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Microluminescence from Cd,_.Mn,Te magnetic quantum dots containing only a few Mn ions
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Self-assembled magnetic Cd,Mn,_,Te quantum dots (QDs) embedded in nonmagnetic Zn,¢Cd,4Te were
grown by molecular beam epitaxy. We achieved a large degree of dilution of Mn ions inside the QDs, xy,
=0.003, which allowed us to study single QDs containing only few Mn ions. The insight into properties of
these structures was obtained by performing measurements of photoluminescence in an external magnetic field
with a high spatial resolution by using immersion reflection objective. Approximate number of Mn ions inside
dots and the size of the dots were found by comparison of the magnetic field evolution of the corresponding
photoluminescence lines with calculations in terms of a muffin tin model developed originally to describe

bound magnetic polarons.
DOI: 10.1103/PhysRevB.75.155301

I. INTRODUCTION

In the family of II-VI diluted magnetic semiconductors
(DMS), the presence of paramagnetic Mn ions in the crystal
lattice results in a strong enhancement of their spin-related
properties such as the Zeeman splitting, the Faraday rotation,
etc. This is due to a strong sp-d coupling between band car-
riers and localized Mn magnetic moments. This coupling can
be used to manipulate very effectively the spins of the carri-
ers by means of an even modest external magnetic field.
Extremely interesting, from the point of view of applications
in spintronic devices, are zero-dimensional objects composed
of DMS, in particular, self-assembled II-VI quantum dots.
Their magnetic properties are determined by several param-
eters, like the number of Mn ions inside the QD, their posi-
tion in the dot and the size of the dot itself. The knowledge
of all these parameters is necessary in order to manipulate
the spin of carriers confined in the QDs in a controlled man-
ner.

The diluted magnetic QDs have already been grown using
various material systems basing on II-VI semiconductors:
CdMnTe/ZnTe,'”7 CdSe/ZnMnSe,3~!! CdMnTe/CdMgTe,!?
and CdMnSe/ZnSe.'>!* The properties of these structures
strongly depend on the method of introducing Mn ions into
the structure and the material system that is used. Directly
related to the choice of the materials is the position of the
energy of the excitonic emission from the QDs ensemble
with respect to the intense internal Mn optical transition oc-
curring at the energy of about 2.0 eV. In the case when the
excitonic emission is above the latter energy, a very strong
effective transfer of the excitation to the Mn subsystem oc-
curs which considerably decreases the quantum efficiency of
the photoluminescence from the quantum dots'®!"-!3 and re-
sults in a significant shortening of the excitonic lifetime.'? In
order to avoid these effects we choose carefully the compo-
sition of the barrier for the Cd;_,Mn,Te magnetic QDs. Us-
ing Zny(Cdy4Te instead of pure ZnTe barriers we decrease
effectively the barrier potential and, as an effect, the QD
emission band is redshifted well below the energy of the
internal Mn transition.

When the excitonic emission is below the intra-Mn tran-
sition, we must take into account the presence of effects
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connected with magnetic polaron (MP) formation, 31912 ie.,

spontaneously formed ferromagnetic domains within a di-
luted magnetic QD. They also form as result of the strong
exchange interaction between the magnetic moment of the
Mn ions and the spin of the carriers decreasing the total
energy of the system of the Mn and the charge carriers. In the
case of Cd;_Mn,Te in the bulk form, magnetic polarons
bound to either donors or acceptors are stable. Due to the
spatial confinement of the carriers by the QD potential, how-
ever, one can expect the polaronic effect to be particularly
strong in the zero-dimensional environment even when the
impurities are absent. On the other hand, polaronic effects
are not important in the case when the exciton energy ex-
ceeds 2.0 eV, the energy of the internal Mn transition, be-
cause the lifetime of excitons decreases so much that it be-
comes shorter than the formation time of the MP.!0

Several different attempts were made in order to introduce
Mn ions into nonmagnetic QDs. Most of them used the in-
terdiffusion of Mn from the diluted magnetic barrier®~!! or
from a remote Mn-rich layer.!> Some other studies made use
of formation of so-called “natural QDs” formed by the po-
tential fluctuations of a thin diluted magnetic quantum
wells.!?

