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Intralayer and interlayer energy transfer from excitonic states into the Mn 3d® shell in diluted
magnetic semiconductor structures
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We show that the Dexter-Fster-like radiationless resonance energy-transfer process from excitonic states
into the Mn 3% shell in wide-gap(ll,Mn)VI semiconductors is strongly enhanced if the total spin of the
overall process is conserved. This requirement cannot be fulfilled in processes involving a bright exciton, i.e.,
other excitonic complexes or processes need to be involved. Of these we discuss dark excitons, donor-bound
excitonsD®X, negatively charged exciton§ , and an Auger-like process. A careful analysis of the magnetic
field and time dependence of the excitonic and Mn luminescence ifZth€d,MnSe samples under study
gives evidence that thB°X complex plays a dominant role in the intralayer energy transfer. In asymmetric
double quantum wellADQW) structures consisting of @n,CdSe well and &Zn,Cd,MnSe well embedded
in ZnSe barriers, there is a competition between the intralayer and interlayer energy-transfer processes from
excitonic states into the Mn system. These interlayer processes take place between the Mn ions situated in the
(Zn,Cd,MnSe well and spatially indirect excitorigshere the hole is confined in th&n,Cd,MnSe and the
electron confined in théZn,CdSe] as well as spatially direct excitons of tkén,CdSe well. The continuous
magnetic-field tuning demonstrates convincingly the subtle interplay of excitonic band structure of the ADQW
and spin effects in the energy-transfer processes. A spin-dependent energy transfer should be a general feature
of rare-earth or transition-metal doped semiconductors such as II-VI or llI-V semiconductors or even Er-doped
Si or SiG,.
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I. INTRODUCTION to Hund’'s rule has all five electron spins aligned parallel
giving rise to a total spits= 3) is shifted down in energy by
Diluted magnetic semiconductof®MS’s; more often re-  the crystal field and is referred to &4;. The first excited
ferred to as semimagnetic semiconductaee useful tools quartet statéG of the free ion is split into four states which
for studying basic physical problems in semiconductor strucwith increasing energy are labeled according to the irreduc-
tures. The strong exchange interaction between the localizele representation ofy symmetry by*T;, *T,, *A;, and
magnetic moments of the M#i ions and the extended band “E (all having a total spin o6=2). In wide gap(Cd,Mn)
states (s,p-d exchange interactionyields the “giant’-  and(Zn,Mn) chalcogenide alloys the effective energy trans-
Zeeman splitting. Therefore a continuous tuning by an exterfer is manifested by a broad orange luminescence band due
nal magnetic field of important parameters such as the bande the transition from*T; first excited state to théfA;
gap energy or barrier heights in quantum well structureground state of the Mn @ shell which is observed in addi-
becomes feasible over an energy range of the order afon to, or even instead of, the excitonic emisston> This
100 meV. This enables one to study in detail the dependenaeansition occurs although the internal optical transitions
on such a tuning parameter of, for example, interwell couwithin the d shell are in principle forbidden by parity and
pling or tunneling processes of carriers and excitons in ongpin selection rules. Various mechanisms for a weakening of
and the same sampte® these selection rules have been discussed, which eventually
Another point of intensive discussion is the energy-lead to finite transition probabilities and finite lifetimes. For
transfer mechanism from band or exciton states into the insmallest Mn concentrations and dominantly isolated Mn-ion
ternal transitions of transition meta(M'’s) or rare earths centers the decay time of tH&,— ®A; transition was found
(RE’s). This mechanism of the energy transfer is an essentiab be about 1.8 m¥: and reduces into thes range with
question not only for doped II-VI semiconductors but alsoincreasing Mn concentration, mainly caused by the so-called
for other systems like Er-doped Si or Si@s well as Ill-V  “concentration quenching.?®® The most likely mecha-
semiconductors doped by TM or RE ions where dipole for-nisms for the relaxation of the selection rules are the spin-
bidden internal transitions can be effectively excited via bandrbit coupling, thep-d hybridization of the Mn 8° states
states. Although it has been known for decades that this emwith the p states of the surrounding anions, and the lack of
ergy transfer in wide band-gap DMS’s from the excitonic inversion symmetry?’
states into the internal Mi (3d°) shell is extremely effec- In Sec. Il of the paper we will deal with the energy trans-
tive the underlying mechanism is not at all understddd.  fer between excitons and Mn ions when both are situated in
The Mr?™ ions are incorporated on cation sites of the 1I-VI the same layer, i.e., intralayer energy transfer. We will show
hosts. The tetrahedral crystal field of the cation site shifts antby studying the magnetic field and time dependence of the
splits the 3 states in energy compared to the free?Miion.  luminescence that, although the spin selection rule is some-
The 8S ground state of the free M ion (which according  what relaxed, it is still of special relevance for the radiation-
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TABLE |. Sample parameters.

Sample A MQW 5
corresponding QO 140 nm X{22 nm ZnSe/24 nm ZgyLCdy 1gMINg 0o5€/900 nm ZnSe/
(100 GaAs substrate

Sample B ADQW 20 nm ZnSe/6 nm gpLCdy 1gMNg 155€/6 nm ZnSe/
6 Nnm Zny gLy 1s5€/1000 nm ZnSe/(100) GaAs substrate

Sample C ADQW 20 nm ZnSe/6 nm gpCd, 19Mng goS€/6 nm ZnSe/
6 nm Zn g:Cd, 155€/1000 nm ZnSe/(100) GaAs substrate

less energy transfer into thed3 shell of the MR ions. ~ beam lithography and was transferred by argon-ion beam
Usually the energy resonance between the initial and the fgtching followed by wet-chemical etching. The disc diam-
nal state is discussed as the only important condition for th&ters were determined to be about 140 nm by atomic force
energy transfer in a Dexter-Eer-like mechanism. Our re- Microscopy and scanning electron microscopy. Two MBE-
sults clearly show that besides the resonance condition tH@OWn asymmetric double quantum well structures
spin selection rule also plays an important role. It is notewor{ADQW's) were used for studying the interlayer energy
thy that the actual underlying mechanism of the energy trandiansfer in Sec. IV. Again both samples were grown(be0)

fer is not relevant for our discussion. The most likely mecha-GaAs substrates. Sample B consisted of a 6-nm
nisms are dipole-dipole transfer and the exchange&nosXth.1s5€ nonmagnetic quantum weNIMW) separated
interaction. Of importance is, however, that the initial as wellPy & 6-nm ZnSe barrier from a 6-nm £gCdy 1gMno 155€

as the final state can be observed as dipole transitions in widdlluted magnetic quantum welDMW). Sample C is of the
band-gap semiconductors. This is the difference to phenonfi@me structure as sample B, but has slightly different Mn and
ena discussed in narrow gap DMS where an effective spif¢d concentrations in the QW's: £gd;;sSe and
heating of the Mn subsystem caused by a spin-flip scatteringo.7éCth.1MINg ooSe for the NMW and the DMW, respec-

process via electron-Mn exchange interaction wadively. In both samples the DMW was grown after the NMW.
observed?® The sample parameters are summarized in Table |. The

