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The resonance behavior of the spin-flip Raman scattering in semimagnetic Cd;—-.Mn,Te epilayers
has been used to investigate the scattering process itself as well as to identify the state of the carrier
that changes its spin. The characteristic variation of the Stokes shift with magnetic field, a magnetic
polaron effect for vanishing magnetic field, and the independence of the scattering efficiency of laser
power indicate that a donor-bound electron changes its spin orientation. According to magnetic
dipole selection rules of electrons for the spin-flip scattering, the Raman signal shows resonances with
excitonic transitions involving the m; = :l:% hole states as they can be characterized by luminescence
and photoluminescence excitation spectroscopy. The pronounced resonance behavior allows a very
accurate comparison of the resonance energy of the spin-flip Raman scattering with the energetic
position of the corresponding free exciton peak in the photoluminescence excitation spectrum. We
therefrom conclude that a donor-bound exciton plays the role of the intermediate state in this

scattering process.

I. INTRODUCTION

Semimagnetic semiconductors like Cdj_Mn,Te,
where the group-IIb element is (partially) replaced by
paramagnetic ions (e.g., Mn2") combine an energy gap
in near infrared or the visible with unusually large spin
splittings of valence and conduction bands.! The latter
is due to the strong exchange interaction between the lo-
calized 3d states of the Mn2?* and the extended states
at the band edge. Spin-flip Raman scattering (SFRS)
has been widely used to study the spin splittings of both
bound? 7 and free®® electrons in the Mn2* containing Cd
and Zn chalcogenides as well as in some Fe?' containing
Cd chalcogenides.10714

Antisymmetric components of the Raman tensor,
where the polarizations of incident and scattered pho-
ton ey and eg have to be perpendicular to each other, are
characteristic for light scattering on magnetic excitations.
If one of the two polarizations is parallel to the magnetic
field, the net spin of the radiation field is changed leav-
ing the crystal in a spin state altered by Am; = =+1.
In this case of SFRS the observed Raman shift displays
the corresponding spin splitting. If ey and egs both are
perpendicular to the direction ep of the magnetic field
[i.e., (er X es) -ep # 0], the photon can couple to fluctu-
ations of the spin density without changing the net spin
of the crystal.'® In this scattering geometry a second al-
lowed process is the exchange of a net spin of An; = +2
between the radiation field and the crystal. Although
a lot of work has been done on the resonance behavior
of Raman scattering on spin density excitations, only a
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few investigations about the resonance behavior of SFRS
exist. This is due to the fact that in nonmagnetic semi-
conductor bulk crystals spin splittings, large enough to
allow a reasonable measurement of the resonance behav-
ior, are found only in narrow-gap materials.'® For these
materials, however, tunable lasers are not easily avail-
able, which cover the energy range of the fundamental
gap.

For the Raman scattering on phonons it has been
shown'”'® that in semimagnetic semiconductors the
large spin splitting of the excitonic transitions in a mag-
netic field results in well-separated Raman resonances.
For Raman scattering on magnetic excitations so far
the large spin splitting has been used to investigate
the resonance behavior of SFRS on bound electrons
in a prelimary study on CdTe/Cd;_,Mn,Te quantum-
well structures'® as well as in p-type Cd;_.Mn,Te bulk
material.2® The spin-flip Raman scattering on transitions
in the Zeeman split S5/, ground state of the Mn?* 3d
levels in Cd;_.Mn,Te and the Raman scattering on the
3d ground state of Fe?* in Cd;_,Fe,Te also display res-
onances with the excitonic transitions close to the fun-
damental band gap. Since we have discussed the cor-
responding scattering process elsewhere in preliminary
form,?%'¢ a more detailed presentation will follow. In
the present paper we report on a study of Raman scat-
tering by the spin of bound electrons emphasizing the
resonance behavior of this process in undoped and n-type
Cd;_,Mn,Te epilayers grown by molecular-beam epitaxy
(MBE). These resonances give detailed information on
the intermediate states involved in the Raman-scattering
process.