In our QDs, the Mn ions are introduced directly into the
QDs themselves, intentionally into the central layer of the
QD. Moreover, we monitor the QD formation process by a
distinct two-dimensional to three-dimensional (2D-3D)
growth mode transition in the RHEED pattern after applying
the method described in Ref. 15. As already mentioned, the
PL of our QDs ensemble lies below the energy of the internal
Mn transition, i.e., in the regime where the magnetic polaron
formation is expected. Similar to the case of Refs. 1-4 and
Refs. 8 and 9, we use high spatial resolution photolumines-
cence (u-PL) measurements in an external magnetic field in
order to study magneto-optical properties of individual di-
luted magnetic QDs. The approximate number of Mn ions
inside of the dots is determined by a comparison of the ex-
perimental data with theoretical calculations in terms of the
muffin tin model, which is known to describe properly the
main features of the system whose optical properties are de-
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termined by formation of magnetic polarons.'®-!3

II. SAMPLES

The samples are grown in a standard molecular beam ep-
itaxy apparatus. On a semi-insulating GaAs (001) substrate,
a 4 pm thick CdTe buffer is first deposited. It is followed by
1 um Zn¢Cdy4Te barrier layer. The quantum dot layer is
formed from five monolayers of a large lattice constant ma-
terial of which the two lower and the two uppermost mono-
layers are made of pure CdTe, whereas the Mn ions are
added only into the central CdTe monolayer. This QD layer
is deposited in atomic layer epitaxy mode, i.e., by alternated
opening of the cation and the anion effusion cells. For the
Cd,_,Mn,Te layer deposition, we open Cd and Mn effusion
cell simultaneously. The Mn amount of about 0.3% in the
CdTe layers we determine from photoluminescence measure-
ments which will be discussed later. The self assembled
quantum dots are formed by using the method developed
recently by Tinjod et al,'™! i.e., we cover the strained
CdTe/CdMnTe layers with an amorphous tellurium at low
substrate temperature. After thermal desorption of this layer
we observe clearly QDs formation by spontaneous 2D-3D
growth mode transition in the RHEED pattern. The quantum
dots are capped with 100 nm Zn,(Cd, 4Te.

High resolution transmission electron microscopy of our
dots (the details of this study to be described elsewhere)
reveals that the dots have lens-like shape with the typical
in-plane radius of the order of 10 nm and the height of about
2 nm. Knowing the lattice constant and atomic structure of
CdTe, we estimate the number of cation sites in such typical
QD, N ,=4400. This implies that in the case of Mn amount
of 0.3% and under assumption that all the Mn-ions find
themselves in the dots, one can expect on the average about
15 Mn ions in such a dot.

III. RESULTS

We perform both standard and spatially resolved PL mea-
surements in an external magnetic field ranging from
—6 T to 6 T in the Faraday configuration with the field along
the growth axis detecting only one circular polarization [Fig.
1(a)]. By reversing the direction of the magnetic field we
change the detected circular polarization. The excitation
power is kept as low as possible (35 mW/cm?) in order to
avoid heating effects. For the nonresonant excitation we use
frequency doubled YAG laser (532 nm). The signal is dis-
persed in a 0.6 m monochromator equipped with a
1200 mm~! grating and detected by a charge coupled device
camera.

A typical PL spectrum of our QDs consists of a very
broad band extending from 1.72 eV to 1.95 eV. Its spectral
width is determined by inhomogeneity of the sizes and
chemical compositions of the quantum dots in the ensemble.
When we increase the magnetic field, the intensity of the
whole PL band increases in one circular polarization (o),
whereas it decreases in the other polarization (¢7). In Fig.
1(b), we plot the degree of the circular polarization p=(/,.,
—1,.)/(I,,+I,.) as a function of the magnetic field, where
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FIG. 1. (a) Microphotoluminescence  spectra  of
CdMnTe/Zny ¢Cdy 4Te QDs with small amount of Mn taken in
magnetic fields ranging from —6 T to 6 T (nonresonant excitation
with 364 nm argon line), (b) the degree of polarization of photolu-
minescence from the whole QDs ensemble as a function of the
magnetic field at 2 K.

