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Photoluminescence of excitons �X� and biexcitons �XX� from single neutral CdSe/ZnSe/ZnMnSe quantum
dots �QDs� with various magnitudes of sp-d exchange interaction has been investigated in magnetic fields B up
to 10 T at 1.8 K. The magnitude of the sp-d interaction is varied by changing the penetration of the exciton
wave function �X into the diluted magnetic semiconductor �DMS� barrier, �, by variation of the nonmagnetic
ZnSe barrier layer thickness about a value of 1.75 nm. The small penetration of �X into the DMS barrier
allowed a decrease of the X and XX emission line broadening caused by magnetic fluctuations and resolution
of the fine structure of X states in a single QD. In contrast to bulk DMSs, the exciton line broadening when B
is normal to the QD plane was found to be a nonmonotonic function of magnetic field: at high B it is
suppressed due to Mn ion spin alignment, whereas at low B it is decreased due to the mixing of Jz= +1 and
−1 X states in low-symmetry QDs by the electron-hole �e-h� exchange interaction. In addition, magnetic
fluctuations result in �i� emission depolarization and enhanced splitting of exciton emission lines compared to
the e-h exchange interaction at B=0 and �ii� strong enhancement of spin relaxation between “bright” J=1
exciton states in magnetic fields normal to the QD plane already at ��1%. The spin relaxation from bright to
“dark” exciton states is negligible up to ��4%. Auger recombination of excitons with excitation of Mn ions
markedly decreases the quantum efficiency of exciton emission at B=0 already at ��4%.
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I. INTRODUCTION

Semiconductor quantum dots �QDs� with geometries
smaller than or comparable to the bulk exciton Bohr radius
represent a three-dimensionally �3D� confined system for
electrons and holes. The full spatial quantization results in a
discrete electronic energy spectrum resulting in the atomic-
like character of the electronic states. The 0D behavior of
these states has been confirmed in a large number of studies,
using, e.g., optical spectroscopy of single quantum dots
�SQDs� with a spatially resolved technique. The spatial reso-
lution was achieved by defining a laterally constricted region
by lithography,1 by near-field scanning optical spectroscopy,
and by exciting and/or detecting with a microscope
objective.2 The measurements showed that the QD exciton
emission linewidth in both III-V and II-VI nonmagnetic
semiconductor nanostructures is below 0.1 meV, which al-
lows one to study the fine structure of QD exciton states
caused by interparticle exchange interaction. The fine struc-
ture depends on the QD material, size and symmetry, the
number of particles in the QD, external electric and magnetic
fields, etc.3,4

In this paper, we discuss the optical properties of states
with one and two excitons in neutral II-VI QD structures
doped with magnetic �Mn� ions of high density, so-called
diluted magnetic semiconductors �DMSs� QDs. Strong sp-d
exchange interaction of Mn ions and free carrier spins in
QDs can lead to a highly enhanced spin relaxation, giant
Zeeman splitting of electron and hole states in a magnetic
field, and formation of excitonic magnetic polarons, qualita-
tively changing the properties of QD confined excitons.5

Studies of individual neutral DMS QDs with large exchange
interaction between charge carriers and Mn ions located in a

QD, or in barriers just near the QD,6–8 have shown that the
observation of exciton fine structure in time-integrated spec-
tra of individual QDs is highly obstructed by a strong emis-
sion line broadening due to thermal statistical fluctuations of
the Mn magnetic moment. In DMS QDs with exciton energy
exceeding internal electron transition energy in Mn ion one
more problem appears, namely, the interaction with Mn ions
leads to an additional highly effective nonradiative recombi-
nation channel absent in nonmagnetic QDs—Auger recom-
bination of the exciton with energy transfer to Mn ions.9,10

In order to avoid the problem of strong line broadening,
Besombes et al.11 used neutral CdTe QDs with single Mn
ions. A well-pronounced fine structure connected to the sp-d
exchange interaction of the QD electron and hole with Mn
ion spin has been observed. It has been found that this inter-
action can result in mixing of dark and bright exciton
states.11,12 The influence of the sp-d exchange interaction on
the fine structure of bright exciton states in asymmetric QDs
remains still undecided. The pure heavy-hole model used in
these works is suitable for description of the magnetic field
evolution of the emission spectra in symmetric QDs only, but
it is inadequate for asymmetric ones.12

