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Spin-flip Raman scattering has been studied in CdTe/@dn,Te quantum well structures which have
previously been demonstrated to possess a reduced symmetry, leading to gateot®r 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@fdraer. This model is
further applied to explain the observed angular dependence of the spin-flip Raman scattering df the 3
electrons of the M#" ions. In addition, the model predicts a combined scattering process involving both a
Mn2* electron and a donor-bound electron; this process is indeed observed.
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[. INTRODUCTION of heavy holes are then usually of the fogp=g; (finite)
The spin properties of electrons in semiconductors havandg,=g,=g, ~0 (where we define the directionsandy

attracted atten_tion over many years. One reason for this ig, pe parallel td 110] and[ 1T0], respectively, in the plane
that the effective electrog factors of conduction and va- ¢ the guantum well However, in an earlier publicaticha
lence bands are related to the basic band-structure parametgfSying and surprising form of anisotropy of the heavy-hole

(such as the interband momentum matrix elemémit also g factor was reported in which it was concluded that, for

determine transport properties and optical transition : . - .
strengths. A further reason is that, in quantum structures, th%ertaln specimens, bod), andg, become finite, with equal

electron and holg factors and their anisotropy contain ad- fagnitudes but with opposite signs. This very unusual be-

ditional information about carrier confinement, barrier pen_hawor was revealed through studies of the degree of polar-

etration and, as is of interest here, about any reduction dration of the !ow_-temperature photoluminescence in an ex-
symmetry in the structure. ternal magnetic field. _ _
Among semiconductors, those that are semi-magnetic There are several previous rep_or_ts of in-plane anisotropy
form a special class since the exchange interactions betwedh heterostructures, for instance arising from an electron-hole
carriers in band states and transition-metal ions such a@xchange interaction having orthorhombic symmetry in ex-
|\/||']2+ lead to |arge enhancements of the carrier spin Sp”t.CitonS localized at type-ll heterOinterfaéé@r from the non-
tings in an external magnetic field\s a result, the effects of €quivalence of interface bonds in heterostructures containing
carrier confinement and of reduced symmetry in quantunflo COmmon atoms in alternate layéfsThe combined ef-
structures can then often be investigated with very high serfects of a type-Il interface between layers of different atomic
sitivity. In addition, semimagnetic semiconductors are cur-SPecies can produce very marked anisotrbpy; example is
rently of great interest since they can lead to the productiofs@As/AIAs® Recently, it has been shown that even type-|,
of highly spin-polarized carrier populations, for which sey-common  anion  heterostructures ~ such as  the
eral types of applications have been proposed. These includedTe/Cd_,Mn,Te system studied here can exhibit an in-
devices in which optical recombination is modulated throughPlane anisotropy in magneto-optical studiejs anisotropy
exp|oitati0n of the Spin selection rules, as well as devices irvas attributed to anisotropic strain relax_ation due to different
which information is manipulated using the electron spindislocation mobilities in thg110] and[110] directions*®
state as an information bit. In the present paper, we describe spin-flip Raman scatter-
For the particular case of CdTe/CdMn,Te quantum ing (SFRS experiments used as a further test of the conclu-
wells grown on GaAs substrates, the effects of strain and ofions of Ref. 2 and of their consequences. SFRS is a tech-
guantum confinement are such as to cause the heavy-hahque ideally suited to such investigations since, unlike
states to lie at lower energy than the light-hole states. If th@photoluminescence and many other forms of magneto-
growth axis([001]) is taken as the direction, theg factors  optical spectroscopy, it enables one to probe the spin splitting
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of only one carrier type. Further, since the scattering is resoperpendicular to both the magnetic field and the light propa-
nantly enhanced when the laser is tuned to the appropriatgation direction, thus enabling investigations in which the
excitonic transitions, the technique is highly selective, sdield was inclined to the growth axis at an anglénterme-
that, frequently, different types of scattering centers can beliate between 0° and 90°, and studies of the evolution of the
studied separately. We have taken advantage of this selecti&FRS spectrum from the Faraday to the Voigt configurations.
ity to study both electron and M spin-flip scattering pro- The samples were grown by molecular-beam epitaxy on
cesses in CdTe/Gd,Mn,Te quantum well structures in or- GaAs substrates. They both contained four CdTe wells, sepa-
der to provide further confirmation of the unusual behaviorrated by 500-A C¢_,Mn,Te barriers, the well widths being
previously reported and to measure the in-plgneluesg, 20, 40, 60, and 100 A. The barrier Mn concentrations were
andgy . x=0.3 for sample A an=0.5 for sample B. Sample A is
This paper is organized as follows. After a short descripthe sample used in the earlier studies of the photolumines-
tion of the experimental methods and an overview of thecence polarization propertiédn the present paper we shall
observed spin-flip Raman spectra, we present a detailecbncentrate on the spectra obtained from the 60-A wells in
analysis of the mechanisms, the angular dependences and theth specimens, since these quantum w&lg/'s) show the
excitation profiles of the electron spin-flip Raman scatteringmost intense spin-flip Raman scattering and the richest vari-
signals, leading to a reconstruction of the hgetensor ety of SFRS signals.
whose unusual structure motivated this wd8ec. 1\V). We
then apply the model that we have developed to the case of
spin-flip scattering from thed® electrons of manganese ions
in the structuregSec. V). Finally, we show that a combined The photoluminescence spectrum from the 60-A well in
scattering process involving both an electron of a manganesspecimen A showed two distinctly resolved bands with peak
ion and a donor-bound electron is predicted by our model tgositions about 4 meV apart. The spectrum for the 60-A well
be of similar intensity to the signals already discussed; weén specimen B is qualitatively similar. Such spectra are typi-
present data showing that this process is indeed observexl of CdTe/Cd_,Mn,Te quantum wells, as reported
(Sec. V). previously!’=?! The higher energy line, denoted corre-
sponds to the recombination of excitons which are either free
or, more probably, weakly localized at fluctuations of the
Il. EXPERIMENTAL DETAILS QW potential; the excitons are formed from the lowest-

