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We present a magneto-optical study of magnetic polarons in type-1I (Zn,Mn) Te quantum dots. The polarons
are formed due to the exchange coupling between the spins of the holes and those of the Mn ions, both of
which are localized in the dots. In our photoluminescence studies, the magnetic polarons are detected at
temperatures up to ~150 K, with a formation energy of ~40 meV. The emission from these dots exhibits an
unusually small Zeeman shift with applied magnetic field (~2 meV at 8 T) and at the same time a very large
circular polarization. We attribute this apparently contradictory behavior by a low and weakly temperature-
dependent magnetic susceptibility due to antiferromagnetic coupling of the Mn spins.
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I. INTRODUCTION

The exchange interactions between the spins of magnetic
ions and the spins of carriers in magnetic semiconductors
lead to a variety of exotic magnetic effects.! Doping quan-
tum dots (QDs) with magnetic ions such as Mn (Refs. 2-7)
provides opportunities to study new magnetic effects not
present in bulk magnetic semiconductors"® and quantum
wells (QWs).?

For example, adding an extra carrier in a QD can strongly
modify both the total carrier spin and the onset temperature
for magnetic order.'>-'?> By controlling the quantum confine-
ment in a QD, it is possible to create or destroy magnetic
order, even at a fixed number of carriers.!* One of the meth-
ods used to study the properties of magnetic QDs is photo-
luminescence (PL) spectroscopy, which provides a sensitive
probe of the magnetic properties of these zero-dimensional
systems. For example, PL spectroscopy has been used to
study the shape of quantum confinement and the placement
of Mn ions in CdTe QDs.* The exchange interaction between
the spin of the Mn ions and the spin of a carrier leads to the
formation of bound magnetic polarons (BMPs) in bulk
semiconductors.'#-1® A BMP consists of a carrier bound on
an impurity, with the carrier spin coupled to the spins of the
magnetic ions within the Bohr radius of the impurity. In
QWs, magnetic polarons are formed when carriers are local-
ized on well-width fluctuations.”!” More recently, MPs have
been studied in QDs,>”!® where the confinement plays the
role of the potential generated by the impurity in bulk mate-
rial or the well-width fluctuations in QWs. The tunability of
the QD confinement, which is absent in BMPs, makes the
MPs in quantum dots a more versatile system.

During the formation of MPs in QDs, the exchange inter-
action between the confined carrier and the magnetic ions
aligns the Mn spins with the spin of the carrier, which leads
to a reduction in the total energy of the carrier-Mn system.
This results in a redshift of the interband transition energy as
function of time, which is observable in time-resolved (TR)
PL experiments.>’-13
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In this work, we report the results of a magneto-optical
study of (Zn,Mn)Te/ZnSe QDs, characterized by a type-II
band alignment, shown schematically in Fig. 1(a). The holes
in this system are strongly confined in the (Zn,Mn)Te QDs
by the large valence band offset while the electrons, forced to
remain in the surrounding ZnSe matrix by the conduction
band offset, are bound to the holes by Coulomb
attraction.'%-20

The strong spatial separation between electrons and holes
increases the radiative lifetime by as much as two orders of
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FIG. 1. (Color online) (a) Type-II band alignment in the
(Zn,Mn)Te/ZnSe QD system. E. and E, are the conduction- and
valence-band profiles, respectively. (b) The columnar geometry of
the quantum dots. (c) Zero magnetic field photoluminescence at 4.2
K. Continuous-wave linearly polarized excitation is at 2.41 eV.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.195320

SELLERS et al.

