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Spin-flip Raman scattering from donor-bound electrons
in Cd12xMn xTe/Cd12yMgyTe single quantum wells

R. Meyer, M. Dahl,* G. Schaack, and A. Waag
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany

~Received 6 December 1996!

We report on the spin-flip Raman scattering of electrons bound to shallow donors in single quantum wells
of Cd12xMnxTe between Cd12yMgyTe barriers. An enhancement of the scattering intensity of the bound
magnetic polaron was found for narrow quantum wells. A variational treatment of the quantum well exciton in
combination with the polaron model developed for bulk material is applied to interpret the experimental
observations. The reduced symmetry of the quantum well states manifests itself through the observation of new
resonances in the Raman scattering cross section. A simple model taking into account the anisotropy of the
Zeeman effect of the valence band can reproduce the observations.@S0163-1829~97!00724-8#
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I. INTRODUCTION

Since the first observations of spin-flip Raman scatter
~SFRS! in InSb ~Ref. 1! and CdS,2 there has been a stron
interest in this effect as a tool to study intrinsic propert
(g factors and band parameters! of electrons and holes in
semiconductors. Reviews were given by Scott,3 Geschwind
and Romestain,4 and Häfele.5 More recently spin-flip transi-
tions of holes in GaAs/Ga12xAl xAs quantum well structures
were observed.6,7 The method has also been applied to inv
tigatep-type doping in wide band gap II-VI materials.8,9

Diluted magnetic semiconductors~DMS’s! are semicon-
ductors where cations are substituted by magnetic ions,
Cd12xMnxTe. This class of alloys also called semimagne
semiconductors is especially well suited for SFRS stud
since the Zeeman splitting of the band states is extrem
large due to the strong exchange interaction between the
carriers and the magnetic ions.10 SFRS experiments on bul
DMS’s allowed a direct determination of the conducti
band exchange constant, and it also revealed the existen
a bound magnetic polaron~BMP!, where a donor-bound
electron and magnetic ions form a ferromagnetically orde
cluster.11–14SFRS studies of highly doped materials allow
to determine spin relaxation timesT2 and spin diffusion co-
efficients of itinerant electrons.15,16Analysis of the resonanc
enhancement of SFRS near theE0 band edge in bulk
Cd12xMnxTe revealed donor-bound excitons as intermed
states in the scattering process.17 SFRS from heterostructure
containing DMS layers and quantum dots were reported.18–22

As the spin flip~SF! of electrons confined to quantum wel
~QW’s! is very sensitive to the overlap of the electron env
lope function and the DMS material, it provides a means
probe the distribution of the magnetic ions. From the stu
of the resonance profiles it is also possible to deduce in
mation on the binding energy and distribution of donors
QW structures.21

In this paper we report on the observation of SFRS
single quantum wells ~SQW’s! of Cd12xMnxTe with
Cd12yMgyTe as barriers. Evidence for an enhancement
the BMP energy for donor-bound electrons in narrow QW
is given and discussed as an effect of the QW confinem
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The occurrence of resonances in the SFRS scattering c
section for QW structures which are forbidden in bulk ma
rial is shown and interpreted as a consequence of the red
symmetry of a QW structure compared to bulk material.
preliminary account of some of these results has been
ready given in Ref. 23. Here we will discuss in more det
the selection rules of SFRS in a QW and give a more ext
sive description of the model calculation.

II. EXPERIMENT

The Cd12xMnxTe/Cd12yMgyTe SQW’s were grown by
molecular beam epitaxy~MBE! on Cd12zZnzTe substrates
(z50.03) with a ~001! orientation. The zinc content wa
chosen to match the lattice constant of the barrier mate
The general layout of the samples consisted of a thick bu
layer on top of the substrate followed by a series of differ
wells. The latter being separated by thick barriers th
providing a situation where the electronically isolated we
are strained and the barriers are almost free of str
No intentional doping of the structures was performe
however, from the excitation power dependence of the SF
intensity we deduce the occurrence of residual donors. Ta
I gives a compilation of important sample parameters. T
large depth of the conduction and valence band pot
tial wells, Vcb5261 meV andVvb5112 meV for sample
CT669, provide a strong confinement of electron and ho
for these type-I QW structures. For the valence band of
we assume a valueQvb50.30 which has been determined fo
~Cd,Mn!Te and~Cd,Mg!Te.24,25