In spin-flip Raman scattering, one measures the change #nergy single-particle states of the QWe{11hh in conven-
energy of an inelastically scattered photon when the scattetional notation. The lower energy line, denotdd®X, is as-
ing is accompanied by a change in the spin state of the cent&fibed to excitons bound to neutral dorférs*in view of the
under study(for discussion of SFRS, see Refs. 11}.116 relatively low electron concentration in the present, nomi-
the present experiments, a Ti-sapphire laser pumped by tHally undoped samples. In more highly doped samples or
green/blue output from an argon ion laser was used to prodnder high excitation densities, negatively charged excitons,
vide resonant excitation and the scattered light was analyze¥ , may also be formed whose PL transitions are expected
in a spectrometer with a double subtractive filter stage fol40 occur in the same region of the spectrumDe.?**" In
lowed by a final dispersing stage of focal length of 1 m. Thethe present paper we shall refer throughout to the lower en-
light was detected either with a charge-coupled detector a€rgy line as beind°X but note that our consideration of the
ray or with a cooled GaAs photomultiplier photon counting Spin selection rules for SFRS is not affectedXif, rather
system. The specimens were mounted in direct contact witthanDX, is involved.
superfluid helium at 1.6 K in a superconducting magnet that In Fig. 1 we show the effect of optical excitation with the
provided fields up to 6 T. The Raman spectra were taken itaser wavelength within th& PL band from specimen A,
the backscattering mode. Both incident and detected polawith a magnetic fieldB of 2 T in the plane of the quantum
izations (circular or lineay could be selected by means of well and normal to the direction of light propagatigtne
quarter wave plates and linear dichroic polarizers; the polarVoigt configuration. The spectrum was recorded in the
ization sensitivity of the spectrometer was compensated by év,7) polarization geometry, where the first and second
polarization scrambler whose correct orientation was estalsymbols represent the polarizer and analyzer, respectively,
lished using a light source known to be unpolarized. Photoand wherer ando imply linear polarization along, and nor-
luminescencéPL) spectra were recorded with the same sys-mal to,B. In Sec. VI, we shall discuss results obtained with
tem. parallel linear polarizations+#, ) and (o,0). The PL band

In taking the SFRS spectra, we used either the Faradagentered at 1.6593 eV is tH2X luminescence while thi
geometry, in which the field was parallel to the direction ofluminescence band forms the background on which the
light propagation, or the Voigt geometry, in which these twoSFRS lines are superimposed.
directions were perpendicular. In the Voigt geometayd The sharp lines on either side of the laser line represent
with the direction of light propagation parallel to the growth SFRS processes with a flip of one or more spins ofMn
axis) the specimen orientation relative to the field direction3d® electrons in the barriersThe observed linewidths are
could be changed by rotating the sample in its plane, theletermined by the spectral resolution of the experimental
angle between the field and th&10] direction being speci- setup, typically around 0.1-0.3 crhand are, in our system,
fied by ¢. The specimen could also be rotated about an axiimited ultimately by the laser linewidth. The Raman shifts

Ill. OVERVIEW OF THE SPIN-FLIP RAMAN SPECTRA
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FIG. 1. The photoluminescence and spin-flip Raman scattering

spectrum of the 60-A wide GdMn,;Te/CdTe quantum well of FIG. 3. Spin-flip Raman scattering intensity as a function of
sample A with excitation near the freer weakly localizell QW excitation energy“excitation profiles”) for the electron and M
exciton transition. The excitation laser lilabeled is too intense  spin-flip signals(filled and open circles, respectivelior sample A

to be represented in the figure. The labels indicate the SttRes in a magnetic field of 2 T in the Voigt configuration, compared to

and anti-StokegAS) Mn?* spin-flip lines, the electron spin-flip the photoluminescence spectrum of the same sample. The dashed
signal(electron SF, and the donor-bound exciton photoluminesen- and dotted lines are guides to the eye.
cence D°X)

netic Mr?™ spin system(Fig. 2).2° The Mn content of the

for these Sharp lines increase ”nea”y with the magnetic ﬁel(barriers in the present Samp|es is re|ative|y h|gh and the |arg-
as shown in Fig. 2, and for the processes with a spin flip okst influence on the carriers in a quantum well comes from
one manganesed3 electron (1S, 1AS correspond t0 &  the Mr?* ions nearest the interfaces to the quantum well; the
factor of 2.00, as expectéd. o degree of paramagnetism of these ions is not expected to be

The broader Raman line near 1.663 eV in Fig. 1 corretypical of bulk Cd_,Mn,Te of the barrier composition and it
sponds to the spin flip of a conduction-band electron ofs therefore difficult to model accurately the saturation be-
shallow-donor bound electron. The mechanism of this SFR®ayior that we observe. TH2PSF spin-flip line has a Lorent-
process is discussed in more detail in Sec. IV B. As is Wellzjan line shape with a width of 0.25 meV. This linewidth is

known, the Raman shift of this line is comparatively largeindependent of the magnetic-field value, suggesting that this
even at low magnetic fields but tends to saturation at fieldgs 3 homogeneous linewidth, in contrast to the PL lines,
above about 3 T, corresponding to saturation of the paramagghich are inhomogeneously broadened.

1.6

CdTe/(Cd.Mn)Te QWs Sample A IV. ELECTRON SPIN FLIP

(L=60 A), T=1.6 K A. Excitation profiles

1.2} The intensities of the Raman lines are strong functions of
the laser wavelength. In Fig. 3, we show the excitation pro-
e D°SE files for the electron and first Stokes Kinspin-flip signals
08l / Sample B in a field of 2 T in the Voigt configuratiorithe latter is
denoted 1S in Fig.)1A comparison of these profiles with the
PL spectrur?® indicates that it is the QW exciton states
which serve here as the intermediate states of the SFRS
processe$?”?The profiles also show that both electron and
Mn?* processes can proceed not only via free or weakly
localized excitonic states, but also via the impurity-bound
0.0 s s s s s s excitonic complexD°X. In both cases, it is the heavy hole
o 1 2 3 4 5 6 components of the excitonic states that are involved.
Magnetic field (Tesla) The key observation of the present work is that, when the
FIG. 2. The dependence of the spin-flip Raman shift on mag_polarization geometry .Of the e.XperimeTnt is changed, the
netic field in the Voigt geometry for the 60-A quantum wells of SFRS spectra and their exc;ltgtlon profiles undergo ”.‘a”‘e.d
sample A(squaresand sample Bcircles. Solid symbols represent and unusual changgs. In partlcuElr, the spectra obtained in
signals from the conduction band or shallow-donor bound electrothe two geometriesz(m,0)z and z(o, )z, are strikingly
states and open symbols represenZMapin-flip signals. The solid  different; from the symmetry point of view, this is not unex-
lines represent fits to the data as described in the text. pected since the configurations () and (o, ) are indeed

Raman shift (meV)