magnitude?! with respect to type-I QDs.?>?* The long life-
time of the type-II excitons facilitates the formation of robust
MPs, as compared to type-I magnetic QDs, where the forma-
tion is limited by higher recombination rates.> Furthermore,
in type-I magnetic QDs, for which the majority of prior
experimentsz‘6 have been performed, the interband
transitions compete with the Mn internal transition at
E;,~2.2 eV,! when the band gap, E,, exceeds Ej,. In the
(Zn,Mn)Te/ZnSe system investigated here, this competition
is absent due to the type-II band alignment, since the indirect
band gap E, < Ejy, in spite of the fact that both the ZnSe and
(Zn,Mn)Te direct band gaps are larger than Ej,. To avoid the
energy transfer to the Mn transitions, in the previously stud-
ied CdSe/(Zn,Mn)Se type-I system, the nonmagnetic CdSe
dots were grown embedded in a (Zn,Mn)Se magnetic barrier
matrix.2 The exchange interaction in those QDs, which con-
fine both electrons and holes, is determined mostly by the
limited penetration of the carrier wave function into the mag-
netic barriers. In contrast, in the (Zn,Mn)Te/ZnSe structures
studied here, the Mn ions are incorporated within the QDs,
resulting in a greatly increased overlap of the hole and Mn
wave functions, which leads to a significant enhancement in
the exchange interactions. We refer mostly to the hole-Mn
(h-Mn) exchange interaction because it is significantly stron-
ger than the electron-Mn interaction. !

II. EXPERIMENTAL

We have used two samples in this study: sample 1 incor-
porates magnetic (Zn,Mn)Te QDs, while sample 2 has non-
magnetic ZnTe QDs, which is used as a reference. Both
samples were grown by molecular-beam epitaxy on a (100)
GaAs substrate. Following the deposition of a ZnSe buffer
layer, five layers of (Zn,Mn)Te QDs were grown in the case
of sample 1 (ZnTe QDs for sample 2) by migration enhanced
epitaxy. In sample 1, the average Mn composition of the
(Zn,Mn)Te QD layers is 5.2% as measured by energy disper-
sive x-ray spectroscopy. The QD layers in both samples were
separated by 5 nm ZnSe spacer layers, and the structures
were capped with a 50 nm ZnSe layer. Cross-sectional trans-
mission electron microscopy images indicate that the QDs
form columns along the growth direction as shown schemati-
cally in Fig. 1(b). This direction is taken to be the z axis. The
full details of sample growth and optimization were given in
Ref. 24. The samples were placed in an optical closed cycle
refrigerator for work at zero magnetic field and in an optical
magnet cryostat for magneto-optical studies. The latter were
carried out in the Faraday geometry in which the emitted
light propagation direction is parallel to the magnetic field
applied along the z axis. The continuous wave (cw) PL was
excited by the linearly polarized 514.5 nm (2. 41 eV) line of
an argon-ion laser. The photoluminescence was analyzed by
a single monochromator equipped with a charge coupled de-
vice multichannel detector. A combination of quarter-wave
plate and linear analyzer was placed before the spectrometer
entrance slit to separate the o+ and o— components of the
emission. The TR PL was excited using a pulsed laser system
which emits linearly polarized light at a wavelength of 400
nm (repetition rate=250 kHz, pulse duration ~300 fs). The
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FIG. 2. (a) Circular polarization of the cw PL at 4.2 K and 80 K
(squares) and 80 K (circles) plotted as function of applied magnetic
field. (b) Shift of the PL peak energy with the magnetic field at 7
=42 K.

TR PL was spectrally resolved by a monochromator, and
temporally analyzed by a streak camera (temporal
resolution=40 ps).

III. RESULTS AND DISCUSSION

In Fig. 1(c) we show the cw PL spectrum of sample 1 at
temperature 7=4.2 K and magnetic field B=0. The PL is
excited nonresonantly by the 2.41 eV line of an argon-ion
laser above the bulk (Zn,Mn)Te band gap (~2.39 eV) and
below the ZnSe gap (~2.82 eV). The emission spectrum
exhibits a peak at ~1.9 eV and is attributed to excitonic
recombination across the interface between the (Zn,Mn)Te
dots and the ZnSe matrix. The energy of the type-II interband
transition is well below the energy of the Mn internal transi-
tion (~2.2 eV), and consequently the PL intensity of the
former is much stronger than that of the latter.