In Sec. IV of the paper we will extend our studies to continuous-wave photoluminescen@.) and PL excitation
energy-transfer processes between excitons and magneffRLE) measurements were carried oti2aK using a super-
ions in asymmetric double quantum well structuresconducting magnet system with a maximum field of up to 7.5
(ADQW’s) consisting of a nonmagnetic quantum well T- As excitation sources served a HeCd lager2 nm and a
(NMW) and a diluted magnetic quantum w¢bMw). By  tunable dye-lasefCoumarin 47. The PL spectra were de-
making use of continuous tuning of the band alignment oftected using a single grating spectrometer equipped with a
such ADQW's by an external magnetic field, we will dem- liquid-nitrogen-cooled charge-coupled device detector. The
onstrate that there is a competition between the intralayePLE spectra were recorded detecting either on the QW exci-
processes discussed in Sec. Il and interlayer energy-transftqnic emission or on the orange Mn-luminescence band. Pi-
processes. The interlayer processes take place between gsecondps) PL experiments were carried out@K using
Mn ions situated in the DMW and indirect excitofwhere @ different superconducting magnetic system with fields up
the hole is confined in the DMW and the electron confined into 14 T. A mode-locked Ti:sapphire laser was used for exci-
the NMW) as well as direct excitons of the NMW. The con- tation and a streak-camera system for detection. Two differ-
tinuous magnetic-field tuning demonstrates convincingly theéént magnetic-field geometries were employed: a Faraday-
subtle interplay of excitonic band structure of the ADQW type geometry Bllk and z|B; wherek is the propagation

and spin effects in the energy-transfer processes. Section \ector of the detected light anzlis the growth direction,
will conclude the paper. which is perpendicular to the biaxially strained crystallo-

graphic plang and a \Voigt-type geometry B(L kllz and
z1 BlIx). This Voigt-type geometry should not be confused

IIl. SAMPLE PREPARATION AND EXPERIMENTAL with that usually used in bulk samples|B andkix). Polar-
DETAILS ization optics were used to distinguish between the two cir-

The experimental data in Sec. Ill concerning the imra_cular polarizations and the two linear polarizations in Fara-

layer energy transfer were obtained from sample A, 12y and \oigt geometry, respectively.
Zng.76C0y 1eMNg goS€/ZnSe multiple quantum we(MQW)

structure grown by molecular beam epitaxyIBE). The Il. INTRALAYER ENERGY TRANSFER
structure consisted of five 24-nm-wide ZRCdy 1gMNg goS€
layers separated by 22-nm ZnSe barriers. The sample was
grown pseudomorphicly on @00 GaAs substrate. Part of Figure Xa) depicts PL spectra of sample A and the corre-
this parent sample was used to fabricate quantum (& sponding QD sample. Two main signals are observable in the
structures. The nanofabrication process is described in detdilvo spectra. A sharp band at about 2.6 eV corresponding to
elsewheré®?° In brief, the pattern was defined by electron- the excitonic emission of the ZRCd, ;gMNgoSe QW or

A. Experimental findings

165203-2



INTRALAYER AND INTERLAYER ENERGY TRANSFER . .. PHYSICAL REVIEW B68, 165203 (2003

a) sample A W 3 § * 70T
B=0T 5 4 "'. 6.0T
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<0 2. ¢ el50T FIG. 1. (a) PhotoluminescenddL) spectra of
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a Zny76Cdy 1gMNg poSe/ZnSe multiple quantum
well (MQW) and of the corresponding quantum
disc (QD) sample.B=0T, T=2K. (b) ¢" PL
excitation(PLE) spectra recorded at various mag-
netic fields up to 7 T. Thick lines and thin lines
correspond to PLE spectra detected on the exci-
tonic PL (at about 2.6 eY and the Mn PL(at

QDb L T=2K / vy about 2 eV. T=2 K. Inset: Energy shift between

oxctonioPLE Fq o 0T the PLE peaks recorded on excitonic and Mn PL

— MnPLE j%“ ot as a function of effective magnetic field.

T T T M T T T T T T T T T T v 1
1.8 21 24 27 2.56 2.60 2.64 2.68
Energy [eV] Energy [eV]

Normalized PL-intensity [arb. units]
Normalized PLE-intensity [arb. units]

QD layers. Some general remarks about the excitonic Pimagnetic field thes™ component of the heavy-hole exciton
emission in these samples are necessary for the followinghifts strongly to lower energies due to teg-d exchange
discussion. These quaternary alloys have an intrinsicallynteraction induced giant Zeeman splitting. The shift is pro-
large PL linewidth of about 10 meV at zero-magnetic field. portional to the Brillouin functiorBs,, of the average com-
The broad PL band referred to as the excitonic emissioponent(S;) of the Mn spin aligned along the magnetic-field
actually consists of two unresolved emission bands, sepatirection given by

rated by a few meV, that of the free excit@fX) and that of

the donor bound excito®®X. This has been confirmed by (S)=aSB;({),

careful analysis of the total linewidth as a function of mag-

netic field and QD siz&%3°The intensities of th&X and the 6 67| 1 ¢

DX are affected by the nanofabrication as well as by apply- Bso(¢)= gcotl—< ?) - gcotr( E) , (1)

ing an external magnetic field. As shown previously in Ref.