For the light scattering experiments the sample w
placed in a superconducting split-coil magnet providi
fields B<7.5 T and temperatures 1.7 K,T,100 K. Voigt
backscattering geometry, i.e., propagation direction of
incident kW i and scatteredkW s light normal to the~001! plane
and the field direction along@100#, was applied. A cylindri-
cal focussing lens was used to keep the power density be
'1Wcm22. An argon ion laser- pumped dye laser~pyridine
and DCM! served as a tunable light source. The spec
analysis and detection of the scattered light was done usi
triple spectrograph~DILOR XY, f50.50m) equipped with a
16 376 © 1997 The American Physical Society
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55 16 377SPIN-FLIP RAMAN SCATTERING FROM DONOR-BOUND . . .
TABLE I. Sample parameters of the Cd12xMnxTe/Cd12yMgyTe single quantum well structures. Conce
trations and thicknesses as determined from the growth process.

Sample x y Lz ~Å! Barrier ~Å! Buffer ~Å!

CT669 0.03 0.24 18, 45, 60, 100 500 2000
CT671 0.075 0.29 18, 45, 100 500 2000
CT716 0.10 0.37 6, 18, 45, 100, 300 500 2000
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liquid nitrogen-cooled CCD camera. The double monoch
mator filter of the triple spectrograph and standard pho
counting equipment were applied to take the photolumin
cence excitation~PLE! spectra.

III. DONOR-BOUND MAGNETIC POLARONS
IN QUANTUM WELLS

A. Experimental results

Typical Raman spectra of a SQW Cd0.93Mn0.07Te/
Cd0.71Mg0.29Te sample are shown in Fig. 1. The two spec
differ in the orientation of the polarization of the incide
light which was either parallel (p) or normal (s) to the
direction of the magnetic field. The scattered light was a
lyzed normal to the field direction for both spectra. A stro
spin-flip Raman line is only visible in the (ps) spectra
where polarization and analyzation are orthogonal~crossed
polarization!. The weak line in the (ss) spectra is caused b
a lack of perfect polarizations mainly introduced by depol
ization due to cryostat windows. The other excitations visi
in the spectra are the CdTe-like and the MnTe-like L
phonons and a replica of the internal SF of an electron in
Mn213d shell associated with the CdTe-like LO phonon.26

The magnetic field dependence of the Raman shift rela
to the spin-flip excitation of donor-bound electrons of sam
CT669 is shown in Fig. 2 for electrons confined to four we
of nominal thicknessesLz518 Å, Lz545 Å, Lz560 Å,
andLz5100 Å. The shift displays the well known saturatio
behavior, roughly following a Brillouin functionB5/2(h).
The high-field Raman shifts decrease with decreasing w
thickness, consistent with the penetration of the electr
wave function into the nonmagnetic~Cd,Mg!Te barriers.
Similar observations have been made for~Cd,Mn!Te/ZnTe
multiquantum well structures.27 The situation is more com
plex in the low-field limit where the BMP effect has to b
considered. According to Dietl and Spałek28 the peak posi-
tion D̃ of Stokes SFRS can be described by the follow
equation:

D̃222«pD̃2D̃D0cothS D̃D0

4«pkBT
D 24«pkBT50, ~1!

where«p is the characteristic polaron energy as defined
Ref. 28. It is related to the characteristic energy param
W0 used by Heimanet al.:12

«p5
3

14

5
2W0

2

kB~T1T0!

]

]h
B5/2~h!'

W0
2

4kB~T1T0!
, h!1

h5

5
2 gmBB

kB~T1T0!
. ~2!

To include the influence of the QW we modify the valen
band spin splittingD0 by introducing a factorPw ,
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D05Pw x̄aN0
5
2B5/2~h!1g*mBB. ~3!