Both (ILMn)VI bulk materials?®> and QDs based on
them’-?0 display giant excitonic Zeeman splittings (50—100
meV) even at moderate magnetic fields, which rapidly de-
crease with increasing temperature.! The dependence of the
circular polarization of the excitonic emission from sample 1
on B is shown in Fig. 2(a) for T=4.2 and 80 K. At
T=4.2 K the polarization increases monotonically with
magnetic field and saturates at 95% for B>4 T. The satura-
tion polarization drops sharply with increasing temperatures
and at T7=80 K the polarization practically disappears.

This behavior is typical for magnetic (ILMn)VI QDs, and
is consistent with excitonic Zeeman splitting AE increasing
with B and decreasing with 7.7-?% In Fig. 2(b) we plot the
energy of the emission peak from sample 1 as function of
magnetic field at 7=4.2 K. At B~8 T the energy shift in
the PL peak (corresponding to AE/2) is equal to only 2 meV.
Unexpectedly the Zeeman splitting in sample 1 is an order of
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FIG. 3. PL intensity from sample 1 plotted as function of time
delay after laser excitation; 7=14 K.

magnitude smaller than the splitting observed in (Zn,Mn)Te
bulk crystals,> as well as in magnetic QDs (Refs. 7 and 26)
for comparable Mn compositions.

To explore how the unusually small Zeeman splitting can
be compatible with the formation of magnetic polarons ob-
served in type-I magnetic QDs, we have investigated the
time evolution of the PL spectra at B=0. In Fig. 3, we plot
the intensity of the PL as function of time delay from the
laser pulse. The slow PL decay (recombination lifetime
Tg~4 ns) in this type-II QD system should allow for unin-
terrupted MP formation.

Figure 4 shows the normalized TR PL spectra in incre-
ments of 1.2 ns. Initially, the PL peak energy is ~1.924 eV,
reaching a value of ~1.894 eV after a few nanosecond. Fol-
lowing Refs. 2 and 18, we attribute this evolution of the PL
peak to the formation of MPs. In this process, the hole spin
aligns the randomly oriented Mn spins, resulting in a Zee-
man splitting'* of the hole levels. In the low (high)-energy
state of the MP, the Mn and hole spins are antiparallel (par-
allel). The TR PL peak position at =0 corresponds to the
exciton recombination energy prior to the alignment of the
Mn spins. During the subsequent alignment, the hole occu-
pies preferentially the lower Zeeman level and therefore the
exciton PL peak undergoes a redshift as a function of time
with a characteristic MP formation time 7p. In addition,
during this process the linewidth of the PL narrows slightly
(see Fig. 4), suggesting a reduction in the magnetic disorder
of the QDs.?’

The possibility of spurious effects such as the formation
of a dipolar layer’® was addressed by carrying out time-
resolved PL measurements on the nonmagnetic ZnTe/ZnSe
reference QD structure (sample 2). In Fig. 5, we show the
evolution of the relative recombination energy for sample 1
and sample 2. Contrary to the behavior of sample 1, the PL
energy of the nonmagnetic sample 2 remains constant within
the formation time of MPs in sample 1. The comparison
between the two samples verifies that the redshift in sample
1 has at its origin the magnetic properties of the dots and the
formation of MPs, rather than band bending due to dipole
layer formation.

In Fig. 6(a), we plot the PL peak energy from sample 1 as
a function of time delay at various temperatures. The redshift
which indicates the MP formation is observed up to 150 K;
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FIG. 4. Temporal evolution of the PL at 14 K in 1.2 ns steps.
The PL peak intensities are normalized to the maximum intensity at
time r=0.

we note that the MP in (Zn,Mn)Se/CdSe QDs persist only up
to 30 K (Ref. 2) while in (Cd,Mn)Te QDs excited resonantly
with circularly polarized light, the MP persists up to 120 K.?