5217 ©1993 The American Physical Society



5218 M. HIRSCH, R. MEYER, AND A. WAAG 48

II. EXPERIMENTAL DETAILS

We investigated Cd;_,Mn,Te:In epilayers with Mn
concentration (0.01 < z < 0.21) grown by photoas-
sisted molecular-beam epitaxy (PAMBE), where during
growth the surface was illuminated by an Ar* laser with
the number of incident photons about 100 times larger
than the number of incident particles. The PAMBE has
proved to allow n-type doping with high carrier concen-
trations and increased mobilities because it helps to avoid
self-compensation related to Cd vacancies which act as
double acceptors.?? Indium was used as substitutional
dopant at unknown concentration. (001)-oriented CdTe
or Cdg.g6Zng.0sTe wafers have been used as substrates,
chosen to minimize the lattice mismatch to Aa/a <
0.2%. As a Cdg.g6Zng.osTe substrate is lattice matched
to a Cdop.sgsMng.115Te layer, the epilayers with a typi-
cal thickness of 1.5-7 um are only weakly strained. Mn
concentration was measured by the free exciton struc-
tures as they are displayed by photoluminescence excita-
tion spectroscopy (PLE). Biaxial strain was determined
by the light-hole—heavy-hole splitting of these excitons.
For the Raman experiments the backscattering geome-
try has to be used due to the strong absorption of the
excitonic transitions. The directions of the wave vectors
of incident and scattered light therefore are parallel to
the (001) growth direction. According to SFRS selection
rules the magnetic field (B < 7.5T) has to be perpen-
dicular to the direction of light propagation, i.e., parallel
to the surface. The direction of the magnetic field was
chosen along the cubic (010) axis. One therefore expects
SFRS in the Z(o,7)z and in the Z(m, o)z scattering ge-
ometry with 7 || B || (010) and o || (100).

For excitation we used an Art laser pumped dye laser.
Luminescence and scattered light were collected by f/6.5
optics and analyzed by a 0.5-m triple Raman spectrom-
eter equipped with an optical multichannel analyzer. A
slit width of 100 um typically used for the experiments
leads to an overall spectral resolution of 0.2 meV. To
measure the resonance behavior of Raman scattering (or
to measure PLE) the exciting beam of the dye laser was
split to monitor the laser power while recording the spec-
trum. The intensity of the Raman signal (or in the case of
PLE, the intensity of the luminescence signal) was mea-
sured as a function of laser energy and normalized respec-
tive to the exciting laser power. No attempt was made
to correct the Raman resonance profiles for reflection at
the sample surface and absorption in the epitaxial films.

According to mean-field theory the spin splitting of
band-edge states in Cd;_,Mn,Te is proportional to the
averaged Mn 3d spin orientation within the wave-function
range of the carrier. Therefore, the Stokes shift of the
SFRS signal displays a Brillouin-function-like behavior
with varying magnetic field and is also a very sensitive
probe of the Mn spin temperature. For our measurements
the samples were immersed in liquid He (7' = 1.6—1.8K).
To avoid local heating, a line focus was produced on the
sample surface by a cylindrical lens leading to typical
power densities smaller than 1 W cm™2. An increase
from still lower power densities to this value results in a
small decrease in the observed Stokes shift of the spin-flip

Raman excitation (of the order of 0.2 meV, i.e., < 1%).
This corresponds to a laser-induced increase of the Mn
spin temperature by 0.2 K.

III. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

A. Raman excitation

In the following we will focus on a Cdg ggsMng 135 Te
epilayer with thickness 1.6 um. The investigations of
other samples with closely related concentrations and
thicknesses showed similar results. The lh-hh (light-hole~
heavy-hole) splitting in this sample was < 1 meV indicat-
ing that the layer can be regarded as almost unstrained.
In Fig. 1 typical Raman spectra are plotted for B =6 T
with an excitation energy close to the spin split excitonic
transitions at the Fy gap. With polarizations of incident
and scattered light parallel to each other [e.g., (7,7) ge-
ometry] longitudinal-optical (LO) phonon modes display-
ing the two-mode behavior of Cd;_,Mn_,Te are observed
on a luminescence background. For (o,7) geometry a
strong additional line appears at 20.9 meV for B =6 T
overlapping with some of the weaker phonon structures
(Fig. 1). This Raman excitation is strongly observed
only in those scattering geometries that are allowed for
SFRS. Its Stokes shift in a magnetic field (Fig. 2) shows a
Brillouin-function-like behavior and agrees well with the
spin spitting of the conduction band as it is measured,
e.g., by PLE. In the following we therefore will promote
the interpretation that the observed Raman signal results
from the spin flip of an electron.

