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Intralayer and interlayer energy transfer from excitonic states into the Mn 3d5 shell in diluted
magnetic semiconductor structures

H. Falk, J. Hübner, P. J. Klar,* and W. Heimbrodt
Department of Physics and Material Sciences Center, Philipps-University, Renthof 5, D-35032 Marburg, Germany

~Received 25 March 2003; published 17 October 2003!

We show that the Dexter-Fo¨rster-like radiationless resonance energy-transfer process from excitonic states
into the Mn 3d5 shell in wide-gap~II,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
excitonsD0X, negatively charged excitonsX2, and an Auger-like process. A careful analysis of the magnetic
field and time dependence of the excitonic and Mn luminescence in the~Zn,Cd,Mn!Se samples under study
gives evidence that theD0X complex plays a dominant role in the intralayer energy transfer. In asymmetric
double quantum well~ADQW! structures consisting of a~Zn,Cd!Se well and a~Zn,Cd,Mn!Se 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,Mn!Se well and spatially indirect excitons@where the hole is confined in the~Zn,Cd,Mn!Se and the
electron confined in the~Zn,Cd!Se# as well as spatially direct excitons of the~Zn,Cd!Se 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 III-V semiconductors or even Er-doped
Si or SiO2 .

DOI: 10.1103/PhysRevB.68.165203 PACS number~s!: 75.50.Pp, 71.35.Ji, 71.23.Ft
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I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s; more often re-
ferred to as semimagnetic semiconductors! are useful tools
for studying basic physical problems in semiconductor str
tures. The strong exchange interaction between the local
magnetic moments of the Mn21 ions and the extended ban
states ~s,p-d exchange interaction! yields the ‘‘giant’’-
Zeeman splitting. Therefore a continuous tuning by an ex
nal magnetic field of important parameters such as the ba
gap energy or barrier heights in quantum well structu
becomes feasible over an energy range of the orde
100 meV. This enables one to study in detail the depende
on such a tuning parameter of, for example, interwell c
pling or tunneling processes of carriers and excitons in
and the same sample.1–5

Another point of intensive discussion is the energ
transfer mechanism from band or exciton states into the
ternal transitions of transition metals~TM’s! or rare earths
~RE’s!. This mechanism of the energy transfer is an essen
question not only for doped II-VI semiconductors but al
for other systems like Er-doped Si or SiO2 as well as III-V
semiconductors doped by TM or RE ions where dipole f
bidden internal transitions can be effectively excited via ba
states. Although it has been known for decades that this
ergy transfer in wide band-gap DMS’s from the exciton
states into the internal Mn21 (3d5) shell is extremely effec-
tive the underlying mechanism is not at all understood.6–10

The Mn21 ions are incorporated on cation sites of the II-
hosts. The tetrahedral crystal field of the cation site shifts
splits the 3d states in energy compared to the free Mn21 ion.
The 6S ground state of the free Mn21 ion ~which according
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to Hund’s rule has all five electron spins aligned para
giving rise to a total spinS5 5

2 ) is shifted down in energy by
the crystal field and is referred to as6A1 . The first excited
quartet state4G of the free ion is split into four states whic
with increasing energy are labeled according to the irred
ible representation ofTd symmetry by4T1 , 4T2 , 4A1 , and
4E ~all having a total spin ofS5 3

2 ). In wide gap~Cd,Mn!
and ~Zn,Mn! chalcogenide alloys the effective energy tran
fer is manifested by a broad orange luminescence band
to the transition from4T1 first excited state to the6A1

ground state of the Mn 3d shell which is observed in addi
tion to, or even instead of, the excitonic emission.11–13 This
transition occurs although the internal optical transitio
within the d shell are in principle forbidden by parity an
spin selection rules. Various mechanisms for a weakenin
these selection rules have been discussed, which event
lead to finite transition probabilities and finite lifetimes. F
smallest Mn concentrations and dominantly isolated Mn-
centers the decay time of the4T1→6A1 transition was found
to be about 1.8 ms,14 and reduces into thems range with
increasing Mn concentration, mainly caused by the so-ca
‘‘concentration quenching.’’15,16 The most likely mecha-
nisms for the relaxation of the selection rules are the sp
orbit coupling, thep-d hybridization of the Mn 3d5 states
with the p states of the surrounding anions, and the lack
inversion symmetry.12,17

In Sec. III of the paper we will deal with the energy tran
fer between excitons and Mn ions when both are situate
the same layer, i.e., intralayer energy transfer. We will sh
by studying the magnetic field and time dependence of
luminescence that, although the spin selection rule is so
what relaxed, it is still of special relevance for the radiatio
©2003 The American Physical Society03-1
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TABLE I. Sample parameters.

Sample A MQW
corresponding QD~B 140 nm!

5
3$22 nm ZnSe/24 nm Zn0.75Cd0.16Mn0.09Se%/900 nm ZnSe/
~100! GaAs substrate

Sample B ADQW 20 nm ZnSe/6 nm Zn0.67Cd0.18Mn0.15Se/6 nm ZnSe/
6 nm Zn0.82Cd0.18Se/1000 nm ZnSe/(100) GaAs substrate

Sample C ADQW 20 nm ZnSe/6 nm Zn0.76Cd0.15Mn0.09Se/6 nm ZnSe/
6 nm Zn0.85Cd0.15Se/1000 nm ZnSe/(100) GaAs substrate
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less energy transfer into the 3d5 shell of the Mn21 ions.
Usually the energy resonance between the initial and th
nal state is discussed as the only important condition for
energy transfer in a Dexter-Fo¨rster-like mechanism. Our re
sults clearly show that besides the resonance condition
spin selection rule also plays an important role. It is notew
thy that the actual underlying mechanism of the energy tra
fer is not relevant for our discussion. The most likely mech
nisms are dipole-dipole transfer and the exchan
interaction. Of importance is, however, that the initial as w
as the final state can be observed as dipole transitions in
band-gap semiconductors. This is the difference to phen
ena discussed in narrow gap DMS where an effective s
heating of the Mn subsystem caused by a spin-flip scatte
process via electron-Mn exchange interaction w
observed.18

In Sec. IV of the paper we will extend our studies
energy-transfer processes between excitons and mag
ions in asymmetric double quantum well structur
~ADQW’s! consisting of a nonmagnetic quantum we
~NMW! and a diluted magnetic quantum well~DMW!. By
making use of continuous tuning of the band alignment
such ADQW’s by an external magnetic field, we will dem
onstrate that there is a competition between the intrala
processes discussed in Sec. III and interlayer energy-tran
processes. The interlayer processes take place betwee
Mn ions situated in the DMW and indirect excitons~where
the hole is confined in the DMW and the electron confined
the NMW! as well as direct excitons of the NMW. The co
tinuous magnetic-field tuning demonstrates convincingly
subtle interplay of excitonic band structure of the ADQ
and spin effects in the energy-transfer processes. Sectio
will conclude the paper.

II. SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

The experimental data in Sec. III concerning the int
layer energy transfer were obtained from sample A,
Zn0.75Cd0.16Mn0.09Se/ZnSe multiple quantum well~MQW!
structure grown by molecular beam epitaxy~MBE!. The
structure consisted of five 24-nm-wide Zn0.75Cd0.16Mn0.09Se
layers separated by 22-nm ZnSe barriers. The sample
grown pseudomorphicly on a~100! GaAs substrate. Part o
this parent sample was used to fabricate quantum disc~QD!
structures. The nanofabrication process is described in d
elsewhere.19,20 In brief, the pattern was defined by electro
16520
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beam lithography and was transferred by argon-ion be
etching followed by wet-chemical etching. The disc diam
eters were determined to be about 140 nm by atomic fo
microscopy and scanning electron microscopy. Two MB
grown asymmetric double quantum well structur
~ADQW’s! were used for studying the interlayer ener
transfer in Sec. IV. Again both samples were grown on~100!
GaAs substrates. Sample B consisted of a 6-
Zn0.82Cd0.18Se nonmagnetic quantum well~NMW! separated
by a 6-nm ZnSe barrier from a 6-nm Zn0.67Cd0.18Mn0.15Se
diluted magnetic quantum well~DMW!. Sample C is of the
same structure as sample B, but has slightly different Mn
Cd concentrations in the QW’s: Zn0.85Cd0.15Se and
Zn0.76Cd0.15Mn0.09Se for the NMW and the DMW, respec
tively. In both samples the DMW was grown after the NMW
The sample parameters are summarized in Table I.
continuous-wave photoluminescence~PL! and PL excitation
~PLE! measurements were carried out at 2 K using a super-
conducting magnet system with a maximum field of up to 7
T. As excitation sources served a HeCd laser~442 nm! and a
tunable dye-laser~Coumarin 47!. The PL spectra were de
tected using a single grating spectrometer equipped wit
liquid-nitrogen-cooled charge-coupled device detector. T
PLE spectra were recorded detecting either on the QW e
tonic emission or on the orange Mn-luminescence band.
cosecond~ps! PL experiments were carried out at 6 K using
a different superconducting magnetic system with fields
to 14 T. A mode-locked Ti:sapphire laser was used for ex
tation and a streak-camera system for detection. Two dif
ent magnetic-field geometries were employed: a Farad
type geometry (Bik and ziB; where k is the propagation
vector of the detected light andz is the growth direction,
which is perpendicular to the biaxially strained crystall
graphic plane! and a Voigt-type geometry (B'kiz and
z'Bix). This Voigt-type geometry should not be confus
with that usually used in bulk samples (ziB andkix). Polar-
ization optics were used to distinguish between the two
cular polarizations and the two linear polarizations in Fa
day and Voigt geometry, respectively.

III. INTRALAYER ENERGY TRANSFER

A. Experimental findings

Figure 1~a! depicts PL spectra of sample A and the cor
sponding QD sample. Two main signals are observable in
two spectra. A sharp band at about 2.6 eV correspondin
the excitonic emission of the Zn0.75Cd0.16Mn0.09Se QW or
3-2
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FIG. 1. ~a! Photoluminescence~PL! spectra of
a Zn0.75Cd0.16Mn0.09Se/ZnSe multiple quantum
well ~MQW! and of the corresponding quantum
disc ~QD! sample.B50 T, T52 K. ~b! s1 PL
excitation~PLE! spectra recorded at various ma
netic fields up to 7 T. Thick lines and thin line
correspond to PLE spectra detected on the ex
tonic PL ~at about 2.6 eV! and the Mn PL~at
about 2 eV!. T52 K. Inset: Energy shift between
the PLE peaks recorded on excitonic and Mn P
as a function of effective magnetic field.
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QD layers. Some general remarks about the excitonic
emission in these samples are necessary for the follow
discussion. These quaternary alloys have an intrinsic
large PL linewidth of about 10 meV at zero-magnetic fie
The broad PL band referred to as the excitonic emiss
actually consists of two unresolved emission bands, se
rated by a few meV, that of the free exciton~FX! and that of
the donor bound excitonD0X. This has been confirmed b
careful analysis of the total linewidth as a function of ma
netic field and QD size.26,30The intensities of theFX and the
D0X are affected by the nanofabrication as well as by app
ing an external magnetic field. As shown previously in R
20 for ZnSe/Zn12xMnxSe MQW and QD samples, the inten
sity ratio of D0X to FX emission in zero-magnetic field de
creases drastically with decreasing QD diameter beca
statistically, the number of QD pillars without donor ion
increases. On applying an external magnetic field, the in
sity behavior of theD0X and theFX bands is very different
because of the destabilization of theD0X.27 These effects are
discussed in more detail below. The second PL band cent
at about 2 eV corresponds to the orange internal Mn lu
nescence from4T1 first excited state to the6A1 ground state
of the Mn 3d5 shell. The relative intensity of the Mn band i
the QD samples is much weaker than in the correspond
parent structure. Nevertheless, in both spectra the broad
band almost dominates although the internal transition is
pole forbidden by spin and parity selection rules. This in
cates that the intralayer energy transfer from the excito
states to the Mn subsystem is very efficient and represen
competing effect to the radiative recombination process
the excitons in the layer. This is further confirmed by F
1~b! which shows PLE spectra recorded in Faraday geom
at magnetic fields up to 7 T of the spectral range of thes1

component of the heavy-hole exciton. The thick lines and
thin lines correspond to PLE spectra detected either on
excitonic emission or on the orange Mn-emission band. T
corresponding PL spectra are shown in Fig. 2. Both type
PLE spectra in Fig. 1~b! show clear features of the heav
hole exciton. The existence of such features in the PLE sp
tra recorded on the Mn band is clear evidence that an en
transfer from the excitonic states into the Mn 3d5 shells
takes place at all magnetic fields up to 7 T. With increas
16520
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magnetic field thes1 component of the heavy-hole excito
shifts strongly to lower energies due to thes,p-d exchange
interaction induced giant Zeeman splitting. The shift is p
portional to the Brillouin functionB5/2 of the average com-
ponent^Si& of the Mn spin aligned along the magnetic-fie
direction given by

