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The complex interplay of energy transfer and tunneling processes in a series of asymmetric ZnSe/�Zn,Mn�Se
double quantum-well �DQW� structures is investigated. Steady-state and time-resolved photoluminescence at
low temperatures and external magnetic fields up to 7 T in this system show remarkable differences to earlier
studies on CdTe/�Cd,Mn�Te DQWs. The pure quantum-mechanical tunneling process is only a minor contri-
bution to the magnetic field dependence of the emission even in case of small barriers and strong QW coupling.
The experimental results are supported by quantum-well calculations.
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I. INTRODUCTION

Asymmetric double quantum-well �DQW� structures with
magnetic barriers and nonmagnetic wells were frequently
used to investigate the fundamental quantum-mechanical
tunneling processes in the past.1–12 The unequal well widths
lead to different energy states in the QWs. Particularly, the
role of exciton versus independent electron-hole tunneling as
well as the influence of phonons was studied in wide-gap
semiconductor heterostructures.

Tunneling of spatially direct excitons is very efficient
when mediated by phonon emission or via resonance with 2s
states of the lower-energy QW.12 Later it was shown that the
tunneling of excitons as a whole entity with the emission of
only one-LO phonon is very slow. The tunneling via spatially
indirect states in a two-step process, however, is strongly
enhanced by electron-hole interaction.1 Generally, an effi-
cient exciton transfer is possible for effective two-LO pho-
non scattering as well as even below a one-LO phonon en-
ergy. The latter effect is explained by a radiationless
resonance energy transfer since acoustic-phonon scattering
yields orders of magnitudes smaller tunneling probabilities.4

DQW structures with a semimagnetic inner barrier are
ideal systems for studying such questions. The “giant” Zee-
man splitting, associated with the s-d and p-d exchange in-
teraction between the extended band states and the localized
Mn 3d states, allows for the effective tuning of the inner
barrier. The exponential dependence of the tunneling prob-
ability on the barrier height yields a huge variation in the
tunneling process in external magnetic fields and thus allows
for a detailed investigation of the tunneling. Typical mea-
surements were performed, e.g., on CdTe/�Cd,Mn�Te DQW
structures.12–18 The luminescence intensity of the wide well
�WW� increases when reducing the inner barrier whereas the
higher-energy luminescence of the narrow well �NW� de-
creases. The results were in perfect concordance with time-
resolved measurements. The supposedly similar ZnSe/
�Zn,Mn�Se material system, where also just the
semimagnetic barriers varies in an external magnetic field,
should thus not yield any additional information; the larger
band gaps of ZnSe and �Zn,Mn�Se shift the corresponding
exciton energies further into the blue spectral range while the
fundamental physics should be the same. However, tremen-
dous differences are found when comparing the optical prop-

erties of ZnSe/�Zn,Mn�Se DQWs with earlier measurements
on CdTe/�Cd,Mn�Te DQWs. Taking a closer look, however
significant differences between the two material systems are
revealed in the following two aspects: first, the ZnSe QWs
are under tensile strain yielding the light-hole �lh� valence-
band states as the lowest-lying states in energy. Traditionally,
systems with heavy-hole �hh� excitons as lowest-lying state
are investigated. Second, the band gaps of both ZnSe wells
and �Zn,Mn�Se barriers are larger than the internal 3d tran-
sition of the Mn2+ ions. In this paper it is shown that the pure
tunneling behavior is camouflaged. The magnetic field de-
pendence of the luminescence is a result of the complicated
interplay between various energy transfer processes and tun-
neling in this type of structures.

II. SAMPLES AND EXPERIMENTAL METHODS

A series of three asymmetric DQW structures grown on a
750-nm-thick ZnSe buffer on �100�-oriented GaAs substrate
are investigated. In the following, the samples are labeled
dqw100, dqw10, and dqw5 according to the width of their
inner barrier of 100, 10, and 5 nm, respectively. The narrow
well has a width of about 2.3 nm and the wide well of about
5.7 nm in all samples. The wells are embedded between �Zn-
,Mn�Se cladding layers with a Mn concentration of 28% in
case of dqw10, 30% for dqw5, and 34% in case of dqw100
as asserted by x-ray diffraction and reflection high-energy
electron-diffraction measurements. This design yield tensile-
strained ZnSe QWs between �Zn,Mn�Se barriers because of
the different lattice constants of ZnSe �aZnSe=5.669 Å� and
�Zn,Mn�Se �aZn0.66Mn0.34Se=5.72 Å�.