To determine the MP binding energy, Eyp, and the forma-
tion time, 7yp, at different temperatures, we fit the temporal
evolution of the PL intensity peak energy in sample 1 by a
double-exponential decay, rather than the single exponent
used by other groups.>?*3? The fitted energy Eyp is plotted
as function of temperature in Fig. 6(b). As can be seen, Eyp
exhibits a surprisingly weak temperature dependence with an
average value of 40+ 1 meV. Using the fits to the data of
Fig. 6(a), we find two separate timescales for all tempera-
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FIG. 5. (Color online) Comparison of the temporal evolution of
the relative energy of the PL peak for the magnetic Zn(Mn,Te)/ZnSe
sample 1 (circles) and nonmagnetic ZnTe/ZnSe sample 2 (squares)
at 14 K. The zero of the energy axis corresponds to the emission
peak energy of the nonmagnetic sample at r=0.
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FIG. 6. (Color online) (a) Time dependence of the peak PL
energy of sample 1 for temperatures ranging from 14 to 150 K. The
overall energy displacement of the different curves reflects the ther-
mal reduction in the band gap. (b) Temperature dependence of the
magnetic-polaron formation energy (Epp).

tures; on average 7, ~0.7 ns, and 7,~ 11 ns. We attribute 7
to the process of antiparallel alignment of the Mn spins with
the spin of a hole. MP formation with two very different
timescales has also been observed recently for colloidal
QDs.'® The slower process was attributed to directional re-
orientation of the MP due to crystal anisotropy. This mecha-
nism is likely to be the origin of 7, in our QD because atomic
force microscopy pictures from reference QD layers indicate
strong shape anisotropy in the xy plane.

While our cw and TR PL measurements show the forma-
tion of MPs, there are important differences of their proper-
ties as compared with those in previous studies of magnetic
QDs.>!8 These differences are: the persistence of MPs at
high temperatures and the weak T dependence of Eyp, as
will be discussed below. Comparison of the PL peak energies
in the cw and TR spectra reveals that the former correspond
to fully formed MPs, which is consistent with 7, < 73.° Thus,
it may be surprising that the circular polarization P is prac-
tically zero at 80 K [see Fig. 2(a)], even though Epp at 80 K
is much larger than the corresponding thermal energy [see
Fig. 6(b)], and the magnetic polaron itself persists up to 150
K. To explain this apparent paradox, we have developed a
simple model for the formation of MP in our samples. Our
model is related to an approach used to describe MPs in
quantum wells.3' The details of our model are illustrated in
Fig. 7. In our analysis, we neglect the influence of electrons
on the magneto-optical properties; since their exchange in-
teraction as well as their wave function overlap with the Mn
ions are much smaller than those of the holes [see Fig. 1(a)].
The preferred orientation of the hole spin is along the z axis
due to the QD disk shape and the spin-orbit interaction.??
The process of aligning the Mn spins via the h-Mn exchange
interaction occurs on a time scale, which defines 7yp. In Fig.
7(a) we show the h-Mn spin orientations at B=0. Upon pho-
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FIG. 7. Schematic illustrating magnetic-polaron formation in
sample 1. (a) Zero magnetic field; (b) nonzero magnetic field B, low
temperature 7; and (c) nonzero B, high 7. Double line arrows: hole
spins; full arrows: z components of Mn spins; dotted arrows: ap-
plied magnetic field; and horizontal arrows: relative magnitudes of
the hole spin-flip probabilities. Mn spin orientation is antiparallel to
B. Top row: early times following excitation. Bottom row: final spin
configuration. The numbers in the bottom row of (b) are an example
of the percentage of QDs occupied by magnetic polarons with the
hole spin parallel and antiparallel to the applied magnetic field; such
a ratio would result in a high circular polarization of emission. The
numbers in (c) correspond to zero polarization, found at high 7.