I, (I,_) is the integrated intensity of the whole PL line in o™
(07) polarization. We observe that the spectrum is nearly
completely polarized already at B=2 T. This polarization re-
sults directly from the giant Zeeman splitting of the excitonic
level in the QDs which is a consequence of strong exchange
interaction of excitons confined in QDs with the Mn ions.
Thus, the polarization of PL provides a direct evidence of the
incorporation of Mn ions into the QDs.

In the case of the micro-PL, when the excitation spot is
less than 1 um, we observe that the broad PL band splits into
a large number of lines each coming from an individual QD.
In this work, we focus on the evolution of the shape and
spectral position of these lines in the external magnetic field.

Typical PL lines show a clear redshift of their spectral
position with the magnetic field increasing [Figs. 2(a), 3(a),
and 4(a)]. This effect is a consequence of the giant Zeeman
splitting of excitonic levels in the QDs, which is, again, typi-
cal for structures containing diluted magnetic semiconduc-
tors. Moreover, we observe a quantitatively different behav-
ior of this energy shift in the dots coming from the low
energy part of the spectrum and from the high energy part.
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FIG. 2. (a) Magnetic field dependence of an
individual diluted magnetic QD from the low en-
ergy part of the spectrum (large dot), 7=2 K. (b)
Calculations of the shapes of PL lines in terms of
the muffin tin model: N, =6600; Ny,=25; Tegr
=4.9 K. (c) Magnetic field dependence of the po-
sition of the PL line: experimental points and the-
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oretical calculations in terms of the muffin tin
model for QDs with x=0.0038, 7=4.9 K and dif-
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ferent sizes (lines). The bold line marks the best
fit for Ny, =25. The error bars show the spectral
widths of the PL lines determined from Gaussian
fits. (d) Magnetic field dependence of the spectral
width: experiment points and theoretical calcula-
tions (lines). The error bars of experimental
points show the uncertainties of determination of
the spectral width from the Gaussian fit.
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The PL lines from the low energy part of the spectrum
(E<1.8 eV), representing large QDs, show typically rela-
tively large Zeeman shifts 3.5 meV-4.5meV at 6T,
whereas the dots with the PL line in the high energy part of
the spectrum (E>2.0 eV) are characterized by smaller en-
ergy shifts of 0.7 meV-2 meV at 6 T.

One possible explanation of this effect may be the mag-
netic polaron formation which, according to several theoret-
ical calculations,?®'6-18 is very sensitive to the size of the
QDs, and results in a spontaneous effective intrinsic magne-
tization. The smaller the quantum QD, the larger the density
of the wave function of the carriers interacting with Mn ions
and, as effect, the stronger the exchange interaction energy
which causes alignment of magnetic moments of Mn ions.

% %  o'-polarization
///1

Thus, quantum dots with relatively small sizes are character-
ized by strong intrinsic magnetization which causes their PL
lines to be less sensitive to the external magnetic field.

In Fig. 2(a), we present a magnetic field dependence of a
typical line from the low energy part of the PL spectrum
(E< 1.8 eV) which represents large quantum dots. Its shape
can be well fitted by a Gaussian for all magnetic fields. From
these fits we extract the spectral position and the spectral
width of the PL line as a function of the magnetic field,
which are plotted in Figs. 2(c) and 2(d), respectively.