The samples are investigated by both continuous-wave
�CW� and time-resolved �TR� photoluminescence �PL�. For
the CW measurements, the samples are immersed in liquid
helium at a temperature of 1.9 K inside the cryostat of a
superconducting magnet system. Magnetic fields up to B
=7 T are generated at the position of the sample. An argon-
ion laser at 3.53 eV ��=351.1 nm� is used for excitation.
The photoluminescence is imaged onto a spectrometer
equipped with a charge-coupled device detector used for re-
cording the spectra. The TRPL experiments are carried out at
a lattice temperature of 10–15 K inside a contact-gas cryostat
in a different superconducting magnetic system capable of
fields up to 14 T. A mode-locked Ti:sapphire laser is used for
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excitation and a streak-camera system for detection yielding
a time resolution of down to 800 fs.

III. EXPERIMENTAL RESULTS AND DISCUSSION

First, the steady-state behavior at zero magnetic field is
discussed. Figure 1 shows the corresponding PL spectra of
all three heterostructures. The PL spectra from all three
samples are normalized to the respective maximal intensity
of the barriers. The strong low-energy peaks for dqw100 at
2.785 eV, for dqw10 at 2.804 eV, and at 2.798 eV for dqw5
are assigned to the WW. The differences in energy are caused
by the slightly varying well widths. The inset of Fig. 1 shows
the emission on a magnified scale revealing clearly the weak
emission from the NW and the barrier. Two additional bands
are observed from the NW for sample dqw100 at 2.83 and
2.845 eV. These are identified as the D0X and the hh exciton
as will be discussed below. The sample dqw10 shows the
NW signal at 2.851 eV while no specific steady-state NW
signal is identified for the sample with the thinnest inner
barrier of only 5 nm in the CW spectra. The �Zn,Mn�Se
barrier emission is found at 2.921 eV for the dqw100, at
2.889 eV for dqw10, and at 2.901 eV for the dqw5, which
corresponds to the slightly different Mn concentrations in the
samples. The barrier PL as well as the NW PL are consider-
ably weaker than the WW PL due to relaxation and tunneling
processes. Furthermore, it is anticipated that the NW PL is
weaker for a thinner inner barrier due to the enhanced
NW-WW tunneling as can clearly be seen in Fig. 1.

While these results may not appear extraordinary at a first
glance it should be noted that tunneling through a 100-nm-
thick barrier is rather unlikely. Thus, it is surprising that the
NW PL is already very weak even in the case of dqw100.
This is explained by the following two reasons: on the one
hand, it is of course possible to overcome even an inner
barrier of 100 nm by dipole-dipole interaction. On the other
hand, the Mn subsystem in the barriers acts as additional
drain for the excitation of both QWs by a Förster-type radia-
tionless energy transfer �FRET�.19 This channel is, however,

more efficient for the NW states compared to the WW states
due to the stronger penetration of exciton wave functions
into the barriers caused by the stronger confinement. This
transfer is efficient since the QW PL is resonant to the broad
6A1→ 4E1, 4A1 3d internal transition. The WW PL is smallest
in the dqw100. This becomes clear for three reasons, �i� no
tunneling is expected and �ii� the Mn concentration in the
barrier is higher as can be seen in Fig. 1. The FRET rate is
proportional to the Mn concentration �see, e.g., Ref. 20� and
the FRET transfer is therefore somewhat stronger in the
dqw100 compared to the other samples. �iii� The higher Mn
concentration introduces additional lattice imperfections and
respective radiationless centers at the interface and in the
barriers

