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We have performed magnetoluminescence and magnetoreflectance studies on novel semimagnetic semicon-
ductor heterostructures based on (ZnMn)Se/(ZnBeMg) Se. The successful fabrication and various optical prop-
erties of that system are demonstrated by gZMng osSe/” "Zn ¢ 76B€y.0dV1d0 165€ Ssingle quantum wells. The
exciton spin splitting was used to determine the valence-band offset for (ZnMn) Se/(ZnBeMg) Se to 0.22 of the
total band-gap  discontinuity. Weakly confining  multiple  quantum  wells made @ of
Zny.9:MNg goS€e/ Zny o7 B, o65€ demonstrate a change of the band alignment from type | to type Il for one of
the exciton spin components in external magnetic fields which results in the formation of a spin superlattice.
This spin superlattice formation manifests itself in an asymmetric Zeeman splitting of a spatially direct exciton
caused by a spin-dependent change of the exciton binding energy. A pronounced broadening of the exciton in
reflectance and photoluminescence excitation spectra was observed when scattering friBdf&e barriers
becomes possibl¢S0163-182@09)01028-0

. INTRODUCTION pounds, such as (ZnBeMg)Se, can be grown lattice matched
on GaAs substrates with high Be concentrations with a band
In the past decade, II-VI semiconductors based on ZnSgap up to about 4 eV This is in contrast to previously used
have attracted great attention both for basic research and f¢ZnMg)Se, where strain limits the Mg contef@nd hence the
its application as optoelectronic devices for the blue-greemand gap to a few percent for the growth on GaAs sub-
spectral rangé. Diluted magnetic semiconductofDMS)  strates. Recently first laser emission of diode structures con-
[e.g., (ZnMn)Se] are of special interest due to remarkabldaining (ZnBeMg)Se barriers has been repoft@hncerning
magnetic properties displayed by such a system. They steits favorable properties, (ZnBeMg)Se represents also an
from a strongs,p—d exchange interaction between the elec-ideal barrier material for (ZnMn)Se wells that allows tuning
tron and hole states and the localized states of'Mgd  Of band offsets in a wide range. _
electrons and lead to peculiar optical properties such as giant 1"€ concept of a spin superlatti¢8SL) was first pro-
Zeeman splittings of magnetoexcitchShe use of DMS in  Posed by von Ortenbet@s a system of alternating magnetic

nanostructures has brought a lot of new and interesting phénd nonmagnetic layers with vanishing valence- and
nomena in the physics of low-dimensional systems. Thu onduction-band offset. With applied magnetic fields the

confining potentials for carriers are tunable by external mag_arge Zeeman splitting of band states in the magnetic layers

netic fields, which allows us to realize a transition from a eads to a spatial separation of carriers with different spin

tvoe | 1o a tvpe 1l band alianment and to form a Spin su er_components. In the case of nonvanishing band offsets, which
yp ype | 9 : Pl P€s most common in real systems, this spin-dependent carrier
lattice. In addition, the magnetic polaron formation was

h be drasticall dified by the localizati ¢ separation occurs for electrons and/or holes at finite mag-
shown to be drastically modified by the localization of car-pqyic fields when the Zeeman splitting exceeds the respective

L !

riers in quantum wells: o _ _ _ band offset. Consequently, the additional formation of spa-
The main problem of existing semimagnetic semiconducy;ay indirect excitons is expected in these layers. Until now,

tor heterostructures based on ZnSe such as (ZnMn)Se/Zn$gonerties of SSLs have been investigated for various com-

is to achieve strong carrier confinement while maintainingyinations of magnetic and nonmagnetic materifdsg.

structural quality and a sufficient Mn content{3.0 %). For (CdMg)TeACdMn)Te® ZnSe(znMn)Selt ZnSe(ZnFeSé

this system the bowing of the band gap for low Mn concen-ref 12] and also for heterostructures consisting of two

trat|ons_|mpl|es Zn_,Mn,Se to fo_rm the \_Nell forx<0.05  {ifferent DMSs such a$ZnFeSe(ZnMn)Se (Ref. 13 that

only with a total band-gap dicontinuity smaller than gistinguish in their individual magnetic properties.