For vanishing external magnetic field there is a small
residual spin splitting (see Fig. 2) that has been at-
tributed to the formation of an electron magnetic
polaron.?762%26 The magnetic polaron is a complex
where the spin of a carrier and the localized magnetic mo-
ments of the Mn?* 3d states interacting with it tend to
be aligned respective to each other. This results in a de-
crease of the total system energy and in a finite spin split-
ting of the electron states even at external field Bey; = 0
T. The mean magnetic contribution to the localization
energy of electrons is half the observed spin splitting at
B =0T (~ 0.5 meV in Fig. 2). For comparison the much
stronger Coulomb localization of an electron bound to a
substitutional donor ion was measured in CdTe to be
about 13.8 meV.?* Thermodynamically at T = 2K an
electron magnetic polaron should only be stable if the
carrier is trapped by Coulomb interaction in addition to
the rather weak magnetic localization.2%:2¢ The observa-
tion of a residual spin splitting at B = 0T displaying
magnetic polaron formation therefore indicates that the
electron changing its spin should be trapped mainly by
Coulomb interaction, i.e., at a donor.

The magnetic field dependence of the full width at half
maximum (FWHM) of the Raman line under discussion
is shown in Fig. 3. For a Raman shift larger than 8 meV
(magnetic field B > 1T, see Fig. 2) the FWHM is pro-
portional to the spin splitting. This can be explained,
first, by alloy fluctuations resulting in variations of the
total number of Mn spins interacting with the electrons
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bound on the spatially distributed donors and, second,
by the spatial variations of the antiferromagnetic cou-
pling between these Mn spins. The spin relaxation time
should not significantly affect the FWHM of the Raman
excitation. This can be concluded from SFRS on free
electrons,® where the spin relaxation time is mainly de-
termined by scattering at local variations of the magneti-
zation or by scattering at nonmagnetic impurities. Both
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FIG. 1. (a) (o,m) and (w,0) Raman spectra of a

Cdo.865Mno.135Te epilayer (thickness 1.6 um) at B = 6 T and
T = 1.6 K with excitation (hvy = 1.8109 eV) in the energy
range of the spin-split excitonic transitions. The baseline of
the upper spectrum is shifted for clarity. The increase of the
background with photon energies < 1.78 eV is due to the onset
of the intensive 1(o) band-edge luminescence (for the notation
see Fig. 5), which is displayed in Fig. 6. The (m, 7) spectrum
shows the two LO phonon modes and a weak luminescence
background centered at 1.785 eV, which is due to the recom-
bination of not yet thermalized 2() lh excitons. In the (o, 7)
polarized spectrum an additional excitation corresponding to
the spin-flip of electrons appears at 20.9 meV. Phonons as
well as the Rayleigh scattered laser light show 0.7-meV Stokes
shifted sidebands marked by arrows. They display spin-flip
Raman transitions in the Zeeman split ®Ss/; ground state of
the 8d shell in Mn?* respective combination processes of this
spin-flip and the creation of a phonon (Ref. 34). The appear-
ance of this 3d excitation in the SFRS forbidden (w, ) geom-
etry can be attributed to double resonance effects (Ref. 14).
(b) Spin-flip Raman spectra of this Cdo.sesMno.135Te sample
at different magnetic fields in (o, 7) polarization. All spectra
were taken in resonance with the energy of the spin split ex-
citon. The spectrum at B = 0 T proves the existence of an
electron bound magnetic polaron (Ref. 26).
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FIG. 2. Stokes shift of the SFRS line shown in Fig. 1 vs

magnetic field. At B = 0 T a small residual Raman shift
(about 1 meV, see inset) is due to the spin splitting of the
electron states in an electron magnetic polaron. The solid line
is a fit using the formula of Peterson et al. (Ref. 6) considering
the Brillouin-function-like spin splitting of the electron states
as well as the small effect of the bound magnetic polaron
(Ref. 26) at B =0 T.

relaxation channels do not hold for bound carriers. For
B < 1T an additional contribution to the FWHM is ob-
served in Fig. 3. It is due to the temporal fluctuations
of the Mn spin orientations within an electron bound
magnetic polaron. This contribution to the FWHM is
another indication for magnetic polaron formation and
therefore again confirms the bound state of the electron,
which changes its spin.