In this paper, we demonstrate that proper reduction of the
exchange interaction strength through control of the electron
and hole wave functions overlapping with Mn ions gives
access to observation of the fine structure of bright exciton
states in individual neutral DMS QDs. For that purpose,
CdSe self-assembled quantum dots have been grown by mo-
lecular beam epitaxy on ZnSe and ZnMnSe cladding layers.
The scheme of the structures studied is presented in Fig. 1.
The CdSe QDs are separated from DMS Zn1−xMnxSe barri-
ers by additional nonmagnetic ZnSe layers. The sp-d ex-
change interaction between spins of charge carriers and mag-
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netic ions in DMSs is proportional to the square amplitude
of the electron and hole wave functions at the point of
the magnetic ion location.13 In CdSe/Zn1−xMnxSe QDs,
roughly half of the QD-localized electron and hole wave
functions penetrate into the magnetic barrier, while in
CdSe/ZnSe/Zn1−xMnxSe structures the amplitude of electron
and hole wave functions is reduced strongly in the nonmag-
netic ZnSe layer.

Our studies have shown that the increase of the ZnSe
layer thickness d up to 2.5 nm suppresses the sp-d interac-
tion almost completely. The small value of the intermixing
between Mn and Zn atoms prevents the diffusion of Mn ions
into QDs during the growth of the ZnSe spacer. Thus, the
exchange interaction between exciton and Mn ions is con-
trolled by the ZnSe barrier which strongly reduces the pen-
etration of the exciton wave function into the Zn1−xMnxSe
layer, with Mn concentration chosen to be x=0.11, which
gives maximum low-temperature magnetic susceptibility.

In our experiments, the thickness of the ZnSe layer has
been chosen in the range 1.5–2 nm when the exchange in-
teraction strength is, on one hand, strong enough to control
the exciton properties studied but, on the other hand, results
in line broadening not exceeding the exciton splitting due to
electron-hole exchange interaction. Low-temperature photo-
luminescence �PL� measurements of excitons �X� and biex-
citons �XX� from single neutral CdSe/ZnSe/Zn1−xMnxSe
QDs with various magnitudes of the sp-d exchange interac-
tion in magnetic fields normal and parallel to the QD plane
have been used to study the effect of sp-d exchange interac-
tion on QD excitonic states in detail.

The paper is organized as follows. Experimental details
are described in Sec. II. Section III is devoted to the descrip-
tion of emission spectra of QD excitons and biexcitons with
various penetrations of the electron and hole wave functions
into DMS barriers recorded in a wide range of magnetic
fields up to 10 T in Faraday and Voigt geometries. The spin
relaxation and Auger recombination of excitons in
CdSe/ZnSe/Zn1−xMnxSe QDs are discussed in Sec. IV. Sec-
tion V describes the effect of sp-d exchange interaction of
QD excitons with Mn ion spins on exciton and biexciton
transition energies. In Sec. VI we discuss the magnetic po-
laron formation process in QDs. In the last section we sum-
marize the main features of QD excitons subjected to weak
sp-d exchange interaction with Mn ion spins. Finally, in the

Appendix we consider the energies, wave functions, and di-
pole transitions of excitons in CdSe/ZnSe/Zn1−xMnxSe QDs.

II. EXPERIMENT

The samples investigated are CdSe self-assembled
quantum dots grown by molecular beam epitaxy on ZnSe
and Zn1−xMnxSe cladder layers as shown in Fig. 1. The CdSe
layer is separated from the DMS Zn0.89Mn0.11Se barrier
by an additional nonmagnetic ZnSe layer of �1.75 nm
thickness.14,15

PL studies were performed in a magnetic cryostat
equipped with an optical window. The sample was immersed
into pumped 4He at temperature 1.8 K. The light was col-
lected in the direction normal to the QD layer. The external
magnetic field was applied either perpendicular �B �Oz, Far-
aday geometry� or parallel �B�Oz, Voigt geometry� to the
sample plane. In order to obtain the signal from individual
QDs, the sample surface was etched deeper than the QD
layer everywhere, except for periodically arranged mesas of
various sizes. The sample was excited by the ultraviolet line
of an Ar ion laser ��=355 nm�, and the PL signal was ana-
lyzed by a monochromator combined with a charge-coupled
device camera. It was found that the PL spectra obtained
from individual mesas of size as small as �150–250 nm
provide emission lines from a relatively small number of
individual QDs, so that some of them can be well resolved
spectrally. The representative set of SQD emission spectra
discussed below has been obtained from analysis of a large
number of individual mesas in several samples.