MnSF
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BI[110] (¢=o°) BI[110] (¢=go°) denote byD®SF and ESF The process responsible for the
eT el lower-energy maximum is readily identified. By its energy,
this peak corresponds to the creation of an exciton-to-
el el impurity complexD®X which includes three charge carriers
(two electrons and one hglevhich serve as the intermediate
T p o - aC state of the Raman process. Such processes have often been
n o observed both in bulla,Bg crystals® and in QW’s, and their
A S O mechanism is well understod&262°-3The Raman intensity
of a scattering process that involves the spin flip of a donor
hl nt . . X
electron can be written in second-order perturbation theory
1 23 4 5 6 7 8 as
FIG. 4. K_ey to the model presented in this work: t_he elt_ectron (fin|V|int><int|VT|ini)\2
and hole spin states are shown for two orthogonal orientations of - , D)
the magnetic field when in the plane of the sample. The possible (ho—Eo+il'/2)

transitions between these states and their optical polarization statggere ini, int, and fin represent the initial, intermediate, and
are indicated by the vertical arrows and the transitions are numging| states. These are, respectively:the laser photon plus
bered to facilitate the discussion of the observed selection rules. a neutral donor with an electron of one spiii) the DOX
complex; andiii) the Raman photon plus the neutral donor
physically nonequivalent. However, if the sample is rotat_eq,vith a reversed electron spiW. and V' are the exciton an-
by 90° around the normal to the layer, the spectrum whichyihjjation and creation operatoréw is the laser quantum
was recorded before the rotation imr,(0) geometry is now energy,E, is the resonance energy, aiidis the homoge-
observed in ¢, ) and vice versa. In other words, there is anegus level width.
combined invariancef the spectrum under the rotation by  Qualitatively, this process can be interpreted as follows
90° of the polarizer, the analyzer, and the sample. [see Fig. )] In the initial state in a magnetic field, the
The reason for this combined invariance can be underglectron of the neutral donor occupies the lower Zeeman sub-
stood as follows. We have shown above that the intermediatgye| (for these dilute magnetic semiconductor structures, the
Raman states for spin flip are the hea}vy—hole QW excitonszeeman splittingA . is typically much greater thakgT at
For sample A, it was established earlier that the in-plane |iquid-helium temperaturesA laser photon is absorbed and
factor of the heavy hole@wvhich is normally very small, of  resonantly forms the exciton-to-donor complex containing
the order of the Luttinger parameter=0.01) is dominated the donor electron, the photocreated electron and the photo-
by a component induced by the in-plane strain in the preserdreated hole. Since the lower electron Zeeman level was al-
specimens and is therefore extremely anisotfopich that  ready occupied, the photocreated electron must be excited to
gx=—0y. This unusual behavior implies that, if the figBd  the upper level. The hole subsequently recombines with the
is in the layer plan€001) and makes an anglke with respect  electron in the lower level, emitting a Raman photon having
to [110], the Zeeman splitting between the heavy-hole stategnergy deficitA, with respect to the laser photon. We note
is given by gugB, where g?=gicogp+gsiP¢=g; and  that a second-order process of the type described byIEg.
does not vary with¢. However, the hole pseudospin doesinvolves only light emission and absorption processes, with
vary, the uppermost heavy-hole state being characterized o transitions occurring in the intermediate state.
a value of+1/2 when the field is along and by— 1/2 when The linewidth of the Raman replica in the process de-
it is alongy. In contrast, the QW electrapfactor is isotropic  scribed should depend on the uncertainties of the energy of
to within the limits of our experimental accuracy. If the the donor electron in the initial and final spin states. The
sample is rotated abo{®01] from B||[110] to B|[110], the  uncertainties depend, in turn, on the lifetimes of the corre-
electron states will therefore remain the same, while theponding states. As has been established in numerous studies
heavy hole states will interchange; this is shown diagramatiof semiconductor crystals containing manganese ions, the
cally in Fig. 4. As a result, if the left and right panels of Fig. relevant lifetimes for both electrons and holes are the spin
4 are compared, those transitions which proceedrito relaxation times; the electron located on the upper Zeeman
polarization on the left, proceed irr() polarization on the level is expected to flip its spin within the picosecond time
right (and vice versa It is therefore expected that, in pro- scale. Therefore the lifetime of the electron in the upper level
cesses involving such excitons, an interchangeraind = IS short, the energetic uncertainty is large, and this Igwel,
accompanied by a 90° rotation of the sample will yield thethe final state of Eq(1)] is expected to give the main con-
same spectrum. Note that, as is clear from the above expregibution to the linewidth of the Raman replica. The width of
sion for g, the splitting of the hole levels does not changethe Raman line corresponds to a lifetime of 2 ps, in agree-
with angle; it is only the polarization character of the opticalment with electron-spin relaxation times in dilute magnetic

transitions that evolves continuously with rotation. semiconductors according to Ref. 37. _
The interpretation of the second process, responsible for

the higher-energy peak ESF in the excitation praffig. 3),

is more problematic. A comparison with PL and photolumi-
As shown in Fig. 3, the excitation profile of the electron nescence excitation spectroscoffLE) spectra implies

spin-flip Raman line has two distinct maxim@hich we  that the intermediate state for the ESF process is a

B. Origin of the signals
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b has a spin opposite to that of the electron in the exciton itself,
a 6 in effect resulting in an electron spin flip. However, in such
process, one would expect that the SFRS linewidth would be
hQ2 influenced by the distribution in energy of the available ini-
tial and final states occupied by the electron, whereas we
? observe experimentally that the Raman linewidth and shift
for ESF are the same as f@°SF. Furthermore, the effi-
ciency of this process should depend on the concentration of
electrons in the QW, which is not expected to be high in
these undoped samples.
For these reasons it appears that, in order to interpret the
ESF peak in the excitation profile, one has to take into ac-
count third-order processes of the form

A,

Laser
Raman

Laser

Raman

Q
Q

Ay

C | (fin|V|int2)(int2| P|int1)(int1|V[ini)|* @
o - - ,
Fl9n Flop (ho—E +iT1/2)(hwg—E,+il5/2)]|

where, in addition to the creation and annihilation of the
exciton, the transition between two excitonic intermediate
states intl and int2 with an accompanying flip of the electron
Donor spin is includedP stands for the operator of the correspond-
ing perturbationE, andE, are the incoming and outgoing
resonance energies, respectivdly, andI', are the corre-
sponding damping coefficients, ahdpg is the energy of the
scattered photon. For the mechanism of the spin-flip transi-

Laser
Raman

Q

d e tion between the intermediate states, we will consider two
6 6 possibilities:(i) the emission of an acoustic phonon digla
flip-flop process between the exciton and a remote donor.
Process(i), involving the emission of phonon, is sche-
matically depicted in Fig. ®). The initial state here consists
- ? « 0 ? ° of the laser photon and the unperturbed crystal and the final
ol et T = state consists of the Raman photon and the crystal containing
§ g § g an additional phonon. Thus such a process can provide a
~ 2 — 2 Raman shift ofA, only if the energy of the created phonon
O equalsA.. In terms of Eq.(2), the internal matrix element
H | | would be(et,h]+#Q]c'|e],h]), wheree andh stand for
@, the electron and hole in the excitg¢arrows show their spin

) ) . o stateg andc' is the creation operator for a phonon of energy
FIG. 5. Schematic representations of the possible spin flip Raz ) A similar process has been envisaged by Karimov
man scattering processes considered in the ®@tSFRS of a o 5% iy sudies of excitons strongly localized at quantum
donor-bound exciton{b) exciton spin flip with emission of an dots
acoustic phonon(c) spin-flip of an electron located on a remote The behavior predicted on the basis of this model is some-

donor; (d) and (e) SFRS of a donor-bound exciton showing the .
reasons for the difference in efficiency of processes 1-2 and s_gvhat different from that observed. In contrast to DESF