^Si&5aSB5/2~z!,

B5/2~z!5
6

5
cothS 6z

5 D2
1

5
cothS z

5D , ~1!

where

FIG. 2. ~a! Magneto-PL spectra of the
Zn0.75Cd0.16Mn0.09Se/ZnSe MQW.~a! Mn PL; ~b! excitonic PL.T
52 K. Excitation energy was 2.81 eV.
3-3
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FIG. 3. ~a! Dependence of the relative inten
sities of excitonic and Mn PL on effective mag
netic field for the Zn0.75Cd0.16Mn0.09Se/ZnSe
MQW and for the corresponding QD’s.~b! Tem-
perature dependence of the intensity ratio of M
PL and excitonic PL atB50 T.
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k~T1Q!
. ~2!

The empirical parametersa andQ account for the antiferro-
magneticd-d coupling between the spins of the Mn ions.
fit of the corresponding energy dependence on the magn
field ~not shown here! leads toT1Q55 K. For better com-
parability of results recorded at different temperaturesT, it is
useful to introduce an effective magnetic-field parameterBeff
defined as

Beff5
B

T1Q
. ~3!

The excitation bands in Fig. 1~b! recorded on both lumines
cence bands in Fig. 2 show differences in their magne
field dependence. Already at zero field the peak of the e
tation band recorded on the Mn luminescence is ab
10 meV higher in energy than the corresponding peak
tected on the excitonic band. With increasing magnetic fi
the energy difference between the two peak positions
creases rapidly and starts to level off atBeff50.6 T/K as
shown in the inset of Fig. 1~b!.

Figure 3~a! shows the integrated intensities of the M
band and the excitonic PL for sample A and the correspo
ing QD sample as a function ofBeff derived from PL spectra
recorded in Faraday geometry~see Fig. 2 for the MQW!. In
both samples, the Mn PL decreases strongly up to ab
Beff50.6 T/K and remains constant at higher fields for bo
samples. The excitonic PL of the MQW basically increas
over the whole range, whereas the QD PL increases and
saturates at aboutBeff50.8 T/K. A similar suppression of the
energy transfer from the excitonic states into the Mn s
system by an external magnetic field has been observed
self-assembled CdSe quantum dots in a~Zn,Mn!Se matrix.21

Figure 3~b! shows the temperature dependence of the in
sity ratio of the Mn PL and the excitonic PL for zero field
sample A. It can be seen that the ratio decreases stro
with increasing temperature.

As the Mn recombination and the excitonic recombinat
are the final processes of competing radiative relaxa
paths after barrier excitation, it is obvious that the change
the relative intensities of the corresponding PL bands in
external magnetic field should be reflected in the dynam
of the excitonic emission, i.e., the decay time of the excito
states will be affected by the magnetic-field-induced chan
of the energy transfer into the Mn 3d5 states. Picosecond P
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spectra were recorded in Faraday as well as in Voigt ge
etry at a temperature of 6 K. By spectral integration of the
band the excitonic decay curves were derived. These
shown in Fig. 4 for sample A. It is clearly seen that the dec
is strongly reduced with increasing field. The decay timet
were obtained by fitting the experimental data using the
lowing equation:

I ~ t !5I 0•F2expS 2
t

t D1expS 2
t

Teff
D G , ~4!

where the rise timeTeff is an effective relaxation time of the
carriers from the barrier into the quantum well which is a
sumed to be independent of the magnetic field. The fit yie
Teff of about 5 ps. The decay timest for sample A are plotted
in the Fig. 5~a! as a function ofBeff . For both configurations
the decay time increases with increasingBeff but exhibits a
tendency to saturate at about 0.6 T/K in the Faraday confi

FIG. 4. Experimental decay curves of the spectrally integra
intensity of sample A in~a! Faraday and~b! Voigt configuration for
various magnetic fields.T56 K.
3-4
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INTRALAYER AND INTERLAYER ENERGY TRANSFER . . . PHYSICAL REVIEW B68, 165203 ~2003!
ration. In the intermediate field range thet values in Voigt
configuration are considerably smaller. The decay times
crease for both configurations from 11 ps at zero field
about 45 ps at highest field strengths. On the basis o
simple kinetic rate equation model it is possible to correl
the measured excitonic decay timest and the magnetic-field
induced variation of the Mn-PL intensity. Assuming a co
stant excitationA of the system by photons the occupati
numbers of the excitonic stateNexc and the Mn 3d5 shell
NMn will be determined by the following two coupled equ
tions:

dNexc

dt
5A2

Nexc

t r
2

Nexc

tn
2

Nexc

t transfer
,

dNMn

dt
5

Nexc

t transfer
2

NMn

tMn
, ~5!

where t r is the radiative andtn is the nonradiative deca
time of the excitons. The timest transfer and tMn denote the
transfer time from the excitonic states into the Mn subsys

FIG. 5. ~a! Decay times of the excitonic PL as a function
effective magnetic field derived by fitting the time dependence
the excitonic PL~Fig. 4! in Faraday~d! and Voigt ~s! geometry.
Inset: Mn PL intensity as a function of the effective magnetic fie
in Faraday and Voigt geometry. The crosses denote calculated
ues for the relative Mn intensity of the MQW derived from th
excitonic decay times on the basis of a rate-equation model.
solid line is a guide to the eye.~b! Comparison of the excitonic PL
intensity in Faraday~d! and Voigt ~s! geometry as a function o
the effective magnetic field. The full line is the calculated transit
probability for the lowest transition in Voigt configuration takin
the dashed to be the respective transition probability in Fara
configuration.
16520
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m

and the radiative decay time of the Mn PL. Furthermore,
have assumed that the self-absorption of the Mn subsyste
negligible which is a reasonable assumption for excitat
above the band gap of the semiconductor as the band ab
tion is at least two orders of magnitude bigger than the
sorption of the Mn subsystem for Mn concentrations bel
10%. In the stationary state (dNexc/dt50,dNMn /dt50) one
obtains