In Fig. 2(c), we observe that the dependence of the energy
shift tends already to saturate at 6 T and its value amounts to
3.8 meV at 6 T. In Fig. 2(d), one observes that a typical
spectral width of a PL line from an individual diluted mag-

FIG. 3. (a) Magnetic field dependence of an
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individual diluted magnetic QD from the central
part of the spectrum (medium dot), 7=2 K. (b)
Calculations of the shapes of PL lines in terms of
the muffin tin model: N ,=3600; Ny,=13; Ter
=4.9 K. (c) Magnetic field dependence of the po-
sition of the PL line: experimental points and the-
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oretical calculations in terms of the muffin tin
model for QDs with x=0.0036, T=4.9 K and dif-
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ferent sizes (lines). The bold line marks the best
fit for Ny,=13. The error bars show the spectral
widths of the PL lines determined from Gaussian
fits. (d) Magnetic field dependence of the spectral
width: experiment points and theoretical calcula-
tions (lines). The error bars of experimental
points show the uncertainties of determination of
the spectral width from the Gaussian fit.
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FIG. 4. (a) Magnetic field de-
pendence of an individual diluted
magnetic QD from the high en-
ergy part of the spectrum (small
dot), T=2 K. (b) Calculations of
the shapes of PL lines in terms of
the muffin tin model: N_,=1500;

Nyn=5; Topr=4.9 K.
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netic QD at O T amounts to 1.5 meV which is an order of
magnitude larger in comparison with the nonmagnetic CdTe
QDs. This finding is consistent with results reported from
other diluted magnetic QDs.*#° With an increasing magnetic
field, the spectral width narrows until it reaches the value
0.5 meV at 6 T which is almost a value typical for nonmag-
netic QDs.?!?> The broadening of the PL lines at low mag-
netic fields is presently understood as due to fluctuations of
Mn magnetic moments inside the dot.*3? By increasing the
magnetic field, these fluctuations are suppressed due to align-
ment of Mn ions along the direction of the magnetic field. At
sufficiently strong magnetic field (in our case at 6 T) nearly
all Mn ions are aligned.

Individual lines show also a strong ¢ polarization in the
presence of the field. The increase of the intensity in o+
polarization is directly connected to the giant Zeeman split-
ting of the excitonic levels in the QDs. At low temperature
(2 K in our case), the lower energy branch becomes more
densely populated with an increasing magnetic field. At mag-
netic fields above 2 T, the line is already fully polarized and
its integrated intensity does not change anymore. However,
the narrowing of the lines causes further increase of the PL
intensity at the maximum.

Let us note, that sometimes a second peak appears at
about 3 T, as exemplified in Fig. 2(a), which steals the PL
intensity from the main peak with increasing magnetic field.
This is definitely not a typical feature in magnetic QDs and
the most QDs do not show this feature, e.g., PL lines shown
in Figs. 3(a) and 4(a). The appearance of this additional peak
affects, however, only the intensity of the main PL line,
whereas spectral position and spectral width remain as for
typical magnetic QDs.

In Figs. 3(a) and 4(a), we present two further PL lines
from magnetic QDs coming from the central part of the spec-
trum (1.8 eV<E<2.0 eV) and from the high energy part of
the spectrum (E>2.0 eV), representing medium sized and
small QDs, respectively. They show both qualitatively simi-
lar behavior as the PL line from the large dots concerning the
energy redshift, a decrease of the spectral width and circular
polarization of the spectra. However, the energy shift of the
spectral position at 6 T exhibits smaller values, than in the

large dots, 2.7 meV in the case of the QD presented in Fig.
3(a) and only 1 meV in the QD from Fig. 4(a).

The spectral position and the spectral width of the PL line
from the medium QD, which are extracted from Gaussian
fits, are plotted in Figs. 3(c) and 3(d), respectively. In the
case of the QD from the high energy part of the spectrum,
the line shape exhibits a greater deviation from the regular
Gaussian and the subsequent comparison with the model cal-
culations remains at a less quantitative level.

The deviations from the Gaussian shape in the small dots
may steam from the fact, that the exciton interacts with only
a few Mn ions inside the dot. In this case the magnetization
does not exhibit Gaussian fluctuations and is given by a rela-
tively small number of possible Mn ions arrangements.

