimated from the frequency of the optical phonons.
The Raman spectrum of SL-7 shows peaks at 230 and
210 cm™! which can be attributed to MnSe-like and
CdSe-like LO modes, respectively, corresponding to the
Mn?" concentration of the barrier y ~0.1. A simple cal-
culation based on a linear chain model®® indicates that
the former Raman line is a confined mode, whereas the
latter is a propagating optical phonon. We should em-
phasize, however, that the correlation of the Raman shift
with y of the barrier must also take into account the
strain effects arising from the lattice mismatch. In order
to estimate this, the thicknesses of the constituent layers
have to be known more precisely.

IV. CONCLUDING REMARKS

The Raman-scattering studies reported in this paper
confirm the zinc-blende nature of CdSe, Cd,_,Mn,Se,
and Cd,_,Zn,Se epilayers grown on (001) GaAs sub-
strates. These new members of the family of II-VI com-
pound semiconductors and their alloys are zinc-blende
counterparts of the wurtzite structure occurring in bulk
crystals. As a member of the DMS family of materials,
zinc-blende Cd,_,Mn, Se shows evidence of the magnetic
excitations characteristic of these materials, namely
Raman-EPR and spin-flip scattering from donor-bound
electrons. These features are also seen in Cd,_,Mn,Se
layers incorporated in superlattices. As the growth pa-
rameters are brought under better control, features
characteristic of superlattices and quantum wells (such as
folded acoustic phonons, confined optical phonons, and
confined electronic levels) will be explored.
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