20 for ZnSe/Zn_,Mn,Se MQW and QD samples, the inten- \yhere
sity ratio of DX to FX emission in zero-magnetic field de-
creases drastically with decreasing QD diameter because,
statistically, the number of QD pillars without donor ions a)
increases. On applying an external magnetic field, the inten-
sity behavior of theD®X and theFX bands is very different
because of the destabilization of th8X.%’ These effects are
discussed in more detail below. The second PL band centered
at about 2 eV corresponds to the orange internal Mn lumi-
nescence frorf T first excited state to th€A; ground state

of the Mn 3d® shell. The relative intensity of the Mn band in
the QD samples is much weaker than in the corresponding
parent structure. Nevertheless, in both spectra the broad Mn
band almost dominates although the internal transition is di-
pole forbidden by spin and parity selection rules. This indi-
cates that the intralayer energy transfer from the excitonic
states to the Mn subsystem is very efficient and represents a
competing effect to the radiative recombination process of
the excitons in the layer. This is further confirmed by Fig.
1(b) which shows PLE spectra recorded in Faraday geometry
at magnetic fields up to 7 T of the spectral range of dfie
component of the heavy-hole exciton. The thick lines and the
thin lines correspond to PLE spectra detected either on the = 5T
excitonic emission or on the orange Mn-emission band. The T e
corresponding PL spectra are shown in Fig. 2. Both types of 1.9 21 23 2.56 2.59 2.62
PLE spectra in Fig. (b) show clear features of the heavy-
hole exciton. The existence of such features in the PLE spec-
tra recorded on the Mn band is clear evidence that an energy FIG. 2. €) Magneto-PL spectra of the
transfer from the excitonic states into the Mmi®3shells  Zn, ;&Cd, ;Mn, oSe/ZnSe MQW.(a) Mn PL; (b) excitonic PL.T
takes place at all magnetic fields up to 7 T. With increasing=2 K. Excitation energy was 2.81 eV.

internal Mn MQW

transition

b)ﬂ sample A

excitonic
region

L

1T

Intensity [arb. units]

i

5T

Energy [eV]

165203-3



H. FALK, J. HUBNER, P. J. KLAR, AND W. HEIMBRODT PHYSICAL REVIEW B68, 165203 (2003

_ a) sample A b) sample A | ,,
210 e o go MQw
= . o ° 8 "o °
g - o - 35 FIG. 3. (a) Dependence of the relative inten-
S 2 o L z o o .
~ L = sities of excitonic and Mn PL on effective mag-
z %% 3, ° 30 = netic field for the Zg;:Cdy1MngoeSe/ZnSe
_~"§’ & o Ll : * " LR ° MQW and for the corresponding QD’¢h) Tem-
D_.'_ o o © ® 5 perature dependence of the intensity ratio of Mn
0.0 4 O exc.PLQD O exc. PLMOW _ . . _
T=2K | oiab e MopLMOW B=0T PL and excitonic PL aB=0T.
T T T T T T T T T 20
0.0 0.4 0.8 1.2 1.6 10 20 30 40
B/(T+6) [T/K] TIK]
g’ ugSB spectra were recorded in Faraday as well as in Voigt geom-
= KT10) 2 etry at a temperature of 6 K. By spectral integration of the PL

band the excitonic decay curves were derived. These are
The empirical parameteesand ® account for the antiferro- shown in Fig. 4 for sample A. It is clearly seen that the decay
magneticd-d coupling between the spins of the Mn ions. A is strongly reduced with increasing field. The decay time
fit of the corresponding energy dependence on the magnetigere obtained by fitting the experimental data using the fol-
field (not shown hergleads toT+® =5 K. For better com- lowing equation:
parability of results recorded at different temperatures is

useful to introduce an effective magnetic-field paramBigr t t
defined as (t)=1lo-| —exp — | +ex T (4)
€
Byi= B _ 3) where the rise timd@ o is an effective relaxation time of the
4 T+0 carriers from the barrier into the quantum well which is as-

sumed to be independent of the magnetic field. The fit yields

The excitation bands in Fig.(h) recorded on both lumines- .
cence bands in Fig. 2 show differences in their magnetic;reff of about 5 ps. The decay timegor sample A are plotted

field dependence. Already at zero field the peak of the exci! the Fig. 32) as a function 0Bey. For both configurations

tation band recorded on the Mn luminescence is abouf!€ decay time increases with increastg but exhibits a

10 meV higher in energy than the corresponding peak de'[_enden(:y to saturate at about 0.6 T/K in the Faraday configu-
tected on the excitonic band. With increasing magnetic field

the energy difference between the two peak positions de- ? 2,0 4,0 6.0 8.0 1?0 120
creases rapidly and starts to level off Bfy=0.6 T/K as o8 a)
shown in the inset of Fig. (b).

Figure 3a) shows the integrated intensities of the Mn
band and the excitonic PL for sample A and the correspond- 1
ing QD sample as a function &, derived from PL spectra
recorded in Faraday geometfyee Fig. 2 for the MQW In et
both samples, the Mn PL decreases strongly up to about
B.#=0.6 T/K and remains constant at higher fields for both
samples. The excitonic PL of the MQW basically increases
over the whole range, whereas the QD PL increases and then
saturates at abol.=0.8 T/K. A similar suppression of the
energy transfer from the excitonic states into the Mn sub-
system by an external magnetic field has been observed for
self-assembled CdSe quantum dots iZa,Mn)Se matrix2t
Figure 3b) shows the temperature dependence of the inten-
sity ratio of the Mn PL and the excitonic PL for zero field of
sample A. It can be seen that the ratio decreases strongly
with increasing temperature.

As the Mn recombination and the excitonic recombination e’
are the final processes of competing radiative relaxation . : : : 2T
paths after barrier excitation, it is obvious that the change of 0 20 40 60 80 100 120
the relative intensities of the corresponding PL bands in the
external magnetic field should be reflected in the dynamics
of the excitonic emission, i.e., the decay time of the excitonic F|G. 4. Experimental decay curves of the spectrally integrated
states will be affected by the magnetic-field-induced changeitensity of sample A if(@) Faraday andb) Voigt configuration for
of the energy transfer into the Mrd3 states. Picosecond PL various magnetic fieldST=6 K.

sample A
Faraday

Voigt

PL Intensity [arb. units]

14T
et - 10T

OTWIT 6T

3T

time [ps]
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0.0 04 0.8 1.2 and the radiative decay time of the Mn PL. Furthermore, we
50 T ' ' 5 have assumed that the self-absorption of the Mn subsystem is
a) sample A 8 b negligible which is a reasonable assumption for excitation
40 1 @ Faraday o o above the band gap of the semiconductor as the band absorp-
O vist o ® 0 BAT+®) [TK] tion is at least two orders of magnitude bigger than the ab-
& 30 - ¢ © .6 T frser sorption of the Mn subsystem for Mn concentrations below
% . © £l * calo. ¥ 10%_. In the stationary statel Ne,./dt=0,dNy,,/dt=0) one
20 - v . o Sos obtains
® o 3
® 0 & N N AlT
10 4 @o0 0 |Mn°c Mn _ exc _ transfer , (6)
00 04 08 12 T™™n  Tuansfer  (1/Tganster™ 1/Texd)
20 . o
b) P where 7ey= (/7 + 1/Tn)*1: As dlscussed. below, it is rea-
) o sonable to assume to a first approximation a field indepen-
5 15 & [oaday exoton ’/’ dent e, in Faraday geometry. This allows one to derive the
8 — cale. osc. strength / transfer timer,a.stefB) as a function of the external field
© . . . .
> from the experimentally determined decay timé€8) via
B
E.’. Tiransfek B) =[ 1/7(B) — 1/7eyd e (7)
g In the inset of Fig. &) a fit of I, (crossesis depicted
calculated usingr.=60 ps in Eq.(6). The calculated field