IV. CALCULATING AN APPROXIMATE NUMBER OF MN
IONS IN THE DOTS

In order to find an approximate number of Mn ions
coupled to the exciton inside a diluted magnetic QD and the
average number of cation sites that the exciton is interacting
with, which gives us the information about the size of the
dot, we perform an analysis of experimental data which con-
sists of two steps.

In the first step, we use the mean field approximation
(MFA) and the virtual crystal approximation (VCA), which,
in the case of large dots, results in a Brillouin-like behavior
of the PL line position as a function of the external magnetic
field,

Ny — N, B
AE(B,TFMMSB(M), W
2 kT

where AE is the energy shift of the PL line position, B is the
Brillouin function, N, is the number of cation sites in unit
volume, a, B are the s-d, p-d exchange integrals, respec-
tively, taken in our calculations as for the bulk CdMnTe:
Nya=0.22 eV and NyB=-0.88 eV, S=5/2 is the spin of a
Mn ion, xy, is the molar fraction of Mn ions inside the QD;
gvn=2 is the Lande factor for Mn ions, T is an effective
temperature.
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We apply this theory only to the relatively large dots (Fig.
2), because it relies on the assumption of a large extension of
the wave function of the carriers and their simultaneous in-
teraction with a large number of magnetic ions. However, in
the case of diluted magnetic QDs, the spatial extension of the
wave function of the carriers is determined mostly by the
zero-dimensional confinement and the number of Mn ions
which find themselves inside of the quantum dot is strongly
limited. Consequently, the larger the dot the more justified is
the use of the MFA and VCA.

From the fits of the experimental data with the Brillouin
function we obtain three parameters: the effective tempera-
ture T.;=4.9 K, the approximate Mn amount in the QDs
Xpp=0.0032 and the position of the PL line at B=0T,
1.7546 eV. The effective temperature is considerably larger
than the real temperature of the measurement 7=2 K, what
we attribute to spin-heating effects. Possible contribution of
the antiferromagnetic ion-ion interaction to the effective tem-
perature is less likely because of a small concentration of Mn
(xMn=0.32%) in the dots, although we cannot exclude it
completely in view of the fact that even in 6 T the Zeeman
shift is not saturated.

We use the effective temperature and the approximate Mn
concentration from the Brillouin fit as a starting point for the
second step of our calculations: the analysis in terms of the
muffin tin model,'¢~'® which was commonly used previously
for the description of magnetic polarons in the bulk crystals.
The basic idea of this model relies on counting all the pos-
sible arrangements of Mn ions spins with respect to the di-
rection of the magnetic field. The model assumes also that all
Mn spins interact equally strongly with the carriers confined
in the QD. However, the exchange energy depends in fact on
the position of the Mn ion in the dot. Consequently, in the
case of QD containing Ny, ions, we should introduce Ny,
additional parameters which describe the position of the each
Mn ion in the dot (and at least one parameter describing the
size of the QD). Instead of that, the average position of Mn
ions inside the dot is introduced in the muffin tin model, and
only two fitting parameters are required: average Mn concen-
tration in the dot and the size of the dot.

The question arises, if and when we are justified to aver-
age the position of Mn ions inside the QD. It was found by
Golnik and Spalek?? that the calculations in terms of the
muffin tin model already with Ny;,,=8 were consistent with
another model®® of magnetic polarons, where an s-type hy-
drogenic wave function and continuous changes of the mag-
netization were assumed. Moreover, the calculations show
also a good agreement with the Warnock-Wolff model** of
magnetic polarons in the case when the ion-ion interaction is
absent.?®> This is actually also our case, because of small
concentration of Mn ions in the sample.

Summarizing, our model gives reasonable values for the
number of Mn ions inside the dot for Ny;,=8, whereas for
smaller Ny, the results can be regarded only as an estima-
tion. The advantage of this approach lies in the possibility of
taking the dots sizes into account. The weak point of this
model is, as mentioned, that we do not take into account the
actual positions of all Mn ions within the QD.