150 meV> At higher Mn fractions ¥>0.05) Zn_.Mn,Se In this paper we present results on successful fabrication

is the barrier material and a larger confinement can be atyq optical study of type [ZnMn)Se(ZnBeMgSe single

tained on the expense of a reduced overlap of the Ca”iediuantum wells (QWs and (ZnMn)Se(ZnBe)Se multiple

wave functions with the Mn system. Up to now, efforts {0 gyantum wellyMQWSs) as a new representative for spin su-
overcome this restriction succeeded only by involving a quaper|attices.

ternary alloy like (ZnCdMn)Se as a quantum-well matetial,
wh|9h in turn leads to additional alloy broadening of the Il EXPERIMENTALS
excitonic states.
The application of Be chalcogenides as new barrier mate- The samples under investigation were grown by
rials for ZnSe has proven to be of great potential. Thus commolecular-beam epitax¢MBE) in a Riber system o(001)-
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FIG. 1. X-ray-diffraction spectrum of a 100 A/100 A 1

ZNy.9iMNg goS€/Z1y 97-Bey gos5€  superlattice(sample B) with the 2.80 282 2.84 2.86 2.88
corresponding simulation. Energy (eV)

oriented GaAs substrates. Prior to the growth of the layers, a_FIG- 2. PL(solid lines and PLE spectrddotted lines of a
4-ML-thick BeTe buffer was deposited in order to improve 52-A-thick Zry oMo osSe/” "Zn o 7d3€,0dMgo. 165 QW(sampleA) -
the surface quality. Samplé contains two ZgeMng oSe forB=0 and 2T at a temperatu_re of 1.7 K. Inset: _Magnetlc-fleld
QWs of thickness L,= 52A and 15A embedded in depeqdenpe of .the integral PL |ntensit§/B) .normallzed to thg
1000-A-thick barriers made of ZndBe, 0dMdo 1cSe. The in- zero-flel_d intensityl (0) determined for excitation below the barrier
ner barrier which separates the quantum wells is 250 AEN€rgy in Faraday geometry.
thick. Our multiple quantum wellsampleB) consists of 20
periods of alternating 100-A-thick layers of ZgMny,Se  band gap are shown. in Fig. 2 fpr zero magnetic field and 2 T.
and Zny g7 Bey gosSe. The he_avy-hole exuton)(hh) with an energy of 2.86 eV_ at_ _
Composition and structural quality of the samples wereB=0 gives the strongest signals in both spectra. No signifi-
examined by x-ray diffraction. As an example, we demon-cant Stokes shift between PL and PLE has been observed,
strate in Fig. 1 the rocking curves(—20 scan of sampleB  which gives evidence of a suppressed spectral diffusion in
revealing a feature of the GaAs substrate and equidistanhis structure and absence of the magnetic polaron formation.
satellite peaks of th&ZnBe)Se(ZnMn)Se SL. The increased Apart from a giant splitting of about 50meV at 7.5T for
broadening of the satellite peaks with higher order reflects @ach zeeman branch, the spectra keep qualitatively un-
small drift either in compositon or layer thicknesses. A dy-changed in external magnetic fields. Nevertheless, even at
namical theory of diffractiolf has been used to simulate the B>2T for which the Iuminescence is up to
spectrum(thin curve in Fig. 1 and to determine the sample g, +_polarized, the PL intensity continues to increase
parameters as given above within an error of about 10%. g5ng1y with the magnetic field. The overall increase of the
Optical Spectra were taken at dnfferen.t sample temperafntegral intensity of the QW luminescence is about a factor
tures ranging from 1.7 Kpumped liquid heliumup to 34 K. . of 20 (see the inset of Fig.)2The laser energy used here was
Magnetic fields upto 7.5T, generated by a superconduct!nert below the absorption edge of the barriers and of the
split-coil solenoid, were applied parallel to the growth axis 15-A-thick QW to ensure a constant excitation power im-

(Faraday geometjyAn Ar-ion laser served as the excitation ~ " . .

source for photoluminescen¢eL) or as a pump source for a pInging on the cons_ldered_ Ia_yer. Only two mechanisms are
tunable dye lasefStilben 3 used in PL excitationPLE) conceivable for the intensity increase as the problem of car-
experiments. For reflectance measurements a halogen larfi§" collection from the barrier into the QW is excluded by
was applied. The circular polarized signal was analyzed by §Irect exmtayon of the QW. These are the suppression of the
1-m monochromator and detected with a charged-coupledmema| Mrf* transition and the suppression of nonradiative

device(CCD) or a cooled photomultiplier tube followed by a recombination. For the investigated structure, the integral in-
photon-counting system. tensity of the internal MA" transition is very weak aB

