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Spin-flip Raman scattering in semi-magnetic quantum wells with in-plane anisotropy:
Analysis of the intermediate states
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Spin-flip Raman scattering has been studied in CdTe/Cd12xMnxTe quantum well structures which have
previously been demonstrated to possess a reduced symmetry, leading to a holeg tensor which is highly
anisotropic in the plane. This unusual behavior has been exploited to investigate in detail the spin-flip Raman-
scattering mechanisms. Distinct signals arising from localized excitons and from excitons bound to neutral
donors are observed. These signals are found to vary in intensity depending on the angle between the crystal
axes and the in-plane magnetic field. The intensities of the signals as a function of laser energy have also been
determined. From these observations, a model involving the nature of the intermediate states in the scattering
process has been developed which allows the determination of the components of holeg tensor. This model is
further applied to explain the observed angular dependence of the spin-flip Raman scattering of the 3d5

electrons of the Mn21 ions. In addition, the model predicts a combined scattering process involving both a
Mn21 electron and a donor-bound electron; this process is indeed observed.
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I. INTRODUCTION

The spin properties of electrons in semiconductors h
attracted attention over many years. One reason for th
that the effective electrong factors of conduction and va
lence bands are related to the basic band-structure param
~such as the interband momentum matrix element! that also
determine transport properties and optical transit
strengths. A further reason is that, in quantum structures,
electron and holeg factors and their anisotropy contain a
ditional information about carrier confinement, barrier pe
etration and, as is of interest here, about any reduction
symmetry in the structure.

Among semiconductors, those that are semi-magn
form a special class since the exchange interactions betw
carriers in band states and transition-metal ions such
Mn21 lead to large enhancements of the carrier spin sp
tings in an external magnetic field.1 As a result, the effects o
carrier confinement and of reduced symmetry in quant
structures can then often be investigated with very high s
sitivity. In addition, semimagnetic semiconductors are c
rently of great interest since they can lead to the produc
of highly spin-polarized carrier populations, for which se
eral types of applications have been proposed. These inc
devices in which optical recombination is modulated throu
exploitation of the spin selection rules, as well as device
which information is manipulated using the electron sp
state as an information bit.

For the particular case of CdTe/Cd12xMnxTe quantum
wells grown on GaAs substrates, the effects of strain and
quantum confinement are such as to cause the heavy
states to lie at lower energy than the light-hole states. If
growth axis~@001#! is taken as thez direction, theg factors
0163-1829/2003/67~11!/115304~13!/$20.00 67 1153
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of heavy holes are then usually of the formgz5gi ~finite!
andgx5gy5g''0 ~where we define the directionsx andy

to be parallel to@110# and@11̄0#, respectively, in the plane
of the quantum well!. However, in an earlier publication,2 a
striking and surprising form of anisotropy of the heavy-ho
g factor was reported in which it was concluded that, f
certain specimens, bothgx andgy become finite, with equa
magnitudes but with opposite signs. This very unusual
havior was revealed through studies of the degree of po
ization of the low-temperature photoluminescence in an
ternal magnetic field.

There are several previous reports of in-plane anisotr
in heterostructures, for instance arising from an electron-h
exchange interaction having orthorhombic symmetry in
citons localized at type-II heterointerfaces3,4 or from the non-
equivalence of interface bonds in heterostructures contain
no common atoms in alternate layers.5,6 The combined ef-
fects of a type-II interface between layers of different atom
species can produce very marked anisotropy;7 an example is
GaAs/AlAs.8 Recently, it has been shown that even type
common anion heterostructures such as
CdTe/Cd12xMnxTe system studied here can exhibit an i
plane anisotropy in magneto-optical studies;9 this anisotropy
was attributed to anisotropic strain relaxation due to differ
dislocation mobilities in the@110# and @11̄0# directions.10

In the present paper, we describe spin-flip Raman sca
ing ~SFRS! experiments used as a further test of the conc
sions of Ref. 2 and of their consequences. SFRS is a t
nique ideally suited to such investigations since, unl
photoluminescence and many other forms of magne
optical spectroscopy, it enables one to probe the spin split
©2003 The American Physical Society04-1
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of only one carrier type. Further, since the scattering is re
nantly enhanced when the laser is tuned to the approp
excitonic transitions, the technique is highly selective,
that, frequently, different types of scattering centers can
studied separately. We have taken advantage of this sele
ity to study both electron and Mn21 spin-flip scattering pro-
cesses in CdTe/Cd12xMnxTe quantum well structures in or
der to provide further confirmation of the unusual behav
previously reported and to measure the in-planeg valuesgx
andgy .

This paper is organized as follows. After a short descr
tion of the experimental methods and an overview of
observed spin-flip Raman spectra, we present a deta
analysis of the mechanisms, the angular dependences an
excitation profiles of the electron spin-flip Raman scatter
signals, leading to a reconstruction of the holeg tensor
whose unusual structure motivated this work~Sec. IV!. We
then apply the model that we have developed to the cas
spin-flip scattering from the 3d5 electrons of manganese ion
in the structures~Sec. V!. Finally, we show that a combine
scattering process involving both an electron of a mangan
ion and a donor-bound electron is predicted by our mode
be of similar intensity to the signals already discussed;
present data showing that this process is indeed obse
~Sec. VI!.

II. EXPERIMENTAL DETAILS

In spin-flip Raman scattering, one measures the chang
energy of an inelastically scattered photon when the sca
ing is accompanied by a change in the spin state of the ce
under study~for discussion of SFRS, see Refs. 11–16!. In
the present experiments, a Ti-sapphire laser pumped by
green/blue output from an argon ion laser was used to
vide resonant excitation and the scattered light was analy
in a spectrometer with a double subtractive filter stage
lowed by a final dispersing stage of focal length of 1 m. T
light was detected either with a charge-coupled detector
ray or with a cooled GaAs photomultiplier photon counti
system. The specimens were mounted in direct contact
superfluid helium at 1.6 K in a superconducting magnet t
provided fields up to 6 T. The Raman spectra were take
the backscattering mode. Both incident and detected po
izations ~circular or linear! could be selected by means
quarter wave plates and linear dichroic polarizers; the po
ization sensitivity of the spectrometer was compensated
polarization scrambler whose correct orientation was es
lished using a light source known to be unpolarized. Pho
luminescence~PL! spectra were recorded with the same s
tem.