The initial state of the optical transition consists of a sys-
tem of Ny, Mn ions which interact with an exciton made of
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a heavy hole and an electron. We assume that the light holes
are split off because of the flat cylindrical-like shape of the
QDs?® and can be neglected. Moreover, we assume the sim-
plest, steplike character of the carrier wave function with a
constant value inside the QD, while vanishing outside,'®~!8
which results in the assumption, that the carriers interact
equally strongly with each Mn ion inside the QD and there is
no contribution due to ions from outside the dot. Despite this
rather crude simplification, we obtain a good agreement with
the experimental data (Figs. 2, 3, and 4). It is likely that the
good agreement stems from the fact that we count only those
Mn that are coupled strongly to the excitons in the quantum
dots, whereas the influence of Mn ions lying far from the
center of the dot can be neglected. However, the smaller the
number of Mn ions inside a QD the more pronounced should
be the role of the position of Mn ions inside the QD and,
therefore, this model becomes less appropriate.

The energy levels of a diluted magnetic QD with an ex-
citon inside are calculated using the following Hamiltonian:

~  Nyaxy, > NyoBx
HI — 0 MnSs + 0:8 Mn
NMn 3IVMn

Sziz+ gmpBSz+ g.pBsz

+ &nmMsBjz, (2)

where S is the operator of the total magnetic moment of Ny,
manganese ions,

NMn
S=>8;
i=1

and s is the spin operator of the electron. S,,s,,j, are the
projections of the total Mn magnetic moment, the electron
and the hole spin on the direction of the magnetic field with
eigenvalues S,=-S5,...,5 (S=Ny,-5/2), s,=x1/2, j,
==+3/2, respectively. The form of the second term in Eq. (2)
implies that the hole magnetic moment is locked along the
growth axis.

After the recombination of the exciton, the final state of
the optical transition consists of a Mn-ion system without
any carriers inside and is described by the following Hamil-
tonian:

I:IFZgMBBZSZ- 3)

The intensity of the optical transition is calculated from the

equation
S.S Z>

E=E1_EF’ (4)

2

E}

E 3 1 -
I(E) = 2 exp(— ﬁ)g(S)‘ <S,SZ,E,jZ,E,sZ|a—

jZ’sZ

where E; (Ep) is the energy of the initial state (final state)
calculated from Eq. (2) [Eq. (3)], g(S) is the degeneracy of
the quantum state of Ny, ions with the length of the total
spin \S(S+1). The latter quantity is determined by solving a
combinatorial problem of counting the number of possible
arrangements of the Ny, Mn ions with the magnitude of S;
=5/2 leading to total spin S.

155301-5



WOINAR et al.

We assume that during the recombination of an exciton
the arrangement of Mn ions described by the quantum num-
bers S and S, remains unchanged. The operator ¢* acting
on carrier spins only, does not vanish when j,=3/2 and
s,=—1/2 or j,=-3/2 and s,=1/2. In order to obtain realistic
spectra, every line connected with an individual Mn arrange-
ment is broadened by a Lorenz function with the spectral
width of 250 weV taking into account the homogenous
broadening of PL lines and spectral resolution in the experi-
ment.

There are three parameters involved in this model. Two of
them, the approximate Mn composition x)y, and the effective
temperature T, have already been crudely determined from
the fit of the Brillouin function, 7.=4.9 K and xy,
=0.0032. We use these values as starting points in our fitting
procedure. The only new free fitting parameter is the number
of Mn ions which reside in the QD. From this parameter we
can easily extract the size of the QD using a simple formula,
XM= IX,—M:, where N, is the average number of cation sites the
exciton 1s interacting with in the dot.

With only one new parameter we model the whole mag-
netic field evolution of the PL lines from individual QDs,
including: the redshift of the peak position, narrowing of the
spectral width, circular polarization of the lines and the rela-
tive intensities of the PL lines at different fields.