=0 (15% of the integral QW luminescencand reveals no
measureable magnetic-field dependence. Thus the suppres-
, sion of the exchange Auger proc&séhe channel for excit-
A. Single-quantum-well structure ing Mn?* ions) in magnetic fields can be neglected here.
For the 52-A-thick QW of samplé, the PL and PLE Consequently, we believe that a strong suppression of non-
spectra taken under excitation below the energy of the barrieladiative recombination channels located in the magnetic

IlI. RESULTS AND DICUSSION
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FIG. 3. Reflectance spectrig(2 T)/R(0) and zero-field PL Magnetic field (T)
spectrum(excited with a laser energy of 4.1eV) of a 15-A-thick ) ) ) )
ZnNg 0gMNg 0:S€/ Z1 7B 0gMJo 1656 QW (sampleA) for T=1.7 K. FIG. 4. Experimental heavy-hole exciton energie§,(line)

with different spin components for two Z£gMngsSe/

layer is responsible for the drastic increase of the luminesZ"o.73%.08Mdo165¢ QW'S vs magnetic-field strength taken from
cence intensity. The special choice of excitation energ L (), PLE (©), and reflectance/t) for 7 _anda polarization
which has been necessary for a quantitative statement aﬁaosed .and open S.ymb()’latT.zl'7 K. Solid lines represent model
the sample characteristic were found to be not crucial as 3a|cmat'°ns of exciton energies.
strong gain in PL intensity with magnetic field has also been )
observed under the condition of excitation above the barrier15A QW is about 25 meV smaller than for the broad QW
for both QWs of sample and for the MQW(sampleB). With L,=52A, Which res_ults from a larger p_enetra’_[ion of the
The barrier luminescenc@nly detected for sampld) un-  €xcitons wave function into the nonmagnetic barriers for the
dergoes no changes in magnetic fields, which implies a corparrow QW. . . . .
stant collection of carriers into the QWs. Moreover, the in-  BY fitting theoretical exciton energies to our experimental
tensity increase is maintained for the magnetic field oriente@nes simultaneously for both QWs, we estimated the
parallel to the layer§Voigt geometry, which prevents a loss valence-band offse®,, for the mvesugated he.terostructure.
of carriers to surface statéwith successive nonradiative re- The valence-band offset has a considerable influence on the
combination to a high degree. It is left to understand the €Xciton binding energies and on the spin splitting as it deter-
underlying process that suppresses nonradiative channels ffines the leakage of the electron and hole wave function
(ZnMn)Se QW layers and reveals such a strong magneticto the nonmagnetic barriers. The condition that exciton en-
field dependence. ergies of both QWs with very different well width have to be

The PL spectrum of the 15-A-thick Q\WFig. 3 is rather described with the same set of parameters yields a very pre-
broad due to a stronger influence of well-width fluctuationsCise value oQy . The energy gap of the barrier was given by
leading to a full width at half maximum(FWHM) of its PL signal at 3.2 eV with accounting 19 meV for the exci-
33meV, which is larger by 25meV than for the wide QW. ton binding energy. Parameters used here are the effective
The luminescence has been excited with a laser energy @hasses of the electran,/my=0.16 and of the heavy hole in
4.1eV, i.e., above the barrier absorption edge. Magnetic-fieléhe growth directiormy, , /mo=0.74. The fractional dimen-
dependence of the fréé,, exciton was measured by reflec- Sional meth(_)b6 was ap_plle_d to cglculate the exciton binding
tanceR since the spectral range around 3.2 eV is not avail€nergyEx with the static dielectric constaep=9.0 and the
able for our dye laser. As a result of broadening, the excitoeavy-hole in-plane massi,, /my=0.28 giving values of
resonance does not appear as a pronounced feature in lindax=30meV and 33meV for the QW with ,=52A and
reflectivity spectra. Therefore, we have analyzed the ratid5 A, respectively. The influence of strain on the band-edge
R(B)/R(B=0) that indicates magnetic-field-induced modi- energies has been included in our calculations with elastic
fications of the reflectance with respect to the zero-field sigcompliance coefficientS and deformation potentidfs of
nal by R(B)/R(B=0)+ 1. The procedure is demonstrated in ZnSe. The strain affects the QW layer only because the bar-
Fig. 3 forB=2 T, which yields resonances of tg, exciton  fier material was grown lattice matched on the GaAs sub-
as marked by arrows. strate. The band-gap variation of the conduction bABg g