In taking the SFRS spectra, we used either the Fara
geometry, in which the field was parallel to the direction
light propagation, or the Voigt geometry, in which these tw
directions were perpendicular. In the Voigt geometry~and
with the direction of light propagation parallel to the grow
axis! the specimen orientation relative to the field directi
could be changed by rotating the sample in its plane,
angle between the field and the@110# direction being speci-
fied byf. The specimen could also be rotated about an a
11530
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perpendicular to both the magnetic field and the light pro
gation direction, thus enabling investigations in which t
field was inclined to the growth axis at an angleu interme-
diate between 0° and 90°, and studies of the evolution of
SFRS spectrum from the Faraday to the Voigt configuratio

The samples were grown by molecular-beam epitaxy
GaAs substrates. They both contained four CdTe wells, se
rated by 500-Å Cd12xMnxTe barriers, the well widths being
20, 40, 60, and 100 Å. The barrier Mn concentrations w
x50.3 for sample A andx50.5 for sample B. Sample A is
the sample used in the earlier studies of the photolumin
cence polarization properties.2 In the present paper we sha
concentrate on the spectra obtained from the 60-Å wells
both specimens, since these quantum wells~QW’s! show the
most intense spin-flip Raman scattering and the richest v
ety of SFRS signals.

III. OVERVIEW OF THE SPIN-FLIP RAMAN SPECTRA

The photoluminescence spectrum from the 60-Å well
specimen A showed two distinctly resolved bands with pe
positions about 4 meV apart. The spectrum for the 60-Å w
in specimen B is qualitatively similar. Such spectra are ty
cal of CdTe/Cd12xMnxTe quantum wells, as reporte
previously.17–21 The higher energy line, denotedX, corre-
sponds to the recombination of excitons which are either f
or, more probably, weakly localized at fluctuations of t
QW potential; the excitons are formed from the lowe
energy single-particle states of the QW (1e21hh in conven-
tional notation!. The lower energy line, denotedD0X, is as-
cribed to excitons bound to neutral donors22–24in view of the
relatively low electron concentration in the present, nom
nally undoped samples. In more highly doped samples
under high excitation densities, negatively charged excito
X2, may also be formed whose PL transitions are expec
to occur in the same region of the spectrum asD0X.20,21 In
the present paper we shall refer throughout to the lower
ergy line as beingD0X but note that our consideration of th
spin selection rules for SFRS is not affected ifX2, rather
thanD0X, is involved.

In Fig. 1 we show the effect of optical excitation with th
laser wavelength within theX PL band from specimen A
with a magnetic fieldB of 2 T in the plane of the quantum
well and normal to the direction of light propagation~the
Voigt configuration!. The spectrum was recorded in th
(s,p) polarization geometry, where the first and seco
symbols represent the polarizer and analyzer, respectiv
and wherep ands imply linear polarization along, and nor
mal to,B. In Sec. VI, we shall discuss results obtained w
parallel linear polarizations (p,p) and (s,s). The PL band
centered at 1.6593 eV is theD0X luminescence while theX
luminescence band forms the background on which
SFRS lines are superimposed.

The sharp lines on either side of the laser line repres
SFRS processes with a flip of one or more spins of Mn21

3d5 electrons in the barriers.1 The observed linewidths ar
determined by the spectral resolution of the experimen
setup, typically around 0.1–0.3 cm21 and are, in our system
limited ultimately by the laser linewidth. The Raman shif
4-2
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SPIN-FLIP RAMAN SCATTERING IN SEMI-MAGNETIC . . . PHYSICAL REVIEW B 67, 115304 ~2003!
for these sharp lines increase linearly with the magnetic fi
as shown in Fig. 2, and for the processes with a spin flip
one manganese 3d5 electron ~1S, 1AS! correspond to ag
factor of 2.00, as expected.1

The broader Raman line near 1.663 eV in Fig. 1 cor
sponds to the spin flip of a conduction-band electron
shallow-donor bound electron. The mechanism of this SF
process is discussed in more detail in Sec. IV B. As is w
known, the Raman shift of this line is comparatively lar
even at low magnetic fields but tends to saturation at fie
above about 3 T, corresponding to saturation of the param

FIG. 1. The photoluminescence and spin-flip Raman scatte
spectrum of the 60-Å wide Cd0.7Mn0.3Te/CdTe quantum well of
sample A with excitation near the free~or weakly localized! QW
exciton transition. The excitation laser line~labeled! is too intense
to be represented in the figure. The labels indicate the Stokes~S!
and anti-Stokes~AS! Mn21 spin-flip lines, the electron spin-flip
signal~electron SF!, and the donor-bound exciton photoluminese
cence (D0X)

FIG. 2. The dependence of the spin-flip Raman shift on m
netic field in the Voigt geometry for the 60-Å quantum wells
sample A~squares! and sample B~circles!. Solid symbols represen
signals from the conduction band or shallow-donor bound elec
states and open symbols represent Mn21 spin-flip signals. The solid
lines represent fits to the data as described in the text.
11530
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netic Mn21 spin system~Fig. 2!.25 The Mn content of the
barriers in the present samples is relatively high and the la
est influence on the carriers in a quantum well comes fr
the Mn21 ions nearest the interfaces to the quantum well;
degree of paramagnetism of these ions is not expected t
typical of bulk Cd12xMnxTe of the barrier composition and
is therefore difficult to model accurately the saturation b
havior that we observe. TheD0SF spin-flip line has a Lorent
zian line shape with a width of 0.25 meV. This linewidth
independent of the magnetic-field value, suggesting that
is a homogeneous linewidth, in contrast to the PL lin
which are inhomogeneously broadened.

IV. ELECTRON SPIN FLIP

A. Excitation profiles

The intensities of the Raman lines are strong functions
the laser wavelength. In Fig. 3, we show the excitation p
files for the electron and first Stokes Mn21 spin-flip signals
in a field of 2 T in the Voigt configuration~the latter is
denoted 1S in Fig. 1!. A comparison of these profiles with th
PL spectrum26 indicates that it is the QW exciton state
which serve here as the intermediate states of the S
processes.1,27,28The profiles also show that both electron a
Mn21 processes can proceed not only via free or wea
localized excitonic states, but also via the impurity-bou
excitonic complexD0X. In both cases, it is the heavy ho
components of the excitonic states that are involved.

The key observation of the present work is that, when
polarization geometry of the experiment is changed,
SFRS spectra and their excitation profiles undergo mar
and unusual changes. In particular, the spectra obtaine
the two geometries,z̄(p,s)z and z̄(s,p)z, are strikingly
different; from the symmetry point of view, this is not une
pected since the configurations (p,s) and (s,p) are indeed

g

-

-

n

FIG. 3. Spin-flip Raman scattering intensity as a function
excitation energy~‘‘excitation profiles’’! for the electron and Mn21

spin-flip signals~filled and open circles, respectively! for sample A
in a magnetic field of 2 T in the Voigt configuration, compared
the photoluminescence spectrum of the same sample. The da
and dotted lines are guides to the eye.
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physically nonequivalent. However, if the sample is rota
by 90° around the normal to the layer, the spectrum wh
was recorded before the rotation in (p,s) geometry is now
observed in (s,p) and vice versa. In other words, there is
combined invarianceof the spectrum under the rotation b
90° of the polarizer, the analyzer, and the sample.

