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Spin-flip Raman scattering from donor-bound electrons
in Cd;_,Mn,Te/Cd,_,Mg,Te single quantum wells
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We report on the spin-flip Raman scattering of electrons bound to shallow donors in single quantum wells
of Cd,_Mn,Te between Cd  Mg,Te 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 observd&@i63-18207)00724-9

[. INTRODUCTION The occurrence of resonances in the SFRS scattering cross
section for QW structures which are forbidden in bulk mate-
Since the first observations of spin-flip Raman scatteringial is shown and interpreted as a consequence of the reduced
(SFRS in InSb (Ref. 1) and Cd<’ there has been a strong symmetry of a QW structure compared to bulk material. A
interest in this effect as a tool to study intrinsic propertiesPreliminary account of some of these results has been al-
(g factors and band paramet}am electrons and holes in ready giV(f.'n in Ref. 23. Hel‘e. we will diSCUS.S in more detail
semiconductors. Reviews were given by SédBeschwind  the selection rules of SFRS in a QW and give a more exten-
and Romestaifi,and Haele® More recently spin-flip transi- Sive description of the model calculation.
tions of holes in GaAs/Ga Al,As quantum well structures
were observe. The method has also been applied to inves-
tigate p-type doping in wide band gap 1I-VI materidi$.
Diluted magnetic semiconductot®MS’s) are semicon- The Cd _,Mn,Te/Cd_,Mg,Te SQW’'s were grown by
ductors where cations are substituted by magnetic ions, e.gnolecular beam epitaxyMBE) on Cd,_,Zn,Te substrates
Cd,_,Mn,Te. This class of alloys also called semimagnetic(z=0.03) with a(001) orientation. The zinc content was
semiconductors is especially well suited for SFRS studieshosen to match the lattice constant of the barrier material.
since the Zeeman splitting of the band states is extremelyhe general layout of the samples consisted of a thick buffer
large due to the strong exchange interaction between the frdayer on top of the substrate followed by a series of different
carriers and the magnetic ioHSSFRS experiments on bulk Wwells. The latter being separated by thick barriers thus
DMS’s allowed a direct determination of the conduction Providing a situation where the electronically isolated wells
band exchange constant, and it also revealed the existence@® Strained and the barriers are almost free of strain.
a bound magnetic polarofBMP), where a donor-bound No intentional doping of the structures was performed,
electron and magnetic ions form a ferromagnetically orderediowever, from the excitation power dependence of the SFRS
cluster'"1*SFRS studies of highly doped materials allow usintensity we deduce the occurrence of residual donors. Table
to determine spin relaxation timds and spin diffusion co- | gives a compilation of important sample parameters. The
efficients of itinerant electron$:*® Analysis of the resonance large depth of the conduction and valence band poten-
enhancement of SFRS near ti® band edge in bulk tial wells, Vo,=261 meV andV,,=112 meV for sample
Cd,_,Mn, Te revealed donor-bound excitons as intermediaté T669, provide a strong confinement of electron and holes
states in the scattering procégSFRS from heterostructures for these type-1 QW structures. For the valence band offset
containing DMS layers and quantum dots were repofiett, ~ We assume a valu@,,= 0.30 which has been determined for
As the spin flip(SP of electrons confined to quantum wells (Cd.MnTe and(Cd,MgTe***
(QW’s) is very sensitive to the overlap of the electron enve- For the light scattering experiments the sample was
lope function and the DMS material, it provides a means tcPlaced in a superconducting split-coil magnet providing
probe the distribution of the magnetic ions. From the studyfields B<7.5 T and temperatures 1.7<KI <100 K. Voigt
of the resonance profiles it is also possible to deduce inforbackscattering geometry, i.e., propagation direction of the
mation on the binding energy and distribution of donors inincident |2i and scatteredfS light normal to the(001) plane

Il. EXPERIMENT

QW structureg? and the field direction alonff100], was applied. A cylindri-
In this paper we report on the observation of SFRS incal focussing lens was used to keep the power density below
single quantum wells(SQW’S) of Cd;_,Mn,Te with ~1Wcm 2. An argon ion laser- pumped dye lagpyridine

Cd,_yMg,Te as barriers. Evidence for an enhancement ond DCM served as a tunable light source. The spectral
the BMP energy for donor-bound electrons in narrow QW’sanalysis and detection of the scattered light was done using a
is given and discussed as an effect of the QW confinementriple spectrograpiiDILOR XY, f=0.50m) equipped with a
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TABLE I. Sample parameters of the €dMn,Te/Cd,_,Mg, Te single quantum well structures. Concen-
trations and thicknesses as determined from the growth process.