Pw is the probability of finding the electron inside the sem
magnetic well.Pw was calculated forB50 T within a
simple envelope approximation. All other symbols have th
usual meanings:aN0 is the sd exchange energy,N0 the
density of cation sites, andgMn andg* are the Mn

21 and the
valence bandg factors. x̄ andT0 are two empirically intro-
duced parameters that allow us an approximate descrip
of the total magnetization of the coupled Mn21 ion system
by a Brillouin-type function. The parameterx̄<x takes into
account the reduction of the average spin per ion due
antiferromagnetically coupled clusters.29 For smallx values
the dominant reduction is due to nearest neighbor~NN! pairs
which have anS50 ground state.T0 is mainly determined
by the interaction with neighbors beyond the NN distan
The productx̄N0a,T0, andW0 were used as parameters in
least squares fit of Eqs.~1!, ~2!, and~3! to the data. The fitted
Raman shifts are plotted as solid lines in Fig. 2. Results
the fit parameters are tabulated in Table II. A high bac
ground due to photoluminescence and Rayleigh scatte
prevented the determination of data in the low-field reg
for the Lz545 Å well of sample CT669. Therefore no sig
nificant values forW0 andT0 could be fitted in this case. Th
most interesting results in Table II are the large values
W0. For the narrow wells they exceed the values for the b
material of the same Mn content considerably. This asp
will be the subject of the following subsection.

With N0a5220 meV ~Ref. 29! the values forx̄N0a in
Table II lead to effective Mn concentrations that correspo
well with the x values from the growth process for samp
CT669 and CT716 while for CT671 the valuex̄50.043 sug-
gests a Mn contentx'0.11 which is distinctly higher than
intended in the growth process. Using this higher value
x for sample CT671 we give the fraction of magnetica
active Mn21 ions x̄ /x in Table II. The value ofx for sample
CT671 is also supported by the high values forT0.

The inset of Fig. 2 shows the SF Raman shift for the fo
wells of sample CT669 at a fieldB57.0 T versus the calcu
lated probabilityPw . Assuming a saturation of the Brillouin
function, which is reasonable for the low temperature a
low Mn content, a straight line fit, according to Eq.~3!,
yields a valuex̄N0a54.260.4 meV. The result for the in-
trinsic CdTeg factor derived from the straight line fit is
rather uncertaing*522.662.0, however, in agreemen
with the literature valueg*521.77.30 The good linearity
and reasonable values forx̄N0a andg* show that the use o
a simple QW model neglecting interface effects and chan
of Pw with magnetic field are reasonable approximations
the low x values and deep wells of our samples.
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B. Model for BMP enhancement

While for the free magnetic polaron reduction of the d
mension has an important influence on the localization
therefore on the polaron formation,31 for the BMP the local-
ization is provided by the defect potential and we expect t
the reduction in dimensionality caused by the QW sho
only have an indirect influence on the BMP. We therefo
use the BMP model derived for bulk materials since the th
modynamic properties of the BMP should not be affected
the QW potential. We adopt the result derived by Wolff14

W0
25

35

12
x̄ ~N0a!2E uF~r !u4d3r

N0
, ~4!

which expresses the characteristic polaron energyW0 in
terms of the effective Mn concentration, exchange ene
and the donor wave functionF(r ). The use of a 1S hydro-
genic functionF(r )5(pa0

3)21/2exp(2r/a0) for bulk material
leads to the result

FIG. 1. Raman spectra in crossed (ps) and parallel (ss) po-
larization for a Cd0.9Mn0.1Te/Cd0.63Mg0.37Te single quantum well of
width Lz5100 Å. Incident and scattered light propagate along
growth axis@001# while the magnetic field is in@100# direction. PR:
paramagnetic resonance of the Mn21 ion (3d5) as a companion
(D55.6 cm21) of the 1LO-CdTe phonon mode Ref. 26.
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W0
25

35

96

x̄ ~N0a!2

pN0a0
3 . ~5!