The reason for this combined invariance can be und
stood as follows. We have shown above that the intermed
Raman states for spin flip are the heavy-hole QW excito
For sample A, it was established earlier that the in-plang
factor of the heavy holes~which is normally very small, of
the order of the Luttinger parameter,q.0.01) is dominated
by a component induced by the in-plane strain in the pres
specimens and is therefore extremely anisotropic2 such that
gx52gy . This unusual behavior implies that, if the fieldB
is in the layer plane~001! and makes an anglef with respect
to @110#, the Zeeman splitting between the heavy-hole sta
is given by gmBB, where g25gx

2cos2f1gy
2sin2f5gx

2 and
does not vary withf. However, the hole pseudospin do
vary, the uppermost heavy-hole state being characterize
a value of11/2 when the field is alongx and by21/2 when
it is alongy. In contrast, the QW electrong factor is isotropic
to within the limits of our experimental accuracy. If th
sample is rotated about@001# from Bi@110# to Bi@11̄0#, the
electron states will therefore remain the same, while
heavy hole states will interchange; this is shown diagram
cally in Fig. 4. As a result, if the left and right panels of Fi
4 are compared, those transitions which proceed in (p,s)
polarization on the left, proceed in (s,p) polarization on the
right ~and vice versa!. It is therefore expected that, in pro
cesses involving such excitons, an interchange ofs and p
accompanied by a 90° rotation of the sample will yield t
same spectrum. Note that, as is clear from the above exp
sion for g, the splitting of the hole levels does not chan
with angle; it is only the polarization character of the optic
transitions that evolves continuously with rotation.

B. Origin of the signals

As shown in Fig. 3, the excitation profile of the electro
spin-flip Raman line has two distinct maxima~which we

FIG. 4. Key to the model presented in this work: the electr
and hole spin states are shown for two orthogonal orientation
the magnetic field when in the plane of the sample. The poss
transitions between these states and their optical polarization s
are indicated by the vertical arrows and the transitions are n
bered to facilitate the discussion of the observed selection rule
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denote byD0SF and ESF!. The process responsible for th
lower-energy maximum is readily identified. By its energ
this peak corresponds to the creation of an exciton
impurity complexD0X which includes three charge carrie
~two electrons and one hole! which serve as the intermediat
state of the Raman process. Such processes have often
observed both in bulkA2B6 crystals11 and in QW’s, and their
mechanism is well understood.14,16,29–35The Raman intensity
of a scattering process that involves the spin flip of a do
electron can be written in second-order perturbation the
as

I}U^finuVu int&^ intuV†u ini&
~\v2E01 iG/2!

U2

, ~1!

where ini, int, and fin represent the initial, intermediate, a
final states. These are, respectively:~i! the laser photon plus
a neutral donor with an electron of one spin;~ii ! the D0X
complex; and~iii ! the Raman photon plus the neutral don
with a reversed electron spin.V and V† are the exciton an-
nihilation and creation operators,\v is the laser quantum
energy,E0 is the resonance energy, andG is the homoge-
neous level width.

Qualitatively, this process can be interpreted as follo
@see Fig. 5~a!#. In the initial state in a magnetic field, th
electron of the neutral donor occupies the lower Zeeman s
level ~for these dilute magnetic semiconductor structures,
Zeeman splittingDe is typically much greater thankBT at
liquid-helium temperatures!. A laser photon is absorbed an
resonantly forms the exciton-to-donor complex contain
the donor electron, the photocreated electron and the ph
created hole. Since the lower electron Zeeman level was
ready occupied, the photocreated electron must be excite
the upper level. The hole subsequently recombines with
electron in the lower level, emitting a Raman photon hav
energy deficitDe with respect to the laser photon. We no
that a second-order process of the type described by Eq~1!
involves only light emission and absorption processes, w
no transitions occurring in the intermediate state.

The linewidth of the Raman replica in the process d
scribed should depend on the uncertainties of the energ
the donor electron in the initial and final spin states. T
uncertainties depend, in turn, on the lifetimes of the cor
sponding states. As has been established in numerous st
of semiconductor crystals containing manganese ions,
relevant lifetimes for both electrons and holes are the s
relaxation times; the electron located on the upper Zeem
level is expected to flip its spin within the picosecond tim
scale. Therefore the lifetime of the electron in the upper le
is short, the energetic uncertainty is large, and this level@i.e.,
the final state of Eq.~1!# is expected to give the main con
tribution to the linewidth of the Raman replica. The width
the Raman line corresponds to a lifetime of 2 ps, in agr
ment with electron-spin relaxation times in dilute magne
semiconductors according to Ref. 37.

The interpretation of the second process, responsible
the higher-energy peak ESF in the excitation profile~Fig. 3!,
is more problematic. A comparison with PL and photolum
nescence excitation spectroscopy~PLE! spectra implies
that the intermediate state for the ESF process is
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free or weakly localized QW exciton. The Raman shift its
and the linewidth~which are both independent of the dire
tion of the magnetic field! are the same as for excitation
theD0X region, which suggests that the ESF Raman proc
also arises from the spin flip of a conduction-band elect
or a shallow donor-bound electron. This supposition is s
ported by the similarity of the behavior of the Raman inte
sity in the Voigt configuration for ESF andD0SF ~see Sec.
IV C!.

A second-order process involving the spin flip of an ele
tron remote from the exciton can be considered but app
to be unlikely. For example, if the QW contains excess el
trons originating from donors in the barriers, the hole of t
exciton may recombine with one such free electron wh

FIG. 5. Schematic representations of the possible spin flip
man scattering processes considered in the text:~a! SFRS of a
donor-bound exciton;~b! exciton spin flip with emission of an
acoustic phonon;~c! spin-flip of an electron located on a remo
donor; ~d! and ~e! SFRS of a donor-bound exciton showing th
reasons for the difference in efficiency of processes 1-2 and
~Sec. III D 1!.
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has a spin opposite to that of the electron in the exciton its
in effect resulting in an electron spin flip. However, in su
process, one would expect that the SFRS linewidth would
influenced by the distribution in energy of the available in
tial and final states occupied by the electron, whereas
observe experimentally that the Raman linewidth and s
for ESF are the same as forD0SF. Furthermore, the effi
ciency of this process should depend on the concentratio
electrons in the QW, which is not expected to be high
these undoped samples.