Sample X y L, (A) Barrier (A) Buffer (&)
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
liquid nitrogen-cooled CCD camera. The double monochro- Ag=Py,xaNg BsA 7)+g* usB. 3)

mator filter of the triple spectrograph and standard photon

counting equipment were applied to take the photolumines- . . o .
cence excitatiofPLE) spectra. P, is the probability of finding the electron inside the semi-

magnetic well. P,, was calculated foB=0 T within a

I1l. DONOR-BOUND MAGNETIC POLARONS simple envelope approximation. All other symbols have their
IN QUANTUM WELLS usual meaningsaN, is the sd exchange energyN, the
density of cation sites, argl,, andg* are the Mrf* and the

) valence band factors.x and T, are two empirically intro-
Typical Raman spectra of a SQW &@MnooTe/  gyced parameters that allow us an approximate description
Cdy.71Mgo oT€ sample are shown in Fig. 1. The two spectrags ihe total magnetization of the coupled Rihion system

differ in the orientation of the polarization of the incident S . — .
P by a Brillouin-type function. The parameter<x takes into

light which was either parallel %) or normal () to the h ducti £ 1h . ion d
direction of the magnetic field. The scattered light was ana@ccount the reduction of the average spin per ion due to

lyzed normal to the field direction for both spectra. A strong@ntiferromagnetically coupled clustéfSFor smallx values
spin-flip Raman line is only visible in them() spectra the dominant reduction is due to nearest neighby) pairs
where polarization and analyzation are orthogofabssed ~Which have arS=0 ground stateT, is mainly determined
polarization. The weak line in theqo) spectra is caused by by the interaction with neighbors beyond the NN distance.
a lack of perfect polarizations mainly introduced by depolar-The productx Nye, T, andW, were used as parameters in a
ization due to cryostat windows. The other excitations visibleleast squares fit of Eqél), (2), and(3) to the data. The fitted
in the spectra are the CdTe-like and the MnTe-like LORaman shifts are plotted as solid lines in Fig. 2. Results for
phonons and a replica of the internal SF of an electron in théne fit parameters are tabulated in Table II. A high back-
Mn?*3d shell associated with the CdTe-like LO phpr?én. round due to photoluminescence and Rayleigh scattering
The magnetic field dependence of the Raman shift relatearevented the determination of data in the low-field region
to the s_pm—fhp excitation of donor-bound eIt_actrons of samplég, the L,=45 A well of sample CT669. Therefore no sig-
CT669 is shown in Fig. 2 for electrons confined to four wells it ot values fol, andT, could be fitted in this case. The

of dnl?rrliriglotgic1lfﬂessr$#éf 1? A, tr|1_224ﬁ f LZ:G? A;[. most interesting results in Table Il are the large values for
andt.,= - 1he Shilt dispiays the Well known saturation W,. For the narrow wells they exceed the values for the bulk

behavior, roughly following a Brillouin functiorBs;( 7). . . .
The high-field Raman shifts decrease with decreasing wefln.aterlal of the_ same Mn content con5|der_ably. This aspect
will be the subject of the following subsection.

thickness, consistent with the penetration of the electron-"" " -
wave function into the nonmagneticCd,MgTe barriers. With Noar=220 meV (Ref. 29 the values forxNoa in
Similar observations have been made (6&d,Mn)Te/ZnTe Table !I lead to effective Mn concentrations that correspond
multiquantum well structure¥. The situation is more com- Well with the x values from the growth process for sample
plex in the low-field limit where the BMP effect has to be CT669 and CT716 while for CT671 the valie=0.043 sug-
considered. According to Dietl and Spaekhe peak posi- gests a Mn conternt~0.11 which is distinctly higher than
tion A of Stokes SFRS can be described by the followingintended in the growth process. Using this higher value of
equation: x for sample CT671 we give the fraction of magnetically
active Mr?" ions x/x in Table II. The value ok for sample
AAg CT671 is also supported by the high values Tgr

4e kgT The inset of Fig. 2 shows the SF Raman shift for the four
wheree,, is the characteristic polaron energy as defined i Wells of sample CT669 at a fiel=7.0 T versus the calcu-

P Nated probabilityP,, . Assuming a saturation of the Brillouin

Ref. 28. It is re]ated o .tlhze characteristic energy p"jlr‘fjmmefrunction, which is reasonable for the low temperature and
W, used by Heimaret al.