T . dependence agrees well the experimentally measured Mn PL
0.0 0.4 0.8 1.2 intensity in Faradayfull square$ configuration. The respec-
B/(T+O) [T/K] tive transfe_r time; changes from 14 ps at zero f_ield to 180 ps
at 14 T. It is obvious, however, that the experimentally de-
FIG. 5. (a) Decay times of the excitonic PL as a function of termined Mn-PL intensity is higher in Voigt geometfypen
effective magnetic field derived by fitting the time dependence ofsquares compared to the Mn PL in Faraday geometry. The
the excitonic PL(Fig. 4) in Faraday(®) and Voigt(O) geometry.  energy transfer from the excitonic states seems to be more
Inset: Mn PL intensity as a function of the effective magnetic field offective in Voigt configuration, which is also reflected by
in Faraday and Voigt geometry. The crosses denote calculated vajne reduced decay times in this configuration.
ues for the relative Mn intensity of the MQW derived from the  The (etails of the transfer mechanisms will be discussed
excitonic decay times on the basis of a rate-equation model. Thﬁ1 Sec. I B. In what follows we want to discuss the physical
solid line is a guide to the eyéb) Comparison of the excitonic PL o 750ns eading eventually to the more effective energy
intensity in Faraday®) and Voigt (O) geometry as a function of transfer in Voigt geometry. It is well known that there is a

the effective magnetic field. The full line is the calculated trans.'t'onstrong magneto-optical anisotropy of the energies of the ex-
probability for the lowest transition in Voigt configuration taking itonic states in biaxially strainedl, Mn)VI les22—-26

the dashed to be the respective transition probability in Farada |c_)n|f: states in braxially strainedi, Mn samples. .
configuration. his is solely a valence-band effect as thig conduction

band is isotropic. The degeneracy of the light- and heavy-
ration. In the intermediate field range thevalues in Voigt ~ Nole bands ak=0 is lifted due to the strain in the samples.
configuration are considerably smaller. The decay times in] NUS @ quantization direction for light and heavy hole is
crease for both configurations from 11 ps at zero field tof€fined. The quantization directions due to strain and mag-
about 45 ps at highest field strengths. On the basis of Aetic field coincide in the Faraday geometry. Thus there is no
simple kinetic rate equation model it is possible to correlatdNixing of light and heavy holes with increasing magnetic
the measured excitonic decay timeand the magnetic-field- field- This is no longer the case in the \Voigt-type geometry
induced variation of the Mn-PL intensity. Assuming a con-&mployed here as can be seen from the Hamiltonians of the
stant excitationA of the system by photons the occupation ! s valence-band states in thej,) representation in Faraday
numbers of the excitonic stafd,,. and the Mn 315 shell ~ and \Voigt geometry:
Nun Will be determined by the following two coupled equa-

P Epnt3Q 0 0 0
tions:
Y 0  Ep+Q 0 0
dNexc: _ Nexc Nexc_ Nexc HFaraday: 0 0 Elh_Q 0 !
dt Ty Tn Tiransfer 0 0 0 Enn— 30
fer  TM

. . . trans er. n . . FS ‘/30 Elh ZQ 0
where 7, is the radiative andr, is the nonradiative decay H\pigt= 0 20 E. vial (8)
time of the excitons. The timesanster @nNd 7y, denote the In
transfer time from the excitonic states into the Mn subsystem 0 0 Vv3Q Ep,
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where the Pidgeon-Brown-type eigenfunction§3/2,  magnetic-field perturbation is negligible compared to strain
—-3/2),, |312,-1/2),, |3/2,+1/2),, |3/2,+3/2),} are used perturbation the differences between Faraday and Voigt ge-
and Q=|:NyBx(S,)| whereNyg is the p-d exchange inte- ometry are small as the \Voigt valence-band state is basically

gral andx is the Mn concentration. also|2,—32),. Therefore the intensities of Mn PL as well as
In Voigt geomeiry there is a competition between the P€axcitonic PL are similar for the two geometries. At higher

turbatlo_ns due to strain E.ind magnetic field. Strain alom?ields the Voigt oscillator strengths becomes smaller com-
would yield a quantization in thedirection whereas the sole ared to the Faraday value due to the light-hole admixture
resence of the magnetic field would lead to a quantizatio . . . ) . :

gerpendicular tw egg in thex direction. The cc?mpeting he experimentally determined relative PL intensity for the
effects result in a mixing of light- and heavy-hole states with V019t configuration is even smaller, which is caused by the
enhanced energy transfer due to the increased lifetime of the

increasing external magnetic field causing the magneto:

optical anisotropy of the excitons. As a consequenceYOigt excitonic state compared to that in Faraday. The details

in our samples, the eigenvalue of the highest valenceill be discussed in the next section.
band state in the field in Voigt geometry is not that of the

Faraday geometryE,,+3Q but E;=3(Ey+EpR+2Q)

+VE(Ep—En—2Q)2+302% The point is that this e | e el f
magnetic-field-induced mixing of light- and heavy-hole . The key results concerning the intralayer energy transfer
from the excitonic states into the Mn subsystem can be sum-

states also affects the oscillator strength of the lowest exc ved as foll 5 The intensitv of the Mn band and th
tonic transitions in Voigt compared to that in Faraday geom—marlze as follows(i) The intensity of the Mn band and the

. . _1 . . . .
etry. The excitonic PL intensities are depicted in Fig)5 MVerse tr:_ansfer t|met,ansferq_ecrease rapidly with Increasing
The intensities changes significantly in comparable measuré&ffective fieldBe up to a critical valueBe;~0.6 T/K. This is

ments carried out in Voigt and Faraday geometry. Theccompanied by a corresponding increase of the excitonic
magnetic-field-induced relative intensity changes of the exintensity. (i) A clear excitonic excitation band is detectable
citonic PL in the two geometries can be compared to thé®n the Mn band. The position of this excitonic band is shifted
calculated relative change of the oscillator strength in thd® higher energies compared to the corresponding PLE band
field. We assume that the dashed line., the experimentally detected on the excitonic PL. This blueshift vanishes also at

observed intensity change in Faraday geomegiyes the & critical vaIueB.eﬁwO.G T/K'.'(iii) In thga QD sample the_
square of the dipole matrix element for tee transiton  €Nergy transfer is less efficient than in the corresponding
between the highest valence-band s{ate,—3/2), and the ~Parent sample A, although the dependenceBap of the