In time-resolved studies, the sample was excited by the
second harmonic of a pulsed picosecond Ti-sapphire laser
��=425 nm�, and the PL signal from individual mesas was
analyzed by a monochromator combined with a streak cam-
era with spectral and time resolution of �1 meV and 25 ps,
respectively.

III. EMISSION SPECTRA OF QD EXCITONS
AND BIEXCITONS WITH VARIOUS PENETRATIONS

OF CARRIER WAVE FUNCTION INTO DMS BARRIER

Figure 2 displays a typical set of emission spectra re-
corded at T=1.8 K in Faraday and Voigt geometries for in-
dividual QDs with different penetration16 � of the exciton
wave function into the DMS barrier. In the spectrum of the
QD with the lowest penetration of the exciton wave function
into the DMS barrier displayed in Fig. 2�a�, a doublet
�marked X� with splitting �250 �eV at �2.260 eV is ob-
served at low excitation density J=4J0 �J0=10 W/cm2�. Its
components are cross-polarized along the Ox� � �110� and

Oy� � �11̄0� directions. With increasing excitation density, a
new doublet XX with a similar splitting but opposed order of
components appears at energy �2.236 eV. These are shown
in Fig. 2�a� for J=35J0. In an external magnetic field normal
to the sample surface, splitting between components in-
creases up to �1 meV at B=6 T and their linear polarization
gradually converts to circular one. Both doublets have the
same order of �+ and �− components. Comparison to the
emission spectra of nonmagnetic17,18 QDs shows that these

FIG. 1. Scheme of growth and energy bands of studied
samples.
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features are characteristic for emission of an exciton �X� and
biexciton �XX� recombination in QDs of low symmetry. Two
X components polarized linearly in mutually perpendicular
directions correspond to the emission of a bright �total spin
J=1� exciton split by electron-hole exchange interaction due
to a lowered QD symmetry. Two XX components correspond
to the emission from a spin singlet XX state into the same
doublet state of a single QD exciton. This explains the re-
verse order of linearly polarized �x� and �y� components. 17

Figure 2�a� shows as well that a new highly polarized
component appears in the QD exciton emission spectrum
with increasing in-plane magnetic field B �Oy� about 2 meV
below the emission of the bright exciton. Its intensity is pro-
portional to �B2. This line should be assigned to the emis-
sion from a dark, J=2, exciton state XD as shown in the
scheme in Fig. 3.3 Experiment shows that the relative inten-
sity of this additional line changes strongly from one QD to
another. This is well expected, as the emission from the dark
exciton state is determined by the admixture of bright states
caused by the magnetic field or QD symmetry lowering.

A more detailed comparison of emission spectra of
CdSe/ZnSe/Zn1−xMnxSe QDs and nonmagnetic CdSe/ZnSe

QDs in Refs. 17 and 18 shows that there are several differ-
ences caused by the effect of exchange interaction between
QD carriers and Mn spins. These are �i� an increased line-
width and its dependence on the magnetic field strength and
direction, �ii� the opposite sequence of �+ and �− compo-
nents compared to nonmagnetic QDs,19 �iii� sublinear depen-
dence of their splitting on the magnetic field in Faraday ge-
ometry and the dependence of Zeeman splitting on
temperature and excitation density, and �iv� enhanced spin
relaxation of excitons. In particular, Fig. 4�a� displays emis-
sion spectra from QD1 recorded in a wide range of excitation
densities from 10 to 350 W/cm2. An increasing excitation
density leads to a strong growth of occupation of the excited
state caused by the heating effect of the exciting beam and,
in addition, to a well-pronounced decrease of Zeeman split-
ting. The latter is connected with diminution of the magnetic
moment in the region of the exciton wave function due to
heating of the Mn ion system. The dependences of the Zee-
man splitting for two excitation densities in the whole range
of magnetic fields are shown in Fig. 5�a�.