A. Experimental results

"A'Z—zsp’&—’A'Aocoth( )—4spkBT=O, 1)

low Mn content, a straight line fit, according to E(B),
3 W3 g 5 W2 . yields a valuexNya=4.2+0.4 meV. The result for the in-
ST A (T4 Tq) 97 52 77) AT+ 79" 7 trinsic CdTeg factor derived from the straight line fit is

rather uncertaing* = —2.6+2.0, however, in agreement
5 with the literature valueg* = —1.77% The good linearity
79usB — .
n= Ka(T+Ta)" (2)  andreasonable values falNya andg* show that the use of
B( 0 a simple QW model neglecting interface effects and changes
To include the influence of the QW we modify the valenceof P,, with magnetic field are reasonable approximations for
band spin splittingA, by introducing a factoP,,, the low x values and deep wells of our samples.
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FIG. 1. Raman spectra in crossettd) and parallel o) po- <
larization for a Cd gMng 1Te/Cd, Mg, 37T€ single quantum well of 10 E 40 41
width L,=100 A. Incident and scattered light propagate along the o
growth axis[001] while the magnetic field is if100] direction. PR: 0 . . .:?OI L . oy

paramagnetic resonance of the ¥nion (3d®) as a companion O‘ ' '1 - ‘2 3' ' 4 ' '5' ' IGI ' '7
(A=5.6 cm ) of the 1LO-CdTe phonon mode Ref. 26. B (T)

B. Model for BMP enhancement

While for the free magnetic polaron reduction of the di- ~ FIG. 2. Magnetic field dependence of the spin-flip Raman shift
mension has an important influence on the localization anéPr donor-bound electrons confined to four single quantum wells of
therefore on the polaron formatidhfor the BMP the local- & Cth.oMnoosT€/Ch7dMgo4Te sample. Solid lines are fits to the
ization is provided by the defect potential and we expect thaBMP model(see text Inset: Saturation value of the Zeeman split-
the reduction in dimensionality caused by the QW should"9 versus the calgul_ated probabll_lin of finding the electron of
only have an indirect influence on the BMP. We therefore® first subband within the potential well

use the BMP model derived for bulk materials since the ther-

modynamic properties of the BMP should not be affected by , 35 X (Noa)?
the QW potential. We adopt the result derived by W4lff 0:%—”%30 . ®)

Heimanet al1? showed that Eq(5) is in agreement with the
experiment for bulkCd,Mn)Se.
If we neglect interface effects on the effective Mn con-

which expresses the characteristic polaron enafdy in centrationx, which is reasonable for low Mn content and
terms of the effective Mn concentration, exchange energystructures with semimagnetic well material, the influence of
and the donor wave functio#®(r). The use of a $ hydro-  the QW onW, is mainly through the donor wave function. It
genic function® (r) :(wag)‘l’zexp(—r/ao) for bulk material  is well known that the additional localization due to the QW
leads to the result leads to an increase of the donor binding energy as long as

Wo=15% (Noe)?

35 _ | (r)|*d®r
= @

TABLE Il. Parameter derived from fitting the BMP model to the SFRS data for several
Cd,_Mn,Te/Cd _,Mg, Te single quantum wells.

Sample L, A) P, XNoa (meV) W, (meV) Ty (K) é

CT669 18 0.63 4303 0.27:0.15 2.6 0.65
CT669 45 0.89 44023 0.67
CT669 65 0.95 440.2 0.36-0.15 2.8 0.67
CT669 100 0.98 4402 0.00+0.15 2.6 0.67
CT671 ~ 20 0.60 9.5 0.940.2 35 0.39
CT671 100 0.98 9403 0.34:0.2 3.6:0.4 0.39

CT716 45 0.92 9.2 0.790.2 4.4 0.42
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TABLE lIl. Material parameters fofCd,Mn)Te and(Cd,Mg)Te used for the calculations. Parameters not
known for (Cd,Mg)Te were replaced by the values f@d,Mn)Te and vice versa.

Unit Cd,_ Mn,Te Source Cd Mg, Te Source
Band gap meV B= 1596+ 1605x Ref. 41 B=1598+ 1755y Ref. 40
Eff. mass mq 0.096k=0) Ref. 42
Luttinger param. v1=4.14,y,=1.09 Ref. 43
Static dielectr. const. £0=9.65(x=0) Ref. 43 £0=10.76-3.86y Ref. 44
vb offset Quw=0.3 Ref. 25 Quw=0.3 Ref. 24

the donor wave function does not penetrate significantly intqﬁqoa and the large depth of the wells, the theoretical curves
the barrier. The latter happens in very narrow wells whergor sample CT671 and CT716 do not differ significantly. For
the bulk situation is approached and for donors located neggasons of clarity only one set of theoretical curves is dis-
the interface or in the barrier. In the latter case the bindingb|ayed in Fig. 3. For samples CT671 and CT716 the ob-
energy can be reduced below the bulk value, depending ogerved and calculated values i, are at least in qualitative
the donor positiorg; and barrier heighVy, . The increase or  agreement. The increasing trendvify with reduction of the
reduction in binding energy is accompanied by a shrinking okye|| thickness is reproduced by the calculation.

eXpanSion of the extension of the donor wave function which The Situation is IeSS C|ear for Samp'e CT669. Here for the
affects the BMP. , two narrow QW's withL,=65 A andL,=20 A a BMP is

A standard approach to the problem of the donor in a QWgpserved and thi, values agree or almost agree with the
is a variational treatment. Since we are only interested in th@g|cylation, while the wide well with.,= 100 A shows al-
major trends for the BMP in a QW we use the simplest trialmost no detectable BMP. A possible explanation could be a
function distribution of the donors which has a maximum in the bar-

7 1 rier near the interface to the well. In this case the donor

_ _ s~ . /a2D binding energy for a wide well is reduced below the bulk

(N =x2)¢(@)=x(2) \/;aﬁDeXp( elag). (6 value, but for narrow wells an enhanced donor binding
dNOLHd still be possible.