I Mn}
NMn

tMn
5

Nexc

t transfer
5

A/t transfer

~1/t transfer11/texc!
, ~6!

where texc5(1/t r11/tn)21. As discussed below, it is rea
sonable to assume to a first approximation a field indep
denttexc in Faraday geometry. This allows one to derive t
transfer timet transfer(B) as a function of the external field
from the experimentally determined decay timest(B) via

t transfer~B!5@1/t~B!21/texc#
21. ~7!

In the inset of Fig. 5~a! a fit of I Mn ~crosses! is depicted
calculated usingtexc560 ps in Eq.~6!. The calculated field
dependence agrees well the experimentally measured Mn
intensity in Faraday~full squares! configuration. The respec
tive transfer times changes from 14 ps at zero field to 180
at 14 T. It is obvious, however, that the experimentally d
termined Mn-PL intensity is higher in Voigt geometry~open
squares! compared to the Mn PL in Faraday geometry. T
energy transfer from the excitonic states seems to be m
effective in Voigt configuration, which is also reflected b
the reduced decay times in this configuration.

The details of the transfer mechanisms will be discus
in Sec. III B. In what follows we want to discuss the physic
reasons leading eventually to the more effective ene
transfer in Voigt geometry. It is well known that there is
strong magneto-optical anisotropy of the energies of the
citonic states in biaxially strained~II, Mn!VI samples.22–26

This is solely a valence-band effect as theG6 conduction
band is isotropic. The degeneracy of the light- and hea
hole bands atk50 is lifted due to the strain in the sample
Thus a quantization direction for light and heavy hole
defined. The quantization directions due to strain and m
netic field coincide in the Faraday geometry. Thus there is
mixing of light and heavy holes with increasing magne
field. This is no longer the case in the Voigt-type geome
employed here as can be seen from the Hamiltonians of
G8 valence-band states in theu j , j z& representation in Farada
and Voigt geometry:

HFaraday
G8 5S Ehh13V 0 0 0

0 Elh1V 0 0

0 0 Elh2V 0

0 0 0 Ehh23V

D ,

HVoigt
G8 5S Ehh )V 0 0

)V Elh 2V 0

0 2V Elh )V

0 0 )V Ehh

D , ~8!
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where the Pidgeon-Brown-type eigenfunctions$u3/2,
23/2&z , u3/2,21/2&z , u3/2,11/2&z , u3/2,13/2&z% are used
and V5u 1

6 N0bx^Si&u whereN0b is the p-d exchange inte-
gral andx is the Mn concentration.

In Voigt geometry there is a competition between the p
turbations due to strain and magnetic field. Strain alo
would yield a quantization in thez direction whereas the sol
presence of the magnetic field would lead to a quantiza
perpendicular toz, e.g., in thex direction. The competing
effects result in a mixing of light- and heavy-hole states w
increasing external magnetic field causing the magn
optical anisotropy of the excitons. As a consequen
in our samples, the eigenvalue of the highest valen
band state in the field in Voigt geometry is not that of t
Faraday geometryEhh13V but E15 1

2 (Ehh1Elh12V)

1A 1
4 (Ehh2Elh22V)213V2.26 The point is that this

magnetic-field-induced mixing of light- and heavy-ho
states also affects the oscillator strength of the lowest e
tonic transitions in Voigt compared to that in Faraday geo
etry. The excitonic PL intensities are depicted in Fig. 5~b!.
The intensities changes significantly in comparable meas
ments carried out in Voigt and Faraday geometry. T
magnetic-field-induced relative intensity changes of the
citonic PL in the two geometries can be compared to
calculated relative change of the oscillator strength in
field. We assume that the dashed line~i.e., the experimentally
observed intensity change in Faraday geometry! gives the
square of the dipole matrix element for thes1 transition
between the highest valence-band stateu3/2,23/2&z and the
lowest electron stateu1/2,21/2&z as

u^ 1
2 ,2 1

2 us1u 3
2 ,2 3

2 &zu25M , ~9!

where the dipole operator iss15(1/&)e(x&1 iy&) with e be-
ing the charge of the electron,x& andy& being the unit vectors
along the spatial directionsx and y. One can calculate the
corresponding square of the dipole matrix element for
lowest excitonic transition in the Voigt-type geometry as t
sum of itsp ands contributions. The lowest eigenstate in th

conduction band is given byu1/2,21/2&x5(1/&)$u 1
2 ,1 1

2 &z

2u 1
2 ,2 1

2 &z% and the highest valence-band eigenstate is
for the eigenenergyE1 :

uVB&x5Nhh$u
3
2 ,1 3

2 &z1u 3
2 ,2 3

2 &z%

1Nlh$u
3
2 ,1 1

2 &z1u 3
2 ,2 1

2 &z%,

Nhh5
2)V

A2~Ehh2E1!216V2
, Nlh5

Ehh2E1

A2~Ehh2E1!216V2
.

~10!

The corresponding dipole matrix element is

u^ 1
2 ,2 1

2 us1puVB&xu252~Nhh
2 1 1

3 Nlh
2 !M , ~11!

where the dipole operators arep5ex& ands5ey&. The rela-
tive oscillator strength of the lowest Voigt transition as
function of magnetic field, calculated using Eqs.~9! and~11!,
is plotted in Fig. 5~b! as the solid line. At low fields~i.e.,
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magnetic-field perturbation is negligible compared to str
perturbation! the differences between Faraday and Voigt g
ometry are small as the Voigt valence-band state is basic

also u 3
2 ,2 3

2 &z . Therefore the intensities of Mn PL as well a
excitonic PL are similar for the two geometries. At high
fields the Voigt oscillator strengths becomes smaller co
pared to the Faraday value due to the light-hole admixtu
The experimentally determined relative PL intensity for t
Voigt configuration is even smaller, which is caused by t
enhanced energy transfer due to the increased lifetime o
Voigt excitonic state compared to that in Faraday. The det
will be discussed in the next section.