Experimental energies taken from Plcrosses PLE and valence bandEg for different spin orientations in
(circles, and reflectancétriangles spectra detected int  Zni—xMn,Se is described by a mean-field approximation,
and o~ polarization are plotted in Fig. 4 for both QWs of
sample A. The maximum Zeeman splitting for thé, AEcg=—Noax m(S,), mg==*3, 1)
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Bulk values of Zp_,Mn,Se for the exchange constants
Noa=0.26 eV and\yB=—1.31 eV (Ref. 20 were utilized.
B, represents the Brillouin function ar.; (Ter) alloy-
dependent phenomenological parameters for the effective
spin (temperaturgthat has been fixed t8.,4=1.5 andT
=1.7K by interpolating values taken fréffor a Mn frac-
tion of x=0.05. Despite the well width, the calulation has
been performed with the same parameters for each QW. In . . )
addition to the valence-band offsety, | andmy;,, had to be 282 284 286 288
varied to the above given values to obtain a fair description Energy (eV)
of the Zeeman splitting. Referring to the experimental uncer-
tainty, we obtained a value @, =0.22+0.04. The calcula- FIG. 5. PL spectra of a 52-A-thick ZRdVnggsSe/
tions for the best values are shown in Fig. 3 as solid lines. Zno 7eB€y 0dVdo.165€ QW(sampleA) excited with a photon energy

It is worth noting that the PL maximum energy of tKg, of 4.1 eV above the barrier energy for zero magnetic field Bnd
luminescence originating from the 15-A-thick QW is nearly =1.5T. Inset: Ratio I(X")/1(Xy) of the integral X™- to
constant up tdB=0.6T and then follows the energy shift Xhh-exc_:lton_ intensity as a function of magnetic field determined by
obtained from reflectance spectra with a 10 meV Stokes shifgaussian line-shape fits.
(see Fig. 4 However, in the case of the QW with,=52 A, ) _ . ) i i
both PL and reflectance show the same energy shift of th§XCitons to form thexX™ is possibly the higher collection
Xnn line over the entire range of magnetic fields. Consideringeﬁ'c'enCy of e_I_e_ctrons into th(_e QW compa_red to holt_as due to
that luminescence originates from localized excitons whereadifferent mobilities of the carriers created in the barrier layer.

reflectance scans free-exciton states, we explain such a be-
havior by the exciton magnetic polar¢hlP) created in the B. Multiple-quantum-well structures
narrow QW with a formation time smaller than the exciton
lifetime. The MP reveals a maximum in localization energy
at zero magnetic field and a continuous suppressiorBfor ~ In Figs. 6a) and &b) we present PLE spectra of the
>0.4 A qualitatively different energy shift of the PL signal ZNo.giMNo.0eS€/Z1 97B€y 0285€ MQW taken at a temperature
for the two QWs is then caused by a well-width dependenc®f 1.7 K for different magnetic-field strengths detected under
of the magnetic polaron energy. In accordance to previoug - and o -polarized excitation. The strongest feature ob-
findings for QWs based ofCdMn)Te, the magnetic polaron served in the zero-field spectrum at 2.83 eV is attributed to
is improbable in the wide QW for Mn contents below the Is state of theel-hh1 excitor(denoted byXp, in Fig. 6)
=0.10. This is due to the reduced stability of the MP forin the Zry o;Mng goSe wells. At 7.5 T they,, line is split and
higher dimensionalityi.e., the well width and to a less ef- the lower Zeeman branch is shifted by about 60 meV. As can
fective prelocalization of excitons in thick layet$lowever, be seen by its evolution in magnetic fields fer -polarized
to support our interpretation, a more detailed investigation ofXxcitation, the peak at about 2.86eV is a superposition of
MP formation in these structures is required, e.g., by theseveral transitions, two of them with a field-induced redshift
method of selective excitation. comparable to theX,,; line. One can be assigned to the
A considerable modification of the luminescence signale2-hh2 state X;,,,) which has been justified by a rough cal-
for the 52-A-thick QW has been found by exciting above theculation of its energysee the discussion belowTlhe origin
barrier energy. Under these conditions the zero-field Plof the peak labeleX,, in Fig. 6@ is unclear, as well as
spectrum is dominated by the negatively charged excitomnother absorption maximum appearing at 5.5T that seems
(X7) with the neutral exciton X, contributing as a high- to reveal an anticrossing behavior with tKg,, feature. Ex-
energy shoulder as shown in Fig. 5 for an excitation energgited X,,;-stateqe.g., a 3 excitor) can be excluded because
of 4.1eV. In magnetic fields the neutral exciton is shiftedof the large energetic separation to the dtate of about
with AEcg(mg=—1/2)+ AEyg(m;=—23/2) to lower ener- 28meV at 7 T[the 1s-2s splitting of a 45-A-thick QW with
gies whereas th¥ ™ line with AE\g(m;=—3/2) only. So at similar band offsets is 22meMVRef. 23]. The field-
a certain fieldXy, becomes the ground state aXd un-  independent absorption peak at 2.862 eV is ascribed to the
bound. The mechanism which is similar for donor-boundZn, g7 Bey oe5€ barriers. By taking into account an exciton
excitong? served to identify theX™ by its suppression in binding energy of 19 meVthe value for ZnSeand using the
magnetic fields as illustrated in the PL spectrum given in Figalloy dependence of the Zn,Be,Se band gap? we deter-
5 for B=1.5T and by the ratio of the integral intensity mined the Be content to=0.03, which is in good agreement
[(X7)/1(Xn plotted in the inset as a function of magnetic with x=0.028+0.003 obtained from x-ray-diffraction analy-
field. A reason for additional electrons that are trapped bysis.