B. Discussion of possible energy-transfer mechanisms

lowest electron statfl/2,— 1/2), as relative change of the PL intensities as well as that of the
’ z excitonic decay times are basically the same in both samples.
(3, —1a"]2,-2)2=M (9) (iv) The energy transfer becomes less efficient with increas-

H i) V4 y

ing temperature(v) The energy transfer is different in Fara-
where the dipole operator is” = (1/2)e(X+iy) with ebe-  day and Voigt configuration. For intermediate effective mag-
ing the charge of the electrok,andy being the unit vectors netic fields, as a result of the magneto-optical anisotropy, the
along the spatial directions andy. One can calculate the Mn-PL in Voigt-geometry is stronger.

corresponding square of the dipole matrix element for the The strong magnetic-field dependence of the intralayer
lowest excitonic transition in the Voigt-type geometry as theenergy-transfer process suggests that spin conservation plays
sum of its7 ando contributions. The lowest eigenstate in the a major role in the overall process. The subprocess within the

conduction band is given byL/2,— 1/2),= (1W2){|1,+1), ~Mn?" 3d° shell (i.e., the excitation of an electron from the
—|%,~1),} and the highest valence-band eigenstate is thatA1 ground state to thé'T, first excited stateis not an

for the eigenenerg§; : allowed dipole transition and requirésS|y,= — 1. To make
the overall process dipole likg.e., conserve the total spin
IVB)y=Npil |2, +2),+ |3, 2),} AS,=0) the gorrespondmg subprqcess in the (.excnonlc.sys—
tem should yieldAS|..= + 1. Possible mechanisms which
FNpR{| 3+ 5,413, -5, fulfill these requirements are schematically depicted in

Fig. 6. The mechanism, which obviously dominates in our
samples, is the energy transfer via donor-bound excitons

Npp= v3Q . Np= Enn— Es . DX shown in Fig. 6a). A bright exciton alone such a2
V2(Epy—Eq)?+60° V2(Epy—Eq)?+60° +h in Fig. 6@ can only contribute a SUbprocedsS| ey
(10 =0 when transferring by recombination its energy into the
The corresponding dipole matrix element is Mn subsystem. Therefore the total spin balance would be
AS,=—1 and spin conservation would be violated. The
i, —Llo+ 7T|VB>X|2=2(Nﬁh+ %Nﬁ)M, (11) situation changes in the case oD&X complex comprising

the donor ionD ¥, an electrorel bound to it and the donor-
where the dipole operators are=eX ando=eV. The rela-  bound excitone2+h. Within the D°X complex the holeh
tive oscillator strength of the lowest \Voigt transition as acan recombine witlel, instead o&2, yielding a spin contri-
function of magnetic field, calculated using E¢®.and(11),  bution of the subprocess @S|~ +1 and thus allowing
is plotted in Fig. Bb) as the solid line. At low fieldgi.e.,  the conservation of the total spixS,,;=0.
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a) neutral donor bound exciton Mn-transition : b) neg. charged exciton Mn-transition
S=3/2 . S=3/12
©Q le | @@
—_— 52t S=5/2 FIG. 6. Schematic diagrams of

possible mechanisms for intra-

layer energy transfer from the ex-
citonic states into the Mn internal
transitions, for which the total
spin is conserved.(a) Exciton

: \jﬁﬂ-} Total AS=0
AS=1 -
~——P  TotalAS=0

C) dark exciton Mn-transition d) Auger-transfer Mn-transition bound to a neutral dOI’](BOX; (b)
S=312 - negatively charged excitorX™;

(c) dark (triplet) exciton; (d)

AS=1 — - - S Auger-transfer process.
U S=5/2 A/ AS=-1
AS=1 =
Total AS=0 vB s s=52
221y Total aS=0

Within this DX picture all the key observations listed at shift between the excitonic PLE signals detected on the ex-
the top of this section can be explained. On applying arcitonic PL and the Mn PL and the magnetic-field dependence
external magnetic field, theD°X complex becomes of this blueshift under poinfii) can also be related to the
destabilized” The formation of @D°X complex requires the DX. When the crystal is excited by photons electron-hole
spin of the exciton electroe2 (1) and that of the electron pairs are created. These can either relax to the bottom of the
bound to the neutral dona@l (]) to be antiparallel as both excitonic density-of-statesk&0 for the center-of-mass mo-
electrons occupy the same state in real space. With increaﬁon) and recombine as a free exciton or are captured bY a
ing magnetic field the effective binding energj_E_B between ~and recombine as B°X. The bigger thek of the exciton
the FX and theD°X state decreases. At a critical magnetic j e  its excess energyhe greater the mean lateral distances
field strengthBc, it is energetically favorable for thg_ox it can travel in the crystal. Thus the higher tkehe more
complex to decay into a free exciton with electron spand iy oy the exciton is captured by B® before recombination.

a .n'eutral dono'Do.whose electron also has. also spiriThe The excitonic PLE signal detected on the excitonic PL basi-
critical magnetic field can be estimated using cally reflects the density of states of the free excitons. In this
case, there is effectively no influence of the donor-bound
excitons as the corresponding density of states is several or-
whereEp is the binding energy of the exciton bound to the ders of magnitude smaller. However, the influence of the
neutral donor in zero-magnetic field and the second ternD®X cannot be neglected in the case of the PLE signal de-
describes the splitting of the two spin components of theected on the Mn PL as the energy transfer into the MR 3
conduction-band states in an external magnetic field wherehell from aD®X is far more efficient than from a free exci-
Noa is thes-dexchange integral of thEg conduction band. ton because of the possibility of conserving the total spin in
Assuming typicalEp, values between 5 and 7 mé¥and  the former case. Therefore the corresponding PLE signal
using typical magnetic-field shift measured for the samplegonsists of a contribution from the free excitons and an ad-
under study together withNga|:||NoB|~1:6%" one ob-  ditional contribution due to th®°X because the products of
tains critical effective-field valueBg¢ values in the range 0.5 occupation number and transfer probability for free excitons
and 0.9 T/K for the sampl€s:®** The observed critical effec- and D°X become comparable. The PLE signal of the free
tive fields B¢ for the energy transfer from the excitonic excitons is similar to that detected on the excitonic PL. The
states into the Mn @° shell given under key result§) and  additional contribution due to thB°X is shifted to higher