(Sec. D 1. process, in the phonon-assisted Raman process the initial and
final states contain no carriers and thus have comparatively

free or weakly localized QW exciton. The Raman shift itselflong lifetimes with no contribution from spin relaxation.
and the linewidth(which are both independent of the direc- Therefore the main contribution to the Raman linewidth
tion of the magnetic fiel[dare the same as for excitation in should come from the intermediate transition and should be
the D®X region, which suggests that the ESF Raman procesgominated by the broadening of the first and second interme-
also arises from the spin flip of a conduction-band electrortliate states. In both these states there are unpaired electrons
or a shallow donor-bound electron. This supposition is supand holes. If we assume still that the fastest decay times for
ported by the similarity of the behavior of the Raman inten-charge carriers are their spin relaxation times then one can
sity in the Voigt configuration for ESF anbl®SF (see Sec. see that, apart from spin relaxation of the electfaich
IV C). determines the Raman linewidth fB°SF), the spin flip of

A second-order process involving the spin flip of an elec-the hole must also contribute to the broadening of both in-
tron remote from the exciton can be considered but appeatermediate states. Since the spin-relaxation times for holes in
to be unlikely. For example, if the QW contains excess elecsimilar QW’s are, as a rule, of the same order of magnitude
trons originating from donors in the barriers, the hole of theas for electrons or even shorféra noticeable extra broad-
exciton may recombine with one such free electron whichening of the Raman line is expected comparedDRSF.
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However, experiment shows neither an extra broadening of _ e | [ .

the Raman line for ESF nor a change of the ESF Raman £ 53| @ It ) .

linewidth under the rotation of the crystal in the Voigt con- 5 o e 9

figuration (see Sec. IV € On the basis of these consider- I3 0.2' . i o

ations, we do not believe that the ESF resonance can be o 1 . o

interpreted as a phonon-assisted spin flip of an electron. @ 01 XXX o ° *
The most appropriate mechanism of the ESF thus seems § ’ o° %% oo

to be a third-order process involving the spin flip of a free = Z(no)z ! Z(om)z

electron or an electron on a remote dofibig. 5c)]. For 00045 90 135160 0 45 90 135 180

such processes, the internal matrix element in Eq. 2 may In-plane angle ¢ (degrees)

have either the fornfa) (e|,hfi+d7|sys.|el,hf+d[) or
(b)(eT,hl+d7|syj,|eT,hft+d]). In both cases, the right
(left) intermediate state includes the donor electdowith
spin along(opposite t9 the field. The flip of the spin of the
donor electron is accompanied by the flapithin the exci-
ton) of the electron spir(a) or of the hole pseudospitb); ) . o )
si's; ands]j, denote the operators responsible for the cor-factor of about 3 is observed. '_I'hls variation cannot be attrib-
responding flip-flop transitions. The double arrows show the!t€d o any change of the optical alignment during the rota-
direction of the hole pseudospiwe now use the pseudospin U0N: the more so as the quality of alignment can be easily
representation for holes in order to make explicit the invari-Checked by the intensity of the PL, which is only weakly
ability of the hole spin state in the first case and its change if0larized under these conditioh©ne can see that the an-

the second cageOf course, matrix elemere) can equally gular .dependences are dominated by a 180° repeat pattern,
well be written withhl on the left and right and, likewise, Put With the dependences forr(o) and (o, ) having op-
matrix element(b) may be written withe| on the left and posite phases. The two cases in WhIC_h the field is directed
right. A similar mechanism has been suggested by Sapegdong the[110] axis (¢=0°) and the[110] axis (¢=90°)

et al. in the case of hole spin flif® (which are equivalent for aideal QW havingD,4 symme-

This process can be described in the following manneriry) are observed to give different Raman intensities, reveal-
The laser photon generates a free or weakly localized excitoing the lowerC,, symmetry of the QW under study. This
which further interacts with a remote donor electron causingprovides an important new confirmation of our previous
the flip of the spin of that electron. Simultaneously the spinobservations. The Raman intensity on the ESF resonance
of the electron(or the pseudospin of the hola the exciton  behaves analogously, and the angular dependences recorded
is also flipped. After that, the exciton recombines generatingn each of the crossed geometries have the same phase as
the Raman photon and leaving a donor electwwith flipped  those forD°SF. We emphasize that no variation withwas
spin in the crystal. This process should be resonantly enobserved either of the Raman shift or of the Raman line-
hanced when the laser is tuned to the free or weakly locawidth.
ized QW exciton transition energy, as is observed for ESF. The mechanism of such anisotropy of the spin-flip Raman
The linewidth is expected to be controlled by the spin relax4ntensity in QW's can be discussed on the basis of the earlier
ation time of the electron in the donor state and is thus exconsiderations. We take first ti&°SF process in thext, o)
pected to be the same as in the caseD8BF. The large polarization geometry and use, for convenience, the notation
intensity of this third-order procesgomparable to that of of the optical transitions given in Fig. 4. We analyze first the
second-ordeiD°SF) can be explained by the much largerleft-hand part of that figure ¢=0°). For m-polarized in-
density of states for free QW excitons compared to that focoming light, the transitions considered as candidates for in-
D®X complexes. Therefore, in what follows, we proceedvolvement in the SFRS process are 1 and 3 while, for
from the assumption that the observed ESF resonance origi=-polarized outgoing light, they are 2 and 4. However, since
nates from a third-order Raman process with a flip-flop tranthe lower Zeeman component for the electron is already oc-
sition in the intermediate state. cupied by the electron on thghermalized donor, transition

3 and hence processes 3-2 and 3-4 are ruled out. Process 1-4
C. Angular dependences of Raman intensity in Voigt geometry IS also ruled out since it does not correspond to a spin flip of
the donor electron. Thus fap=0°, the process must pro-
1. The D’SF process ceed via the 1-2 channel. Fgr=90° (the right-hand part of

Now that the processes by which electron SFRS occurkig. 4), we find by analogous reasoning that the relevant
have been identified, we turn to the key observation of theprocess must be 5-6.
present paper: the dependence of the intensity of the Raman To explain why different Raman intensities are observed
lines on the orientation of the magnetic field in the plane offor ¢=0° and for¢y=90°, one must therefore compare pro-
the QW's. Figure @) shows the dependence of the intensity cesses 1-2 and 5-6 and identify the reason for their different
of the electron spin-flipD°SF) recorded in4,0) geometry  efficiency [see Figs. &) and (e)]. This must involve the
on the anglep. Figure Gb) shows the analogous dependencevalue of the Raman denominator in Ed). Close to reso-
taken in the second “crossed” geometryy,¢r). In both  nancefw~E, and the absolute value of the denominator
cases, a substantial and regular variation of the intensity by strongly depends on the damping coefficientwhich is, in