PL intensity (arb. units)

| B=15T

1. Photoluminescence studies
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: citonic effects as a perturbation and requires a generalized
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35T 1 solution. Moreover, the problem arises to calculate the heavy
st hole in-plane mass as the splitting between the heavy hole
] and light hole drastically changes with magnetic fiélé.,

276 278 280 282 284 286 288 290 the carrier confinement Thus we calculated the Zeeman

Energy (eV) splitting for Q,,=0.22 and used the constant exciton binding

FIG. 6. PLE spectra of a ZaMnn ~Se/Z e MOW  €nergy of 20 meV for all magnetic fields to meet experimen-

measured undarg- (@ and a%ilgpiola(r)i'gfd ex@ﬁ;ﬁi’igi 1_7%_ tal energiegsolid lines in Fig. 7. For the given reasons the
calculated dependence should be regarded as an estimation

As indicated in o -polarized absorption spectigig.  only. The confinement of both electrons and holes justifies
6(b)], the high-energy spin state of thg,,, exciton energeti- this simple approach for the lower exciton spin state,
cally meets with the barrier exciton at a critical magneticwhereas it fails for the high-energy state as the Zeeman split-
field Bp=1.5T atT=1.7K. In the field rangeB>B, for  ting of the hole leads to a type-Il band alignment.
which the ground state is taken over by the barrier exciton, We discuss our experimental findings qualitatively with
the further energy shift of th¥,,,; luminescence is accom- the help of a schematic band alignment for different mag-
panied by its broadening and decrease of peak intensity. ARetic fields shown in Fig. 8. A usual model for DMS hetero-
indirect exciton transition which is formed by an electron structures is applied here in which the carriers are confined in
and hole localized in different layers is not observed for thisspin-dependent effective potentials generated by their ex-
structure. In previous studies on SSL with nonvanishingchange interaction with the magnetic system described by
band offset, the exchange energy of an indirect transition wagds. (1) and (2). The total zero-field band offset has been
found to saturate below the barrier enétgy calculated to 37 meV using the alloy dependence of the

Before discussing in detail, we show in Fig. 7 the PLEZn;_4Mn,Se and Zp_,BeSe band gap. Fow " -polarized
peak positions for the various interband transitions as a fund-— 3, — 3)-exciton transitions between electrons and heavy
tion of the magnetic field. We may point out that a perturba-holes with total spin projectioms=—3 andm;=—3, the
tive approach which uses fixed single-particle wave funczero-field type | band alignment is maintained for applied
tions to determine exciton binding energids.g., the magnetic fields. The giant shift of the low-energy band states
fractional dimensional method applied here for single QWs which effectively increases the total band offset by about
is not suitable for this MQW with small band offsets. In 70meV at 7.5T implies a continuous development from
particular, the weak carrier confinement which is in the ordeweak to strong carrier confinement for tiig= — 3 electrons
of the exciton binding energy does not allow us to treat exandm;= —3 holes and thus an increase in exciton oscillator



2658 B. KONIG et al. PRB 60

@ Gpese  @mmse  @ose O @Bose  @nMnse  (mBese scattering channels contribute to the exciton broadening. In
P T morin the case of a type Il band alignment, the hole from the
a (ZnMn)Se layer can be scattered into tf¥nBe)Se barrier
by the emission of acoustical phonons. The mechanism cor-
responds to the scattering of a metastalsigatially direct
exciton into a stabléspatially indirect exciton. Additional
direct scattering channels become available when the energy of the
ansid transition X,,, metastable exciton is shifted above the energy of the barrier
,:Il"“l / exciton B>B,) and hence the well exciton as a whole can
VB m=43/2 be scattered into exciton states of the nonmagnetic barriers.
’ For the MQW under study both scattering channels are ex-
hht pected to get involved in the same magnetic-field range. By
accounting 20 meV for the Coulomb potentiabout the ex-
citon binding energy we estimated the band alignment to
become effectively type Il aB=1.3T. This field almost
coincides withB,=1.5T for which the energies of the bar-
rier and well exciton are equal. The influence of scattering on