Next, the influence of the magnetic field on the CW PL is
investigated. The PL of dqw100 is depicted in Fig. 2 for
varying magnetic field strengths up to 7 T. Clearly, the WW
PL decreases up to a critical-field strength of about 2.4 T and
then increases again with increasing magnetic field strengths.
At the same time, the emission from the NW continuously
increases while the manganese PL �inset of Fig. 2� is de-
creasing with rising magnetic fields. This behavior is very
much the same for the dqw10 and dqw5. Concerning the
expected tunneling the intensity dependence on the magnetic
field strength is rather strange. For example, the magnetic
field dependence is completely different for the CdTe/
�Cd,Mn�Te DQW systems.17 There, the reduction in the bar-
rier height in an external magnetic field due to the giant
Zeeman effect leads to increasing emission from the WW
accompanied by a decreasing emission from the NW, i.e., the
tunneling probability from the NW to the WW is enhanced
as anticipated. This seemingly totally different behavior be-
tween the ZnSe/�Zn,Mn�Se and CdTe/�Cd,Mn�Te DQWs is
explained as follows: the lowest exciton state in the
ZnSe-WW is the lh exciton caused by the tensile strain in the
wells. The Zeeman splitting and the sequence of the lh and
hh states in the strained system have been studied in an ear-
lier paper.21 The conduction band splits into the lower and
higher energy � 1

2 ,− 1
2 � and � 1

2 , 1
2 � �el− and el+� states in an

external magnetic field as a result of the giant Zeeman effect
of the barriers as illustrated on the left side of Fig. 3. The
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FIG. 1. �Color online� PL of the samples dqw100 �solid blue
line�, dqw10 �dashed dotted green line�, and dqw5 �dotted red line�
without an external magnetic field. The PL is normalized to the
maximum of the barrier emission intensity. The strongest lumines-
cence comes from the WW for all samples. The emission from the
NW and barriers is shown in the respective insets.
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FIG. 2. �Color online� CW PL emission from sample dqw100.
The external magnetic field is scanned from 0 to 7 T in steps of 0.1
T up to 4 T, followed by steps of 0.2 T up to 5 T, as well as 5.25,
5.5, 6, 6.5, and 7 T. The dashed line shows the maxima of the PL as
a guide to the eyes. The inset shows the emission from the manga-
nese in this structure.
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conduction-band splitting of the �Zn,Mn�Se barriers is
described by �see, e.g., Refs. 22 and 23�

�Ecb = axMnN0�SBS���mj, mj = �
1

2
. �1�

Here, the Mn concentration is xMn, N0 denotes the number of
unit cells per cm−3, � is the s-d exchange-interaction param-
eter, and mj is the magnetic quantum number. S is the spin of
the Mn ions and BS��� is the associated Brillouin function.
The factor a is a value between 0 and 1 modifying the Bril-
louin function24 and describing the reduction in the effective
Mn concentration by clustering of Mn ions and consequen-
tial antiferromagnetic coupling. The corresponding splitting
of the valence-band states are given by

�Evb =
1

3
axMnN0�SBS���mj, mj = �

1

2
, �

3

2
. �2�

The exchange integral is now N0�, where � is the p-d
exchange-interaction parameter. The splitting of the barrier
potentials �Eqs. �1� and �2�� results in the respective field-
dependent splitting of the exciton states in the QW.

The QW-lh splits into the � 3
2 ,− 1

2 � and � 3
2 , 1

2 � states �lh− and
lh+�, respectively. However, the lowest-energy transition be-
tween el− and lh− is dipole forbidden in Faraday configura-
tion. The occupation of the electron state el+ decreases with
increasing magnetic field. Hence, the allowed �+ transition
between el+ and lh− becomes weaker with increasing external
magnetic field. The same is true for the �− transition between
el− and lh+ because of the decreasing occupation of holes in
the lh+ state. Thus in conclusion, the WW signal in Fig. 2

decreases. Note that the exchange interaction is stronger for
the valence band than for the conduction band. Hence, the
splitting for the valance-band states is higher and the �−

signal decreases faster than the �+ signal.
Another important fact is that the splitting is stronger for

the hh than for the lh because of the higher magnetic quan-
tum number. If the magnetic field is high enough, i.e., above
a critical-field strength Bx, the exciton state of the hh
�el−-hh−�, which has a �+ transition crosses the lh excitons
�el−-lh+ and el+-lh−�. This situation is illustrated on the right
side of Fig. 3. The occupation of the hh states increase con-
tinuously as the magnetic field increases. Thus, the transition
probability becomes stronger and the WW-PL increases
above the critical-field strength Bx. This explains the rising
intensity seen in Fig. 2 beyond 2.5 T.