toexcitation of the holes, the average spin of the Mn ions is
zero and therefore the two hole spin states (£3/2) are de-
generate. At later times, the spin of the hole aligns antiferro-
magnetically (AFM) with the Mn spins (in the same QD) via
the h-Mn exchange interaction. The occupation of the
spin-up (+3/2) hole state is the same as that of spin down
(=3/2) leading to zero polarization of the emitted light. The
redshift of the PL peak with time shown in Fig. 6(a) is due to
the energy gained by the antiferromagnetic alignment of the
hole and Mn spins. The energy difference AE.. between the
ferromagnetic and antiferromagnetic h-Mn spin orientation is
equal to twice the total redshift: 2Ey;p>80 meV. At inter-
mediate times, the MP is forming, and AE . is less than 80
meV. Electron-hole recombination occurs at intermediate
times and stops the MP formation before it is fully devel-
oped. Photons associated with the recombination processes
exhibit redshifts that are smaller than Eypp, as is shown in
Fig. 6(a).

In Figs. 7(b) and 7(c) we discuss the magnetic polaron
formation in the presence of an external magnetic field B at
low (T~4.2 K) and high (T~80 K) temperatures, respec-
tively. At short times after its photoexcitation, the hole occu-
pies a spin-up or a spin-down level (=3/2), with thermody-
namic occupancy probabilities given by the initial spin
splitting of hole levels. This splitting is caused by a small
degree of Mn spin alignment, determined by the external
magnetic field B and by T [see Figs. 7(b) and 7(c)].

At low temperatures, [Fig. 7(b)], the difference between
the energies of the two possible initial h-Mn spin orientations
is larger than the thermal energy kpT. Thus, the higher en-
ergy state relaxes to the lower energy state via a spin flip of
the hole with a higher probability than the opposite process.
Both processes are indicated in the upper panel by the hori-
zontal arrows, the size of which represents the hole spin-flip
probability. As time progresses the magnetic polaron is
formed; the two final h-Mn spin orientations as well as their
possible occupation probabilities are shown in the lower
panel of Fig. 7(b). The majority of the holes are in their
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spin-up state and thus the net circular polarization of the
emitted light is o+ (recombination of —1/2 spin electrons
with +3/2 spin holes). The larger size of (full) arrows in the
lower panel of Fig. 7(b) indicates that the z component of the
Mn spins increases due to the high effective magnetic field
generated by the holes via the exchange interaction. These
internal effective fields (~100 T) are an order of magnitude
stronger that the externally applied field.'®

In what follows, we discuss the magnetic polaron forma-
tion at high temperatures [Fig. 7(c)]. In the upper panel, we
show the possible h-Mn spin orientations. The energy differ-
ence between the two states is smaller than the thermal en-
ergy kgT, in contrast to the situation in Fig. 7(b). The hole
spin-flip probabilities are now roughly equal as indicated by
the sizes of the horizontal arrows. The redshifts in the lower
panel of Fig. 7(c) are the same as those in the lower panel of
Fig. 7(b) because in both cases they are mainly determined
by the large internal effective magnetic field. Thus, at high
temperatures, the MPs still form but the circular polarization
of the emitted light is zero. This is because at elevated tem-
peratures the population of spin up is the same as that of the
spin-down holes and thus the intensities of the o+ and o—
interband transitions are equal to each other.

