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The growth of self-assembled CdTe quantum dots embedded in cubic MnTe by molecular beam epitaxy is
reported. The dots are forced to form despite a small lattice mismatch of 2.3% between the dot and the barrier
materials. Their properties are studied by means of time integrated and time resolved photoluminescence at
various temperatures and magnetic fields. We demonstrate a considerable diffusion of Mn ions from the MnTe
barrier into nominally nonmagnetic CdTe quantum dot, which is manifested as an enhancement of their
magneto-optical effects, such as the Zeeman splitting of excitonic levels in the dots.
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I. INTRODUCTION

Quantum dots �QDs� containing a fraction of transition
metal ions, i.e., diluted magnetic quantum dots, exhibit si-
multaneously the properties of diluted magnetic
semiconductors1 �DMS� and zero dimensional structures.2

The carriers confined within the dots interact strongly via
sp-d exchange interaction with a finite and relatively small
number of magnetic ions, which results in a giant Zeeman
splitting of excitonic levels.3–8 Therefore, diluted magnetic
quantum dots offer the unique possibility of manipulation of
the spin of carriers confined on a nanometer-scale volume,
and may have applications in future spintronic nanodevices.9

The majority of attempts to introduce magnetic ions into
zero-dimensional structures rely on diffusion effects, in par-
ticular, on the diffusion of magnetic ions from a diluted mag-
netic barrier,3 or from a thin layer composed of DMS depos-
ited either directly before the QDs layer,6,10 or separated
from the dots by a nonmagnetic spacer.11,12 In other reports,
the magnetic ions are introduced directly into the dots.4,5,7,8

In contrast to previous reports, we use the magnetic semi-
conductor MnTe with an antiferromagnetic spin ordering13

�type III� as the barrier material for CdTe QDs. Despite a
huge number of Mn ions present in our structure, only few of
them can be influenced by an external magnetic field. Most
of them are frozen in the antiferromagnetic structure of
MnTe and do not contribute to any of the magneto-optical
effects observed in our structure. Only the spins of Mn ions
that have not any near magnetic neighbors exhibit a para-
magnetic character and can be aligned by the external mag-
netic field. This feature highlights the Mn ions that are
placed inside the CdTe QDs due to diffusion from the barrier.

Since in our structure, only two kinds of cations are in-
volved, manganese and cadmium, the observation of the gi-
ant Zeeman splitting within CdTe QDs provides us with a
tool to study the Mn diffusion. This was not obvious in the
structures studied previously, which contained three cations,
e.g., CdMnTe/ZnTe,6,8,14 CdMnSe/ZnSe,4,10,15 and

CdMnTe/CdMgTe7,16 QDs, because there was only little in-
formation about the diffusion of nonmagnetic cations, zinc,
or magnesium, into the dots.

There are, however, also some disadvantages of the use of
CdTe/MnTe material system for the QDs formation, such as
the small lattice mismatch between cubic MnTe and CdTe of
2.3% compared to other material systems frequently used for
the QDs formation, such as GaAs/InAs, 6.7%, or CdTe/
ZnTe, 5.8%. The second obstacle may be the presence of the
internal manganese transition, which appears at 2.0–2.1 eV
and is expected to be particularly strong in our structure, due
to the huge number of Mn ions present in the 1 �m-thick
MnTe barrier layer. This transition causes a strong decrease
in the photoluminescence �PL� intensity17,18 and the
PL-decay time19 and affects the excitonic emission, which is
at an energy above that of the manganese transition. This
means that only the exciton emission at an energy below the
internal manganese transition can be observed in the PL mea-
surements.