Heimanet al.12 showed that Eq.~5! is in agreement with the
experiment for bulk~Cd,Mn!Se.

If we neglect interface effects on the effective Mn co
centration x̄ , which is reasonable for low Mn content an
structures with semimagnetic well material, the influence
the QW onW0 is mainly through the donor wave function.
is well known that the additional localization due to the Q
leads to an increase of the donor binding energy as long

e

FIG. 2. Magnetic field dependence of the spin-flip Raman s
for donor-bound electrons confined to four single quantum wells
a Cd0.97Mn0.03Te/Cd0.76Mg0.24Te sample. Solid lines are fits to th
BMP model~see text!. Inset: Saturation value of the Zeeman spl
ting versus the calculated probabilityPw of finding the electron of
the first subband within the potential well.
eral
TABLE II. Parameter derived from fitting the BMP model to the SFRS data for sev
Cd12xMnxTe/Cd12yMgyTe single quantum wells.

Sample Lz ~Å! Pw x̄N0a ~meV! W0 ~meV! T0 ~K!
x̄

x

CT669 18 0.63 4.360.3 0.2760.15 2.6 0.65
CT669 45 0.89 4.460.3 0.67
CT669 65 0.95 4.460.2 0.3660.15 2.8 0.67
CT669 100 0.98 4.460.2 0.0060.15 2.6 0.67
CT671 ' 20 0.60 9.5 0.9460.2 3.5 0.39
CT671 100 0.98 9.460.3 0.3460.2 3.660.4 0.39
CT716 45 0.92 9.2 0.7960.2 4.4 0.42
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TABLE III. Material parameters for~Cd,Mn!Te and~Cd,Mg!Te used for the calculations. Parameters n
known for ~Cd,Mg!Te were replaced by the values for~Cd,Mn!Te and vice versa.

Unit Cd12xMnxTe Source Cd12yMgyTe Source

Band gap meV E05159611605x Ref. 41 E05159811755y Ref. 40
Eff. mass m0 0.096(x50) Ref. 42
Luttinger param. g154.14,g251.09 Ref. 43
Static dielectr. const. «059.65(x50) Ref. 43 «0510.7623.86y Ref. 44
vb offset Qvb50.3 Ref. 25 Qvb50.3 Ref. 24
nt
er
e
in

o
ic

W
th
ia

n

-
a
al
em
e
d

o
ri
dd
ex
pe
he
d
on
t.
w
,

th
th

es
or
is-
b-

the

e

e a
ar-
or
lk
ng

Mn

rt

ner-

ors
he
the donor wave function does not penetrate significantly i
the barrier. The latter happens in very narrow wells wh
the bulk situation is approached and for donors located n
the interface or in the barrier. In the latter case the bind
energy can be reduced below the bulk value, depending
the donor positionzi and barrier heightVb . The increase or
reduction in binding energy is accompanied by a shrinking
expansion of the extension of the donor wave function wh
affects the BMP.

A standard approach to the problem of the donor in a Q
is a variational treatment. Since we are only interested in
major trends for the BMP in a QW we use the simplest tr
function

F~r !5x~z!f~% !5x~z!A2

p

1

a0
2Dexp~2%/a0

2D!. ~6!

x(z) is the conduction band envelope function of the grou
state andf(%) is a two-dimensional 1S hydrogenic wave
function, with %5Ax21y2 being the variable for the elec
tron motion in the QW plane. The application of this sep
rable trial function simplifies the solution of the variation
problem and leads to a straightforward numerical probl
~see, e.g., Ref. 32!. As a result of the variational procedur
one gets the energy and 2D Bohr radius for the donor
pending on the position of the donorzi . In Table III we give
the parameters~band gaps, band offset, . . .! used in the
calculation.