Figures 2�b� and 2�c� illustrate the magnetic field behavior
of spectra for QDs with larger parts of the exciton wave
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function � in the DMS barrier. First, it is seen that an in-
crease in � results in a further line broadening and in growth
of the Zeeman splitting of the exciton doublet when B �Oz.
Second, the emission intensity from the excited Jz=−1 spin
state of the bright exciton, IU,1, decreases strongly with in-
creasing �, indicating the acceleration of spin relaxation.
Figure 2�c� shows that the emission from an excited bright
exciton state disappears from the spectra in QD3 with �
�0.04. Finally, at ��0.04 a strong decrease of the quantum
efficiency of exciton emission is observed at B=0. An in-
plane magnetic field does not change the quantum efficiency,
whereas the high magnetic field B �Oz enlarges the exciton
emission. The strong dependence of the quantum efficiency
on the magnitude and direction of the magnetic field is char-
acteristic for excitons in DMSs with energy gap exceeding
the energy of the internal transition ��2.1 eV� between 6A1
and 4T1 states in the Mn ion. It is connected to effective

Auger recombination of an exciton with excitation of an
electron in the d shell of Mn ions.9,10

Comparison of the spectra in Figs. 2�a�–2�c� shows that
the richest structure is observed in the emission spectrum
from a low-symmetry QD with a middle value of ��0.03
�QD2� displayed in Fig. 2�b�. This QD reveals weak emis-
sion from a dark exciton state even at B=0, indicating that
the QD symmetry is lower than C2. The lowering of the
symmetry can be caused either by the low QD symmetry
itself or by transverse magnetic fluctuations. Measurements
on different QDs in the same sample with a similar � show
that the relative intensity of dark exciton emission changes
strongly from one QD to another. Thereby we connect the
appearance of the dark exciton emission with the anisotropy
of the QD rather than with magnetic fluctuations. The emis-
sion line of the dark exciton is located about 2 meV below
the bright state, similar to that in QD1 with smaller � in Fig.
2�a�. Zeeman splitting of exciton components for B �Oz, en-
hanced due to sp-d interaction, leads to the intersection of
high-energy dark and low-energy bright exciton states at a
relatively low B�5 T. Figure 2�b� shows that the approach
of the dark component to the bright one is followed by a
strong growth of its intensity, indicating that the dark com-
ponent borrows oscillator strength from the bright one due to
coupling between them. At the crossing point, a well-
pronounced repulsion of the two components with a coupling
constant of �0.2 meV and the exchange of their oscillator
strengths are observed.

Similar coupling has been observed earlier by Besombes
et al. in CdTe/ZnTe QDs with a single Mn ion in a QD.11

They found a well-pronounced anticrossing between the
states with a similar total spin of exciton and Mn ion, and
attributed that to the coupling of the dark �Jz=2� and bright
�Jz=1� heavy-hole exciton states via the electron-Mn-ion
part of the interaction Hamiltonian. This coupling corre-
sponds to a simultaneous electron and Mn-ion spin flip,
changing a bright exciton into a dark exciton. A coupling
constant of �0.1 meV has been found in CdTe QDs. In our
experiments well-pronounced coupling has been observed
only in those dots that demonstrate emission from the dark
states already at B=0. Thereby we conclude that the
electron–Mn-ion interaction in our QDs is still insignificant,
and the lowering of QD symmetry is responsible for anti-
crossing of bright and dark states.

The emission spectra in Fig. 2�b� show that an in-plane
magnetic field up to 8 T is still too small to change the
splitting of dark and bright exciton states markedly, but leads
to a well-pronounced increase of the relative intensity of the
dark exciton emission, similar to that in QD1. Moreover,
both Zeeman components of the dark exciton appear in the
emission spectrum of this QD at high B. They have an or-
thogonal linear polarization which is resolved in magnetic
fields above 8 T.