(i) are all within this range. At zero field and a constantenergies because of thkedependence of the probability of
temperature, the occupation of tBdX state is highest. With  forming aD®X complex. At zero-magnetic field this second
increasingB. the effective binding energy of the exciton to contribution causes the difference between the PLE signals
the D% is reduced and more and more of th€X thermally ~ detected on the excitonic and the Mn PL. As the magnetic
dissociate intd°® and a free exciton until above the critical field is increased and thB°X is destabilized, the second
effective field basically alD®X are dissociated. This is in contribution decreases and finally vanishes leading to the
full agreement with the intensity behavior of the Mn-PL bandeffects described undéii). Another important point is result
and the excitonic PL emission summarized(iin Similarly,  (iii), i.e., the energy transfer in the QD sample is less effi-
the drop of the ratio of Mn intensity to excitonic intensity cient than in the parent sample A, although the magnetic-
(i.e., a less efficient energy transfevith increasing tempera- field dependence of the energy transfer is similar. This is
ture undex(iv) can be also explained as an increasing thermatelated to the fact that at the low donor concentrations of
dissociation of theD®X into D° and free exciton. The blue- sample A the nanofabrication of the QD npillars yields

AEg(Bo)=Ep—3NoaxaBs(B:,0)=0, (12
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statistically many pillars where the semimagnetic The energy-transfer process via dark excitons is also very
Zng.7£Cdy 1MNg osSe layer does not contain@.2>*°There-  unlikely to play a dominant role in our samples. The dark
fore these pillars cannot show ang @mission caused by an exciton state is known to be about only 0.5 meV lower in
energy transfer fronD°X to the Mrf* ions. This leads even- energy than the singlet exciton in samples comparable to the
tually to the weaker*T; to °A; emission band in the QD samples under stud§}. The lowest dark exciton shifts with
sample. Finally, the magnetic-field dependence of the Mn-Plmagnetic field proportional to-{Nya—NyB) whereas the
intensity in Voigt geometry is stronger than in Faraday gedowest singlet exciton state shifts proportional tdly¢
ometry in an intermediate range of effective magnetic fields—Ny3) yielding a criticalB.~0.1 T/K for the crossover of
as summarized undév). The increasing decay time in Far- the energies of dark and bright exciton in the field. Above
aday configuratiofisee Fig. §a)] up to the critical field is in  this critical B¢+ the occupation number of the dark exciton
agreement with thé®°X related energy transfer. After sup- level decreases rapidly and this energy process would be
pression of this path at higher fields the decay time saturatesuppressed. This critical effective field value is much lower
at 7~45 ps. The corresponding,nste; Of @bout 180 ps is than the value of 0.6 T/K observed in our experiments indi-
related to the remaining direct transfer from the excitoniccating that this is not the main energy-transfer mechanism in
states into the Mn 8° shell which does not show any field our samples. Furthermore the existence of dark excitons
dependence. From Fig(8 one can see that it is about 25% should not be affected by the nanofabrication process, i.e.,
of the total transfer. The mechanism of this non-field-observation(iii) cannot be explained.
dependent transfer is not clear but should be connected with Figure &d) depicts a mechanism which has been sug-
a relaxed spin selection rule. gested by Nawrocket al It is an Auger-like process where
The higher Mn PL in Voigt configuration in the interme- an electron with a spin opposite to those of the five electrons
diate field rangéinset of Fig. %a)], which corresponds to the in the ®A; ground state is virtually absorbed by thé°3shell
lower decay timesr [Fig. 5a)] is caused by the reduced of that Mn ion and an electron of opposite spin is emitted
transition probability of the lowest excitonic state in Voigt from the 3 shell into the valence band. This effect will be
and a respective increased radiative lifetime of the excitonisuppressed on application of an external magnetic field as the
state in this geometry due to the light-hole admixture. Thusonduction-band electron states split in the magnetic field
even assuming an unchanged transfer tifggin Voigt ge-  such that the lower electron state has the same spin orienta-
ometry compared to the Faraday configuration, the energtion as theS= 3 spin of the Mr#* ion. We do not believe that
transfer into the Mn system is increased. It should be notethis energy-transfer mechanism is dominant in our samples
that both transfer channels, tBgX channel at low fields as as it cannot explain the reduction of the energy transfer in the
well as the remaining direct transfer at higher fields, are enQD compared to the parent sample. Also the Auger process
hanced by the increased life time in Voigt geometry. Thiswould possibly be more effective with increasing tempera-
also explains the lower experimentally observed excitonidure in contradiction with our findings.
emission intensity depicted in Fig(§ compared to the cal- It should also be noted that the observed magnetic-field
culated transition probability, as the radiationless energyehavior of the*T;—bA,; emission is not caused by a weak-
transfer into the @ shell is not included. Other excitonic ening of the resonance between the ZLd, 1gMing goSe ex-
complexes which allow a spin balandeS|.,.=+1 of the  citonic emission and the broad Kih absorption bands. The
excitonic subprocess are the negatively charged exé{ton internal Mn transitions are known to exhibit only a small
and the dark exciton given in Figs(t§ and(c), respectively. magnetic-field dependence. Comparing with the results for
In the case of quantum well samplésven when nomi- the Mn absorption of a polycrystalline film of MnSe in Ref.
nally undoped, i.e., with donor concentrations betweet? 10 36 or in Zn,_,Mn,Se in Ref. 9, we find that with increasing
and 16% cm™2 as in our samplésthe existence oK~ can-  magnetic field the Zg;£Cdy 1dMnggsS€ excitonic emission
not be entirely ruled o However, X~ are usually only energy shifts along a range of increasing Mn absorption,
clearly identified at much higher donor concentration inwhich should increase the transfer rate. Summarizing the
II-VI materials of the order 1% cm™3.3%32 Nevertheless, it above discussion we are convinced that the dominant energy-
is very hard to distinguish between effects due to donortransfer mechanism in our samples is that via D&X
bound excitondD®X and charged excitonX™ in lumines- complex.
cence. This also holds in the case of the intralayer energy
transfer from the excitonic states into the Md®3states as IV. INTERLAYER ENERGY TRANSFER
existence ofX™ is per secorrelated with the existence of
donors in the samples and the destabilization oiheby an
external magnetic field is described also by Etp). How- Figure 7 depicts PL spectra in the excitonic region of the
ever, it is known that the binding enerdy of the electron  two ADQW structures B and C excited with energies above
el to the excitore2—h is smaller than that of an exciton to the ZnSe barrier. As the intermediate ZnSe barrier is only 6
a D°. Typical Ep values forX™ are 2—4 meV®33 corre-  nm wide, the excitonic states of the NMW and the DMW are
sponding to a critical effective field8.4~0.15—0.4 T/K  coupled in both samples. For sample B the excitonic PL is
which are considerably smaller than #Bg; values observed dominated by th@°X emission from the NMW and there is
in our experiments. Therefore we believe that in our samplego emission from the DMW at all fields due to a fast tunnel-
this process does not play a dominant role in the energing or relaxation from DMW excitons into the NMW. The
transfer into the Mn @° states. situation is different for sample C. At zero field the excitonic