FIG. 6. (a) Dependence of the intensity of the electron spin flip
(DSF) of sample A on the anglg between th¢110] direction and
the magnetic field recorded in ther(o) geometry;(b) the analo-
gous dependence recorded in the £) geometry.
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turn, inversely proportional to the lifetime of the intermedi- Raman
ate state. As we already noted when discussing the phonon- quantum
assisted spin flip, it is reasonable to assume that the flip of
hole pseudospin is one of the fastest relaxation processes and
that it can determine the lifetime of the intermediate state
(both electron spin states are occupied in BfX interme-
diate state, so electron spin relaxation is not relevdntthe
5-6 scheme, the decay of the higher energy hole state occurs
by a transition to the lower energy level; i.e., this process
proceeds with a dissipation of energy and therefore rapidly.
On the contrary, in process 1-2 the decay of the hole state by
a flip of the pseudospin requires an activation energy of the
order of the hole Zeeman splitting, and thus proceeds at a
factor of expQy/kgT) more slowly. As a result, fop)=0°,
the decay time is longer, the Raman denominator is smaller, _Raman
and the intensity of Raman scattering is higher thandor quantum b
=90°. This indeed corresponds to the observations in the
(7,0) configuration. A similar argument has already been
used to explain the observed difference in intensities of
(,0) and (o, 7) SFRS® though, in that work, no anisot-
ropy of the kind discussed here was observed.

One can readily see that, for the @) configuration, the
converse reasoning holds. Process 4-3 dominateg fo0°
and process 8-7 fokp)=90°. The latter process has the
smaller Raman denominator, which accounts for the increase
of the Raman intensity frongp=0° to ¢=90° observed in Energy
this polarization.

Energy——

FIG. 7. A representation of the broadened intermediate states
2. The ESF process involved in the Stokes1t, o) spin-flip process(a) doubly resonant

For the case of the anisotropy of the intensity of the Esr_scattering via, e.g., process 1-2, in which excitation and emission
are at the maxima of the bands centered at each electron spin sub-

Raman S|gnatl, dlscuf?_SI_ontpf the S?Tﬁmes ?)pecgl_c to .thI%veI; (b) scattering via, e.g., process 3-4, where double resonance
(,0) geometry is sufficient in view of the combined invari- . w000 poorly satisfied.

ance described in Sec. IV A. We use the results of Sec. IV B

and propose that the ESF is a third-order process with gecqyse the hole sublevel splitting is in general different
reciprocal flip of the spin of a donor electron and the spin oft 1 the splitting of the donor electron.

electron (or pseudospin of the holén the exciton. In the We therefore conclude that, faf=0°, the main channel

intermediate state, the exciton has only one electron, Whicghould be process 1-2. Analogously, fb=90°, process 5-6
can have either spin. We therefore have to consider a greatgp, |4 dominate. The situation is then equivalent to the
number of possibilities than in Sec. IV C 1. F¢':.O°’ thes_e DOSF case considered above, which explains the observation
are 1-2, 3-4, 1-4, and 3-2. However, the following considery,at the angular dependences of the intensities oDf&F
ations can help identity the_ most eﬁecnve process. nd ESF signals are in phase and have similar amplitudes.
The third-order process is expected to increase in Strengfowever, it is worth noting that the predicted phase of the

the more closely double resonance conditions are fulfille ngular dependence for ESF is not altered if processes 3-2
[“double resonance” implies thatoth terms in the denomi- (for =0°) and 5-8(for ¢=90°) also contribute.

nator of Eq.(2) are minimized. Due to the short spin life-

times, the two electron and the two hole suk_)le_vels are palr1.90gether with the concept that it is the fast hole spin relax-
of overlapping bands rather than pairs of distinct levels sy, that limits the lifetime of the intermediate Raman state,
that, for example, process 3-4 can in principle proceed evep s s to explain the observed angular dependence of the
with the energy of ther transition smaller than the energy of jiengity of the electron spin-flip signal, the reversal of the
7 transition, i.e., as a Stokes process. However, such a projase of this dependence on reversal of the polarization ge-
cess is very unfavorable with respect to the double resonan etry and the similarity of the angular dependences for the
conditions(see Fig. 7. This reason alone makes the 1-2 pro- ege 43 pOSF resonances. The explanation is consistent

cess much more probable than the 3-4 process. The samgy, e conclusions about the origin of those resonances
holds for the pair of transitions involving a hole flip, where derived in Sec. IV B.

the double resonance enhances process 3-2 with respect to
process 1-4. By comparing processes 1-2 and 3-2 and setting
aside differences in matrix elements, process 1-2 is likely to
be stronger because, in this process, the double resonanceBy comparing the processes 1-2 and 5-6 proposed to be
conditions can be satisfied exactly, while in 3-2 they are notesponsible for the electron spin flip for anglés=0° and

In summary, the anisotropic laterglfactor of the holes,

D. Reconstruction of the holeg tensor
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1.6 meV at 4 T). This similarity of the values of the electran
- factor and the transverse hajdactor also manifests itself in
2 the results on manganese spin fligec. V.
" We note that to attempt to determine the hole in-plgne
—12 factor from the splittingA,=0.85 meV at a field of 4 T
%‘ would be incorrect, as the value df, contains a contribu-
S tion from the “exchange field” produced by the manganese
= magnetization which, at 4 T, already tends to saturation. At
g the same time, at a smaller field the experimental determina-
% %(n0)z o tion of Ay, becomes_more imprecise because Qf its small size
o m . compared to the width of the resonance profiles. We there-
04t =0 e fore account for the saturation by considering the depen-
: : : dence of the electron Raman shift on the external fistk
1.662 1.664 1.666

Fig. 2). For example, at 1 T, where the magnetization is still
linear in the external field, the value Af, is 0.7 meV; at4 T

FIG. 8. Excitation profiles for the electron spin-flip scattering of A is 1.35 meV, that is, the exchange field B4 T is a
sample A at a magnetic field of 4 T in the Voigi(r) and (r,0)  [actor of 1.93 larger than &=1 T. Thus, the value oA,
geometriesiopen and filled circles, respectivelyith ¢=0. The Scaled to 1 T is 0.85/1.930.44 meV. Since aB=1 T the
solid lines are guides to the eye. The vertical arrows indicate thénagnetization is linear i, the value of the hole factor
positions of the peaks of the resonance profiles in the energy regioi®llows from the relation wuggn, =A,/B=0.44 meV/T
of the quantum well excitori* X" ) transitions. Upper horizontal (9n, =|9x/=|9,|=7.7). However, the most interesting and
arrow: the measured splitting of the resonance profiles; lower horiphysically meaningful quantity is not so much the absolute
zontal arrow: the electron spin splitting measured via SFRS at 4 Tvalue of the exchange-enhanced transvéirsglane holeg