Finally, let us discuss the effect of magnetic fluctuations
on the line broadening. As mentioned above, these fluctua-
tions in DMS QDs result in a large, several meV, half-width
of the exciton emission line at zero magnetic field.7 The sup-
pression of the longitudinal fluctuations of the magnetic mo-
ment in a magnetic field normal to the QD plane leads to the
corresponding monotonic line narrowing. In a magnetic field
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parallel to the QD plane the emission linewidth is controlled
mostly by transverse magnetic fluctuations due to the strong
anisotropy of the hole g factor. The decay of transverse fluc-
tuations with magnetic field is slower than the decay of lon-
gitudinal ones. Thus the narrowing effect is less pronounced
in this case.8

The magnetic field dependence of the full width at half
maximum �FWHM� of X lines in QD1 is displayed in Fig. 6.
It differs qualitatively from that in DMS QDs. The magnetic
field dependence of the linewidth in QDs for B �Oz is a non-
monotonic function of B: it increases at small B, reaches its
maximum at B�2 T, and only then decreases monotonically
with B, similar to the behavior in DMS QDs.8 Such depen-
dence is typical for both QD1 and QD2 and is observed both
for exciton and biexciton emission. The reason for the non-
monotonic magnetic field dependence of the FWHM will be
discussed in Sec. V.

IV. SPIN RELAXATION AND AUGER RECOMBINATION
OF EXCITONS IN CdSe/ZnSe/Zn1−xMnxSe QDs

The spin relaxation in nonmagnetic CdSe QDs is very
slow. In particular, the relaxation from the bright J=1 states
to the lower-lying J=2 ones with spin flip of either electron
or hole has a typical time of 10 ns, which greatly exceeds the
radiative lifetime �r,1 ��300–500 ps�.20,21 As a consequence,
the QDs are characterized by high quantum efficiency from
the bright states. The characteristic time of simultaneous spin
flip of the electron and hole in a QD, providing the scattering
between two bright states, is much shorter, but also exceeds
�r,1.22 That leads to comparable intensities of the �− and �+

components in the emission of QD excitons even at Zeeman
splitting 	=gz�BB
kT.

Figure 2�a� shows that, in the QD with a rather small ��
�0.01� penetration of the exciton wave function into the

DMS barrier, the emission from the ground bright exciton
state, IG,1, remains strong in the whole range of magnetic
fields both parallel and normal to the QD plane, similar to
that in nonmagnetic QDs. Figure 2�c� shows that IG,1
changes only in the QD with ��0.04 �QD3�. IG,1 in this QD
is large only at high magnetic fields normal to the QD plane.
With decreasing magnetic field IG,1 diminishes strongly and
remains weak in the whole range of B parallel to the QD
plane. In contrast, the emission intensity from the upper
bright exciton state, IU,1, decreases strongly in magnetic field
B �Oz and at low excitation density.

The decreased emission from bright exciton states in
CdSe QDs with DMS barriers can have two causes. These
are �i� spin relaxation into the lower states and �ii� Auger
recombination of excitons with excitation of a Mn ion from
the ground 6A1 state to the excited 4T1. The Auger recombi-
nation rate depends strongly on the spin states of both the
exciton and the Mn ion: It is highly effective at low magnetic
fields but becomes forbidden for bright excitons in high mag-
netic fields B �Oz, due to the spin projection conservation
law, when Mn ions are in the ground Sz,Mn=−5/2 spin state.
In this case there remains only one allowed Auger
transition—from the dark Jz= +2 state shown in the scheme
in Fig. 3.9

The decay times of biexciton and bright exciton emission
in QDs with ��0.01 have been determined from the time-
resolved spectra recorded with �25 ps time resolution under
excitation with 1.5 ps pulses. Figure 7 shows the time depen-
dences of intensity of X and XX line at Bz=5 T. As ex-
pected, both XX components corresponding to the transition
from the singlet XX state decay with a common time �XX.
The analysis of temporal dependencies of the intensity gives
the estimate for �XX�140±20 ps. Figure 7 shows as well
that the decay of the total intensity of two exciton compo-
nents can be described by an exponent with �X
�350±100 ps. The values of �XX and �X are very similar to
biexciton and bright exciton lifetimes in nonmagnetic
CdSe/ZnSe QDs of similar size ��X�300–500 ps �Ref.
21��. Therefore one can conclude that the penetration of the
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exciton wave function into the magnetic barrier in these QDs
is sufficient to cause neither marked Auger recombination of
QD excitons with a excitation of Mn ions, nor relaxation to
the lower-lying nonradiative J=2 state.