The spin splitting of the walence-band states in
Cd;_.Mn_Te is well known to be 33% larger than that
of the conduction band.?® From a comparison between

MAGNETIC FIELD (T)

0 12 3 457

2
=
©
E
=
I
z

0 10 20
RAMAN SHIFT (meV)
FIG. 3. FWHM of the spin-flip Raman excitation as a

function of the spin splitting (Raman shift), T = 1.8 K;
=13.5%. The spectral resolution of the spectrometer was
0.4 meV.
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the observed Raman shift and the PLE transitions one
therefore can exclude the spin-flip of a free hole to be
responsible for the observed SFRS excitation. However
the spin splitting of the j = 3/2 ground state of a hole
bound to an acceptor can be rather different and was cal-
culated to be nonequidistant.2”-2® Unfortunately so far
no experimental observation of the spin splitting in the
acceptor ground-state multiplet is available for semimag-
netic semiconductors. Due to the large splittings in these
materials only the lowest spin component m; = —3/2
should be occupied at 1.6 K. In the (o, 7) scattering ge-
ometry used for the upper spectrum of Fig. 1 one expects
to observe Raman transitions with Am; = +1, i.e., from

the m; = —3/2 to m; = —1/2 component in the accep-
tor ground-state multiplet. Especially this spin splitting
between the states m; = —3/2 and m; = —1/2 has been

calculated to be significantly smaller than for free holes
and to be about the splitting of the conduction band. So
from the observed Raman shift alone one cannot exclude
observing SFRS on acceptor bound holes.

In contrast to the spin splittings at finite magnetic
fields the magnetic polaron effect at Beyt = 0T is ex-
pected to be completely different for bound electrons and
bound holes and therefore can be used to distinguish be-
tween them: The lowest spin component m; = —3/2
of the acceptor ground state can be measured by the
electron acceptor transition in photoluminescence. At
Bext = 0T one observes a well-known magnetic contri-
bution to the binding energy of the hole at the accep-
tor which is attributed to the formation of a magnetic
polaron complex around the bound hole.?° 3! This mag-
netic contribution to the localization energy can be re-
garded as the effect of the large internal magnetic field
within an acceptor bound magnetic polaron although the
external field is zero. The magnetic localization energy
increases with the concentration z of the Mn?* ions and
reaches a maximum of 45meV at z = 0.25 (T = 5K).3°
For £ = 0.135 one expects an internal magnetic field of
the order of Biy,, = 10T (see Ref. 30). One therefrom es-
timates the m; = —3/2 to m; = —1/2 SFRS transition of
the hole involved to be about 23 meV. This is more than
one order of magnitude larger than the electron splitting
observed in Fig. 1 for Bext = 0 T. We therefore conclude
that in the samples under investigation the carrier which
changes its spin cannot be a bound hole. In addition,
the interpretation as SFRS on a donor bound electron is
confirmed by the resonance behavior of the SFRS signal
which is discussed Sec. III B.

To probe the excitation channel of the donor bound
electrons we have investigated the SFRS efficiency
Isrrs/Pr as a function of incident laser power Pr at
B = 6T (Fig. 4). The SFRS efficiency in our n-type
sample is found to be independent of the photon density;
therefore the Raman signal cannot be a consequence of
photon-created electrons. This agrees well with what is
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FIG. 4. SFRS efficiency Isrrs/Pr as a function of
intensity Isprs and the incident laser power P; for a
Cdo.gsesMno.135Te epilayer grown by photoassisted MBE. A
laser power of 1 mW incident into the cryostat corresponds to
a power density of 0.16 W cm™2 at the sample surface. Large
error bars at low power densities result from the low signal
intensity. For Pr, > 0.5 W cm ™2 the Brillouin-function-like
spin splitting and thus the resonance profile for SFRS was
observed to shift slightly (< 0.3 meV) as a consequence of
sample heating. The data were taken exactly at the maxi-
mum of the resonance profile (FWHM I' = 9 meV, Fig. 6) to
make sure that the observed lowering of the spin splitting by
temperature does not significantly affect the measured scat-
tering efficiency.

expected from the photoassisted MBE growth process.
The substitutional as well as possible intrinsic donor im-
purities should be activated by the photoassisted MBE
process. Recently Gubarev, Ruf, and Cardona?® investi-
gated a p-type Cdg.gsMng g5 Te bulk sample (N4 — Np =
5 x 10'® cm™3). They observed a similar spin-flip ex-
citation and assigned it to the spin-flip of photoexcited
electrons trapped at ionized donors. According to that
they found a nonconstant behavior of the SFRS efficiency
at low power densities (in contrast to the results of the
n-type sample shown in Fig. 4) and a saturation behav-
ior at higher power densities, where all thermally ionized
donor atoms have then trapped a photocreated electron.