For these reasons it appears that, in order to interpret
ESF peak in the excitation profile, one has to take into
count third-order processes of the form

I}U^finuVu int2&^ int2uPu int1&^ int1uV†u ini&
~\v2E11 iG1/2!~\vR2E21 iG2/2!

U2

, ~2!

where, in addition to the creation and annihilation of t
exciton, the transition between two excitonic intermedia
states int1 and int2 with an accompanying flip of the elect
spin is included.P stands for the operator of the correspon
ing perturbation,E1 and E2 are the incoming and outgoin
resonance energies, respectively,G1 and G2 are the corre-
sponding damping coefficients, and\vR is the energy of the
scattered photon. For the mechanism of the spin-flip tra
tion between the intermediate states, we will consider t
possibilities:~i! the emission of an acoustic phonon and~ii ! a
flip-flop process between the exciton and a remote dono

Process~i!, involving the emission of phonon, is sche
matically depicted in Fig. 5~b!. The initial state here consist
of the laser photon and the unperturbed crystal and the fi
state consists of the Raman photon and the crystal contai
an additional phonon. Thus such a process can provid
Raman shift ofDe only if the energy of the created phono
equalsDe . In terms of Eq.~2!, the internal matrix elemen
would be^e↑,hl1\Vuc†ue↓,hl&, wheree andh stand for
the electron and hole in the exciton~arrows show their spin
states! andc† is the creation operator for a phonon of ener
\V. A similar process has been envisaged by Karim
et al.36 in studies of excitons strongly localized at quantu
dots.

The behavior predicted on the basis of this model is som
what different from that observed. In contrast to theD0SF
process, in the phonon-assisted Raman process the initia
final states contain no carriers and thus have comparati
long lifetimes with no contribution from spin relaxation
Therefore the main contribution to the Raman linewid
should come from the intermediate transition and should
dominated by the broadening of the first and second inter
diate states. In both these states there are unpaired elec
and holes. If we assume still that the fastest decay times
charge carriers are their spin relaxation times then one
see that, apart from spin relaxation of the electron~which
determines the Raman linewidth forD0SF), the spin flip of
the hole must also contribute to the broadening of both
termediate states. Since the spin-relaxation times for hole
similar QW’s are, as a rule, of the same order of magnitu
as for electrons or even shorter,37 a noticeable extra broad
ening of the Raman line is expected compared toD0SF.
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However, experiment shows neither an extra broadening
the Raman line for ESF nor a change of the ESF Ram
linewidth under the rotation of the crystal in the Voigt co
figuration ~see Sec. IV C!. On the basis of these conside
ations, we do not believe that the ESF resonance can
interpreted as a phonon-assisted spin flip of an electron.

The most appropriate mechanism of the ESF thus se
to be a third-order process involving the spin flip of a fr
electron or an electron on a remote donor@Fig. 5~c!#. For
such processes, the internal matrix element in Eq. 2 m
have either the form~a! ^e↓,h⇑1d↑usd

1se
2ue↑,h⇑1d↓& or

~b!^e↑,h⇓1d↑usd
1 j h

2ue↑,h⇑1d↓&. In both cases, the righ
~left! intermediate state includes the donor electrond with
spin along~opposite to! the field. The flip of the spin of the
donor electron is accompanied by the flop~within the exci-
ton! of the electron spin~a! or of the hole pseudospin~b!;
sd

1se
2 andsd

1 j h
2 denote the operators responsible for the c

responding flip-flop transitions. The double arrows show
direction of the hole pseudospin~we now use the pseudosp
representation for holes in order to make explicit the inva
ability of the hole spin state in the first case and its chang
the second case!. Of course, matrix element~a! can equally
well be written withh⇓ on the left and right and, likewise
matrix element~b! may be written withe↓ on the left and
right. A similar mechanism has been suggested by Sap
et al. in the case of hole spin flip.38

This process can be described in the following mann
The laser photon generates a free or weakly localized exc
which further interacts with a remote donor electron caus
the flip of the spin of that electron. Simultaneously the s
of the electron~or the pseudospin of the hole! in the exciton
is also flipped. After that, the exciton recombines genera
the Raman photon and leaving a donor electron~with flipped
spin! in the crystal. This process should be resonantly
hanced when the laser is tuned to the free or weakly lo
ized QW exciton transition energy, as is observed for E
The linewidth is expected to be controlled by the spin rel
ation time of the electron in the donor state and is thus
pected to be the same as in the case ofD0SF. The large
intensity of this third-order process~comparable to that o
second-orderD0SF) can be explained by the much larg
density of states for free QW excitons compared to that
D0X complexes. Therefore, in what follows, we proce
from the assumption that the observed ESF resonance o
nates from a third-order Raman process with a flip-flop tr
sition in the intermediate state.

C. Angular dependences of Raman intensity in Voigt geometry

1. The D0SF process

Now that the processes by which electron SFRS occ
have been identified, we turn to the key observation of
present paper: the dependence of the intensity of the Ra
lines on the orientation of the magnetic field in the plane
the QW’s. Figure 6~a! shows the dependence of the intens
of the electron spin-flip (D0SF) recorded in (p,s) geometry
on the anglef. Figure 6~b! shows the analogous dependen
taken in the second ‘‘crossed’’ geometry, (s,p). In both
cases, a substantial and regular variation of the intensity
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factor of about 3 is observed. This variation cannot be att
uted to any change of the optical alignment during the ro
tion, the more so as the quality of alignment can be ea
checked by the intensity of the PL, which is only weak
polarized under these conditions.2 One can see that the an
gular dependences are dominated by a 180° repeat pat
but with the dependences for (p,s) and (s,p) having op-
posite phases. The two cases in which the field is direc
along the@110# axis (f50°) and the@11̄0# axis (f590°)
~which are equivalent for anideal QW havingD2d symme-
try! are observed to give different Raman intensities, reve
ing the lowerC2v symmetry of the QW under study. Thi
provides an important new confirmation of our previo
observations.2 The Raman intensity on the ESF resonan
behaves analogously, and the angular dependences rec
in each of the crossed geometries have the same phas
those forD0SF. We emphasize that no variation withf was
observed either of the Raman shift or of the Raman li
width.

The mechanism of such anisotropy of the spin-flip Ram
intensity in QW’s can be discussed on the basis of the ea
considerations. We take first theD0SF process in the (p,s)
polarization geometry and use, for convenience, the nota
of the optical transitions given in Fig. 4. We analyze first t
left-hand part of that figure (f50°). For p-polarized in-
coming light, the transitions considered as candidates for
volvement in the SFRS process are 1 and 3 while,
s-polarized outgoing light, they are 2 and 4. However, sin
the lower Zeeman component for the electron is already
cupied by the electron on the~thermalized! donor, transition
3 and hence processes 3-2 and 3-4 are ruled out. Proces
is also ruled out since it does not correspond to a spin flip
the donor electron. Thus forf50°, the process must pro
ceed via the 1-2 channel. Forf590° ~the right-hand part of
Fig. 4!, we find by analogous reasoning that the relev
process must be 5-6.