II. SAMPLES AND EXPERIMENTS

MnTe crystallizes spontaneously in the NiAs structure,
whereas the growth of the zinc blende phase is possible only
by using nonequilibrium growth methods, such as, e.g., mo-
lecular beam epitaxy.20 In order to obtain a proper epitaxial
deposition of zinc blende MnTe, one has to use a substrate
with a zinc blende structure,20 a relatively high growth tem-
perature of 350 °C and a Mn/Te flux ratio on the order of
1/10. In our particular case, we use a hybrid substrate con-
sisting of a 4 �m-thick zinc blende CdTe layer deposited on
top of GaAs-�100� commercial substrate. The growth of
MnTe is monitored by reflection of high energy electron dif-
fraction �RHEED�, which shows a streaky image, proving
true epitaxial deposition of this material has been achieved.
After the growth of 1 �m MnTe, the substrate temperature
is decreased to 300 °C and six monolayers of CdTe are de-
posited by alternatively opening the Cd and Te effusion cell
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for 5 s. The process of QDs formation from the CdTe layer is
induced by covering the surface with an tellurium layer at
low substrate temperature and its subsequent thermal
desorption.21 As a consequence, the RHEED image exhibits
a two-dimensional �2D�–three-dimensional �3D� growth
mode transition, which directly indicates the formation of 3D
islands on the surface �Fig. 1�. Finally, the structure is
capped with 100 nm of MnTe. A reference sample consisting
of a �1 �m-thick MnTe layer is grown at the same growth
process. The only difference, as compared to the main
sample, is that it is covered by the main shutter during the
deposition of six monolayers of CdTe and, thus, does not
contain any QDs.

For the micro-PL measurements, we excite and collect
emission with use of an immersion reflection objective,
which results in a reduction in the size of the excitation spot
down to 1 �m. The photoluminescence is excited at an en-
ergy below the energy gap of MnTe at 514 nm �2.41 eV�.
The excitation power amounts only to 1.6 �W /�m2 in order
to reduce heating effects. For the detection of the PL signal,
we use a charge coupled device camera coupled to a mono-
chromator with a grating of 1200 grooves/mm. An external
magnetic field up to 6 T is generated in a split coil supercon-
ducting magnet and is applied in the Faraday geometry. The
sample is immersed in pumped helium where the tempera-
ture is kept constant at T=2 K. In the case of the time re-
solved PL measurements, a frequency doubled Ti:Sapphire
laser system providing 150-fs laser pulses at 410 nm �3.0 eV�
with a repetition rate of 75.4 MHz in conjunction with a
Hamamatsu streak camera is used.

III. PHOTOLUMINESCENCE

A typical PL spectrum at 10 K of the sample containing
QDs consists of two lines: the high energy line �HL� at 2.1
eV, and the low energy line �LL� at 1.8 eV �Fig. 2�. In com-
parison, the spectrum of the reference MnTe sample includes
only the high energy line. Therefore, we conclude that LL is
attributed to the emission from CdTe QDs, whereas HL is
related to the optical internal manganese transition. The zero-
dimensional origin of LL is confirmed in this report by the
high stability of the PL-intensity and PL-decay times at el-
evated temperatures, as well as by micro-PL measurements
at an external magnetic field.

A. Temperature dependence of the photoluminescence

The spectral positions and the integrated PL-intensities
for both lines, HL and LL, are determined as a function of

the temperature. The spectral position of HL, presented in
Fig. 3, shows a clear minimum at 60 K, which is a well-
known feature of the internal-Mn++ transition, associated
with the lattice constant being a function of temperature.22 In
contrast, LL shows a continuous red shift with increasing
temperature, faster than expected from Varshni’s law. This is
a well-known feature23 of PL lines coming from a QDs en-
semble. With an increasing temperature, the carriers escape
from relatively small QDs and the radiative recombination
takes place only in relatively large QDs, i.e., those dots with
a relatively large quantum confinement that emit photons at
relatively low energies. This effect leads effectively to an
additional red shift in the PL line from QDs ensemble with
increasing temperature.