The measurements of Eyp as function of 7 in our QDs
[Fig. 6(b)] reveal a very weak temperature dependence,
which is discussed below. We interpret this behavior in terms
of an anomalous T dependence of the magnetic susceptibility
x of the Mn spins in the QDs. To describe x(7), we first note
that the magnetic response of the QD system is most likely in
the linear regime at 150 K. Since we find Ey;p to be essen-
tially temperature independent up to 150 K, we assume a
linear response of the magnetization even at the lowest ex-
perimental temperatures. In this linear regime, as is the case
for donor-bound MPs,'* the two observable quantities Eyp
and x(7T) are related to each other by the equation,

Enip= g (Joa/ 28 1sNo) > Enipl kg T) Qi x(T), (1)

where J,, is the exchange integral for holes, NV is the cation
density, g=2, up is the Bohr magneton, and Qeff is the ef-
fective volume of the MP¥ defined by (/= [|y(r)*dr.
Here ¢ is the hole wave function. The term 7(Eyp/kgT)
interpolates between the two limiting cases of strong,
n(x)=tanh(x), and weak, #(x)=tanhx+2/x, magnetic
anisotropies.'* The former case is essentially the Ising model
of a MP.!> The latter case corresponds to fully isotropic spin
fluctuations'* and can be applied to spherically shaped QDs
in the limit of vanishing spin-orbit interaction.

First we use Eq. (1) to investigate the magnitude of Ey;p at
low T (where 7=1 for both models). The very small PL peak
shift with B shown in Fig. 2(b) indicates an exceptionally
low y. We attribute the low susceptibility to a combination of
AFM Mn coupling and shape anisotropy of the QDs, which
have the form of disks with height much smaller than the
disk diameter. The strong AFM character of the Mn-Mn in-
teraction is manifested in the properties of bulk** and
epitaxial®> MnTe. Since Mn acts as a nucleation center for
the growth of QDs in migration-enhanced epitaxy, its local
concentration in the dots could be considerably higher than
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the average value of 5.2%,%° and is expected to result in
more pronounced AFM behavior.

The low susceptibility in this system must be
compensated by a small (), (strong confinement) to obtain
the large Eyp observed in our experiments. We model the
confinement of the disk-shaped QDs by a widely used
form:37 a parabolic potential in the x-y plane and an infinite
rectangular potential along z axis. We find for the ground
state:  Q,=7h(m"E,/2)""*dh/3, where E, is the
(Zn,Mn)Te/ZnSe valence-band offset while d and A are the
disk’s diameter and height, respectively. With E,=1 eV,
d=20 nm, h=3 nm, and m*=0.19m,,% this expression
gives a MP effective volume (), an order of magnitude
smaller than the QD volume. Further reduction in (2, may
result from additional hole localization during MP formation.
Similar strong hole localization effects were also found in
type-II magnetic quantum wells.!” The value of Eyp mea-
sured in our experiments is almost three times larger than the
value in Ref. 2, even though the p-d exchange integrals in
(ZnMn)Te (J,,=1.05 e¢V) and (Zn,Mn)Se (J,,=1.11 eV)
are very similar.! We attribute this difference to the fact that
the Mn and the holes are both located in the (Zn,Mn)Te QDs,
which leads to an enhancement of the h-Mn exchange inter-
action. In contrast, in the samples of Ref. 2, the holes were
confined in the CdSe QDs and the Mn ions were located in
the surrounding (Zn,Mn)Se matrix.

Next, from the Eyp versus T plot of Fig. 6(b), we con-
clude that Ey;p is approximately temperature independent. If
there is a temperature variation in Eyp, it is small. The rela-
tively large error bars for Eyp(7) at higher temperatures in
Fig. 6(b) result from our use of very small excitation powers
(200 W) to avoid possible band bending (dipole layer for-
mation). The average value of Eyp is 40 meV.

To consider the case, in which the hole g factor anisotropy
as well as the QD shape anisotropy vanish, we substitute Ey;p
into Eq. (1) and calculate x(T). The results are plotted in Fig.
8 using squares. The system seems to behave like a “para-
magnet” with an unreastically high AFM temperature T p.>
The temperature decrease in y is much weaker than for con-
ventional type-I magnetic QDs, as extrapolated from the
low-T behavior of Eyp(T) given in Ref. 2.