For future experiments the use éfdoped samples could
avoid such ambiguities. Also samples with a constant Mn
content along the growth axis Ilike EdMn,Te/
Cd, _x—yMn,Mg, Te would be very interesting since the part

x(2) is the conduction band envelope function of the groun
state and¢ (o) is a two-dimensional $ hydrogenic wave
function, with o = \X?+y? being the variable for the elec-
tron motion in the QW plane. The application of this sepa-
rable trial function simplifies the solution of the variational
problem and leads to a straightforward numerical problem
(see, e.g., Ref. 32As a result of the variational procedure
one gets the energy and 2D Bohr radius for the donor de-
pending on the position of the donar. In Table IIl we give 100
the parametergband gaps, band offset, .) used in the
calculation.

Inserting wave function6) for the donor into Eq.(4)
leads to a characteristic energf§"’ in a QW structure of the
form

75

W (meV)

(WOQW(Zi))2_3_5 X (oo f

24 w(aSD(Zi))z -Li2

+L2|v(2) |4
Ix(2)] 4z
No

where the argumert; indicates the dependence on donor 25

position. This expression is easily evaluated once the varia-

tional problem has been solved. However, there are addi-

tional problems that complicate the comparison with the ex- 0
periment. First, since our samples are not intentionally doped .
we do not know the distribution of the donors along the L,(A)

growth axis. Second, the experiments are performed under

resonance condition, which leads to weighted contributions s 3. Experimental and calculated characteristic polaron ener-

of donors to the signal due to the resonance enhancement. T for three Cd ,Mn,Te/Cd Mg, Te structures. Solid lines and
get an estimation of the influence of the donor position Wesq|ig marks correspond to samples CTGM) and CT716 @) and
consider three situationéi) donor in the center of the well, gashed lines and open circles to sample CT669.(The upper

(i) donor at the interface between well and barrier, éi@l  (lower) calculated curve corresponds to the cefisterface posi-
donors equally distributed over the well. Figure 3 shows theion of the donors. The intermediate curve is calculated for donors
calculated curves for the three sample structures togethefiat are equally distributed within the well. The arrows mark the
with the experimental result§Due to the identical values bulk values calculated with Eq5).
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FIG. 4, Spin-flip Raman spectra for a

Cd, _Mn,Te/Cd _,Mg, Te single quantum welll(,=100 A) for

several excitation energies chosen around a resonance of the scat-

tering cross section.

of the wave function penetrating into the barrier would still
contribute to the BMP energy and such samples would also
avoid interface effects on the effective Mn concentration.
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FIG. 5. Resonance profiles for the spin-flip Raman scattering

from a Cdq oMngosTe/Cdy,MggseT€ single quantum well. The

various resonances are labeled with a consecutive number and po-
larization of the incident and scattered photon. The arrows mark the
transition energy as determined by PLE.

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

A. Experimental results

The intensity of the SFRS signals shows a strong depen-
dence on the quantum energy of the exciting light, as has
been observed earliét?! An example for the SF excitation
in theL,=100 A well of sample CT671 is shown in Fig. 4,
where a series of spectra differing in excitation energy is
displayed. A more concise description of the information
contained in Fig. 4 is given by a resonance profile, extracte:
from such a series of data, where the integral scattering ir
tensity of a Raman line versus the energy of the inciden
photon energy is plotted. In Fig. 5 the resonance profiles fo

the z(ow) z and z(7 o) z scattering geometries are shown
for transitions of theL,=45 A QW of sample CT669.

Three different resonances are clearly resolved in Fig. 5
A fourth resonance is indicated at the low energy side of the
(7o) profile. The full resonance is not accessible to the ex:
periment because of the strong luminescence at the bar
edge. The occurrence of four resonances is different from th
situation in(Cd,Mn)Te bulk material where only two reso-
nances involving light-hole excitonic transitions are
observed’

For the identification of the transitions involved in the
Raman resonance the knowledge of the PLE spectra is vel
helpful. We show in Fig. 6 the PLE spectra detected at the
low-energy side of the band edge luminescence for th
L,=45 A well and two polarizations of the emitted light.
The spectra were taken under identical conditions of field

2000
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012345867
B(T)

800

PL intensity (arb. units)