factor but its value relative to the longitudinal hadactor.
¢=90° respectively, another prediction may be made. This The longitudinalg factor was derived from the magnetic
is that the 1-2 process will be resonant at an excitation enfield-induced redshift of the excitonic luminescence lines in
ergy corresponding to the energy splitting of the upper holéhe Faraday geometry. The doubled value of the shift yields
and upper electron subleveBy=Ey(B=0)+(A.—A,)/2, Ag+A,=3.2meV at B=1T and, by subtractingA,
whereEy(B=0) is the energy of the exciton in zero mag- =0.7 meV, one obtains an estimate of the longitudinal hole
netic field while, for the 5-6 process, resonance will be at theg factor in the formuggn=A,/B=2.5 meV/T @, =43).
energy splitting of the lower hole and upper electron sublevin addition, the value of,| determined in this way was used
els [Eq=Ex(B=0)+(A.+Ap)/2]. This implies that elec- in an analysis of the angle-dependent redshifts of the exci-
tron spin-flip excitation profiles taken in the same geometrytonic luminescence line observed in the tilted magnetic field
at ¢=0° and¢=90° should be shifted relative to each other configurations between Faraday and Voigt in accord with the
by an amount equal to the hole sublevel separaign The  relation
same also applies to the profiles taken at one value of the
angle ¢» but in opposing polarization geometriéis is the Ap( 6?)=,uBB\/gﬁl Sifo+ gﬁ” cosd ©)]
combined invariance discussed in Sec. 1Y A

Experiment shows that this prediction is corréeig. 8.  (with 6=0° corresponding to the Faraday afie 90° to the
At $=0° the resonance profile foro() (process 4-Bis  Voigt geometry. From this, we find that uggn,
shifted toward higher energies as compared to the profile for 0.45 meV/T, in excellent agreement with the value 0.44
(,0) (process 1-2 The value of the shift amounts to 0.85 meV/T obtained from the excitation profiles.
meV at B=4 T. This observation leads us to reconsider The set of measurements described therefore allows the
briefly the interpretation of the angular dependences in theéomplete reconstruction of the effective h@etensor in a
previous subsection. The shift of the resonance profiles musipecific QW. For the present sample, this ten@iits prin-
contribute to the angular variation of the Raman intensitycipal axe$ takes the form
recorded at a fixed laser energy. However, this shift is small

Photon energy (eV)

compared to the width of the profiles and thus it cannot be 43 0 0 3 0 0

the principal reason for the variation of intensity by a factor . o 77 ¢ _a| 0 054 0

of 3 (as shown in Fig. 6 Oh= =Ap ,
The shift of the profiles in Fig. 8 yields the first estimate 0 0 —-77 0 0 -054

of the value of the hole splitting arising from the extremely (4)

anisotropic in-plane factor of holes in this QW. The previ-

ous measurements of the polarization of the lumineséencavhere, following Ref. 2, we define the longitudinal compo-
only revealed the form of the holgtensor, while the actual nent of the unenhancegltensor to be 3A,, stands for the
values of the in-plane components remained unknown. Théactor of the exchange enhancement of the external magnetic
in-plane g-factor components turn out to be surprisingly field due to its indirect action on the hole mediated by the
large, so that the splitting\,, is only slightly less tham\,  manganese spins. The tensor expressed Usingresents an
(which is known from the Raman shift and which is 1.35important estimate of the value of the lateral hgléactor
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(independent of effects due to the Rin magnetization 3.0
which can be induced in QW’s by an in-plane strain. q [ 18 D’MnSF
2.5h o D'SF
— C
V. MANGANESE SPIN FLIP 8 20l ° o 1ASD'MnSF
%) S
In QW’s containing semi-magnetic well layers, multiple 5 151 o /’/ \9\

light-scattering processes involvinglBmanganese electrons = '\ =
have been observed in the Voigt configuration and more than E 1.0l ;/'
15 peaks have been report®d?' A semi-classical theory of 2 L ¥ oo’ k
this phenomenon has been developed involving the collec- £ o5l © o 9
tive precession of the manganese spins in the exchange field N .//5 X G\H
of the localized holé?*° In our QW's, the exciton-to- 0.0k ° 0 0Xfo 00 .

manganese coupling is evidently weaker @rions are in
the barrier layers only and a smaller number of peaks is
observed. In what follows we shall examine in detail only the
first Stokes(1S) and the first anti-Stoke§LAS) manganese
spin-flip peaks; these both have a large intensity and, having
the smallest Raman shift, do not overlap with other spectral
features.

The flip of a single manganesel3electron spir(referred
to as MnSHK can be naturally considered as a third-order

—e— 1S XMnSF
process->* This process is described by E) and is in o ESF
many respects analogous to the ESF processes. It was pro- ©  1AS XMnSF

Intensity (10° cts/sec)

0.2}

posed above that, for ESF, the dominant mechanism involves °'°0 45 90
an electron-electron flip-flop transition in the intermediate

state. Bearing in mind, on the one hand, the similarities of In-plane angle ¢ (deg)
MnSF with ESF and, on the other hand, its interpretation on
the basis of the hole-manganese interactisiwe shall ad-
dress the question of which particle within the excitetec-
tron or holg is responsible for flipping the Mn spff.

135 180

FIG. 9. Angular dependencdin the Voigt geometry of the
intensities of the MA" spin-flip Raman signals of sample B in
resonance with(a) the donor bound excitonqoMnSF; filled
circles: Stokes; open circles: anti-Stokesd (b) the quantum well
exciton XMnSF; symbols as aboydor sample B together with
A. Excitation profiles and angular dependences those of the corresponding electron spin-flip signdl%F and

o . . .. ESF respectively; open squareshe lines are guides to the eye.
The MnSF excitation profiles, like the electron spin-flip