From the decrease in the integrated PL intensity with an
increasing temperature, the thermal activation energy of non-
radiative processes, EA, is extracted by following the well-
established method described, e.g., in Refs. 23 and 24. Its
value amounts to 145 meV for LL and 23 meV for HL.

The relatively high value of EA obtained for LL is consis-
tent with results obtained for CdTe QDs embedded in a very
thin MgTe layer,25 i.e., a semiconductor with a similar energy

FIG. 1. The 2D-3D growth mode transition typical for the for-
mation of self-assembled QDs in the RHEED pattern: �a� 2D sur-
face after the deposition of 6-ML CdTe on MnTe barrier and �b� the
formation of 3D islands after coverage and thermal desorption of a
tellurium layer.

FIG. 2. PL spectrum at 10 K from the sample containing
CdMnTe/MnTe QDs, solid line, and from a reference sample, con-
taining 1 �m-thick MnTe layer, dashed line. Excitation at energy
below the energy gap of MnTe, 442 nm �2.80 eV�. The high energy
line �HL� is attributed to the intra-Mn++ transition, the low energy
line �LL� to the emission from the QDs. Both spectra are normal-
ized, so that we can do the comparison between them.

FIG. 3. Temperature dependence of the spectral position of HL
and LL. Excitation line 442 nm �2.80 eV�.
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gap as the cubic MnTe. In this case, − EA=160 meV. It is
also consistent with other reports,26,27 where an increase of
EA from CdTe/ZnMgTe QDs with an increasing Mg content
in the ternary barrier has been reported. Therefore, we may
conclude, that the high thermal stability of the PL emission
confirms the zero-dimensional character of the low energy
line.

B. Time resolved photoluminescence

The PL-decay time of LL does not depend strongly on the
emission energy, as typical for self-assembled QDs,16 and
amounts typically to 300–400 ps at 10 K. These values are
comparable to those obtained for nonmagnetic CdTe/ZnTe
QDs �Ref. 28� and consistent with previous reports,6 in
which the emission from CdMnTe QDs lies below the
intra-Mn++ transition. The PL-decay times do not change sig-
nificantly for temperatures up to 60 K, which is also a sig-
nature of the zero-dimensional character of the structure. In
the spectral range corresponding to HL, a new long living
component appears, which is manifested as a constant back-
ground in the time scale under investigation and confirms
that this line originates from the long living optical
intra-Mn++ transition, which is expected to exhibit a decay
constant on the order of 10 �s.36

C. Magnetic field dependence of the photoluminescence

The zero-dimensional origin of LL is also confirmed by
the micro-PL measurements at an external magnetic field.
After decreasing the excitation spot down to 1 �m, LL splits
into several sharp lines with the spectral width on the order
of few meV, associated with emission from individual QDs.
At an external magnetic field, we observe a clear red shift in
these lines ranging from 20 to 40 meV at 6 T depending on
the observed line, as exemplified in Fig. 4�a�. Moreover, we
observe a strong circular polarization of the whole PL emis-
sion at energies corresponding to LL. The spectrum is al-
ready fully polarized at 0.2 T, which is manifested in Fig.
4�a� as a drop of the PL intensity when negative magnetic
fields are applied in the Faraday geometry. Both effects are
typical for structures consisting of diluted magnetic semicon-
ductors, and prove that a giant Zeeman splitting of excitonic
levels occurs within the dots. This effect is caused by the
strong exchange interaction of the excitons with magnetic
Mn ions and clearly demonstrates a considerable diffusion of
Mn ions from the barrier into the nominally nonmagnetic
CdTe QDs.