B. Scattering process

A schematic representation of the spin splittings in the
T's valence- and I's conduction-band states is shown in
Fig. 5. Dipole transitions, which are allowed in Voigt
geometry, are labeled by numbers 1-6 and characterized
by their polarizations ¢ and . For SFRS on a carrier
one expects a scattering process that can be written in
second-order perturbation theory. If the carrier is bound
and the concentration of the donors is reasonable low,
dispersion can be neglected and one deals with the scat-
tering probability for a single atom,32

Zl;(x E; + hwy — E;

# zl: { (fles - D|)(l|er - DJi) "
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FIG. 5. Schematic representation of the spin splittings for
T's valence- and I'e conduction-band states. The dipole transi-
tions, which are allowed in Voigt configuration, are numbered
1-6 and characterized by their polarizations. For B = 6 T,
T = 1.8 K, and a Mn concentration of 13.5% (as realized in
the sample discussed in the text) the symmetric splittings of
valence and conduction band are about 30 meV and 20 meV,
respectively. On the left side of the diagram the two Raman
processes contributing to the SFRS on I'g electrons are shown
schematically.

Here D is the dipole operator, e; and egs are polariza-
tion vectors of incident and scattered waves, respectively.
i, [, and f denote initial, intermediate, and final states of
the process with their respective energies E;, E;, and Ey.
Although the electric-field part of the electromagnetic
wave interacts only with the orbital part of the states,
the change of the spin is mediated by the spin-orbit in-
teraction which mixes different spin contributions to the
intermediate state [. For SFRS on conduction electrons
therefore at least the I's and the spin-orbit split-off I';
valence-band states have to be taken into account in the
summation over . Nevertheless, as the spin-orbit split-
ting is about 1.0 eV, only the denominators involving the
I's valence-band states contribute significantly to reso-
nance profiles obtained with excitation close to the band
gap (one-level approximation). The dipole selection rules
discussed in the Introduction allow SFRS in (o,7) and
(7, 0) geometry. Therefore scattering at the spin of a I'g
conduction electron (j = 1/2) is resonantly excited only
via the m; = £1/2 (“light hole”) valence-band compo-
nents as intermediate states. The two resulting processes
for Stokes scattering on I'g electrons are shown on the left
side of Fig. 5: The exciting photon creates an electron
hole pair with the electron in the m; = +1/2 excited
spin state and the hole in one of the m; = +1/2 states,
where the sign of the hole state depends on the scatter-
ing geometry. In the second step this hole recombines

with an electron in the occupied m; = —1/2 conduction-
band state by emission of scattered light. The result is a
spin-flip of an electron from m; = —1/2 to m; = +1/2

while the valence band is left unchanged. As energy con-
servation only holds for the whole scattering process, the
scattered light is Stokes shifted by the spin splitting of
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the electron states for any exciting laser energy. Due
to the resonance denominators one can expect maximum
scattering probability, if the energy of the laser photon
is equal to the 4(o) or the 5(r) transition (Fig. 5) de-
pending on the geometry. At resonance the energy of the
scattered light then has to be equal to the 2(7) or the
3(o) transition, respectively.

Figure 6 shows in its upper part the scattering effi-
ciency of the SFRS excitation plotted as a function of
the energy of scattered light. A very clear resonance is
observed in both scattering geometries. To characterize
the dipole transitions involved, the lower parts in Fig. 6
display luminescence and PLE spectra measured at the
same magnetic field and temperature. The distinct fea-
tures in the PLE spectra are attributed to the creation of
free excitons and correspond to the 1(c) and 2(7) tran-
sitions in Fig. 5. In agreement with the dipole selection
rules resonance for the SFRS is observed, if the energy
of the scattered light is equal to the transitions 2(7) and
3(0). The exciton binding energy in CdTe is 10 meV.28
This value should only weakly depend on Mn concen-
tration, because the band-edge parameters depend only
slightly on . So transitions between states of free parti-
cles can be expected to be clearly separable from the re-
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FIG. 6. Luminescence, PLE, and SFRS efficiency as a