B. Discussion of possible energy-transfer mechanisms

The key results concerning the intralayer energy trans
from the excitonic states into the Mn subsystem can be s
marized as follows:~i! The intensity of the Mn band and th
inverse transfer timet transfer

21 decrease rapidly with increasin
effective fieldBeff up to a critical valueBeff'0.6 T/K. This is
accompanied by a corresponding increase of the excito
intensity. ~ii ! A clear excitonic excitation band is detectab
on the Mn band. The position of this excitonic band is shift
to higher energies compared to the corresponding PLE b
detected on the excitonic PL. This blueshift vanishes also
a critical valueBeff'0.6 T/K. ~iii ! In the QD sample the
energy transfer is less efficient than in the correspond
parent sample A, although the dependence onBeff of the
relative change of the PL intensities as well as that of
excitonic decay times are basically the same in both samp
~iv! The energy transfer becomes less efficient with incre
ing temperature.~v! The energy transfer is different in Fara
day and Voigt configuration. For intermediate effective ma
netic fields, as a result of the magneto-optical anisotropy,
Mn-PL in Voigt-geometry is stronger.

The strong magnetic-field dependence of the intrala
energy-transfer process suggests that spin conservation
a major role in the overall process. The subprocess within
Mn21 3d5 shell ~i.e., the excitation of an electron from th
6A1 ground state to the4T1 first excited state! is not an
allowed dipole transition and requiresDSuMn521. To make
the overall process dipole like~i.e., conserve the total spin
DStot50) the corresponding subprocess in the excitonic s
tem should yieldDSuexc511. Possible mechanisms whic
fulfill these requirements are schematically depicted
Fig. 6. The mechanism, which obviously dominates in o
samples, is the energy transfer via donor-bound excit
D0X shown in Fig. 6~a!. A bright exciton alone such ase2
1h in Fig. 6~a! can only contribute a subprocessDSuexc
50 when transferring by recombination its energy into t
Mn subsystem. Therefore the total spin balance would
DStot521 and spin conservation would be violated. T
situation changes in the case of aD0X complex comprising
the donor ionD1, an electrone1 bound to it and the donor
bound excitone21h. Within the D0X complex the holeh
can recombine withe1, instead ofe2, yielding a spin contri-
bution of the subprocess ofDSuexc511 and thus allowing
the conservation of the total spinDStot50.
3-6
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FIG. 6. Schematic diagrams o
possible mechanisms for intra
layer energy transfer from the ex
citonic states into the Mn interna
transitions, for which the total
spin is conserved.~a! Exciton
bound to a neutral donorD0X; ~b!
negatively charged excitonX2;
~c! dark ~triplet! exciton; ~d!
Auger-transfer process.
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Within this D0X picture all the key observations listed
the top of this section can be explained. On applying
external magnetic field, theD0X complex becomes
destabilized.27 The formation of aD0X complex requires the
spin of the exciton electrone2 ~↑! and that of the electron
bound to the neutral donore1 ~↓! to be antiparallel as both
electrons occupy the same state in real space. With incr
ing magnetic field the effective binding energyDEB between
the FX and theD0X state decreases. At a critical magne
field strengthBc , it is energetically favorable for theD0X
complex to decay into a free exciton with electron spin↓ and
a neutral donorD0 whose electron also has also spin↓. The
critical magnetic field can be estimated using

DEB~Bc!5ED2 5
2 N0axaB5/2~Bc ,Q!50, ~12!

whereED is the binding energy of the exciton bound to t
neutral donor in zero-magnetic field and the second te
describes the splitting of the two spin components of
conduction-band states in an external magnetic field wh
N0a is thes-dexchange integral of theG6 conduction band.
Assuming typicalED values between 5 and 7 meV,28 and
using typical magnetic-field shift measured for the samp
under study together withuN0au:iN0bu'1:6,12,17 one ob-
tains critical effective-field valuesBeff values in the range 0.5
and 0.9 T/K for the samples.29,30The observed critical effec
tive fields Beff for the energy transfer from the exciton
states into the Mn 3d5 shell given under key results~i! and
~ii ! are all within this range. At zero field and a consta
temperature, the occupation of theD0X state is highest. With
increasingBeff the effective binding energy of the exciton
the D0 is reduced and more and more of theD0X thermally
dissociate intoD0 and a free exciton until above the critic
effective field basically allD0X are dissociated. This is in
full agreement with the intensity behavior of the Mn-PL ba
and the excitonic PL emission summarized in~i!. Similarly,
the drop of the ratio of Mn intensity to excitonic intensi
~i.e., a less efficient energy transfer! with increasing tempera
ture under~iv! can be also explained as an increasing ther
dissociation of theD0X into D0 and free exciton. The blue
16520
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shift between the excitonic PLE signals detected on the
citonic PL and the Mn PL and the magnetic-field depende
of this blueshift under point~ii ! can also be related to th
D0X. When the crystal is excited by photons electron-h
pairs are created. These can either relax to the bottom o
excitonic density-of-states (k50 for the center-of-mass mo
tion! and recombine as a free exciton or are captured by aD0

and recombine as aD0X. The bigger thek of the exciton
~i.e., its excess energy! the greater the mean lateral distanc
it can travel in the crystal. Thus the higher thek the more
likely the exciton is captured by aD0 before recombination.
The excitonic PLE signal detected on the excitonic PL ba
cally reflects the density of states of the free excitons. In t
case, there is effectively no influence of the donor-bou
excitons as the corresponding density of states is severa
ders of magnitude smaller. However, the influence of
D0X cannot be neglected in the case of the PLE signal
tected on the Mn PL as the energy transfer into the Mn 3d5