400

0
1675 1700 1725 1750

photon energy {meV)

1775

FIG. 6. Photoluminescence spectrus) and photolumines-

and temperature as the Raman data. Several maxima are Vignce excitation spectra far(®) and 7(O) analyzation for a
ible and we relate them with the absorption due to free excd, ;- MngosTe/Cd, ,Mds 76Te single quantum well. Open and solid
citons associated with the different Zeeman-split componentarrows give the position of the calculated dipole transitions, respec-
of the lowest subbands of the QW. We discuss the identifitively. The inset shows the calculated magnetic field dependence of

cation of the individual transitions below.

the relative absorption strength for the eight dipole transitions.
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B. Interpretation of the resonance behavior corresponding energieB is the dipole operatorg, and eg

When comparing Raman scattering of bulk material andhe polarization vectors of the incident and scattered light,
QW structures one expects the symmetry reduction to manf @, and% wg are the corresponding photon energies. Only
fest itself in relaxed selection rules. If we include the mag-the first term in Eq«(8) shows resonance behavior and we
netic field the point symmetry appropriate for bulk CdTeWwill consider only such terms in the following. The eight
material isS,, assuming the field to be parallel to a four- dipole transitions in Fig. (&) can be combined to four Stokes
fold axis. For the QW structure which has point symmetryRaman processes, two corresponding #@j and two cor-
D,q in the zero field two situations are of intereétr mag-  responding to ¢) polarization. ForB||[001] the magnetic
netic field parallel to the growth directiof®01], (Il) mag- field does not lift the distinction between heavy and light
netic field normal to the growth direction alorid00Q] or holes, thus like in bulk material only six electric-dipole tran-
[010]. The first case leads to symmetry grofpand thus to ~ Sitions and two Raman processes are allowed.
identical selection rules as for bulk material. In the second To support our identification of the resonances we per-
case the symmetry group is reducedds [Fig. 7(a)]. formed a simple model calculation of the Zeeman splitting of

A general selection rule for magnetic excitati@m mono- QW states in an in plane field. This problem has been treated
clinic or higher symmetried® requires that the incident light in a more general way in the literatut&®” Since we are
has a polarization componen:gil parallel to the magnetic only interested in samples where the Zeeman shift is small
) - . I . compared to the depth of the QW we treat the exchange
f'e"i' (SB)_ while the .scattertid I'qhts@ is polarized n.ormal interaction as a perturbation to the QW problem. For a sys-
to B or vice versa, in shortzgX g;X £5#0. Observation of  tem with semimagnetic well material we write within the

spin-flip excitations in geometries corresponding to situationjrtyal-crystal and mean-field approximatich,
(1) are therefore practically impossible, since this would re-

quire a backscattering experiment with the light traveling b . § 5
along the well plane or a 90° scattering geometry, where He= —XNoa(S)si® 2 ) (€)
either scattered or incident light travels along the plane of the

QW. Both experiments are not feasible with reasonable ac- L2

curacy by standard Raman techniques. SFRS in geometries HYP= —xNO,B(S>sih®(ZZ—22), (10
corresponding to situatiofil ) is however easily realized in a

Voigt backscattering configuration. for the exchange term®(z) is the unit-step functioniN,3

In Flg 7(3) we show a schematic diagram of the Spllttlng is the pd exchange energy arsf(slh) is the component of
Of the COI‘IdUCtiOﬂ and Valence Subband at the Bri”ouin Zothe angular momentum Operator of the band e|ect|fm‘be)
center for fieldsB||[001] and B||[100]. The most obvpus along the magnetic field direction, i.esﬁ(s'x‘) for B[100].
consequence of the reduced symmetry caused by the in plagg, diagonalizd—|g'; within the subspace of the spin degen-

field is the fact that the Stokes and the anti-Stokes spin-flip, .. |owest conduction subbands il within the four-
transition transform according to the same irreducible repre-

sentationsT’, of Cy, i.e., T XT4=T"% XT3=T, while in dimensional space of the lowest heavy- and light-hole sub-

LA . bands. We are only interested in the band edge energies and
the (bulk) symmetryS, the two excitations belong to differ- neglect the in plane dispersion terms. With=k" =0 the
ent, Kramers conjugate irreducible reF)resemat'Onsconduction and valence band matrices Bﬂ{lOO]ltake the
I'§xI's=T3 and ' XI's=T"4. The latter allows us by a following form:

suitable choice of the scattering geometry to observe Stokes

and anti-Stokes Raman lines in different spectra, as has been 0 3CPg

shown in Ref. 13. This separation of Stokes and anti-Stokes H %= ( 3cp 0 )

lines should be suppressed in thg symmetry; however, the 65

experimental verification of this result also requires a 90° 5

scattering geometry and could therefore not be observed. C=— gmoailgs/z( 7), (11)
The existence of four resonances in the Raman cross sec-