Results of the modeling are presented in Figs. 2(b), 3(b),
and 4(b), for the large, medium, and small QD, respectively.
In the calculations for the large QD, shown in Fig 2(b), we
assume exactly the same effective temperature as from the fit
with the Brillouin function 7T.4=4.9 K and a slightly higher
molar fraction of Mn x,;,=0.0038 than obtained from the
Brillouin fit which describe best the spectral width and the
position in the magnetic field. The procedure of finding the
number of Mn ions inside the QD, and, therefore, the size of
the QD, is presented in Figs. 2(c) and 2(d). In both figures,
the solid lines represent results of the calculations of the
energy shift and the spectral width for QDs with different
sizes but exactly the same xy;,=0.0038 and 7.;=4.9 K. The
best fit to the experimental data, i.e., to the magnetic field
dependence of the energy position and the spectral width, is
obtained for a QD containing 25 Mn ions which corresponds
to a dot made of 6580 cation sites. The theoretical spectra
calculated with these parameters at different magnetic fields
are shown in Fig. 2(b).

A slightly different fitting procedure is applied for the
calculations presented in Fig. 3(b), for the PL line from the
central part of the spectrum. If we assume, that Mn molar
fraction in the medium QD is smaller than in the large QD,
Xmn=0.002, one can reproduce within the mean field ap-
proximation the observed energy shift of 2.7 meV at B
=6 T. Unfortunately, we are not able to reproduce then the
observed spectral widths which are considerably larger than
the calculated ones. On the other hand, assuming Mn molar
fraction to be nearly the same as in the large QDs, we are in
fact able to reproduce both, the spectral position and the
spectral width dependence on the magnetic field, which sup-
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ports a supposition that all the dots are characterized by
nearly the same xyp,. To be precise, we begin our fitting
procedure in the case of the medium dot with xy;,=0.0032,
like in the case of the large QD, while keeping the effective
temperature constant, T.;=4.9 K. Then we change x);, and
repeat the fitting. The best fit to the experimental data is
obtained, as shown in Figs. 3(c) and 3(d), for QD with xy,
=0.0036 containing 13 Mn ions, which corresponds to a QD
consisting of 3600 cation sites. We plotted theoretical evolu-
tion of spectra in magnetic field using these parameters in
Fig. 3(b).

Exactly the same fitting procedure as for the medium QD,
is applied for the small QD [Fig. 4(a)]. We start the fitting
again with x;,=0.0032 and fixed T.4=4.9 K and end up
with the Mn content in the dot xy;,=0.0034 and the number
of Mn ions inside the dot Ny,=5, which corresponds to a
QD consisting of 1450 cation sites.

Please note, that we estimate in fact an average number of
cation sites that the exciton confined in the QD is interacting
with and not the real number of cations that the QD is made
of. At this stage we stress also that we do not include pairs of
Mn ions at the nearest neighbors positions in our calcula-
tions. However, the probability of finding two Mn ions in the
nearest neighbor position is very small in our sample with
Mn amount of x ~0.003. This of course assumes that there is
no correlation of Mn incorporation in the QD.

V. CONCLUSIONS

We found a method to introduce only a small number of
magnetic ions directly into the CdMnTe QDs. An approxi-
mate number of magnetic ions in the QD and the size of the
dot itself is found by the analysis of the magnetic field evo-
lution of its PL line, and a comparison of its shape and spec-
tral position to the simulations in terms of the muffin tin
model of bound magnetic polaron. In particular, we present
results of a large QD containing approximately 25 Mn ions,
medium QD with 13 Mn ions inside, and small QD, where
the number of Mn ions is estimated to 5. In principle, by
further reducing the temperature of Mn effusion cell during
the growth of the central CdMnTe layer, we can obtain even
smaller number of Mn ions in a repeatable way. The calcu-
lated sizes of these QDs indicate that there is a large distri-
bution of the sizes in the ensemble and the number of cation
sites the QDs are made of is ranging from 1500 to 6600.
Moreover, we found that in order to quantitatively describe
effects in the diluted magnetic QDs we must take into ac-
count the formation of magnetic polarons.
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