function of the quantum energy of scattered (exciting) light
for a Cdo.sesMng.135Te epilayer at B = 6 T and T = 1.8 K
plotted on the same energy scale. Luminescence shows re-
combination of 1(o) (“heavy hole”) excitons as well as much
weaker recombination of not yet thermalized 2(7) and 3(o)
(“light hole”) excitons (see Fig. 5). The o and m PLE spec-
tra were recorded with detection on the 1(c) luminescence
and display distinct features, which correspond to the lowest
o and 7 exciton transitions, respectively, as well as broader
structures which result from higher energy transitions. SFRS
shows resonance if the energy of the scattered light is equal
to the 2(m) or the 3(o) excitonic transition respective to the
scattering geometry.
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spective excitonic transitions. From the good agreement
between the position of the excitonic resonance maxima
in PLE and of the resonance for SFRS efficiency (Fig. 6)
we therefore conclude that excitons serve as intermediate
states of the SFRS process.

‘We have to emphasize that the two resonances of SFRS
shown in Fig. 6 cannot be described by scattering on ther-
malized holes: According to dipole selection rules Raman
scattering, where a hole changes its spin by Am; = +1, is
expected to show two resonances at the Eq gap in (m,0)
as well as two in (o,7) scattering geometry. Which of
the four processes contributes to SFRS depends not only
on the geometry but also on the spin of the hole in the
initial state. If the (free or bound) hole is thermalized in
am; =—3/2 state, only one resonance for a mj; = +1
scattering process is expected in (7, 0) geometry with an
energy of the scattered photon close to the 1(o) exciton
transition. No resonance of the spin-flip excitation un-
der discussion has been observed however for this energy.
On the other hand, if such a resonance is less developed
than the two resonances shown in Fig. 6, it probably is
difficult to observe as the intense 1(¢) luminescence back-
ground covers this transition. Finally—according to the
selection rules used—the resonances shown in Fig. 6 also
could be due to scattering on not yet thermalized holes
in the m; = +1/2 and m; = —1/2 states, respectively.
Nevertheless it seems unlikely that strong SFRS on ex-
cited but not on thermalized holes should be observed.

In the case of SFRS on donor bound electrons the
photoexcited exciton with electron spin m; = +1/2 is
instantaneously interacting with the m; = —1/2 donor
electron. This intermediate state of the SFRS process
therefore should be a donor bound ezciton (D°, X), i.e.,
a localized excited state of the neutral donor complex.
The (D%, X) involved in SFRS can be considered as a
diatomic-molecule-like system with the donor and the ex-
citon’s hole component as heavy nuclei, while the binding
between them arises from two s-like electrons in a singlet
state. From this model one can expect the resonance
of the scattering process to be Stokes shifted relatively
to the free exciton transition by the binding energy of
this pseudomolecule, i.e., the localization energy of the
exciton at the donor. For CdTe the localization energy
of excitons at substitutional donors (e.g. Ga, In, Cl)
is known from luminescence to be 3.3-3.6 meV depend-
ing only slightly on the type of the donor.?* The Voigt
geometry allows a very precise determination of the 2(x)
“light-hole” free exciton transition, e.g., by PLE (see Fig.
6). In addition the resonances of the SFRS are rather dis-
tinct due to the antisymmetric character of the Raman
scattering on a magnetic dipole.'® This enables us to per-
form a very accurate comparison between the energy of
the 2(w) free exciton transition and the resonance energy
of SFRS in (o,7) geometry. Figure 7 shows that the
Raman resonance is Stokes shifted relative to the free
exciton transition by 3-4meV in good agreement with
the localization energy of an exciton at a substitutional
neutral donor.

It has to be emphasized that the intermediate (D°, X)
involved in this scattering process is different from the
thermalized (D°, X) observed in luminescence experi-
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FIG.7. Intensity of the SFRS in (o, 7) geometry as a func-
tion of scattered photon energy (squares) and PLE structure
(crosses) of the free exciton absorption at the 2(7) transition.
For the PLE spectrum a background of 10 units has been
subtracted for clarity. SFRS shows resonance if the energy of
the scattered photon is 3—-4 meV Stokes shifted relative to the
PLE free exciton structure.