shell from aD0X is far more efficient than from a free exc
ton because of the possibility of conserving the total spin
the former case. Therefore the corresponding PLE sig
consists of a contribution from the free excitons and an
ditional contribution due to theD0X because the products o
occupation number and transfer probability for free excito
and D0X become comparable. The PLE signal of the fr
excitons is similar to that detected on the excitonic PL. T
additional contribution due to theD0X is shifted to higher
energies because of thek dependence of the probability o
forming aD0X complex. At zero-magnetic field this secon
contribution causes the difference between the PLE sig
detected on the excitonic and the Mn PL. As the magne
field is increased and theD0X is destabilized, the secon
contribution decreases and finally vanishes leading to
effects described under~ii !. Another important point is resul
~iii !, i.e., the energy transfer in the QD sample is less e
cient than in the parent sample A, although the magne
field dependence of the energy transfer is similar. This
related to the fact that at the low donor concentrations
sample A the nanofabrication of the QD pillars yield
3-7
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statistically many pillars where the semimagne
Zn0.75Cd0.16Mn0.09Se layer does not contain aD0.20,30There-
fore these pillars cannot show any 3d emission caused by a
energy transfer fromD0X to the Mn21 ions. This leads even
tually to the weaker4T1 to 6A1 emission band in the QD
sample. Finally, the magnetic-field dependence of the Mn
intensity in Voigt geometry is stronger than in Faraday g
ometry in an intermediate range of effective magnetic fie
as summarized under~v!. The increasing decay time in Fa
aday configuration@see Fig. 5~a!# up to the critical field is in
agreement with theD0X related energy transfer. After sup
pression of this path at higher fields the decay time satur
at t'45 ps. The correspondingt transfer of about 180 ps is
related to the remaining direct transfer from the excito
states into the Mn 3d5 shell which does not show any fiel
dependence. From Fig. 3~a! one can see that it is about 25
of the total transfer. The mechanism of this non-fie
dependent transfer is not clear but should be connected
a relaxed spin selection rule.

The higher Mn PL in Voigt configuration in the interme
diate field range@inset of Fig. 5~a!#, which corresponds to the
lower decay timest @Fig. 5~a!# is caused by the reduce
transition probability of the lowest excitonic state in Voi
and a respective increased radiative lifetime of the excito
state in this geometry due to the light-hole admixture. Th
even assuming an unchanged transfer timetMn in Voigt ge-
ometry compared to the Faraday configuration, the ene
transfer into the Mn system is increased. It should be no
that both transfer channels, theD0X channel at low fields as
well as the remaining direct transfer at higher fields, are
hanced by the increased life time in Voigt geometry. T
also explains the lower experimentally observed excito
emission intensity depicted in Fig. 5~b! compared to the cal
culated transition probability, as the radiationless ene
transfer into the 3d shell is not included. Other excitoni
complexes which allow a spin balanceDSuexc511 of the
excitonic subprocess are the negatively charged excitonX2

and the dark exciton given in Figs. 6~b! and~c!, respectively.
In the case of quantum well samples~even when nomi-

nally undoped, i.e., with donor concentrations between 115

and 1016 cm23 as in our samples!, the existence ofX2 can-
not be entirely ruled out.28 However,X2 are usually only
clearly identified at much higher donor concentration
II-VI materials of the order 1020 cm23.31,32 Nevertheless, it
is very hard to distinguish between effects due to don
bound excitonsD0X and charged excitonsX2 in lumines-
cence. This also holds in the case of the intralayer ene
transfer from the excitonic states into the Mn 3d5 states as
existence ofX2 is per secorrelated with the existence o
donors in the samples and the destabilization of theX2 by an
external magnetic field is described also by Eq.~12!. How-
ever, it is known that the binding energyED of the electron
e1 to the excitone22h is smaller than that of an exciton t
a D0. Typical ED values forX2 are 2–4 meV,28,33 corre-
sponding to a critical effective fieldsBeff'0.15– 0.4 T/K
which are considerably smaller than theBeff values observed
in our experiments. Therefore we believe that in our samp
this process does not play a dominant role in the ene
transfer into the Mn 3d5 states.
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The energy-transfer process via dark excitons is also v
unlikely to play a dominant role in our samples. The da
exciton state is known to be about only 0.5 meV lower
energy than the singlet exciton in samples comparable to
samples under study.34 The lowest dark exciton shifts with
magnetic field proportional to (2N0a2N0b) whereas the
lowest singlet exciton state shifts proportional to (N0a
2N0b) yielding a criticalBeff'0.1 T/K for the crossover of
the energies of dark and bright exciton in the field. Abo
this critical Beff the occupation number of the dark excito
level decreases rapidly and this energy process would
suppressed. This critical effective field value is much low
than the value of 0.6 T/K observed in our experiments in
cating that this is not the main energy-transfer mechanism
our samples. Furthermore the existence of dark excit
should not be affected by the nanofabrication process,
observation~iii ! cannot be explained.

Figure 6~d! depicts a mechanism which has been su
gested by Nawrockiet al.35 It is an Auger-like process wher
an electron with a spin opposite to those of the five electr
in the 6A1 ground state is virtually absorbed by the 3d5 shell
of that Mn ion and an electron of opposite spin is emitt
from the 3d6 shell into the valence band. This effect will b
suppressed on application of an external magnetic field as
conduction-band electron states split in the magnetic fi
such that the lower electron state has the same spin orie
tion as theS5 5

2 spin of the Mn21 ion. We do not believe tha
this energy-transfer mechanism is dominant in our samp
as it cannot explain the reduction of the energy transfer in
QD compared to the parent sample. Also the Auger proc
would possibly be more effective with increasing tempe
ture in contradiction with our findings.

It should also be noted that the observed magnetic-fi
behavior of the4T1–6A1 emission is not caused by a wea
ening of the resonance between the Zn0.75Cd0.16Mn0.09Se ex-
citonic emission and the broad Mn21 absorption bands. The
internal Mn transitions are known to exhibit only a sma
magnetic-field dependence. Comparing with the results
the Mn absorption of a polycrystalline film of MnSe in Re
36 or in Zn12xMnxSe in Ref. 9, we find that with increasin
magnetic field the Zn0.75Cd0.16Mn0.09Se excitonic emission
energy shifts along a range of increasing Mn absorpti
which should increase the transfer rate. Summarizing
above discussion we are convinced that the dominant ene
transfer mechanism in our samples is that via theD0X
complex.