The QW states have been modeled in the framework of an
one-dimensional Schrödinger equation incorporating the
strain effect, the exciton binding energies, and the influence
of the giant Zeeman splitting. The investigated DQW struc-
tures are strained to a lattice constant aL=�aZnSe
+ �1−��a�Zn,Mn�Se. The lattice strain factor � accounts for the
fact that the ZnSe QW are not 100% tensile strained.
Thereby, the conduction-band offset �CBO� to valence-band
offset �VBO� ratio in the strain-free case is set to 0.65/0.35
for the samples with xMn�0.3. This value is fixed by the
type I-type II transition as will be shown in the following.
The value is somewhat higher than the value determined
earlier for a ZnSe/ZnMnSe system with xMn�0.25 �Ref. 21�
and higher than the value reported for a system with xMn
�0.20.25 The increasing CBO-VBO ratio with increasing
manganese concentration was reported earlier for the ZnSe/
ZnMnSe heterosystem on the basis of a detailed analysis of
well width and concentration dependence.26

The resulting exciton energies for the NW and WW are
depicted in the Figs. 4�b� and 4�c�, respectively, with the hh
excitons in green solid lines and the lh excitons are in red.
The black dotted line represents the energy of the PL
maxima taken from the CW measurements. The little remain-
ing differences between the theoretical curves and experi-
mental results are caused by the disorder-induced stokes
shift, which is typically about 10 meV for the barrier and
QW excitons. The stokes shift is slightly reduced with in-
creasing field in case of the WW states as can be seen in Fig.
4�c�. This is due to the lh-hh crossover and the fact that the lh
excitons are more sensitive to strain fluctuations than the hh
excitons.27 The respective small valence-band offset results
in a type I-type II transition in a significantly strong external
magnetic field. The type transition has been observed for
various Mn concentrations of the ZnSe/�Zn,Mn�Se hetero-
system and the influence on the spatially indirect excitons
was discussed earlier.25,27–29 The dashed lines in Fig. 4 rep-
resents the type II excitons consisting of electrons localized
in the QW and hh localized in the barriers. This point will be
addressed below.

Now, the magnetic field behavior of the NW is consid-
ered. The magnetic field dependence is different for the NW
than for the WW. The hh exciton in the NW is the lowest-
energy state even without external field �see also Fig. 4�b��
due to the stronger confinement effect. Thus, no crossing
between hh and lh excitons with increasing field can be ob-
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FIG. 3. �Color online� Level scheme of the Zeeman splitting for
the WW in the case of different magnetic fields and their dipole
allowed transitions in Faraday configurations. The left side shows
the splitting for the electrons and holes for low magnetic fields �B
�Bx�, where the lh− are the lowest in energy. The probability for
the �+ transition decreases as the magnetic field increases due to the
lower el+ occupation. At the same time the �−-transition probability
decreases as the lower lh+ occupation. The �+ transitions are stron-
ger than the �− transition since the conduction-band splitting is
smaller than the valence-band splitting in external magnetic fields.
On the right side, the splitting for higher magnetic fields �B	Bx� is
shown. The hh states has a three times stronger splitting than the lh
leading to a crossover of the hh and lh states. The �+ transition
between the lowest electron state and the lowest hh �el−-hh−� be-
come dominant for B	Bx and its transition probability increases
with increasing magnetic field.
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served in the PL spectra as only the lowest state in energy is
involved.

The large band gap of ZnSe and �Zn,Mn�Se enables en-
ergy transfer process from the exciton states to the internal
3d transitions of the Mn subsystem in the barrier. This is the
most striking difference between the CdTe/�Cd,Mn�Te and
the ZnSe/�Zn,Mn�Se QW structures. This radiationless FRET
dominates the magnetic field dependence of the NW PL. The
internal Mn PL decreases with increasing field strength
whereas the NW PL increases as can be seen from the inset
of Fig. 2 due to the reduced dipole-dipole transfer with in-
creasing magnetic field.