To explain why different Raman intensities are observ
for f50° and forf590°, one must therefore compare pr
cesses 1-2 and 5-6 and identify the reason for their differ
efficiency @see Figs. 5~d! and ~e!#. This must involve the
value of the Raman denominator in Eq.~1!. Close to reso-
nance\v'E0 and the absolute value of the denomina
strongly depends on the damping coefficientG, which is, in

FIG. 6. ~a! Dependence of the intensity of the electron spin fl
(D0SF) of sample A on the anglef between the@110# direction and
the magnetic field recorded in the (p,s) geometry;~b! the analo-
gous dependence recorded in the (s,p) geometry.
4-6
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SPIN-FLIP RAMAN SCATTERING IN SEMI-MAGNETIC . . . PHYSICAL REVIEW B 67, 115304 ~2003!
turn, inversely proportional to the lifetime of the intermed
ate state. As we already noted when discussing the pho
assisted spin flip, it is reasonable to assume that the fli
hole pseudospin is one of the fastest relaxation processes
that it can determine the lifetime of the intermediate st
~both electron spin states are occupied in theD0X interme-
diate state, so electron spin relaxation is not relevant!. In the
5-6 scheme, the decay of the higher energy hole state oc
by a transition to the lower energy level; i.e., this proce
proceeds with a dissipation of energy and therefore rapi
On the contrary, in process 1-2 the decay of the hole stat
a flip of the pseudospin requires an activation energy of
order of the hole Zeeman splitting, and thus proceeds
factor of exp(Dh /kBT) more slowly. As a result, forf50°,
the decay time is longer, the Raman denominator is sma
and the intensity of Raman scattering is higher than forf
590°. This indeed corresponds to the observations in
(p,s) configuration. A similar argument has already be
used to explain the observed difference in intensities
(p,s) and (s,p) SFRS,35 though, in that work, no anisot
ropy of the kind discussed here was observed.

One can readily see that, for the (s,p) configuration, the
converse reasoning holds. Process 4-3 dominates forf50°
and process 8-7 forf590°. The latter process has th
smaller Raman denominator, which accounts for the incre
of the Raman intensity fromf50° to f590° observed in
this polarization.

2. The ESF process

For the case of the anisotropy of the intensity of the E
Raman signal, discussion of the schemes specific to
(p,s) geometry is sufficient in view of the combined invar
ance described in Sec. IV A. We use the results of Sec. I
and propose that the ESF is a third-order process wit
reciprocal flip of the spin of a donor electron and the spin
electron~or pseudospin of the hole! in the exciton. In the
intermediate state, the exciton has only one electron, wh
can have either spin. We therefore have to consider a gre
number of possibilities than in Sec. IV C 1. Forf50°, these
are 1-2, 3-4, 1-4, and 3-2. However, the following consid
ations can help identify the most effective process.

The third-order process is expected to increase in stre
the more closely double resonance conditions are fulfi
@‘‘double resonance’’ implies thatboth terms in the denomi-
nator of Eq.~2! are minimized#. Due to the short spin life-
times, the two electron and the two hole sublevels are p
of overlapping bands rather than pairs of distinct levels
that, for example, process 3-4 can in principle proceed e
with the energy of thes transition smaller than the energy o
p transition, i.e., as a Stokes process. However, such a
cess is very unfavorable with respect to the double resona
conditions~see Fig. 7!. This reason alone makes the 1-2 pr
cess much more probable than the 3-4 process. The s
holds for the pair of transitions involving a hole flip, whe
the double resonance enhances process 3-2 with respe
process 1-4. By comparing processes 1-2 and 3-2 and se
aside differences in matrix elements, process 1-2 is likely
be stronger because, in this process, the double reson
conditions can be satisfied exactly, while in 3-2 they are
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because the hole sublevel splitting is in general differ
from the splitting of the donor electron.

We therefore conclude that, forf50°, the main channe
should be process 1-2. Analogously, forf590°, process 5-6
should dominate. The situation is then equivalent to
D0SF case considered above, which explains the observa
that the angular dependences of the intensities of theD0SF
and ESF signals are in phase and have similar amplitu
However, it is worth noting that the predicted phase of t
angular dependence for ESF is not altered if processes
~for f50°) and 5-8~for f590°) also contribute.

In summary, the anisotropic lateralg factor of the holes,
together with the concept that it is the fast hole spin rel
ation that limits the lifetime of the intermediate Raman sta
allows us to explain the observed angular dependence o
intensity of the electron spin-flip signal, the reversal of t
phase of this dependence on reversal of the polarization
ometry and the similarity of the angular dependences for
ESF andD0SF resonances. The explanation is consist
with the conclusions about the origin of those resonan
derived in Sec. IV B.

D. Reconstruction of the holeg tensor

By comparing the processes 1-2 and 5-6 proposed to
responsible for the electron spin flip for anglesf50° and

FIG. 7. A representation of the broadened intermediate st
involved in the Stokes (p,s) spin-flip process;~a! doubly resonant
scattering via, e.g., process 1-2, in which excitation and emiss
are at the maxima of the bands centered at each electron spin
level; ~b! scattering via, e.g., process 3-4, where double resona
conditions are poorly satisfied.
4-7
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A. V. KOUDINOV et al. PHYSICAL REVIEW B 67, 115304 ~2003!
f590° respectively, another prediction may be made. T
is that the 1-2 process will be resonant at an excitation
ergy corresponding to the energy splitting of the upper h
and upper electron sublevels,E05EX(B50)1(De2Dh)/2,
whereEX(B50) is the energy of the exciton in zero ma
netic field while, for the 5-6 process, resonance will be at
energy splitting of the lower hole and upper electron subl
els @E05EX(B50)1(De1Dh)/2#. This implies that elec-
tron spin-flip excitation profiles taken in the same geome
at f50° andf590° should be shifted relative to each oth
by an amount equal to the hole sublevel separationDh . The
same also applies to the profiles taken at one value of
anglef but in opposing polarization geometries~this is the
combined invariance discussed in Sec. IV A!.

Experiment shows that this prediction is correct~Fig. 8!.
At f50° the resonance profile for (s,p) ~process 4-3! is
shifted toward higher energies as compared to the profile
(p,s) ~process 1-2!. The value of the shift amounts to 0.8
meV at B54 T. This observation leads us to reconsid
briefly the interpretation of the angular dependences in
previous subsection. The shift of the resonance profiles m
contribute to the angular variation of the Raman intens
recorded at a fixed laser energy. However, this shift is sm
compared to the width of the profiles and thus it cannot
the principal reason for the variation of intensity by a fac
of 3 ~as shown in Fig. 6!.