tion for B|[100Q] follows also from Fig. 7a). The magnetic

field splits each heavy-hole and light-hole state infd;aand 0 V3C'Py, 0 0

al, state. The distinction between heavy and light hole is J3C'P,y, A 2C'P,; 0

thus obsolete and eight electric-dipole transitions between HP= , ) ,

the valence and the conduction band, with polarizations as 0 2C'Pg A V3c Paa

shown in_Fig. Ta), are alloyved. _ 0 0 J3C'Pys 0
Spin-flip Raman scattering can be described by the second

order perturbation theory, which leads to the following cross 1 5

section®® C'=—5 XNoB5BsA 7). 12
do (f|exD|I)(I|e,Dli) <f|é,|5|l)(||é§|5|i>‘2 where the energy of the heavy hole B0 T is taken as
aa’ Z E—E +fho + E—E —fios ‘ ) zero andA is the light hole-heavy hole splitting due to the

| I

®) QW potential _and the strain. The Mn concentratioand the

spin expectatiodS) value have been replaced by the effec-
where|i),|l), and|f) are the initial, intermediate, and final tive Mn concentration and the Brillouin function. The factors
state of the scattering process aB(,E;, andE; are the Pj; are defined by
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+L/2
Pij:leer(Z)Xj(z)dza (13) S B B L B |
4 Dy (y 1710 '< ? T :ZB
L o of T,
with x;(z) being the envelope functions. A unitary transfor- \_/ ‘ ‘
mation leading to a bloc-diagonal form for E4.2) is easily /N . 4o |8 20 1o
found. The resulting two-by-two matrices correspond to the '
two irreducible representatiod; andI’, of the point group I I
C, and the eigenvalues can be found analytically. The result il i 3 4 3| |1x 2
are however lengthy and we do not reproduce the expres g I
sions here. As an example for the Zeeman splitting in in E’ : . N
plane fields we show in Fig.(B) the results correspondingto % Yoo /— s
theL,=45 A QW of sample CT669. The isotropic conduc- \w " ok VB
tion band shows a splitting that is similar to the bulk mate- / O i
rial. The Zeeman-splitting pattern for the valence band is b _ T, 20¢ 2
however, rather different from the one for bulk and also from f \ﬂ/ a0
the one forB||[001]. In zero field, where the growth direc- . 4 \ > S
tion defines the quantization axis, the in planfactorg, for N U
Bjjm)  B=0 BY 0] 01 2 3 4 5 6 7 8

the heavy-hole states vanishes. The heavy-hole doublet spli *
only due to the magnetic field induced moments. The in BM

plane field mixes the light- and heavy-hole states belonginy

to the same irreducible representation. An anticrossing of the

two I', states occurs arour=2 T. For the given QW the FIG. 7. (3) Schematic the level splitting for a semimagnetic
exchange energy is not large enough to reach a situatiofuantum well under the influence of a magnetic field along the
where the direction of the magnetic field is a good approxi{001] and the[100] direction. The allowed electric-dipole transi-
mation for the quantization axis of the hole spins. Such aions and their respective polarizations are shota.Calculated
situation is reached fofCd,Mn)Te/(Cd,MgTe QW’s with  Zeeman splitting of the lowest conduction and valence subbands for
smaller A and higher Mn conterit. For the given QW a a Cd,¢Mng osTe/Cdh ,Mdq z¢Te single quantum well in an in plane
strong mixture of the heavy- and light-hole states is reachethagnetic field.

when the magnetization saturates. The good agreement of the

model with the experiment is shown in Fig. 6 where we markand of theL,=45 A QW of sample CT671. The scattering
the calculated positions by arrows. The missing of a distinctn the binding energies for thB°X complex may partly be
peak foro transition 3 andr transition 4 in the PLE spectra caused by the different positions of the donors in the QW
can be understood by calculating the relative size of the tranpotential.

sition probabilities. They are proportional to the squares of The assumption that neutral donors are already present in
the dipole matrix elements. The magnetic field dependenceur MBE-grown samples is further supported by the excita-
of the latter can be calculated once the eigenstates of th#&on power dependence of the scattering efficiency which is
holes are determined. For the,=45 A well of sample linear over the range 0.02—-20 W cra This is different
CT669 the values are displayed in the inset of Fig. 6. Theyfrom the undoped bulk material which tends togséype and
start from values close to 3 and 1 in zero field, the smalldonors are compensated. In this case the SFRS power depen-
deviations from the integer values which are exact for bulkdence is nonlinear since neutral donors have to be created by
material, are due to the lower symmetry of the QW potentialthe exciting photons?