The shape of the PL lines from individual QDs can be
well-fitted with a Gaussian at any magnetic field. In Fig.
4�b�, we present the magnetic field dependence of the spec-
tral position and the spectral width determined from such fits
for the particular PL line under investigation. Let us first
consider the spectral width dependence on the magnetic
field, presented in the inset of Fig. 4�b�. It amounts to 7 meV
at 0 T and exhibits a clear decrease with an increasing mag-
netic field down to 2 meV at 6 T. As already well-
established, the broadening of the PL-lines width from a di-
luted magnetic quantum dot is caused mostly by the
magnetization fluctuations within the dot.3,7,8,29 With an in-
creasing magnetic field, these fluctuations are continuously
reduced. This fact clearly demonstrates the paramagnetic
character of Mn ions, which are responsible for the giant
Zeeman splitting of the excitonic levels in our structure.
Moreover, we conclude that the Mn ions, which come into
the dots due to diffusion from the barrier, are mostly respon-
sible for the magneto-optical effects observed in our struc-
tures, since the spins of Mn ions from the MnTe barrier are
aligned antiferromagnetically at temperatures below 60 K.13

The spectral widths do not reach values typical for non-
magnetic quantum dots even at 6 T, which may reflect the
fact that the spins are still far from the full alignment due to
the contribution of antiferromagnetic ion-ion exchange inter-
action, which prevents the Mn spins from being fully aligned
by the external magnetic field.30 This explanation is further
supported by the fact that the PL line position does not reach
the saturation values even at 6 T and that the effective tem-
peratures of the Mn sublattice are higher than the real tem-
perature of the measurement.

The red shift in the spectral position of the PL lines in an
external magnetic field can be well-described by a modified
Brillouin function.31 A typical fit is shown in Fig. 4�b�.

�E�B,T� = ES · BS�gMn�BB

k�Teff�
� �1�

�E is the energy shift, BS the Brillouin function, B the mag-
netic field, gMn=2 the Lande factor for Mn ions, and �B

FIG. 4. �a� A typical PL line attributed to the emission from an
individual QD at an external magnetic field. The red shift and cir-
cular polarization of this line prove the presence of the giant Zee-
man splitting within the dot. T=2 K, magnetic field applied in Far-
aday geometry. �b� The spectral position of the PL line determined
from a fit with a Gaussian vs magnetic field. Solid line—fit with a
modified Brillouin function �Eq. �1�� with parameters �Eq. �2�� ES

=41 meV Teff=5.6 K. Inset: the decrease in the spectral width of
this PL line with an increasing magnetic field.
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=0.057 meV /T is the Bohr’s magneton. There are two fit-
ting parameters ES and Teff. ES describes the energy shift at
saturation, i.e., in case when all Mn spins are fully aligned by
the magnetic field, whereas Teff is the effective temperature
of the Mn sublattice. They are given by the following expres-
sions:

ES =
�N0� − N0��

2
·� S0�xMn�xMn�r��	��r��	2dr�,

Teff = T + T0. �2�

N0�, N0� are the sd, pd exchange integrals, respectively,
xMn�r�� is the Mn concentration that depends on the position
within the dot, ��r�� is the excitonic wave function, and T
temperature of Mn sublattice. Both S0 are the effective spin
of an Mn ion and T0, the contribution to the effective tem-
perature, are phenomenological parameters influenced by
several effects, such as the antiferromagnetic interaction be-
tween Mn ions,31 or changes in the exchange integrals de-
pending on the position of the Mn ions within the dot and the
size of the dot.32,33

For the particular line presented in Fig. 4�b�, we have
obtained the fitting parameters ES=41 meV and Teff
=5.6 K. In order to estimate the impact of the Mn diffusion
from the barrier, we have assumed in the first step a homog-
enous Mn distribution within the dots and a negligible pen-
etration of the carrier’s wave functions into the barrier., The
observed energy shift at magnetic field corresponds, in this
case, to the average Mn content in the dot of 0.05. It is
important to note that the good description of the experimen-
tal results with the modified Brillouin function confirms the
paramagnetic character of Mn ions, which are responsible for
the giant Zeeman splitting.