The shift of the profiles in Fig. 8 yields the first estima
of the value of the hole splitting arising from the extreme
anisotropic in-planeg factor of holes in this QW. The previ
ous measurements of the polarization of the luminesce2

only revealed the form of the holeg tensor, while the actua
values of the in-plane components remained unknown.
in-plane g-factor components turn out to be surprising
large, so that the splittingDh is only slightly less thanDe
~which is known from the Raman shift and which is 1.3

FIG. 8. Excitation profiles for the electron spin-flip scattering
sample A at a magnetic field of 4 T in the Voigt (s,p) and (p,s)
geometries~open and filled circles, respectively! with f50. The
solid lines are guides to the eye. The vertical arrows indicate
positions of the peaks of the resonance profiles in the energy re
of the quantum well exciton~‘‘ X’’ ! transitions. Upper horizonta
arrow: the measured splitting of the resonance profiles; lower h
zontal arrow: the electron spin splitting measured via SFRS at
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meV at 4 T!. This similarity of the values of the electrong
factor and the transverse holeg factor also manifests itself in
the results on manganese spin flip~Sec. V!.

We note that to attempt to determine the hole in-plang
factor from the splittingDh50.85 meV at a field of 4 T
would be incorrect, as the value ofDh contains a contribu-
tion from the ‘‘exchange field’’ produced by the mangane
magnetization which, at 4 T, already tends to saturation.
the same time, at a smaller field the experimental determ
tion of Dh becomes more imprecise because of its small s
compared to the width of the resonance profiles. We the
fore account for the saturation by considering the dep
dence of the electron Raman shift on the external field~see
Fig. 2!. For example, at 1 T, where the magnetization is s
linear in the external field, the value ofDe is 0.7 meV; at 4 T
De is 1.35 meV, that is, the exchange field forB54 T is a
factor of 1.93 larger than atB51 T. Thus, the value ofDh
scaled to 1 T is 0.85/1.9350.44 meV. Since atB51 T the
magnetization is linear inB, the value of the holeg factor
follows from the relation mBgh'5Dh /B50.44 meV/T
(gh'5ugxu5ugyu57.7). However, the most interesting an
physically meaningful quantity is not so much the absol
value of the exchange-enhanced transverse~in-plane! hole g
factor but its value relative to the longitudinal holeg factor.

The longitudinalg factor was derived from the magnet
field-induced redshift of the excitonic luminescence lines
the Faraday geometry. The doubled value of the shift yie
De1Dh53.2 meV at B51 T and, by subtractingDe
50.7 meV, one obtains an estimate of the longitudinal h
g factor in the formmBghi5Dh /B52.5 meV/T (ghi543).
In addition, the value ofghi determined in this way was use
in an analysis of the angle-dependent redshifts of the e
tonic luminescence line observed in the tilted magnetic fi
configurations between Faraday and Voigt in accord with
relation

Dh~u!5mBBAgh'
2 sin2u1ghi

2 cos2u ~3!

~with u50° corresponding to the Faraday andu590° to the
Voigt geometry!. From this, we find that mBgh'

50.45 meV/T, in excellent agreement with the value 0.
meV/T obtained from the excitation profiles.

The set of measurements described therefore allows
complete reconstruction of the effective holeg tensor in a
specific QW. For the present sample, this tensor~in its prin-
cipal axes! takes the form

ĝh5S 43 0 0

0 7.7 0

0 0 27.7
D 5AhS 3 0 0

0 0.54 0

0 0 20.54
D ,

~4!

where, following Ref. 2, we define the longitudinal comp
nent of the unenhancedg tensor to be 3;Ah stands for the
factor of the exchange enhancement of the external magn
field due to its indirect action on the hole mediated by t
manganese spins. The tensor expressed usingAh presents an
important estimate of the value of the lateral holeg factor

e
on

i-
T.
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SPIN-FLIP RAMAN SCATTERING IN SEMI-MAGNETIC . . . PHYSICAL REVIEW B 67, 115304 ~2003!
~independent of effects due to the Mn21 magnetization!
which can be induced in QW’s by an in-plane strain.

V. MANGANESE SPIN FLIP

In QW’s containing semi-magnetic well layers, multip
light-scattering processes involving 3d5 manganese electron
have been observed in the Voigt configuration and more t
15 peaks have been reported.39–41A semi-classical theory o
this phenomenon has been developed involving the col
tive precession of the manganese spins in the exchange
of the localized hole.39,40 In our QW’s, the exciton-to-
manganese coupling is evidently weaker (Mn21 ions are in
the barrier layers only!, and a smaller number of peaks
observed. In what follows we shall examine in detail only t
first Stokes~1S! and the first anti-Stokes~1AS! manganese
spin-flip peaks; these both have a large intensity and, ha
the smallest Raman shift, do not overlap with other spec
features.

The flip of a single manganese 3d5-electron spin~referred
to as MnSF! can be naturally considered as a third-ord
process.1,34 This process is described by Eq.~2! and is in
many respects analogous to the ESF processes. It was
posed above that, for ESF, the dominant mechanism invo
an electron-electron flip-flop transition in the intermedia
state. Bearing in mind, on the one hand, the similarities
MnSF with ESF and, on the other hand, its interpretation
the basis of the hole-manganese interaction,39,40 we shall ad-
dress the question of which particle within the exciton~elec-
tron or hole! is responsible for flipping the Mn spin.28

A. Excitation profiles and angular dependences

The MnSF excitation profiles, like the electron spin-fl
excitation profiles, embrace two regions of the QW PL sp
trum: the excitonic region~processXMnSF) and theD0X
complex region ~process D0MnSF). In sample B, the
D0MnSF resonance manifests itself as a distinct peak in
profile, along withXMnSF. In sample A, theXMnSF effi-
ciency is much higher than that ofD0MnSF, so the latter
does not yield a distinct peak and forms a low-energy sho
der on theXMnSF resonance which is more or less pr
nounced in different polarizations~Fig. 3!. Judging by the PL
spectra and the electron spin-flip profiles, the concentra
of donors in sample B is few times higher than in sample

Figures 9~a! and~b! show the angular dependences~in the
Voigt configuration! of the intensities of the 1SXMnSF and
1S D0MnSF signals for sample B together with those of t
respective electron spin-flip signals~ESF andD0SF). The
angular dependence for 1SXMnSF has the same phase
ESF, though with a somewhat weaker amplitude. The
D0MnSF shows a much more pronounced angular dep
dence which, moreover, has the opposite phase to the
tron spin flip. Similar behavior is observed for the 1
D0MnSF signal in sample A.