In agreement with the experiment the dipole matrix element The knowledge of the relative size of the dipole matrix
for transition 3r almost vanishes abovB=5 T and the elements in conjunction with the cross secti@) can be
value for transition 4r is also rather small. Based on the used to estimate the width of the intermediate state involved
calculations, it is also possible to identify the different tran-in the scattering process. If only the resonant term in(Bg.
sitions contributing to the Raman resonances shown in Figs considered, the resonance profile is expected to have
5. The allowed scattering processes are shown in Kly. 7 Lorentzian shape with an area

and the corresponding energies are marked in Fig\W&e

used the experimental energy values derived from the analy- Ac|(flexD|1)?(1|eD]i)/T, . (14)

sis of the PLE data As we plot the Raman intensities versus

the energy of the incident light, a coincidence of the resoWe introduced a finite width of the intermediate state by
nance maximum with the energy of the dipole transitionE,—E,+iI'|/2. This result remains valid under the influence
from the initial state to the intermediate state is expectedof inhomogeneous broadening, which does not affect the
The overall pattern of the resonance positions, i.e., the erarea under a resonance profile. The tear resonances
ergy difference and polarizations, agree well with the ob-shown in Fig. 5 are determined with the same experimental
served PLE energies. The absolute values of the resonancenfiguration thus the unknown proportionality constant in
positions are however below the PLE positions. We interpreEqg. (14) cancels when the areas are compared. We find an
this energy difference as the binding energy of the exciton a¢xperimental ratio of 20:1 for the areas, which, when com-
the neutral donor. Similar observations were made for resopared with the calculated ratio 3.2:0.3 of the numerators in
nances related to the,=20 A wide QW of sample CT669 Eg. (14), leads to a ratio of the homogeneous width of the
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intermediate states of approximately 1:2. This value should The symmetry reduction caused by an in plane magnetic
be considered with some care, since our resonance profiléld is clearly demonstrated by the occurrence of additional
are not corrected for absorption, which is however a smaltesonances in the Raman scattering cross section. The as-

effect for narrow SQW's. signment of interband transitions to the resonances of the
Raman processes is supported by model calculations of the
V. CONCLUSION magnetic field splitting of the subbands in in plane fields.

The calculations reproduce the energies and the electric-
We presented SFRS data fdCd,MnTe/Cd,MgTe  gipole matrix elements between the mixed light-hole—heavy-
QW'’s which provide a strong confinement of electrons andygje states and the conduction band.

holes to a well consisting of a magnetic layer between non-
magnetic barriers. The low-field data reveal an enhancement
of the BMP effect caused by the QW localization. The ob-
servations can be explained by a modification of the BMP
model used for bulk material and a variational solution of the  This work was supported by the Deutsche Forschungsge-

ACKNOWLEDGMENT

QW-donor problem. meinschaft.

*Electronic address: dahl@physik.uni-wuerzburg.de Ashenford, and B. Lunn, J. Cryst. Growil38 656 (1994).

IR. E. Slusher, C. K. N. Patel, and P. A. Fleury, Phys. Rev. Lett?!M. P. Halsall, S. V. Railson, D. Wolverson, J. J. Davies, B. Lunn,
18, 77 (1967. and D. E. Ashenford, Phys. Rev. 8, 11 755(1994.

’D. G. Thomas and J. J. Hopfield, Phys. R&¥5 1021(1968. 22p_J. Klar, D. Wolverson, J. J. Davies, B. Lunn, D. E. Ashenford,

3J. F. Scott, Rep. Prog. Phy43, 951(1980. and T. Henning, Proceedings of the 23rd International Confer-

4s. Geschwind and R. Romestain, liight Scattering in Solids ence on the Physics of Semiconductors, edited by M. Scheffler
edited by M. Cardona and G. @therodt, Topics in Applied and R. Zimmermanr(World Scientific, Singapore, 1996p.
Physics Vol. 54(Springer, Berlin, 1984 1485.

°H. G. Hdele, in Landau Level Spectroscopgdited by G. Land-  23R. Meyer, G. Schaack, and A. Waag, Mater. Sci. Fofi82-184
wehr and E. |. RashbéElsevier, Amsterdam, 1991p. 579. 463 (1995.

®V. F. Sapega, M. Cardona, K. Ploog, E. L. Ivchenko, and D. L.24B. Kuhn-Heinrich, W. Ossau, T. Litz, A. Waag, and G. Land-
Mirlin, Phys. Rev. B45, 4320(1992. wehr, J. Appl. Phy¥5, 8046(1994.

V. F. Sapega, T. Ruf, M. Cardona, K. Ploog, E. L. Ivchenko, and?®B. Kuhn-Heinrich, W. Ossau, H. Heinke, F. Fischer, T. Litz, A.
D. L. Mirlin, Phys. Rev. B50, 2510(1994. Waag, and G. Landwehr, J. Appl. Phys. L&8, 2932(1993.