Inserting wave function~6! for the donor into Eq.~4!
leads to a characteristic energyW0

QW in a QW structure of the
form

„W0
QW~zi !…

25
35

24

x̄ ~N0a!2

p„a0
2D~zi !…

2E
2L/2

1L/2ux~z!u4

N0
dz, ~7!

where the argumentzi indicates the dependence on don
position. This expression is easily evaluated once the va
tional problem has been solved. However, there are a
tional problems that complicate the comparison with the
periment. First, since our samples are not intentionally do
we do not know the distribution of the donors along t
growth axis. Second, the experiments are performed un
resonance condition, which leads to weighted contributi
of donors to the signal due to the resonance enhancemen
get an estimation of the influence of the donor position
consider three situations:~i! donor in the center of the well
~ii ! donor at the interface between well and barrier, and~iii !
donors equally distributed over the well. Figure 3 shows
calculated curves for the three sample structures toge
with the experimental results.~Due to the identical values
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x̄N0a and the large depth of the wells, the theoretical curv
for sample CT671 and CT716 do not differ significantly. F
reasons of clarity only one set of theoretical curves is d
played in Fig. 3.! For samples CT671 and CT716 the o
served and calculated values forW0 are at least in qualitative
agreement. The increasing trend inW0 with reduction of the
well thickness is reproduced by the calculation.

The situation is less clear for sample CT669. Here for
two narrow QW’s withLz565 Å andLz520 Å a BMP is
observed and theW0 values agree or almost agree with th
calculation, while the wide well withLz5100 Å shows al-
most no detectable BMP. A possible explanation could b
distribution of the donors which has a maximum in the b
rier near the interface to the well. In this case the don
binding energy for a wide well is reduced below the bu
value, but for narrow wells an enhanced donor bindi
would still be possible.

For future experiments the use ofd doped samples could
avoid such ambiguities. Also samples with a constant
content along the growth axis like Cd12xMnxTe/
Cd12x2yMnxMgyTe would be very interesting since the pa

FIG. 3. Experimental and calculated characteristic polaron e
gies for three Cd12xMnxTe/Cd12yMgyTe structures. Solid lines and
solid marks correspond to samples CT671~j! and CT716 (d) and
dashed lines and open circles to sample CT669 (s). The upper
~lower! calculated curve corresponds to the center~interface! posi-
tion of the donors. The intermediate curve is calculated for don
that are equally distributed within the well. The arrows mark t
bulk values calculated with Eq.~5!.
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of the wave function penetrating into the barrier would st
contribute to the BMP energy and such samples would a
avoid interface effects on the effective Mn concentration.

IV. RESONANCE OF THE SPIN-FLIP RAMAN
SCATTERING IN QUANTUM WELLS

A. Experimental results

The intensity of the SFRS signals shows a strong dep
dence on the quantum energy of the exciting light, as h
been observed earlier.19,21 An example for the SF excitation
in theLz5100 Å well of sample CT671 is shown in Fig. 4
where a series of spectra differing in excitation energy
displayed. A more concise description of the informatio
contained in Fig. 4 is given by a resonance profile, extract
from such a series of data, where the integral scattering
tensity of a Raman line versus the energy of the incide
photon energy is plotted. In Fig. 5 the resonance profiles
the z(sp) z̄ and z(ps) z̄ scattering geometries are show
for transitions of theLz545 Å QW of sample CT669.

Three different resonances are clearly resolved in Fig.
A fourth resonance is indicated at the low energy side of t
(ps) profile. The full resonance is not accessible to the e
periment because of the strong luminescence at the b
edge. The occurrence of four resonances is different from
situation in ~Cd,Mn!Te bulk material where only two reso-
nances involving light-hole excitonic transitions ar
observed.17

For the identification of the transitions involved in th
Raman resonance the knowledge of the PLE spectra is v
helpful. We show in Fig. 6 the PLE spectra detected at t
low-energy side of the band edge luminescence for t
Lz545 Å well and two polarizations of the emitted light
The spectra were taken under identical conditions of fie
and temperature as the Raman data. Several maxima are
ible and we relate them with the absorption due to free e
citons associated with the different Zeeman-split compone
of the lowest subbands of the QW. We discuss the ident
cation of the individual transitions below.