strength. Experimentally this fact is displayed in PLE spectrathe metastable exciton is further investigated by reflectance
by the Xy, absorption[see Fig. 6a)] which considerably Measurements to be presented in the following section.
gains in magnetic field due to the increased carrier confineMoreover, by means of reflectance we exclude possible con-
ment and thus enhanced overlap of the electron and holgibutions of relaxation dynamics that may differ PLE spectra

wave function. from absorption spectra.

For + 3 electrons and+ 3 holes, the effect of a magnetic
field is to decrease the respective barrier heights. At suffi-
cient magnetic fields in the range<®< By, which was cal- According to Eq.(3), the Zeeman splitting of band edges
culated to 0.3 T(using Q,=0.22 determined for the single decreases with increasing temperature of the Mn system.
QWs), the small valence-band discontinuity is overcompen.Therefore, it is expected with raised sample temperature to
sated by the energy shift of the heavy hole with= +3. shift the critical fieldB, to higher values where the upper
However, for a small negative valence-band offset the CouZeeman branch of the metastable QW exciton crosses the
lomb potential generated by the electrons confined in th&nergy of the barrier exciton. We made use of this correla-
magnetic layergthe height of the potential for electrons is tion to clearly identify the situation of resonant barrier and
about 27 meV at 0.3 T) keeps thg= + 3 holes localized in ~ Well energy in reflectance measurements.
the (ZnMn)Se layer”® By further increasing the magnetic ~ Two series ofr ™~ -polarized spectra taken at 1.7 K and 8 K
field, the band alignment becomes effectively type Il if theare given in Fig. 9. The temperature of 8 K was chosen low
heavy-hole energy in addition compensates the Coulomb p&nough to avoid changes of the band gap or thermal broad-
tential which is about the exciton binding energy. It has beeréning by exciton-phonon interaction. In accordance with the
shown both experimentafiy?® and theoreticall§/ that in this ~ energetic position in PLE spectra, the sharp feature marked
case besides a spatially indirect exciton, which for our strucin the low-temperature reflectance spectrug+(Q) in Fig.
ture is composed of an electron localized in @#@aMn)Se  9(a) is the X,,; resonance. The magnetic field of 1.5T be-
layer and a hole state in the nonmagnetic barféee Fig. yond which the spectra start to be drastically altered coin-
8(b)], a spatially direct exciton state can be formed. It iscides with the critical fieldB,, which has been extracted
appropriate to regard the direct exciton as a metastable staf@m PLE measurements. As previously argued, the similar
as its energy lies above the energy of the indirect one. Albehavior is observed for the 8 K spectra shown in Fip) at
though the indirect exciton is energetically favorable, its os-a higher critical field ofBy (8 K)=4.5T. In fact in the
cillator strength is small. The absorption coefficient of thisrange ofX,;-exciton energies taken from PLE, which are
state is expected to be not sufficient to give a signal in PLHabeled by arrows in Fig. (8, no significant resonance is
measurements. Thus for the MQW under study only the diobservable. For both temperatures, the disappearance of the
rect transition is observed. A clear indication for the spin-X;,; resonance &> B, should obviously be ascribed to the
dependent confinement is given by the spin splittifl§  exciton scattering into barrier states. In contrast, the reso-
=|E(0)—E(B)| of the X; exciton, which differs for the  nance stays pronounced in"-polarized spectra, which is
(—3%,-2) transition @ *-polarized and for the ¢3,+32)  not discussed here.
transition (&~ -polarized shown in Fig. Tb). Since the Zee- Finally, our interpretation is confirmed hy ™ -polarized
man splitting of band edges is symmetric, the difference imeflectance spectra presented in Fig. 10 that were measured at
SE of about 7meV (3T) results from a magnetic-field- different sample temperatures ranging from 1.7K up to
dependent exciton binding energy which increases for th&3.5K for a constant magnetic field 8=7 T, which is by
lower and decreases for the upper Zeeman branch mainkar larger thanB, (1.7K). Up to 8 K the reflectance is
caused by changes in the hole confinement. barely temperature dependent. A further temperature in-