In our further considerations, we will study the magnetic
field dependence of the spectral position of 18 individual QD
transitions present at different parts of the PL emission spec-
trum. All these dependencies are fitted with the modified
Brillouin function. In Fig. 5�a�, we present the values of the
energy shift at saturation, ES, from these lines plotted against
their spectral position at 0 T. The values of ES range from 20
to 50 meV. Moreover, one observes an increase in the energy
shift in the emission energy range from 1.7 to 1.8 eV, and a
decrease from 1.8 to 1.9 eV. On the other hand, the effective
temperature Teff, presented in Fig. 5�b�, exhibits a clear in-
crease with increasing emission energy in the whole emis-
sion range under consideration.

We are aware that the values of ES may be underestimated
because of the presence of the magnetic polaron �MP�
effect.7,8,34 In order to estimate the impact of this effect, we
have performed excitation power dependence measurements
of the micro-PL at 0 T. The increase in the excitation power
results in an effective increase in the temperature of the Mn
sublattice. The MP effect is expected then to be manifested
as an energy blue shift in the PL line from an individual QD
with increasing excitation power caused by the destroying of
the spin ordering of Mn ions in MP.34 The observed blue
shift in the PL lines position amounts, however, only to
�1 meV as the excitation power is increased by two orders

of magnitude, from 1 to 100 �W /�m2, which is a small
value as compared to the energy shift at magnetic field,
20–40 meV at 6 T. Therefore, we may conclude that the fit
with a Brillouin function is a good approximation for the
description of the magnetic field dependences of the PL line
positions.

The results presented in Figs. 5�a� and 5�b� can be quali-
tatively described making a natural assumption that the dif-
fusion of Mn ions from the barrier leads to an inhomoge-
neous distribution of Mn ions within the dots. The Mn
concentration is expected to be enhanced at the interface of
the QD and to decrease toward the center of the dot. The
excitons localize then on the areas with the smallest Mn con-
tent. With a decreasing size of the quantum dots, and there-
fore, with an increasing emission energy, the excitonic wave
function overlaps more and more with the interface region,
where the Mn content is increased significantly. Conse-
quently, the increase in the parameter ES observed in the
emission energy range from 1.7 to 1.8 eV �Fig. 5�a�� is re-
lated to the increasing overlap between the excitonic wave
function and the Mn ions from the interface. A further de-
crease in the size of the dot makes the carrier’s wave func-
tion penetrate deep into the barrier, i.e., into a region where
the Mn content is very high, close to 1. In case, however,
when a Mn ion has another Mn ion at the nearest neighbor
position, their spins do not contribute to the total magnetiza-
tion, because they are aligned antiferromagnetically with re-
spect to each other due to the strong ion-ion exchange inter-
action. This leads to an effective decrease in the total
magnetization35 and, therefore, to the decrease in the energy
shift at saturation, which is observed in the emission energy
range from 1.8 to 1.9 eV �Fig. 5�a��.

The increasing impact of the antiferromagnetic Mn-Mn
interaction is also clearly visible in Fig. 5�b�, where the ef-

FIG. 5. �a� Energy shifts at saturation, ES, �b� effective tempera-
ture, Teff of 18 PL lines from individual QDs vs their spectral po-
sition at 0 T determined from the fits with the Brillouin function.
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fective temperature is plotted vs the emission energy. As al-
ready well-established,35 the antiferromagnetic Mn-Mn inter-
action leads to an effective increase in the temperature
determined from the fits with a Brillouin function. A straight-
forward explanation of this effect is that, this interaction pre-
vents Mn ions from being aligned by the external magnetic
field. This effect has been indeed observed in Fig. 5�b�,
where a clear increase in the effective temperature with the
increasing emission energy is reported.