FIG. 4. Spin-flip Raman spectra for a
Cd12xMnxTe/Cd12yMgyTe single quantum well (Lz5100 Å) for
several excitation energies chosen around a resonance of the
tering cross section.
l
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FIG. 5. Resonance profiles for the spin-flip Raman scatter
from a Cd0.97Mn0.03Te/Cd0.24Mg0.76Te single quantum well. The
various resonances are labeled with a consecutive number and
larization of the incident and scattered photon. The arrows mark
transition energy as determined by PLE.

FIG. 6. Photoluminescence spectrum (v) and photolumines-
cence excitation spectra fors(d) and p(s) analyzation for a
Cd0.97Mn0.03Te/Cd0.24Mg0.76Te single quantum well. Open and soli
arrows give the position of the calculated dipole transitions, resp
tively. The inset shows the calculated magnetic field dependenc
the relative absorption strength for the eight dipole transitions.
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B. Interpretation of the resonance behavior

When comparing Raman scattering of bulk material a
QW structures one expects the symmetry reduction to m
fest itself in relaxed selection rules. If we include the ma
netic field the point symmetry appropriate for bulk CdT
material isS4, assuming theB field to be parallel to a four-
fold axis. For the QW structure which has point symme
D2d in the zero field two situations are of interest:~I! mag-
netic field parallel to the growth direction@001#, ~II ! mag-
netic field normal to the growth direction along@100# or
@010#. The first case leads to symmetry groupS4 and thus to
identical selection rules as for bulk material. In the seco
case the symmetry group is reduced toC2 @Fig. 7~a!#.

A general selection rule for magnetic excitation~in mono-
clinic or higher symmetries!33 requires that the incident ligh
has a polarization component («W i) parallel to the magnetic
field («WB) while the scattered light («W s) is polarized normal
to BW or vice versa, in short,«WB3«W i3«W sÞ0. Observation of
spin-flip excitations in geometries corresponding to situat
~I! are therefore practically impossible, since this would
quire a backscattering experiment with the light traveli
along the well plane or a 90° scattering geometry, wh
either scattered or incident light travels along the plane of
QW. Both experiments are not feasible with reasonable
curacy by standard Raman techniques. SFRS in geome
corresponding to situation~II ! is however easily realized in
Voigt backscattering configuration.

In Fig. 7~a! we show a schematic diagram of the splittin
of the conduction and valence subband at the Brillouin z
center for fieldsBi@001# and Bi@100#. The most obvious
consequence of the reduced symmetry caused by the in p
field is the fact that the Stokes and the anti-Stokes spin
transition transform according to the same irreducible rep
sentationsG2 of C2, i.e., G3*3G45G4*3G35G2, while in
the ~bulk! symmetryS4 the two excitations belong to differ
ent, Kramers conjugate irreducible representatio
G6*3G55G3 and G5*3G65G4. The latter allows us by a
suitable choice of the scattering geometry to observe Sto
and anti-Stokes Raman lines in different spectra, as has
shown in Ref. 13. This separation of Stokes and anti-Sto
lines should be suppressed in theC2 symmetry; however, the
experimental verification of this result also requires a 9
scattering geometry and could therefore not be observed

The existence of four resonances in the Raman cross
tion for Bi@100# follows also from Fig. 7~a!. The magnetic
field splits each heavy-hole and light-hole state into aG3 and
a G4 state. The distinction between heavy and light hole
thus obsolete and eight electric-dipole transitions betw
the valence and the conduction band, with polarizations
shown in Fig. 7~a!, are allowed.

Spin-flip Raman scattering can be described by the sec
order perturbation theory, which leads to the following cro
section:33

ds

dV
}U(

l

^ f ueWS*DW u l &^ l ueW IDW u i &
Ei2El1\v I

1
^ f ueW IDW u l &^ l ueWS*DW u i &

Ei2El2\vS
U2,

~8!

where u i &,u l &, and u f & are the initial, intermediate, and fina
state of the scattering process andEi ,El , and Ef are the
d
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n
s
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s

corresponding energies.DW is the dipole operator,eW I andeWS
the polarization vectors of the incident and scattered lig
\v I and \vS are the corresponding photon energies. O
the first term in Eq.~8! shows resonance behavior and w
will consider only such terms in the following. The eigh
dipole transitions in Fig. 7~a! can be combined to four Stoke
Raman processes, two corresponding to (ps) and two cor-
responding to (sp) polarization. ForBi@001# the magnetic
field does not lift the distinction between heavy and lig
holes, thus like in bulk material only six electric-dipole tra
sitions and two Raman processes are allowed.