The spin conservation plays a major role in the energy
transfer process. The excitation within the Mn2+ 3d5 shell
�i.e., the excitation of an electron from the 6A1 ground state
to the 4T1 first-excited state� is a dipole-forbidden transition
and requires �S �exc=+1. The overall spin conservation rule
can thus be fulfilled by an energy transfer from dark exciton
states or bound exciton states. The dominant mechanism in
ZnSe-based diluted magnetic semiconductors used to be the
energy transfer via donor-bound excitons D0X as depicted in
Fig. 5 �see, e.g., Ref. 30�. A bright exciton alone such as the

e2+h, can only contribute a subprocess �S �exc=0 when
transferring by recombination its energy into the Mn sub-
system. Hence, the total spin conservation is violated. The
situation changes in the case of a donor-bound exciton. The
hole h can recombine with the e1 within the D0X complex
instead of e2, yielding a spin contribution of �S �exc=+1 and
thus allowing the conservation of the total spin �S �tot=0.

The D0X complex becomes destabilized when an external
magnetic field is applied. The formation of a D0X complex
requires the spin of the exciton electron e2 �↑ � and that of
the electron bound to the neutral donor e1 �↓ � to be antipar-
allel as both electrons occupy the same state in real space.
The effective binding energy between the free exciton and
the D0X state decreases with increasing magnetic field. Even-
tually, the free exciton intersects the D0X energy yielding the
lower-lying state as shown schematically in the inset of Fig.
6. This dwindling energy transfer channel to the Mn sub-
system is responsible for the decreasing Mn PL as shown for
dqw100 in the inset of Fig. 2. The rising PL intensity of the
NW and barriers are also a consequence of this decreasing
energy transfer to the Mn subsystem with increasing mag-
netic field. Figure 6 shows the intensity of the NW PL emis-
sion normalized to the respective intensity maximum for
magnetic fields up to 2.5 T in steps of 0.5 T. The signal of
both the D0X and the free hh exciton is observed for low
magnetic fields. When increasing the magnetic fields from 0
to 2 T, the hh exciton shifts to lower energies and becomes
stronger relative to that of the D0X until the D0X emission
has almost disappeared.

Figures 7 and 8 display the normalized intensities of the
PL maxima of all three samples as a function of the external
magnetic field for comparison. All samples show a very
similar behavior for the WW emission but the value of the
critical-field strength Bx, indicated by arrows, is different.
This is caused by slightly different Mn concentrations and
the respective complex interplay of barrier height, strain, and
effective exchange integral on the QW states.

The sample dqw10 containing the lowest manganese con-
centration shows another distinct kink in its magnet field
dependent PL intensity at about 3 T. The decrease in the PL
intensity is caused by the type I→ type II transition. The
electrons are still localized in the ZnSe layers. However, the
higher the external field the more the holes get localized in
the �Zn,Mn�Se layers and the respective transition probabili-
ties of the spatially indirect excitons are reduced. The type
transition is confirmed by the QW calculations shown as
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dashed green line in Fig. 4�c�. As a consequence of this type
transition the PL intensity decreases as radiationless transi-
tions become more likely.

The barrier height are the same for the NW and the WW
hence the type transition exist also for the NW at nearly the
same magnetic field. The transition is observable in the in-
tensity behavior shown in Fig. 8; it leads to a decreasing of
the NW PL, too. This behavior is also in concordance with
the calculations as can be seen in Fig. 4�b�. The interesting

exciton el−-hh− �el− of the ZnSe quantum well and hh− of the
�Zn,Mn�Se barrier� are shown just as dark green dotted line.

The kink, which is caused by the type transition, is found
at about 4 T in case of sample dqw5 in concordance with the
model calculations. No NW cw-signal was detectable in that
sample. The type transition for the sample dqw100 is ex-
pected beyond 5 T according to the QW calculations. There-
fore the respective kink in the PL intensity of the WW is
hardly observable in Fig. 7. The different magnetic fields for
the type transitions are also caused by the varying Mn con-
centrations of the samples. The NW signal in that sample
increases all the way up to 7 T �see Fig. 8� because of the
overwhelming effect of decreasing energy transfer into the
Mn subsystem. The intensity of the barrier signal increases
also with increasing magnetic field for all three samples �not
shown here� for the same reason.