We explain the experimentally observed weakening in thecrease causes the-§, + 3)-exciton state to meet the barrier
PLE maximum intensity of the+ 3,+ 2) transition by the energy, which is indicated by a significant modification of
broadening of the spatially direct exciton state. Twothe reflectance af =15K. Despite thermal broadening, the
magnetic-field regimes can be distinguished in that differeni,,,; resonance is well resolved fdr>20 K when theX,;

el

Lt indirect

B=0 B>B, —

FIG. 8. Schematic alignment of the conducti¢®@B) and va-
lence bandVB) in a (ZnMn)Se/(ZnBe) Se superlattice structure at
zero magnetic fielda) andB> B, (b) for the electron and hole spin
componenmy= + 3 and m;=+ 3, respectively.

2. Reflectivity studies
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FIG. 9. o™ -polarized reflectance spectra of aggiMng gsSe/
Zny 97:B€.0265€ MQW taken at temperatures of 1.71& and 8 K
(b). Arrows indicateX;,; energies determined from PLE spectra.

state is shifted below the barrier energy and simultanuously
exciton scattering into the (ZnBe)Se barriers is suppressed.

The thermal broadening of th§,,, feature at 33.5 K is rather

strong in comparison with the spectrum for 1.7K and 0.5T,

which reveals the exciton resonance at the same energy.

broadening for 33.5K is unexpected since the half-width of
the exicton luminescence from QWSs based on binary ZnSe is

barely temperature dependent up to 6¢°K.
Experimental values for the critical fieB|, as a function

of temperature are summarized in Fig. 11. The theoretical

dependence foB, (line in Fig. 11) has been obtained in the
following way. We calculated the energy shift of the £,
+32) transition in magnetic fields with respect to the zero-
field energy by introducing a parameter in E(9.and(2) to
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FIG. 10. Reflectance spectra of a &iMnggeSe/
Zny 978y 02e9€ MQW ino ™ polarization for a series of tempera-
tures taken at a constant magnetic field of 7 T.

11 shows the exchange energy for three temperatures that are
relevant for our reflectance studies and the corresponding
critical fields by arrows. With the choice of 36 meV for the
exciton energy shift to meet the barrier enetgyperimental
valueg), the critical field theoretically obeys the linear shift
with temperatureBg[ T]=0.44 (T+ T [K], which is in
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account for the overlap of the exciton wave function with the

(ZnMn)Se layer. This parameter was varied to meet experi

- FIG. 11. Temperature dependence of the critical fiedgdsin

mental points taken from PLE spectra at 1.7 K. The exchangeomparison with theorysolid line). Inset: Calculated relative Zee-
energy for arbitrary temperatures is then determined by Eqsnan splitting of the ¢ 5, + 3) exciton (X,;,,) for different tempera-

(1)—(3) only with a fixed overlap parameter. The inset of Fig.

tures. Arrows indicatd, for the temperatures; .
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good agreement with our experimental findirigse Fig. 11 band alignmentfor one of the exciton spin states was dem-
We note here that the linear dependenceBg(T) is not onstrated for a ZggMngosSe/Zny o7 B 02e5€ Mmultiple
altered if changes of the exciton binding energy with mag-quantum well with a small zero-field band offset. In the re-

netic fields are taken into account. gime of the spin superlattice, the absorption spectra reveal a
metastable spatially direct exciton which is composed of a
IV. CONCLUSION confined electron and a quasilocalized hole state. For suffi-

cient magnetic fields where the barrier exciton represents the

We have investigated novel semimagnetic heterostrucyround state of the multiple quantum well, the metastable

tures fabricated on the basis of (ZnMn)Se/(ZnBeMg)Se byexciton was found to be effectively broadened by scattering
means of magnetoluminescence and magnetoreflectang@o excitonic barrier states.

spectroscopy. The  valence-band offset between
ZNg oMng gsSe and Zp By 0dVgo1e5€ has been deter-
mined toQ, = 0.22+0.04 by a model calculation that repro-
duces the experimental energy shift in magnetic fields of two
single quantum wells with different well widths. The forma-  This work was supported by the Deutsche Forschungsge-
tion of a spin superlattice in the valence bame., type Il meinschaft through Sonderforschungsbereich 410.

ACKNOWLEDGMENT

*Also at A. F. loffe Physical-Technical Institute, Russian AcademylSM. Nawrocki, Yu. G. Rubo, J. P. Lascaray, and D. Coquillat,

of Science, 194021 St. Petersburg, Russia. Phys. Rev. B52, R2241(1995.