It is also important to note that the emission energy of
excitons is given not only by the size of the dot, as it is
assumed in the above explanation, but also by the Mn con-
tent and Mn distribution inside the dots. The emission energy
is expected to increase linearly with an increasing Mn
content.35 This fact, however, is also consistent with our in-
terpretation, because in the CdTe/MnTe QDs system, the size
of the dots is correlated with the Mn content inside the dots.
Excitons localized in relatively large QDs interact with rela-
tively small number of Mn ions and emit photons at rela-
tively low energy, whereas the emission from relatively
small QDs with the excitonic wave function penetrating deep
into the barrier, i.e., interacting with a large number of Mn
ions, takes place in the high energy part of the PL spectrum.

In order to model the results presented in Figs. 5�a� and
5�b�, we have applied a theoretical attempt, which has been
successfully used to describe the Mn diffusion effects in di-
luted magnetic quantum wells.31 This model takes into ac-
count the Mn segregation in the growth direction during the
deposition of the CdTe layer on the MnTe barrier. We obtain,
as result, an exponential interface profile in the growth direc-
tion, whereas the Mn content in the consecutive monolayers
amounts to 1, 1/2, 1/4, 1/8, etc. It is important to note that
this interface profile is exactly the same independently of the
size of the dots. This leads to an effective increase in the Mn
content at the central part of relatively small dots as com-
pared the relatively large dots. Moreover, we have assumed
that this process is the main source of Mn ions inside the
dots. The lateral confinement potential is assumed to be para-
bolic, whereas the height to diameter ratio of the dots is
constant and amounts to 1/10. Therefore, the lateral confine-
ment is manifested only as a slight increase in the calculated
emission energy and does not have any impact on the mag-
netic properties of the dot.

The model calculations reproduce only qualitatively the
results presented in Figs. 5�a� and 5�b�. In particular, they
reproduce such effects as the increase of ES in a certain
emission energy range, a decrease in this parameter while
increasing further the emission energy, and a continuous in-
crease of the Teff in the whole emission energy range. The

calculated maximal value of ES amounts, however, only to
25 meV and the emission energy corresponding to this maxi-
mum – to 2.4 eV. This is not consistent with the experimental
data, presented in Fig. 5�a�, where the maximal value of ES is
around 45 meV and the corresponding emission energy
amounts to 1.8 eV. We conclude, therefore, that the inhomo-
geneous distribution of Mn ions inside the dots gives us in-
deed a possibly explanation of the results presented in Figs.
5�a� and 5�b�, but the segregation model31 does not repro-
duce properly the Mn distribution within the dots. Most
probably, we have also to take into account the lateral diffu-
sion of Mn ions into the QDs. In order to model this lateral
potential in a proper way, one needs, however, to have more
knowledge about the exact sizes, shapes and strains within
the dots and also about all possible migration processes of
Mn ions during the formation of quantum dots.

IV. CONCLUSIONS

In summary, self-organized quantum dots CdMnTe/MnTe
are successfully grown by molecular beam epitaxy despite
the small lattice mismatch of 2.3% between the barrier and
QDs material. The PL from this structure is visible only in
the spectral range below the intra-Mn++ transition and exhib-
its a relatively high thermal stability, characterized by a ther-
mal activation energy of nonradiative processes of EA
=145 meV. In case of micro-PL measurements, the emission
from the QDs splits into a series of sharp lines with the
spectral width of several meV related to the emission from
individual diluted magnetic QDs. In an external magnetic
field up to 6T, these lines exhibit a considerable red shift in
the order of �30 meV, a narrowing by a factor of �3 and a
strong circular polarization. These features prove clearly, that
there is a considerable diffusion of Mn ions from the barrier
into the dots, which results in giant Zeeman splitting of ex-
citonic levels within the dots. The Mn ions that diffuse into
the CdTe QDs exhibit a paramagnetic behavior and are
mostly responsible for the giant magneto-optical effects ob-
served in our structures. Moreover, we explain a systematic
study of several PL lines from individual quantum dots in
terms of an inhomogeneous distribution of Mn ions inside
the QDs. The Mn concentration is expected to be enhanced
at the interface of the QD and to decrease toward the center
of the dot.
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