To support our identification of the resonances we p
formed a simple model calculation of the Zeeman splitting
QW states in an in plane field. This problem has been trea
in a more general way in the literature.34–37 Since we are
only interested in samples where the Zeeman shift is sm
compared to the depth of the QW we treat the excha
interaction as a perturbation to the QW problem. For a s
tem with semimagnetic well material we write within th
virtual-crystal and mean-field approximation,38

Hex
cb52xN0a^S&si

eQS Lz24 2z2D , ~9!

Hex
vb52xN0b^S&si

hQS Lz24 2z2D , ~10!

for the exchange terms.Q(z) is the unit-step function,N0b
is the pd exchange energy andsi

e(si
h) is the component of

the angular momentum operator of the band electron~hole!
along the magnetic field direction, i.e.,sx

e(sx
h) for Bi@100#.

We diagonalizeHex
cb within the subspace of the spin dege

erate lowest conduction subbands andHex
vb within the four-

dimensional space of the lowest heavy- and light-hole s
bands. We are only interested in the band edge energies
neglect the in plane dispersion terms. Withk'

e5k'
h50 the

conduction and valence band matrices forBi@100# take the
following form:

Hcb5S 0 3CP56

3CP65 0 D ,
C52

1

6
x̄N0a

5

2
B5/2~h!, ~11!

Hvb5S 0 A3C8P12 0 0

A3C8P21 D 2C8P23 0

0 2C8P32 D A3C8P34

0 0 A3C8P43 0

D ,
C852

1

6
xN0b

5

2
B5/2~h!, ~12!

where the energy of the heavy hole forB50 T is taken as
zero andD is the light hole-heavy hole splitting due to th
QW potential and the strain. The Mn concentrationx and the
spin expectation̂S& value have been replaced by the effe
tive Mn concentration and the Brillouin function. The facto
Pi j are defined by
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Pi j5E
2L/2

1L/2

x i* ~z!x j~z!dz, ~13!

with x i(z) being the envelope functions. A unitary transfo
mation leading to a bloc-diagonal form for Eq.~12! is easily
found. The resulting two-by-two matrices correspond to
two irreducible representationsG3 andG4 of the point group
C2 and the eigenvalues can be found analytically. The res
are however lengthy and we do not reproduce the exp
sions here. As an example for the Zeeman splitting in
plane fields we show in Fig. 7~b! the results corresponding t
theLz545 Å QW of sample CT669. The isotropic condu
tion band shows a splitting that is similar to the bulk ma
rial. The Zeeman-splitting pattern for the valence band
however, rather different from the one for bulk and also fro
the one forBi@001#. In zero field, where the growth direc
tion defines the quantization axis, the in planeg factorg' for
the heavy-hole states vanishes. The heavy-hole doublet s
only due to the magnetic field induced moments. The
plane field mixes the light- and heavy-hole states belong
to the same irreducible representation. An anticrossing of
two G4 states occurs aroundB52 T. For the given QW the
exchange energy is not large enough to reach a situa
where the direction of the magnetic field is a good appro
mation for the quantization axis of the hole spins. Suc
situation is reached for~Cd,Mn!Te/~Cd,Mg!Te QW’s with
smallerD and higher Mn content.37 For the given QW a
strong mixture of the heavy- and light-hole states is reac
when the magnetization saturates. The good agreement o
model with the experiment is shown in Fig. 6 where we ma
the calculated positions by arrows. The missing of a disti
peak fors transition 3 andp transition 4 in the PLE spectr
can be understood by calculating the relative size of the t
sition probabilities. They are proportional to the squares
the dipole matrix elements. The magnetic field depende
of the latter can be calculated once the eigenstates of
holes are determined. For theLz545 Å well of sample
CT669 the values are displayed in the inset of Fig. 6. Th
start from values close to 3 and 1 in zero field, the sm
deviations from the integer values which are exact for b
material, are due to the lower symmetry of the QW potent
In agreement with the experiment the dipole matrix elem
for transition 3s almost vanishes aboveB55 T and the
value for transition 4p is also rather small. Based on th
calculations, it is also possible to identify the different tra
sitions contributing to the Raman resonances shown in
5. The allowed scattering processes are shown in Fig.~b!
and the corresponding energies are marked in Fig. 5.~We
used the experimental energy values derived from the an
sis of the PLE data.! As we plot the Raman intensities vers
the energy of the incident light, a coincidence of the re
nance maximum with the energy of the dipole transiti
from the initial state to the intermediate state is expect
The overall pattern of the resonance positions, i.e., the
ergy difference and polarizations, agree well with the o
served PLE energies. The absolute values of the reson
positions are however below the PLE positions. We interp
this energy difference as the binding energy of the excito
the neutral donor. Similar observations were made for re
nances related to theLz520 Å wide QW of sample CT669
e
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and of theLz545 Å QW of sample CT671. The scattering
in the binding energies for theD0X complex may partly be
caused by the different positions of the donors in the Q
potential.