The fact that the angular dependences forD0SF and 1S
D0MnSF @Fig. 9~a!# are in antiphase can be explained by u
of the schemes of Fig. 4. It was shown in Sec. IV C 1 tha
(p,s) the second-orderD0SF process occurs via the 1-
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path ~for f50°) or via 5-6 ~for f590°), the 1-2 mecha-
nism leading to the higher intensity. The third-ord
D0MnSF process contains the intermediate flip-flop tran
tion in which the paired electrons of theD0X complex can-
not take part. Obviously, the manganese spin can be flip
only by interaction with the hole. The incoming transitio
involving the lower electron sublevel is essentially block
at low temperatures. Furthermore, since the spin flip of
donor electron does not contribute to the Raman shift for
process under discussion, it is evident that the spin stat
the donor electron is unchanged as a result of the proc
Therefore an outgoing transition from the lower electr
sublevel is ruled out and the MnSF Raman process can
proceed through the upper sublevel: all the transitions of F
4 are thus ruled out with the exceptions of 1-4~for f50°)
and 5-8~for f590°). These two processes are similar w
respect to decay times, since the same sublevels are invo
in both ~only the first and second intermediate states
change their places!. The double resonance conditions a
evidently better satisfied for 5-8 than for 1-4~see Fig. 7!. As
a consequence, the angle where theD0SF intensity is the
largest (f50°) gives the smallest intensity of 1SD0MnSF.

The same argument explains also the observation@Fig.
9~a!# that the 1S and 1ASD0MnSF lines exhibit opposite
dependences on the anglef. If the hole is to be responsible

FIG. 9. Angular dependences~in the Voigt geometry! of the
intensities of the Mn21 spin-flip Raman signals of sample B i
resonance with~a! the donor bound exciton (D0MnSF; filled
circles: Stokes; open circles: anti-Stokes! and~b! the quantum well
exciton (XMnSF; symbols as above! for sample B together with
those of the corresponding electron spin-flip signals (D0SF and
ESF respectively; open squares!. The lines are guides to the eye.
4-9
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A. V. KOUDINOV et al. PHYSICAL REVIEW B 67, 115304 ~2003!
for the Mn spin flip, both 1S and 1ASD0MnSF can only
proceed via the process 1-4 of Fig. 4 when, for examplef
50°. The double resonance conditions are satisfied be
for anti-Stokes scattering via process 1-4~which represents
the ideal anti-Stokes pair of transitions! and worse for Stokes
scattering.

We emphasize that it is the blocking of transitions invo
ing the lower electron sublevel in theD0MnSF process tha
is responsible for the antiphase behavior ofD0SF and 1S
D0MnSF, by forcing the latter process to proceed, in a giv
geometry, via the path which is unfavorable with respec
the double resonance conditions. The same argument
counts for the large variation in intensity of the 1SD0MnSF
signal withf shown in Fig. 9. Naturally, for 1SXMnSF no
blockade is expected and thus the manganese spin-flip in
sity should exhibit different behavior on theX and theD0X
resonances.

This is illustrated by the data shown by solid circles
Figs. 9~a! and~b! and is also shown by the excitation profile
of the electron and 1S manganese spin-flip signals take
three different geometries@Figs. 10~a!–~c!#. On this figure,
the left- and right-hand peaks of each profile are in resona
with the D0X and X states, respectively. Whereas the ele
tron spin-flip resonances ESF andD0SF ~open circles! and
the 1S XMnSF resonance all show a similar variation
intensity from one geometry to another, independent
which resonance is considered, the 1SD0MnSF peak be-
comes much weaker in those polarization geometries@Figs.
10~b! and ~c!#, where it is forced to proceed against th
double resonance conditions.

Figure 11 shows the behavior of theXMnSF Stokes and
anti-Stokes resonance profiles at a series of magnetic fie
Figure 11~a! shows the excitation profiles for the 1S and 1A
signals of sample A in fields of 2, 4, and 6 T atf50° in the
(p,s) geometry. In Fig. 11~b!, the profiles taken in the
(s,p) geometry are plotted. Two qualitative differences c
be seen:~i! in (p,s), the 1S and 1AS profiles are centered

FIG. 10. The resonance profiles, in three different geometries
the electron spin-flip~open circles! and manganese spin-flip~filled
circles! signals of sample B. The solid line shows the photolum
nescence excitation spectrum.
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one energy while in (s,p) the 1AS maximum is shifted
toward lower energy with respect to the 1S maximum;~ii ! in
(p,s), the maxima do not move noticeably with increasi
field while in (s,p) the 1AS maximum shifts toward lowe
energies and the 1S maximum toward higher energies.

The same line of reasoning as in Sec. IV C 2 clarifi
these results. For 1SXMnSF one can reject half of the pos
sible schemes due to the unfavorable double resonance
ditions, so that for (p,s) the alternative processes 1-2 or 3
will remain while for (s,p), they are 4-3 or 4-1. Analo-
gously, for 1ASXMnSF in (p,s) either 3-4 or 1-4 will
dominate and, in (s,p), either 2-1 or 2-3. In all four sets o
transitions mentioned, the first process involves an elec
flip ~and manganese!, and the second, a hole flip~and man-
ganese!. While in the case of ESF, additional reasons led
~Sec. IV B! to propose electron-electron flip flops compar
to hole-electron ones, in the case ofXMnSF it is difficult to
identify a priori electron or hole. In principle, the hole inte
acts with manganese somewhat more strongly,30 but its wave
function penetrates less into the barriers because of
heavier hole effective mass.