IM. A. Haase, J. Qiu, J. M. DePuydt, and H. Cheng, Appl. Phys.1®P. Christol, P. Lefebvre, and H. Mathieu, J. Appl. Phi§4. 5626
Lett. 59, 1272(1997). (1993.

2J. K. Furdyna, J. Appl. Phy$4, R29(1988. 17D. Berlincourt, H. Jaffe, and L. R. Shiozawa, Phys. R&29,

3D. R. Yakovlev, W. Ossau, G. Landwehr, R. N. Bicknell-Tassius, 1009 (1963.
A. Waag, S. Schmeusser, and I. N. Uraltsev, Solid State Com!®B. Rockwell, H. R. Chandrasekhar, M. Chandrasekhar, A. K.

mun. 82, 29 (1992. Ramdas, M. Kobayashi, and R. L. Gunshor, Phys. Re44B.1
4D. R. Yakovlev and K. V. Kavokin, Comments Condens. Matter 307 (1991).

Phys.18, 51 (1996. 193, A. Gaj, R. Planel, and G. Fishman, Solid State Comn29n.
SR. B. Bylsma, W. M. Becker, J. Kossut, U. Debska, and D. 435(1979.

Yoder-Short, Phys. Rev. B3, 8207(1986. 20A, Twardowski, M. von Ortenberg, M. Demianiuk, and R. Pan-
6W. Y. Yu, M. S. Salib, A. Petrou, B. T. Jonker, and J. Warnock, thenet, Solid State CommuBg1, 849 (1984.

Phys. Rev. B55, 1602(1997). 2IW. Y. Yu, A. Twardowski, L. P. Fu, A. Petrou, and B. T. Jonker,

"A. Waag, Th. Litz, F. Fischer, H.-J. Lugauer, T. Baron, K. thu Phys. Rev. B51, 9722(1995.
U. Zehnder, T. Gerhard, U. Lunz, M. Keim, G. Reuscher, G.??D. Heiman, P. Becla, R. Kershaw, D. Ridgley, K. Dwight, A.
Landwehr, inFestkaoperprobleme/Advances in Solid State Phys- ~ Wold, and R. R. Galazka, Phys. Rev.38, 3961(1986.
ics, edited by R. Helbig(Vieweg, Braunschweig/Wiesbaden, 23y, Ossau, D. R. Yakovlev, U. Zehnder, G. V. Astakhov, A. V.

1998, Vol. 37, p. 43. Platonov, V. P. Kochereshko, J."Niberger, W. Faschinger, M.
8A. Waag, F. Fischer, K. ScHyT. Baron, H.-J. Lugauer, Th. Litz, Keim, A. Waag, G. Landwehr, P. C. M. Christianen, J. C. Maan,

U. Zehnder, W. Ossau, T. Gerhard, M. Keim, G. Reuscher, and N. A. Gippius, and S. G. Tikhodeev, Physica236-258 323

G. Landwehr, Appl. Phys. Letf0, 280 (1997). (1998.
9M. von Ortenberg, Phys. Rev. Le#t9, 1041(1982. 24\/. Wagner(private communication
0w, Ossau, B. Kuhn-Heinrich, G. Mackh, A. Waag, and G. Land-2°A. V. Kavokin, V. P. Kochereshko, G. P. Posina, I. N. Uraltsev,

wehr, J. Cryst. Growtii59 1052(1996. D. R. Yakovlev, G. Landwehr, R. N. Bicknell-Tassius, and A.
1IN, Dai, H. Luo, F. C. Zhang, N. Samarth, M. Dobrowolska, and J.  Waag, Phys. Rev. &6, 9788(1992.

K. Furdyna, Phys. Rev. Let67, 3824(1991. 26\W. Y. Yu, S. Stoltz, A. Petrou, J. Warnock, and B. T. Jonker,
12\y. C. Chou, A. Petrou, J. Warnock, and B. T. Jonker, Phys. Rev. Phys. Rev. B56, 6862(1997).

Lett. 67, 3820(1997). 273, Warnock, B. T. Jonker, A. Petrou, W. C. Chou, and X. Liu,
13B. T. Jonker, H. Abad, L. P. Fu, W. Y. Yu, A. Petrou, and J.  Phys. Rev. B48, 17 321(1993.

Warnock, J. Appl. Phys75, 5725(1994). 28| Malikova, W. Krystek, F. H. Pollak, N. Dai, A. Cavus, and M.

143, Takagi, J. Phys. Soc. Jpp6, 1239(1969. C. Tamargo, Phys. Rev. B4, 1819(1996.