A. Experimental findings
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energy transfer from the coupled excitonic states of the

excitonic PL 5 [ -—— samplecor DMW and the NMW into the internal & shells of the Mn
5 T=2K g samp[eBmi ions localized solely in the DMW. That an energy transfer
“_,“-" from the excitonic states into the Mn subsystem takes place
o ML oo pL in both samples is shown in the inset of Fig. 7. For both
4 ] g samples a strong orange Mn PL is clearly visible in addition
= , to the sharp excitonic PL bands.
Sa'%‘}'e B 20 25 Figure 8 shows PLE spectra detected on the Mn PL for
Energy [eV] both samples. The spectra were acquired at various magnetic
3| fields up to 7 T in Faraday as well as in Voigt geometry. We

will first discuss sample B. In both field geometries, it can be
sample C seen that the PLE signal of the heavy-h@ib) exciton of the

5T DMW splits and shifts strongly with increasing magnetic
field whereas the PLE signal of the hh exciton of the NMW
does hardly change. The main difference between the two
sample C samples is that in sample C the lowest excitonic state of the

aT DMW crosses that of the NMW whereas in sample B the
lowest excitonic state of the DMW is at all fields higher in
energy than that of the NMW. We will see in the following

Normalized PL-intensity [arb. u.]

i

sample C that this has consequences for the strength of energy transfer
oT into the Mn system as a function of magnetic field. The
0 . . T Y Y energies of the lowest excitonic transitions of the two QW'’s
257 259 261 263 265 267 derived from the PLE experiments in Voigt and Faraday ge-

Energy [eV] ometry are given in the upper and lower graph of Fig. 9 for
9y samples B and C, respectively. The arrows in the lower graph

FIG. 7. PL spectra of the excitonic PL of the asymmetric doubledenote the magnetic fielx where the crossing of the exci-
quantum wel(ADQW) structures at zero field for sample B and at tonic states takes place for sample C. This crossing point
various magnetic fields for sample T=2 K. Inset: PL spectra at 0occurs at a higher field of about 2.1 T in Voigt geometry
zero field of the two samples showing the spectral range of th€ompared to about 1.6 T in Faraday geometry because of the
excitonic and the Mn PLT=2K. magneto-optical anisotropy of the excitons of the DMW.

Figure 10 depicts the change of the intensity of the orange
PL is again dominated by thB°X emission of the NMW. Mn PL as a function of magnetic field for Faraday and Voigt
However, in Faraday geometry, with increasing magnetiggeometry when resonantly exciting the excitonic states of the
field a second emission band is observed and shifts strongMMW. The top and bottom graph show the results for
to lower energies. It corresponds to the excitonic emissiosamples B and C, respectively. For both samples there is a
from the DMW. Energy-transfer and tunneling processes besignificant Mn-PL signal in zero magnetic field although the
tween the excitonic states of such samples have been studiedergy of the laser excitation is much lower than that of the
in great detail in Refs. 4 and 5. Here, we will focus on thelowest excitonic state of the DMW, i.e., basically the laser is

o DM | DMW NMP
Ei_‘/fm E‘” 7.0T Eo-+ | E"* 28];
3.0T
sor 201
3.0T
2.0T 1.0T
1.5T
1.0T
5 057; ' X7 0.75T
e’ 0.25T t oT
% Faraday™~ °T < FaradayCT »
2 = o le’C T= .
% sample B T=2K sampe FIG. 8. Faraday and \oigt magneto-PLE
2 Fnr EDM Eft”f v ot spectra of the excitonic region of the ADQW'’s
w0 i 7.07 ' % 60T detected on the Mn PL for sample B and sample
7 s fﬁ soT C, respectivelyT=2 K.
5ot 407
401 J /L//-\\\_ 3.0T
P
20T /—/\ Tor
157 / /-N\‘ 0.5T
1.0T -~ ’EDMW oT
4 Py X3
DMW Og_;‘_' ~
Gigt sample B T=2K Voigt sample C T=2K
2.58 2.60 2.62 2.64 2.66 2.68 2.70 2.72 260 262 264 266 268 270 272
Energy [eV]
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FIG. 9. Magnetic-field dependence of the lowest excitonic tran-
sition of the nonmagnetic welNMW) and the dilute-magnetic well FIG. 10. Magnetic-field-induced change of the intensity of the
(DMW) in Faraday and Voigt geometry of the two ADQW samples. Mn PL for resonant excitation of the NMW of the ADQW structure
T=2K. B} andBY, denote the magnetic fields where the transitionin Faraday(®) and Voigt(O) geometry. The results for samples B
energies of the lowest transition of the DMW and of the NMW are and C are shown in the upper and lower graph, respectiglynd
equa| in Faraday or Voigt geometry, respective|y_ Bx denote the magnetic fields where the hole states of the NMW
and the DMW are equal in Faraday and \oigt geometry, respec-

. . tively. B andBY, denote the magnetic fields where the transition
not absorbed in théZn,Cd,MnSe layer as the internal self- energies of the lowest transition of the DMW and of the NMW are

. 5 . . -
absorption of the Mn 6 shell is negllglble. Therefore the equal in Faraday or Voigt geometry, respectively.
strong Mn PL must arise from a radiationless resonance en-
ergy transfer from the excitonic states of the NMW into the