Neither are we able to discriminate between hole a
electron processes inXMnSF on the basis of the data of Fig

of

-

FIG. 11. Excitation profiles of the Stokes and anti-Stokes Mn21

spin-flip Raman signals for sample A~open and filled symbols,
respectively! at fields of 2, 4, and 6 T~squares, diamonds, an
circles! in ~a! the (p,s) and ~b! the (s,p) configurations in the
Voigt geometry withf50. The lines are guides to the eye. Th
vertical arrows in~b! indicate the movement of the peak positio
of the resonances.
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SPIN-FLIP RAMAN SCATTERING IN SEMI-MAGNETIC . . . PHYSICAL REVIEW B 67, 115304 ~2003!
11, as the behavior of the SFRS profiles can be explai
qualitatively by either process. We consider here only
electron process, since a discussion in terms of the ho
similar. The key to the explanation is, again, the layout of
spin sublevels forf50° ~Fig. 4! and the closeness of th
values of the electron- and the in-plane-holeg factors ~see
Sec. IV D!. In the (p,s) geometry, processes 1-2 and 3-4 a
responsible for Stokes and anti-Stokes scattering, res
tively. For process 1-2, the incomingp photon induces the
transition between the upper hole and the upper electron
sublevels~transition 1!; the energy gap between these su
levels in the magnetic field isEX(B50)1(De2Dh)/2,
which, when De'Dh , does not differ significantly from
EX(B50). The same holds for transition 3 in the 3-4 sche
@incoming resonanceEX(B50)1(Dh2De)/2]. In total, this
predicts the coincidence of the 1S and 1AS maxima and
absence of any shift in them with increasing field@Fig.
11~a!#. In (s,p) the situation is different: the Stokes scatte
ing is accounted for by 4-3@incoming resonanceEX(B50)
1(De1Dh)/2] and the anti-Stokes by 2-1@incoming reso-
nanceEX(B50)2(De1Dh)/2]. Obviously, when the field
is increased, the 1S signal will now shift toward higher e
ergies while the 1AS will shift towards lower energies@Fig.
11~b!#.

According to the above reasoning, the separation betw
the 1S and 1AS maxima in (s,p) at a given field~e.g., 1.5
meV at 4 T! should equal the sum of the electron and h
splittings. In fact the sum is larger~1.35 meV for the elec-
tron, from the Raman shift of ESF, plus 0.85 meV for t
hole, from the shift of the ESF profiles, yields 2.2 meV!. A
similar result is the low-energy shift of the 1SXMnSF pro-
file by 0.6 meV with respect to the ESF profile forB52 T in
(p,s) @see Fig. 3; the same was observed in (s,p)]. Look-
ing at the schemes of Fig. 4, one can suppose that the
proceeds via process 1-2 while the 1SXMnSF proceeds via
process 3-2, so that the difference of electron and holg
factors is responsible for the observed shift. However, qu
titatively the shift is too large to explain in this way onl
Apparently, both the separation of the 1S and 1AS sign
and the shift of the manganese profile compared to the e
tron profile are influenced by another important factor. T
1S XMnSF is a double resonance process, and this do
resonance is always frustrated in the sense that due to
difference ofg factors of electron~or hole! and manganese
the flip of the latter is not energetically counterbalanced
the flop of the former. This distinguishes 1SXMnSF from
ESF, for which the exact incoming resonance is, at the s
time, always the exact outgoing resonance. The exampl
D0MnSF showed how strong the influence of double re
nance conditions is on the manganese spin flip. Thus
quite natural that the MnSF profile will always shift from th
exact incoming resonance toward the exact outgoing re
nance. In particular, even if one suggests that ESF and
XMnSF proceed through the same scheme~1-2!, the optimal
conditions of observation of these processes~the maxima of
the profiles! will have different spectral positions, with 1
XMnSF being at lower energy as in Fig. 3. As a result,
shifts of the manganese profiles discussed also do not a
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us to discriminate between electrons or holes as the m
agent for the manganese spin flip in theXMnSF process.

VI. COMBINED ELECTRON AND MANGANESE SPIN
FLIPS

The results presented so far are concerned with the sig
observed in the (s,p) and (p,s) geometries. In the geom
etries (p,p) and (s,s) for f590° and f50°, respec-
tively, a new line was observed@it is not observed, for ex-
ample, forf50° in the (p,p) geometry#. We shall show
here that the existence, intensity, and polarization proper
of this line are predicted by the model proposed here for
the SFRS processes and its observation therefore prov
further confirmation of the model.

A representative spectrum is shown in Fig. 12 toget
with its dependence on magnetic field~inset; diamonds! and
a curve ~inset; solid! constructed by adding the Brillouin
function fit to the magnetic-field dependence of the elect
spin-flip signal to a linear Zeeman splitting with ag factor of
2. The behavior of this new signal is very well described
the constructed curve and the line is therefore assigned to
combination of a flip of an electron and a Mn21 internal
transition, as also recently observed in~Ga,Mn!As.42 No
shift of this line was observed on rotation of the samp
normal with respect to the magnetic field~that is, variation of
the angleu), though it rapidly became weaker. These tw
facts indicate that the alternative explanation of this line
the combined flip of an electron and a hole within an excit
~as discussed in Ref. 36 for excitonic scattering! can be ruled
out. This latter process~which is the phonon-assisted proce
discussed in Sec. IV B! would have a highly anisotropic
splitting with respect to the rotationu, since a contribution to
the splitting from the relatively large holeg factor ghi is
introduced whenuÞp/2 @see Eq.~3!#.

The detailed predictions of the model for this line are

FIG. 12. Spectra for sample B showing the new line~marked ?!
observed in the (p,p) geometry withf590° together with the
MnSF andD0SF lines already discussed. A spectrum obtained
der similar conditions in the (p,s) geometry is shown for compari
son ~heavy line!. The inset shows the dependence of the Ram
shifts of these three lines on magnetic field together with fit
curves~solid lines! as described in the text.
4-11
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A. V. KOUDINOV et al. PHYSICAL REVIEW B 67, 115304 ~2003!
follows. We start from the mechanism forD0MnSF estab-
lished in Sec. V. In thef50° geometry, the process mo
closely satisfying double resonance conditions is 4-1~Fig.
4!. If, however, the recombination of the hole is with th
other electron~both electron sublevels are occupied!, corre-
sponding to the process 4-2, then a combined flip of
donor and manganese electrons has resulted. Forf590°
~the experimental conditions of Fig. 12, the combined p
cess analogous to 4-2 is 5-7.

The combined spin-flip process is therefore aninevitable
consequence of the present model, since the only distinc
between the combined process and, for instance, a si
Mn21 flip via interaction with the hole state is the questi
of which electron state the hole recombines with. The co
bined process is therefore expected to have a strength~in the
appropriate geometry! which is comparable to that of th
single flip; this is as observed~Fig. 12!. Finally, the polariza-
tion properties of the combined line are also predicted c
rectly. Referring again to Fig. 4, the polarizations of the tw
processes 4-2 and 5-7 are (s,s) and (p,p), respectively, as
is indeed observed.

VII. CONCLUSIONS

We have studied CdTe/Cd12xMnxTe quantum wells with
an in-plane anisotropy via spin-flip Raman scattering. Th
spin-flip Raman-scattering signals were observed~electron
Stokes and manganese Stokes and anti-Stokes!, each having
different behavior depending on the resonant intermed
state~a localized QW exciton or a donor-bound exciton!, and
the mechanisms of the scattering processes have been
tified.

A dependence of the spin-flip Raman intensity on the o
entation of the crystal with respect to the magnetic field
the Voigt configuration was observed and was interprete
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