Next, any indication for a tunneling process and a respec-
tive change in the tunneling probability in an external mag-
netic field are investigated. The smaller the inner barrier, the
smaller the steady-state NW PL as shown in the inset of Fig.
1. This is explained only by the enhanced tunneling probabil-
ity in zero field. In an external magnetic field the inner bar-
rier is reduced due to the giant Zeeman effect of �Zn,Mn�Se
and a further enhanced tunneling is anticipated. Obviously,
only a small field range can be used to look for this field
effect. Actually, it is the range between Bx the lh-hh cross-
over and the type transition. Unfortunately even there, the
tunneling is covered by the energy transfer from NW and
WW excitons to the internal Mn 3d states. Therefore, the
ratio of the slopes of the WW and NW are compared in this
range �indicated as solid lines in Figs. 7 and 8�. The dipole-
dipole transfer is not field dependent. The ratio of the slopes
is given by

mdqw100 WW

mdqw100 NW
� 1.3 � 0.5. �3�

Notably, the intensity ratio is approximately 1 within the
error bars, which indicates that the tunneling probability for
the dqw100 can be assumed to be negligible as expected.
The slightly stronger increasing WW intensity as can be seen
in Fig. 2 can be explained as follows. As shown in Fig. 2 as
well, even the barrier PL increases as the number of free
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excitons increases due to the reduced capturing by Mn ions.
The deviation from unity of the WW-NW slope ratio is a
result of the higher capture cross section of the WW. The
slope ratio for the dqw10 is given by

mdqw10 WW

mdqw10 NW
� 100 � 20. �4�

The ratio is considerably larger for dqw10. Thus, the tun-
neling from NW to WW becomes more likely in an external
magnetic field besides the reduced transfer to Mn ions and
the enhanced capture rate of barrier excitons. A similar dis-
cussion is not possible for the sample with the thinnest inner
barrier, dqw5, as no NW signal was observable in the CW
emission spectrum at all field strengths due to the strong
NW-WW coupling and the respective high tunneling rate. If
the inner barrier is thin enough tunneling is also observable
in the present structures. But the other effects such as the
lh-hh crossover of the WWs, the transition from type I to
type II for the WW and NW, and the energy transfer to the
Mn subsystems have more influence on the PL of the
samples.

In addition, the samples are investigated using time-
resolved photoluminescence to support these findings. In all
cases, the samples are excited well above the �Zn,Mn�Se gap
energy: 2.938 eV for sample dqw100, 3.179 eV for dqw10,
and 3.100 eV for dqw5, preferentially creating carriers in the
barrier layers. The external magnetic field was scanned from
0 to 7 T in steps of 0.1 T up to 4 T followed by steps of 0.2
T up to 5 T, as well as 5.25, 5.5, 6, 6.5, and 7 T. The tran-
sients are well fitted by a single exponential decay according
to

I�t� = A0 exp�−
t



	 + y0. �5�

The decay times of the WW range from 75 ps for the
dqw10 to 110 ps for the dqw5 in zero field whereas at 7 T
they all have almost the same time constants of about 95 ps
�see also Fig. 9�. For B�Bx the time constants for the WW
excitons increase slightly because the the recombination
probabilities are reduced as afore discussed. The time con-
stants decrease due to higher transition probability between
el− and hh− for applied fields B	Bx beyond the lh-hh cross-
over. The transition from type I to type II leads to a very
strong increase in the time constants for the sample dqw10. It
has more influence on the time constants than the transition
from lh to hh exciton. The NW signals of all samples show
an increase in the time constants with increasing magnetic
field due to the less energy channel to the Mn subsystem.
The decay times of the NW are displayed in Fig. 10. The
sample dqw5 has a time constant of 4.2 ps by 0 T up to 8.5
ps at 7 T. For the samples dqw10 and dqw100 the times
range between 9.0 to 16.6 ps and 12.4 to 22.6 ps, and be-
tween 0 and 7 T, respectively. Also, the decay time of the
barrier signal increases with increasing magnetic field �not
shown here�. The time-resolved measurements thus corrobo-
rate all the results of the CW measurements.

In conclusion, the energy transfer processes in ZnSe/
�Zn,Mn�Se DQW heterostructures under the influence of ex-
ternal magnetic fields are investigated. The PL is governed
by the interplay of the lh-hh crossover in the WWs, the en-
ergy transfer to the Mn subsystem, and the type I-type II
transition. The tunneling process itself plays only a minor
role and is camouflaged by the other effects. The steady-state
results are corroborated by TR PL measurements and QW
calculations.
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