excitation profiles, embrace two regions of the QW PL specpath (for ¢=0°) or via 5-6 (for ¢=90°), the 1-2 mecha-
trum: the excitonic regior{processXMnSF) and theD°X  nism leading to the higher intensity. The third-order
complex region (process D°MnSF). In sample B, the D°MnSFE process contains the intermediate flip-flop transi-
D°MnSF resonance manifests itself as a distinct peak in théon in which the paired electrons of tH2°X complex can-
profile, along withXMnSF. In sample A, theXMnSF effi-  not take part. Obviously, the manganese spin can be flipped
ciency is much higher than that @°MnSF, so the latter only by interaction with the hole. The incoming transition
does not yield a distinct peak and forms a low-energy shoulinvolving the lower electron sublevel is essentially blocked
der on theXMnSF resonance which is more or less pro-at low temperatures. Furthermore, since the spin flip of the
nounced in different polarizatior{ig. 3). Judging by the PL  donor electron does not contribute to the Raman shift for the
spectra and the electron spin-flip profiles, the concentratioprocess under discussion, it is evident that the spin state of
of donors in sample B is few times higher than in sample A.the donor electron is unchanged as a result of the process.
Figures 9a) and(b) show the angular dependencesthe  Therefore an outgoing transition from the lower electron
\oigt configuration of the intensities of the 18MnSF and  sublevel is ruled out and the MnSF Raman process can only
1S D°MnSF signals for sample B together with those of theproceed through the upper sublevel: all the transitions of Fig.
respective electron spin-flip signalESF andD°SF). The 4 are thus ruled out with the exceptions of 1fdr ¢=0°)
angular dependence for DSMnSF has the same phase asand 5-8(for ¢=90°). These two processes are similar with
ESF, though with a somewhat weaker amplitude. The 1S$espect to decay times, since the same sublevels are involved
D°MnSF shows a much more pronounced angular deperin both (only the first and second intermediate states ex-
dence which, moreover, has the opposite phase to the elechange their placésThe double resonance conditions are
tron spin flip. Similar behavior is observed for the 1S evidently better satisfied for 5-8 than for 1(€ee Fig. 7. As
D°MnSF signal in sample A. a consequence, the angle where D®SF intensity is the
The fact that the angular dependencesDJSF and 1S largest (p=0°) gives the smallest intensity of I3°MnSF.
D°MnSF[Fig. 9a)] are in antiphase can be explained by use The same argument explains also the observditig.
of the schemes of Fig. 4. It was shown in Sec. IV C 1 that in9(a)] that the 1S and 1A®°MnSF lines exhibit opposite
(,0) the second-ordeD°SF process occurs via the 1-2 dependences on the angje If the hole is to be responsible
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FIG. 10. The resonance profiles, in three different geometries, of
the electron spin-fligopen circley and manganese spin-flifilled
circleg signals of sample B. The solid line shows the photolumi-
nescence excitation spectrum.

for the Mn spin flip, both 1S and 1A®°MnSF can only
proceed via the process 1-4 of Fig. 4 when, for examgple,
=0°. The double resonance conditions are satisfied better
for anti-Stokes scattering via process Iwhich represents 0 . .
the ideal anti-Stokes pair of transitiorend worse for Stokes 1.662 1.664  1.666
scattering. Photon energy (eV)
We emphasize that it is the blocking of transitions involv-
ing the lower electron sublevel in ti@°MnSF process that o ) )
is responsible for the antiphase behavior@ASF and 1S Sp'n'ﬂ'p. Raman.5|gnals for sample fopen and f”!ed symbols,
D°MnSF, by forcing the latter process to proceed, in a givenreSpeCt've'y at fields of 2, 4, and 6 ‘I(square;, dla_mond_s, and
e Lot o circles in (a) the (w,0) and (b) the (o, 7) configurations in the
geometry, via the path Wh'Ch_ IS unfavorable with respect t%oigt geometry with¢=0. The lines are guides to the eye. The
the double resonance .C(?ndlj[IO!’lS. The same argument agapica| arrows in(b) indicate the movement of the peak positions
counts for the large variation in intensity of the DSMNSF ¢ the resonances.
signal with ¢ shown in Fig. 9. Naturally, for 1XMnSF no
blockade is expected and thus the manganese spin-flip inteone energy while in ¢,7) the 1AS maximum is shifted
sity should exhibit different behavior on theand theD°X  toward lower energy with respect to the 1S maximuin;in
resonances. (7,0), the maxima do not move noticeably with increasing
This is illustrated by the data shown by solid circles infield while in (o, 7) the 1AS maximum shifts toward lower
Figs. 9a) and(b) and is also shown by the excitation profiles energies and the 1S maximum toward higher energies.
of the electron and 1S manganese spin-flip signals taken in The same line of reasoning as in Sec. IV C 2 clarifies
three different geometrielFigs. 1@a)—(c)]. On this figure, these results. For 18MnSF one can reject half of the pos-
the left- and right-hand peaks of each profile are in resonancsible schemes due to the unfavorable double resonance con-
with the D°X and X states, respectively. Whereas the elec-ditions, so that for ¢, o) the alternative processes 1-2 or 3-2
tron spin-flip resonances ESF aB®SF (open circles and  will remain while for (o, ), they are 4-3 or 4-1. Analo-
the 1S XMnSF resonance all show a similar variation of gously, for 1ASXMnSF in (w,0) either 3-4 or 1-4 will
intensity from one geometry to another, independent ofiominate and, ind,), either 2-1 or 2-3. In all four sets of
which resonance is considered, the D8MnSF peak be- transitions mentioned, the first process involves an electron
comes much weaker in those polarization geomefiiégs.  flip (and mangane$eand the second, a hole fljand man-
10(b) and (c)], where it is forced to proceed against the ganesg While in the case of ESF, additional reasons led us
double resonance conditions. (Sec. IV B to propose electron-electron flip flops compared
Figure 11 shows the behavior of t&VInSF Stokes and to hole-electron ones, in the caseXd¥InSF it is difficult to
anti-Stokes resonance profiles at a series of magnetic fieldglentify a priori electron or hole. In principle, the hole inter-
Figure 11a) shows the excitation profiles for the 1S and 1AS acts with manganese somewhat more strofijyt its wave
signals of sample Ain fields of 2, 4, and 6 Tat=0° inthe  function penetrates less into the barriers because of the
(7,0) geometry. In Fig. 1(b), the profiles taken in the heavier hole effective mass.
(o,7) geometry are plotted. Two qualitative differences can Neither are we able to discriminate between hole and
be seen(i) in (7,0), the 1S and 1AS profiles are centered atelectron processes XMnSF on the basis of the data of Fig.

Intensity (arb. units)

FIG. 11. Excitation profiles of the Stokes and anti-Stokeg Mn
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11, as the behavior of the SFRS profiles can be explained 5
gualitatively by either process. We consider here only the
electron process, since a discussion in terms of the hole is
similar. The key to the explanation is, again, the layout of the
spin sublevels forp=0° (Fig. 4) and the closeness of the
values of the electron- and the in-plane-hgléactors (see
Sec. IV D. In the (7, o) geometry, processes 1-2 and 3-4 are
responsible for Stokes and anti-Stokes scattering, respec-
tively. For process 1-2, the incoming photon induces the ?
transition between the upper hole and the upper electron spin

sublevels(transition J; the energy gap between these sub- (no) K
levels in the magnetic field iEx(B=0)+(A.—Ap)/2, 0 . {rm)

which, whenA.~A,, does not differ significantly from 1656 1.658 1.660  1.662
Ex(B=0). The same holds for transition 3 in the 3-4 scheme Photon energy (eV)
[incoming resonancEy(B=0)+(A,—Ag)/2]. In total, this

predicts the coincidence of the 1S and 1AS maxima and the F!G- 12. Spectra for sample B showing the new limearked 7
absence of any shift in them with increasing fidlgig. ~ °PServed in the ,m) geometry with$=90° together with the
11(@)]. In (o, =) the situation is different: the Stokes scatter- MnSF andD"SF lines already discussed. A spectrum obtained un-

N ) . - der similar conditions in thes,o) geometry is shown for compari-
ing is accounted for by 4-fincoming resonancéx(B=0) son (heavy ling. The inset shows the dependence of the Raman