The assumption that neutral donors are already presen
our MBE-grown samples is further supported by the excit
tion power dependence of the scattering efficiency which
linear over the range 0.02–20 W cm22. This is different
from the undoped bulk material which tends to bep-type and
donors are compensated. In this case the SFRS power de
dence is nonlinear since neutral donors have to be created
the exciting photons.39

The knowledge of the relative size of the dipole matri
elements in conjunction with the cross section~8! can be
used to estimate the width of the intermediate state involv
in the scattering process. If only the resonant term in Eq.~8!
is considered, the resonance profile is expected to ha
Lorentzian shape with an area

A} z^ f ueWS*DW u l & z2z^ l ueW IDW u i & z2/G l . ~14!

We introduced a finite width of the intermediate state b
El→El1 iG l /2. This result remains valid under the influenc
of inhomogeneous broadening, which does not affect t
area under a resonance profile. The twosp resonances
shown in Fig. 5 are determined with the same experimen
configuration thus the unknown proportionality constant
Eq. ~14! cancels when the areas are compared. We find
experimental ratio of 20:1 for the areas, which, when com
pared with the calculated ratio 3.2:0.3 of the numerators
Eq. ~14!, leads to a ratio of the homogeneous width of th

FIG. 7. ~a! Schematic the level splitting for a semimagneti
quantum well under the influence of a magnetic field along th
@001# and the@100# direction. The allowed electric-dipole transi-
tions and their respective polarizations are shown.~b! Calculated
Zeeman splitting of the lowest conduction and valence subbands
a Cd0.97Mn0.03Te/Cd0.24Mg0.76Te single quantum well in an in plane
magnetic field.
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intermediate states of approximately 1:2. This value sho
be considered with some care, since our resonance pro
are not corrected for absorption, which is however a sm
effect for narrow SQW’s.

V. CONCLUSION

We presented SFRS data for~Cd,Mn!Te/~Cd,Mg!Te
QW’s which provide a strong confinement of electrons a
holes to a well consisting of a magnetic layer between n
magnetic barriers. The low-field data reveal an enhancem
of the BMP effect caused by the QW localization. The o
servations can be explained by a modification of the BM
model used for bulk material and a variational solution of
QW-donor problem.
ld
les
ll

d
-
nt
-

e

The symmetry reduction caused by an in plane magn
field is clearly demonstrated by the occurrence of additio
resonances in the Raman scattering cross section. The
signment of interband transitions to the resonances of
Raman processes is supported by model calculations of
magnetic field splitting of the subbands in in plane field
The calculations reproduce the energies and the elec
dipole matrix elements between the mixed light-hole–hea
hole states and the conduction band.
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