8p. J. Boyce, J. J. Davies, D. Wolverson, K. Ohkawa, and T.28J. Sinler, M. Hirsch, G. Schaack, and A. Waag, Phys. Re¥9B
Mitsuyu, Appl. Phys. Lett65, 2063(1994). 7345(1994).

D. Wolverson, P. J. Boyce, C. M. Townsley, B. Schlichtherle, and2’Eynsoon Oh, A. K. Ramdas, N. Samarth, H. Luo, and J. K.
J. J. Davies, Proceedings of the 7th International Conference on Fyrdyna, Phys. Rev. B7, 7288(1993.
II-VI Compounds and Device$J. Cryst. Growth159 229 287 pjet| and J. Spatek, Phys. Rev. 2B, 1548(1983.

(1996 ]. 29R. L. Aggarwal, S. N. Jasperson, P. Becla, and R. R. Gatazka,
10 i i i
J. Furdyna and J. KossuDiluted Magnetic Semiconductors Phys. Rev. B32, 5132(1985.

Semiconductors and Semimetals Vol. (Z&ademic Press, Bos- 3E, Molva and Le Si Dang, Phys. Rev. 3, 1156(1985.
11Mto:j 1988’kP'R27F?|; J. ::uéd?ar‘l‘]' Appl.dPFF;yGél, in(lgia' R 31C. Benoit la Guillaume, M. Combscot, and Yu. G. Semenov,
- Nawrockl, . Fanel, &. Fishman, and K. Lalazka, Fhys. ReV- 5504 |nternational Conference on the Physics of Semiconduc-

Lett. 46, 735 (1981). ) RN
12D Heiman, P. A. Wolff, and J. Warnock, Phys. Rev2R 4848 tlog;;ée(s,lti;f D. J. LockwoodWorld Scientific, Singapore,

(1983. 22 . . .
13p. . Peterson, D. U. Bartholomew, U. Debska, A. K. Ramdas, G. Bastard Wave Mechanics Applied to Semiconductor Hetero-
structures(Halsted Press, New York, 1988

and S. Rodriguez, Phys. Rev.3, 323(1985. 3 ] ) )
14p_A. Wolff, in Diluted Magnetic SemiconductokRef. 10, p. W. Hayes and R. Loudor§cattering of Light by CrystaigViley,

413. New York, 1978.
15D, L. Alov, S. I. Gubarev, and V. B. Timofeev, ZhKkEp. Teor. *4T. Z. Kachlishvili, Solid State Commurg0, 283 (199)).
Fiz. 86, 1124(1984 [Sov. Phys. JET/B9, 658 (1984)]. %F. Neugebauer, J. Reler, D. Suisky, and S. Re21nd Interna-
16T, Dietl, M. Sawicki, M. Dahl, D. Heiman, E. D. Isaacs, M. J. tional Conference on the Physics of Semiconductedited by
Graf, S. I. Gubarev, and D. L. Alov, Phys. Rev. 48, 3154 P. Jiang and H.-Z. Zhen{yVorld Scientific, Singapore, 1992p.
(1991. 748.
M. Hirsch, R. Meyer, and A. Waag, Phys. Rev. 4B, 5217  3°P. Peyla, A. Wasiela, Y. Merle d’Aubign, D. E. Ashenford, and
(1993. B. Lunn, Phys. Rev. B7, 3783(1993.
18 K. Suh, D. U. Bartholomew, A. K. Ramdas, R. N. Bicknell, R. 37B. Kuhn-Heinrich and W. Ossau, Mater. Sci. Fordr@28 184,
L. Harper, N. C. Giles, and J. F. Schetzina, Phys. Re\36B 491 (1995.
9358(1987). 383, A. Gaj, inDiluted Magnetic SemiconductofRef. 10, p. 288.
19R. Meyer, M. Hirsch, G. Schaack, A. Waag, and R. N. Bicknell- 3°S. I. Gubarev, T. Ruf, and M. Cardona, Phys. RevA3 14 564
Tassius, Superlatt. Microstru@, 165(1991). (1991).

20D, Wolverson, J. J. Davies, S. V. Railson, M. P. Halsall, D. E.*°W. Ossau, U. Zehnder, B. Kuhn-Heinrich, A. Waag, T. Litz, and



16 384 R. MEYER, M. DAHL, G. SCHAACK, AND A. WAAG 55

G. Landwehr, Superlatt. Microstruct6, 5 (1994. 43T, Friedrich, J. Kraus, M. Meininger, G. Schaack, and W. O. G.
4y, R. Lee and A. K. Ramdas, Solid State Commud, 861 Schmitt, J. Phys. Condens. Matt&r4307(1994).
(1984. 443, Nakashima, T. Fukumoto, and A. Mitsuishi, J. Phys. Soc. Jpn.

42R. Romestain and C. Weisbuch, Phys. Rev. 145t.2067(1980. 35, 1437(1973.