IV. INTERLAYER ENERGY TRANSFER

A. Experimental findings

Figure 7 depicts PL spectra in the excitonic region of t
two ADQW structures B and C excited with energies abo
the ZnSe barrier. As the intermediate ZnSe barrier is onl
nm wide, the excitonic states of the NMW and the DMW a
coupled in both samples. For sample B the excitonic PL
dominated by theD0X emission from the NMW and there i
no emission from the DMW at all fields due to a fast tunn
ing or relaxation from DMW excitons into the NMW. Th
situation is different for sample C. At zero field the exciton
3-8
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INTRALAYER AND INTERLAYER ENERGY TRANSFER . . . PHYSICAL REVIEW B68, 165203 ~2003!
PL is again dominated by theD0X emission of the NMW.
However, in Faraday geometry, with increasing magne
field a second emission band is observed and shifts stro
to lower energies. It corresponds to the excitonic emiss
from the DMW. Energy-transfer and tunneling processes
tween the excitonic states of such samples have been stu
in great detail in Refs. 4 and 5. Here, we will focus on t

FIG. 7. PL spectra of the excitonic PL of the asymmetric dou
quantum well~ADQW! structures at zero field for sample B and
various magnetic fields for sample C.T52 K. Inset: PL spectra a
zero field of the two samples showing the spectral range of
excitonic and the Mn PL.T52 K.
16520
c
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energy transfer from the coupled excitonic states of
DMW and the NMW into the internal 3d5 shells of the Mn
ions localized solely in the DMW. That an energy trans
from the excitonic states into the Mn subsystem takes pl
in both samples is shown in the inset of Fig. 7. For bo
samples a strong orange Mn PL is clearly visible in addit
to the sharp excitonic PL bands.

Figure 8 shows PLE spectra detected on the Mn PL
both samples. The spectra were acquired at various mag
fields up to 7 T in Faraday as well as in Voigt geometry. W
will first discuss sample B. In both field geometries, it can
seen that the PLE signal of the heavy-hole~hh! exciton of the
DMW splits and shifts strongly with increasing magne
field whereas the PLE signal of the hh exciton of the NM
does hardly change. The main difference between the
samples is that in sample C the lowest excitonic state of
DMW crosses that of the NMW whereas in sample B t
lowest excitonic state of the DMW is at all fields higher
energy than that of the NMW. We will see in the followin
that this has consequences for the strength of energy tran
into the Mn system as a function of magnetic field. T
energies of the lowest excitonic transitions of the two QW
derived from the PLE experiments in Voigt and Faraday
ometry are given in the upper and lower graph of Fig. 9
samples B and C, respectively. The arrows in the lower gr
denote the magnetic fieldBX where the crossing of the exc
tonic states takes place for sample C. This crossing p
occurs at a higher field of about 2.1 T in Voigt geomet
compared to about 1.6 T in Faraday geometry because o
magneto-optical anisotropy of the excitons of the DMW.

Figure 10 depicts the change of the intensity of the ora
Mn PL as a function of magnetic field for Faraday and Vo
geometry when resonantly exciting the excitonic states of
NMW. The top and bottom graph show the results f
samples B and C, respectively. For both samples there
significant Mn-PL signal in zero magnetic field although t
energy of the laser excitation is much lower than that of
lowest excitonic state of the DMW, i.e., basically the laser

e

e

E
s
le
FIG. 8. Faraday and Voigt magneto-PL
spectra of the excitonic region of the ADQW’
detected on the Mn PL for sample B and samp
C, respectively.T52 K.
3-9
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H. FALK, J. HÜBNER, P. J. KLAR, AND W. HEIMBRODT PHYSICAL REVIEW B68, 165203 ~2003!
not absorbed in the~Zn,Cd,Mn!Se layer as the internal sel
absorption of the Mn 3d5 shell is negligible. Therefore the
strong Mn PL must arise from a radiationless resonance
ergy transfer from the excitonic states of the NMW into t
Mn system. It is worth noting that this energy transfer tak
place although the excitons and the Mn ions are spati
separated, which seems to be an indication for a dipolar-t
energy transfer. For sample B with increasing magnetic fi
the Mn-PL intensity is virtually constant in Voigt geometr
whereas in Faraday geometry it starts to increase sig
cantly for magnetic fields aboveBc'3 T. The intensity of
the Mn PL at the highest magnetic field is twice that at z
field. For sample C, the magnetic-field behavior of the int
sity of the Mn PL when resonantly exciting the NMW is ve
different from sample B. Already at low magnetic fields
about 0.8 T there is a rapid increase of the Mn emission
maximum occurs at 1.6 T for Faraday geometry and at 2.
for Voigt-geometry. After the maximum the Mn PL decreas
again with increasing magnetic field. This decrease is m
pronounced in Faraday geometry than in Voigt geome
The magnetic fields where the maxima occur agree fa
well with the crossing fieldsBX derived from Fig. 9.

B. Discussion

To understand magnetic-field dependence of the inten
of the Mn PL when exciting resonantly the NMW one has
consider the magnetic-field-induced changes of the excito

FIG. 9. Magnetic-field dependence of the lowest excitonic tr
sition of the nonmagnetic well~NMW! and the dilute-magnetic wel
~DMW! in Faraday and Voigt geometry of the two ADQW sample
T52 K. BX

F andBX
V denote the magnetic fields where the transiti

energies of the lowest transition of the DMW and of the NMW a
equal in Faraday or Voigt geometry, respectively.
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states of the two coupled QW’s. In contrast to the intrala
energy transfer from the excitonic states into the Mn syst
discussed in Sec. III, the interlayer energy transfer discus
here depends strongly on the modification of the valen
band structure of the ADQW by the external magnetic fie
Three different scenarios depicted in Fig. 11 may occur.
scenario~1! the lowest excitonic state is that of the NMW
When resonantly exciting this state the electron and h
states of the DMW are not involved in the recombinati
process. The excited electron-hole pairs of the NMW m
contribute to the observed PL by either recombining rad
tively or by transferring their energy by a Dexter-Fo¨rster-
type transfer into the 3d5 shells of the spatially separated M
ions located in the DMW. Scenario~2! might occur already
at moderate magnetic fields. Because of the rather sm
valence-band offset between the two QW materials and
strongp-d induced giant Zeeman shift of the valence-ba
states it happens that with increasing magnetic field the l
est valence-band state of the ADQW is no longer situated
the NMW but in the DMW. Again, when resonantly excitin
the NMW, the DMW cannot be directly excited. Howeve
some of the holes will tunnel from the NMW into the DMW
leading to two possible radiative recombination pathways

-

.