+(Ae+Ap)/2] and the anti-Stokes by 2{incoming reso-  ghjfts of these three lines on magnetic field together with fitted
nanceEx(B=0)—(As+A)/2]. Obviously, when the field curves(solid lineg as described in the text.
is increased, the 1S signal will now shift toward higher en-
ergies while the 1AS will shift towards lower energigdg.  us to discriminate between electrons or holes as the main
11(b)]. agent for the manganese spin flip in ti®nSF process.
According to the above reasoning, the separation between
the 1S and 1AS maxima irno(,7) at a given field(e.g., 1.5
meV at 4 T) should equal the sum of the electron and hole
splittings. In fact the sum is largéf.35 meV for the elec-
tron, from the Raman shift of ESF, plus 0.85 meV for the The results presented so far are concerned with the signals
hole, from the shift of the ESF profiles, yields 2.2 meX  observed in thed, ) and (7,0) geometries. In the geom-
similar result is the low-energy shift of the DGMnSF pro-  etries (7, 7) and (o,0) for $=90° and ¢=0°, respec-
file by 0.6 meV with respect to the ESF profile =2 Tin  tively, a new line was observeit is not observed, for ex-
(7,0) [see Fig. 3; the same was observeddn)]. Look-  ample, for¢p=0° in the (,77) geometry. We shall show
ing at the schemes of Fig. 4, one can suppose that the EStere that the existence, intensity, and polarization properties
proceeds via process 1-2 while the X$InSF proceeds via of this line are predicted by the model proposed here for all
process 3-2, so that the difference of electron and lgole the SFRS processes and its observation therefore provides
factors is responsible for the observed shift. However, quanturther confirmation of the model.
titatively the shift is too large to explain in this way only. A representative spectrum is shown in Fig. 12 together
Apparently, both the separation of the 1S and 1AS signalsvith its dependence on magnetic fidldset; diamondsand
and the shift of the manganese profile compared to the ele@ curve (inset; solid constructed by adding the Brillouin
tron profile are influenced by another important factor. Thefunction fit to the magnetic-field dependence of the electron
1S XMnSF is a double resonance process, and this doublgpin-flip signal to a linear Zeeman splitting withgdactor of
resonance is always frustrated in the sense that due to ti#% The behavior of this new signal is very well described by
difference ofg factors of electror{or hole and manganese, the constructed curve and the line is therefore assigned to the
the flip of the latter is not energetically counterbalanced bycombination of a flip of an electron and a Rin internal
the flop of the former. This distinguishes X3nSF from  transition, as also recently observed @a,MnAs*? No
ESF, for which the exact incoming resonance is, at the samghift of this line was observed on rotation of the sample
time, always the exact outgoing resonance. The example aformal with respect to the magnetic figltiat is, variation of
D°MnSF showed how strong the influence of double resothe angle#), though it rapidly became weaker. These two
nance conditions is on the manganese spin flip. Thus it ifacts indicate that the alternative explanation of this line as
quite natural that the MnSF profile will always shift from the the combined flip of an electron and a hole within an exciton
exact incoming resonance toward the exact outgoing resdas discussed in Ref. 36 for excitonic scatteyiogn be ruled
nance. In particular, even if one suggests that ESF and 1&ut. This latter proces@vhich is the phonon-assisted process
XMnSF proceed through the same schei@), the optimal  discussed in Sec. |V Bwould have a highly anisotropic
conditions of observation of these proces@hs maxima of  splitting with respect to the rotatiof, since a contribution to
the profileg will have different spectral positions, with 1S the splitting from the relatively large holg factor gy, is
XMnSF being at lower energy as in Fig. 3. As a result, theintroduced wherg# 7/2 [see Eq(3)].
shifts of the manganese profiles discussed also do not allow The detailed predictions of the model for this line are as
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VI. COMBINED ELECTRON AND MANGANESE SPIN
FLIPS
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follows. We start from the mechanism f&@°MnSF estab- terms of spin-flip Raman scattering with various excitonic
lished in Sec. V. In thep=0° geometry, the process most Spin states serving as intermediate states. The existence of an
closely satisfying double resonance conditions is éify.  extremely anisotropic in-plane hofgfactor in these samples
4). If, however, the recombination of the hole is with the that was previously reportédvas thus confirmed and this
other electronboth electron sublevels are occupiedorre-  anisotropy has been quantified in the present work by two
sponding to the process 4-2, then a combined flip of theneans which provide estimates in good agreement with one
donor and manganese electrons has resulted.¢=e80°  another.
(the experimental conditions of Fig. 12, the combined pro- The anisotropic holg factor is not only a phenomenon
cess analogous to 4-2 is 5-7. which results in specific polarization properties of lumines-
The combined spin-flip process is thereforeim@vitable  cence and spin-flip Raman spectra, but is also valuable as a
consequence of the present model, since the only distinctiotool allowing one to manipulate the Raman intermediate
between the combined process and, for instance, a singkiates by variation of the polarization geometry of the experi-
Mn?* flip via interaction with the hole state is the question ment and of the Voigt angle. By these means, detailed
of which electron state the hole recombines with. The cominformation on the mechanisms of spin-flip Raman scattering
bined process is therefore expected to have a stréimgthe  was obtained. In particular, we have shown that the electron
appropriate geometyywhich is comparable to that of the spin-flip processes that proceed via purely excitonic states
single flip; this is as observefFig. 12. Finally, the polariza- (ESP involve electron-to-electron flip-flops in the interme-
tion properties of the combined line are also predicted cordiate state while the manganese spin-flip processes that pro-
rectly. Referring again to Fig. 4, the polarizations of the twoceed viaD°X states D°MnSF) involve hole-to-manganese
processes 4-2 and 5-7 are,() and (,7), respectively, as flip flops in the intermediate state. This model leads to de-

is indeed observed. tailed predictions concerning the existence, intensity, and po-
larization properties of the process involving the combined
VII. CONCLUSIONS spin flip of donor-bound and manganese electrons, all of

] ) which were confirmed experimentally.
We have studied CdTe/@d,Mn,Te quantum wells with

an in-plane anisotropy via spin-flip Raman scattering. Three
spin-flip Raman-scattering signals were obseryeléctron
Stokes and manganese Stokes and anti-Stpkash having
different behavior depending on the resonant intermediate D.W., Y.K. and A.K. gratefully acknowledge the support
state(a localized QW exciton or a donor-bound excitoand  of the Royal Society for this work. The work in Poland was
the mechanisms of the scattering processes have been idesupported by the European Commission by contract ICA1-
tified. CT-2000-70018Center of Excellence CELD)SThe work

A dependence of the spin-flip Raman intensity on the oriin Russia was partially supported by the Russian Foundation
entation of the crystal with respect to the magnetic field infor Basic Research00-02-16941 and 01-02-17906nd
the Voigt configuration was observed and was interpreted iMinistry of Science and Technolog$1.40.01.09.08
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