Mn system. It is worth noting that this energy transfer takes ’ _
place although the excitons and the Mn ions are spatiallptates of the two coupled QW’s. In contrast to the intralayer

separated, which seems to be an indication for a dipolar-typgnergy transfer from the excitonic states into the Mn system
energy transfer. For sample B with increasing magnetic fielddiscussed in Sec. lll, the interlayer energy transfer discussed
the Mn-PL intensity is virtually constant in Voigt geometry, here depends strongly on the modification of the valence-
whereas in Faraday geometry it starts to increase signifiband structure of the ADQW by the external magnetic field.
cantly for magnetic fields abovB.~3 T. The intensity of Three different scenarios depicted in Fig. 11 may occur. In
the Mn PL at the highest magnetic field is twice that at zeroscenario(1) the lowest excitonic state is that of the NMW.
field. For sample C, the magnetic-field behavior of the inten\When resonantly exciting this state the electron and hole
sity of the Mn PL when resonantly exciting the NMW is very states of the DMW are not involved in the recombination
different from sample B. Already at low magnetic fields of process. The excited electron-hole pairs of the NMW may
about 0.8 T there is a rapid increase of the Mn emission. Aontribute to the observed PL by either recombining radia-
maximum occurs at 1.6 T for Faraday geometry and at 2.0 Tively or by transferring their energy by a DexterrBter-
for Voigt-geometry. After the maximum the Mn PL decreasestype transfer into the & shells of the spatially separated Mn
again with increasing magnetic field. This decrease is mor¢ons located in the DMW. Scenari@) might occur already
pronounced in Faraday geometry than in Voigt geometryat moderate magnetic fields. Because of the rather small
The magnetic fields where the maxima occur agree fairlwalence-band offset between the two QW materials and the
well with the crossing field8y derived from Fig. 9. strongp-d induced giant Zeeman shift of the valence-band
states it happens that with increasing magnetic field the low-
est valence-band state of the ADQW is no longer situated in
the NMW but in the DMW. Again, when resonantly exciting
To understand magnetic-field dependence of the intensitthe NMW, the DMW cannot be directly excited. However,
of the Mn PL when exciting resonantly the NMW one has tosome of the holes will tunnel from the NMW into the DMW
consider the magnetic-field-induced changes of the excitoniteading to two possible radiative recombination pathways for

B. Discussion
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FIG. 11. Three possible scenarids—(3) of the band alignment of an ADQW structure in the magnetic field. The dashed arrows indicate
the excitonic transitions which are possible when resonantly exciting the N&aWd line). The dotted line indicates a relaxati@nnnelling
of holes from the NMW into the DMWB, denotes the magnetic field where the hole states of the NMW and the DMW are equal in energy.
By denotes the magnetic field where the transition energies of the lowest transition of the DMW and of the NMW are equal.

the QW excitons either a direct recombination in the NMWgeometry as the stronger magnetic-field shift of the lowest
or an indirect recombination involving the electron state ofhole state favors the formation of indirect excitons. For the
the NMW and the hole state in the DMW. This indirect ex- same reason the crossing point of the lowest excitonic tran-
citon will have a very long radiative lifetime. In addition, the sitionsB, of the two QW's occurs at a lower field in Faraday
corresponding hole state as it is localized in the DMW has ahan in \oigt geometry. This crossing point corresponds to
large overlap with the Mn ions and the corresponding electhe maximum of the Mn intensity in both geometries. Above

: ; 0
tron in the NMW might be bound to & more or less B the band alignment of the ADQW corresponds to scenario
independent of the magnetic field. Therefore it can be ant|C|(3) i.e., the energy transfer due to the indirect exciton is

pated that the energy transfer from these indirect exciton,anvhelmed by the absorption of the DMW and a

. 5 . .
states into the > shells of the Mn ions will be extremely ., etic_field dependence of the Mn intensity dominated by

(e‘glcrfigﬁ t%r;égfrler?stmg ;Zinrgﬁgn;téc g':‘é?g;urct)?et:]esclgcv‘”’ég?ntralayer transfer from the excitonic states of the DMW into
excitonic state of the DMW is lower than that of the NMW. the Mn system is observed. The difference between Faraday

Both QW's will be excited directly when exciting resonantly and Voigt geometry in this case occurs because the transition

the NMW, but the excitation of the upper DMW might be from scenarid?2) to (3) occurs at higher field strengths as the

somewhat higher. Thus, in addition to the excitonic transi-f”‘bSorption of the DMW shifts weaker in Voigt geometry as

tions discussed for the two previous scenarios, a direct excll' Faraday geometry as previously mentioned.

tonic recombination in the DMW accompanied by the corre-

sponding intralayer energy transfer might take place. Due to

this new recombination path the mean life time of the holes V. CONCLUSIONS

in the DMW will be drastically reduced leading to an effec-

tive suppression of the formation of indirect excitons. For The intralayer energy transfer from excitonic states into
sample B in Voigt geometry the band alignment of thethe Mn 3d° shell in wide-gag(ll,Mn) VI semiconductors is a
ADQW structure always corresponds to scenéticexplain-  Dexter-Faster-like radiationless resonance energy-transfer
ing the constant intensity of the Mn PL as a function of process. It is shown that this transfer is strongly enhanced if
magnetic field. In Faraday geometry, because of the largape total spin of the overall process is conserva@,=0.

magnetic-field shift of the lowest hole state compared topg tne subprocesses within the Mn systéra., the internal
\Voigt geometry, a change from scenafit to scenario(2) 3

takes place at a magnetic fieBl,~3 T leading to the Sig Mn transitions involvingS= 32 excited states and th®&=3
= . d stat basically dipole forbidden S|;,= — 1, th
nificant increase of the intensity of the Mn PL due to theo oo > atpare basically dipole forbidded, S|y, e

L . . correspondin rocess within the excitonic subsystem re-
efficient energy transfer from the indirect excitons whose_ ". P gp Y

. ) o ) o gU|resAS|eXC= +1 to conserve the total spin. This require-
number keeps increasing with increasing magnetic field dument is not fulfilled by a bright exciton, however, several
to an increasing relaxation probability into the indirect exci- y 9 ' '

ton state compared to the rather unchanged transition prolg_ther excitonic complexes which fulfill this requirement may

ability in the NMW. chnario(3) is never reached for this be ant|C|pqted. POOSS'ble car!dldates are dark .eXCItf)nS’. donor-
sample up to 7 Tsee Fig. 9 ound excitond X or negatively charged exciton§™ (tri-

With increasing magnetic field all three scenarios occuP"S or an Auger-like process. In our samples, the careful
for sample C in Faraday as well as in Voigt geometry. Up toanalysis of the magnetic-field and time dependence of the
about 0.5 T the Mn intensity is fairly constant correspondingeXcitonic and Mn luminescence gives evidence thatif
to scenario(1). Increasing the magnetic field further, sce- complex plays a dominant role in the intralayer energy
nario (2) occurs first in Faraday geometry and at a slightlytransfer.
higher magnetic field in Voigt geometry leading to the rapid In more complex structures, containing coupled nonmag-
rise of the Mn intensity. This rise is steeper in the Faradaynetic and dilute-magnetic quantum wells, the excitonic band
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