FIG. 10. Magnetic-field-induced change of the intensity of t
Mn PL for resonant excitation of the NMW of the ADQW structu
in Faraday~d! and Voigt ~s! geometry. The results for samples
and C are shown in the upper and lower graph, respectively.BH

F and
BH

V denote the magnetic fields where the hole states of the NM
and the DMW are equal in Faraday and Voigt geometry, resp
tively. BX

F and BX
V denote the magnetic fields where the transiti

energies of the lowest transition of the DMW and of the NMW a
equal in Faraday or Voigt geometry, respectively.
3-10
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FIG. 11. Three possible scenarios~1!–~3! of the band alignment of an ADQW structure in the magnetic field. The dashed arrows ind
the excitonic transitions which are possible when resonantly exciting the NMW~solid line!. The dotted line indicates a relaxation~tunnelling!
of holes from the NMW into the DMW.BH denotes the magnetic field where the hole states of the NMW and the DMW are equal in e
BX denotes the magnetic field where the transition energies of the lowest transition of the DMW and of the NMW are equal.
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the QW excitons either a direct recombination in the NM
or an indirect recombination involving the electron state
the NMW and the hole state in the DMW. This indirect e
citon will have a very long radiative lifetime. In addition, th
corresponding hole state as it is localized in the DMW ha
large overlap with the Mn ions and the corresponding el
tron in the NMW might be bound to aD0 more or less
independent of the magnetic field. Therefore it can be an
pated that the energy transfer from these indirect exc
states into the 3d5 shells of the Mn ions will be extremely
efficient. On increasing the magnetic field further scena
~3! might occur. In this scenario the energy of the lowe
excitonic state of the DMW is lower than that of the NMW
Both QW’s will be excited directly when exciting resonant
the NMW, but the excitation of the upper DMW might b
somewhat higher. Thus, in addition to the excitonic tran
tions discussed for the two previous scenarios, a direct e
tonic recombination in the DMW accompanied by the cor
sponding intralayer energy transfer might take place. Du
this new recombination path the mean life time of the ho
in the DMW will be drastically reduced leading to an effe
tive suppression of the formation of indirect excitons. F
sample B in Voigt geometry the band alignment of t
ADQW structure always corresponds to scenario~1! explain-
ing the constant intensity of the Mn PL as a function
magnetic field. In Faraday geometry, because of the la
magnetic-field shift of the lowest hole state compared
Voigt geometry, a change from scenario~1! to scenario~2!
takes place at a magnetic fieldBH'3 T leading to the sig-
nificant increase of the intensity of the Mn PL due to t
efficient energy transfer from the indirect excitons who
number keeps increasing with increasing magnetic field
to an increasing relaxation probability into the indirect ex
ton state compared to the rather unchanged transition p
ability in the NMW. Scenario~3! is never reached for this
sample up to 7 T~see Fig. 9!.

With increasing magnetic field all three scenarios oc
for sample C in Faraday as well as in Voigt geometry. Up
about 0.5 T the Mn intensity is fairly constant correspond
to scenario~1!. Increasing the magnetic field further, sc
nario ~2! occurs first in Faraday geometry and at a sligh
higher magnetic field in Voigt geometry leading to the rap
rise of the Mn intensity. This rise is steeper in the Farad
16520
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geometry as the stronger magnetic-field shift of the low
hole state favors the formation of indirect excitons. For t
same reason the crossing point of the lowest excitonic tr
sitionsBx of the two QW’s occurs at a lower field in Farada
than in Voigt geometry. This crossing point corresponds
the maximum of the Mn intensity in both geometries. Abo
Bx the band alignment of the ADQW corresponds to scena
~3!, i.e., the energy transfer due to the indirect exciton
overwhelmed by the absorption of the DMW and
magnetic-field dependence of the Mn intensity dominated
intralayer transfer from the excitonic states of the DMW in
the Mn system is observed. The difference between Fara
and Voigt geometry in this case occurs because the trans
from scenario~2! to ~3! occurs at higher field strengths as th
absorption of the DMW shifts weaker in Voigt geometry
in Faraday geometry as previously mentioned.

V. CONCLUSIONS

The intralayer energy transfer from excitonic states in
the Mn 3d5 shell in wide-gap~II,Mn! VI semiconductors is a
Dexter-Förster-like radiationless resonance energy-trans
process. It is shown that this transfer is strongly enhance
the total spin of the overall process is conserved,DStot50.
As the subprocesses within the Mn system~i.e., the internal
Mn transitions involvingS5 3

2 excited states and theS5 5
2

ground state! are basically dipole forbidden,DSuMn521, the
corresponding process within the excitonic subsystem
quiresDSuexc511 to conserve the total spin. This requir
ment is not fulfilled by a bright exciton, however, sever
other excitonic complexes which fulfill this requirement m
be anticipated. Possible candidates are dark excitons, do
bound excitonsD0X or negatively charged excitonsX2 ~tri-
ons! or an Auger-like process. In our samples, the care
analysis of the magnetic-field and time dependence of
excitonic and Mn luminescence gives evidence that theD0X
complex plays a dominant role in the intralayer ener
transfer.

In more complex structures, containing coupled nonm
netic and dilute-magnetic quantum wells, the excitonic ba
3-11
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structure can be continuously tuned by an external magn
field. In such samples, there is a competition between
intralayer energy-transfer processes and interlayer ene
transfer processes. These interlayer processes take plac
tween the Mn ions situated in the DMW and indirect ex
tons ~where the hole is confined in the DMW and th
electron confined in the NMW! as well as direct excitons o
the NMW. The continuous magnetic-field tuning demo
strates convincingly the subtle interplay of excitonic ba
structure of the ADQW and spin effects in the energ
transfer processes.
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