ments: In the case of the SFRS on a donor bound elec-
tron the m; = £1/2 hole component involved in the in-
termediate (D%, X) complex is in an excited spin state
and one deals with a not yet thermalized “hot” exci-
ton. Nevertheless this exciton is a localized excited state
of the neutral donor. In a semimagnetic semiconduc-
tor the (D%, X) complex displayed by luminescence also
has been observed to become unstable with increasing
magnetic field and to dissociate into a neutral donor and
a free exciton.3® This corresponds to the fact that in a
semimagnetic material even at moderate magnetic fields
of about B = 1T the sum of the energies of a neutral
donor and of a free exciton both with their electrons in
the energetically lower spin state can be smaller than the
energy of the (D°, X) system. If the field is further in-
creased one also expects one of the three excited triplet
states of the (D°, X) to become energetically lower than
the singlet state. Nevertheless as a consequence of the
Raman selection rules the SFRS resonance displays the
(D°, X) singlet state involving a “light”-hole component
unaffected by the fact that energetically lower states of
the complex may exist. Due to the very fast time scale
of the scattering process it does not matter if the inter-
mediate state is thermodynamically unstable.

If the external magnetic field is altered, the energy of
the (D%, X) singlet is changed corresponding to the Zee-
man effect of the hole involved. However, as the two
electrons in the singlet state should be responsible for
the interaction between neutral donor and exciton, the
localization energy itself is expected to be unaffected by
a magnetic field. The Stokes shift between # PLE and
(o, m) SFRS resonance is in fact found to be independent
of the magnetic field (Fig. 8). In a reversed argumenta-
tion Fig. 8 shows how far the model of the (D°, X) as a
pseudodiatomic molecule can be used: Although in the
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FIG. 8. Energy difference (Stokes shift) between the 2w
free exciton structure displayed by PLE and the resonance of
SFRS in (o, m) geometry (Fig. 7). The shift is found to be
independent of the magnetic field.

(D°, X) the second “nucleus” is a hole with a m; = +1/2
angular momentum, the exchange interaction responsible
for the localization is obviously not affected essentially
by the magnetic field as it is mainly due to the electron
singlet.

As the SFRS observed can be attributed to bound
states, the linewidths of the resonance profiles display the
lifetime of the states involved in addition to a Gaussian
broadening due to the alloy fluctuations. In the samples
under investigation the SFRS resonances of the energet-
ically higher (m,0) process are systematically broadened
compared to the (o, m) process (Fig. 6). The same broad-
ening of resonance profiles with increasing transition en-
ergy has been observed for the resonances of SFRS on the
Zeeman split Mn 3d in its ground state?! as well as for
the resonances of Raman scattering on LO phonons in
Cd;_,Mn,Te bulk samples.!” This tendency is also ob-
served as a systematic increase in linewidth of the PLE
free exciton structure with increasing transition energy
[see, e.g., transition 1(o) to 2(w) in Fig. 6]. We attribute
the additional broadening of excitonic transitions with
higher energy to a drastic decrease in the lifetime of the
excited exciton transitions. A rough estimate leads to
lifetimes in the picosecond range. We suggest that this
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very rapid decay of excited spin states is due to the strong
exchange coupling in semimagnetic materials, which al-
lows a very fast spin transfer to the Mn 38d states. The
residual Gaussian contribution to the linewidth of the
excitonic transitions displayed by SFRS and PLE can be
well understood in terms of the alloy broadening for the
corresponding concentrations (see, e.g., Ref. 17).

IV. CONCLUSION

We have performed a study of the SFRS on electrons in
bulklike semimagnetic Cd;_,Mn,Te:In epilayers. Stokes
shift, the observation of a small magnetic polaron effect
for vanishing magnetic field as well as the energetic po-
sition of the two resonances observed in z(o,7)z and in
Z(m, o)z scattering geometry indicate that a donor bound
electron changes its spin. For the Z(o, m)z scattering ge-
ometry a very accurate comparison can be made between
the energy of the free exciton displayed by PLE and the
energy of the resonant intermediate state in SFRS. We
therefrom conclude that a donor bound exciton (D?, X)
serves as intermediate state in this Raman process. Due
to its very fast time scale the scattering is unaffected by
the fact that the state of the (D°, X) involved may be
thermodynamically unstable. For the widely studied res-
onance behavior of Raman scattering on phonons it has
been shown that excitonic states have to be taken into
account for a better understanding of the observed reso-
nance profiles (see, e.g, Ref. 17 and references therein).
Our results about the SFRS on donor bound electrons as
well as our studies about the SFRS on the Zeeman split
3d groundstate of the Mn?* ions?! emphasize the impor-
tance of excitons also for the spin-flip Raman scattering
process.
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