The fully isotropic case discussed above is not realistic,
but it is important to consider it, as it provides a lower bound
for x(7). Our system is much closer to the high anisotropy
case described by the equation 7(x)=tanh(x), with the easy
magnetization axis for the Mn lying in the xy plane, and we
consider it as the second possibility. Two anisotropies must
be taken into account: (1) that of the magnetic susceptibility,
X:7# Xxy» Where x, (x,,) is the susceptibility along the z axis
(in the xy plane) and (2) that of the heavy hole g factor, i.e.,
8:> 8.y, due to strong spin-orbit coupling and a quasi-two-
dimensional shape of the hole wave function.>? The g factor
anisotropy causes the system to behave as an Ising-type MP,
with temperature dependence following that of x,, Fig. 8
circles.

Below we propose a model based on the Ising-type MPs
that describes our results: in the absence of holes the Mn
spins in the QDs lie in the xy plane, and are coupled
antiferromagnetically! as shown in Fig. 9(a). Following pho-
toexcitation, the photogenerated spin =3/2 holes form MPs
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FIG. 8. Temperature dependence of magnetic susceptibility x
determined from Eyp(7) shown in Fig. 6(b) for different QD mod-
els: squares: fully isotropic QDs and circles: highly anisotropic
QDs, i.e., Ising-type system. The conventional susceptibility of
magnetic QDs (Ref. 2) is shown with triangles. All x’s are normal-
ized to their values at the lowest experimental temperature,
T =14 K.

with the Mn as follows: exchange coupling between the hole
and Mn spins results in canting of the Mn spins, which ac-
quire a small z component as shown in Fig. 9(b) for both
hole spin orientations. In each case, the hole and Mn spins
are coupled antiferromagnetically and reduce the energy of
the h-Mn complex. Thus, we have a unique magnetic order-
ing with the Mn spins locked antiferromagnetically in xy
plane, and partially aligned along the z axis following the
formation of the magnetic polaron. The overall weak tem-
perature dependence of MP in our work is consistent with the
fact that the transverse susceptibility (x,) of antiferromagnets
depends weakly on T.*° The small value of the exciton Zee-
man splitting implies that y, has a correspondingly small
value. The low susceptibility is compatible with the rela-
tively long spin alignment time, 7; ~700 ps observed in our
work, as compared to 7;p<<200 ps reported in Ref. 2. Simi-
lar models that describe MP polaron formation based on
canting of the Mn spins, which arises from the h-Mn ex-
change interaction, were suggested for bulk (In,Mn)As and
for (IT,Mn)V-based QWs.*!42
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FIG. 9. (Color online) Schematic of the Mn-hole spin alignment
based on our results. Double arrows: hole spins and full arrows: Mn
spins. (a) Prior to hole photoexcitation; Mn spins are coupled anti-
ferromagnetically and lie in the x-y plane. (b) Following the hole
photoexcitation and MP formation. Two MP states are possible that
correspond to the two hole spin states. In the absence of an applied
magnetic field, these two states are equally probable [see Fig. 7(a)].

IV. CONCLUSIONS

In this paper, we describe the results of a magneto-optical
study of (Zn,Mn)Te/ZnSe type-II quantum dots that show the
formation of exciton magnetic polarons. This system has the
following characteristics: (a) strong circular polarization of
the type-II exciton emission at low temperature that de-
creases sharply with increasing temperature and disappears
above 80 K; (b) small exciton Zeeman splitting as measured
by cw PL; and (c) large redshift of the exciton energy as
function of time in time-resolved PL. The total redshift,
which we identify as the magnetic polaron formation energy,
is roughly independent of temperature and persists up to 150
K. These seemingly contradictory properties are interpreted
in terms of a model, which takes into account the hole-Mn as
well as the Mn-Mn exchange coupling and their role in the
magnetic polaron formation.

We expect that our findings will stimulate further experi-
mental studies of type-II magnetic QDs in order to better
understand the properties of this unique system, which could
find applications in spin-based devices.
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