The measurements of the decay times of �+ and �− exci-
ton components show that the upper, �−, component decays
notably faster than the �+ component. The smaller value of
�X

− indicates a marked spin relaxation from the upper spin
state that is not characteristic for nonmagnetic CdSe/ZnSe
QDs. The direct determination of the spin relaxation time
from time-resolved measurements is obstructed as the pulse
heats the QD. As long as the initial temperature after pulse is
comparable to or exceeds the splitting of bright exciton
states, the dynamics of the population is affected by thermal
excitation from the ground spin state and hence does not
correspond to a pure longitudinal spin relaxation time.

As Auger recombination of bright exciton in QDs with
��0.01 is negligible, the small relative intensity from the
excited component of the bright exciton, IU,1 / IG,1, at high B
should be connected to the effect of Mn ions on the spin
relaxation from the excited Jz=−1 to the ground Jz= +1
state. Neglecting the slow spin relaxation to the dark states,
one can estimate the ratio �s,1 /�X from the ratio IU,1 / IG,1
= �2 exp�−	 /kT�+�s,1 /�X� / �2+�s,1 /�X�. At 	�kT the ratio
IU,1 / IG,1 tends to �s,1 / �2�X+�s,1�. The temperature T depends
on the excitation density. This is illustrated in Fig. 4�a�, dis-
playing exciton emission spectra from QD1 under cw exci-
tation at Bz=6 T �	�1 meV� in a wide range of J
=10–350 W/cm2. The figure shows that the emission from
the Jz=−1 state disappears as J decreases down to
10 W/cm2, when the effective temperature approaches that
of the bath, Tb=1.8 K�	. In this case the ratio IU,1 / IG,1
�0.14, which gives �s,1 /�X�0.32, and hence, �s,1�100 ps.
Such a strong decrease of �s,1 at relatively small �, when the
spin relaxation from J=1 to J=2 states with spin flip of the
electron or hole remains very slow, is quite surprising. The
mechanism is not clear. We attribute this peculiarity to the
effect of statistical fluctuations of the Mn magnetic moment.
Any random change in magnetic moment during the exciton
lifetime alters the exciton wave function, due to sp-d inter-
action, and leads to energy transfer between the exciton and
Mn spin system. This channel appears to be effective for
energy relaxation between Jz= ±1 states with Mn spin sys-
tem as a reservoir.

V. FINE STRUCTURE AND EMISSION LINE
BROADENING OF QD EXCITONS SUBJECTED TO sp-d

EXCHANGE INTERACTION WITH Mn ION SPINS

The effect of the magnetic moment of the Mn ion system,
m, on exciton levels in a neutral low-symmetry �C2v� QD is
considered in detail in the Appendix. The effect of a fixed
magnetic moment is well described in terms of an effective
magnetic field that appears in the expressions for exciton
energies �formula �A13��. Magnetic fluctuations are shown to
lead to an expected statistical broadening of the exciton level
�formula �A19�� and, in addition, to result in a contribution
in the transition energy �formula �A18��. The latter is most
important at small magnetic fields B �Oz and in a wide range
of in-plane magnetic fields.

A. Faraday geometry

The formulas �A18� and �A19� have been used in Figs. 5
and 6 for the description of experimental exciton transition
energies �E	 and their spectral FWHMs, 
8ln2��E2	, ex-
tracted from the emission spectra of QD1 with the smallest
penetration of exciton wave function into the magnetic bar-
rier for different excitation densities and various magnetic
fields. The lines in these figures show the result of simulta-
neous approximation of experimental dependences �E	 and

8ln2��E2	. The values N0=0.26 eV, �N0=−1.11 eV,23

gX=1.56,17,18 Sef f =1.0 �Refs. 24 and 25� are taken from the
literature. In addition, we put �e��h=�, as our previous
studies of exciton emission from charged QDs in the same
CdSe/ZnSe/Zn1−xMnxSe structures have shown a small dif-
ference in the values of �e and �h.26 The values of T+T0,
NMn, �, �1, and w0

2 have been used as adjustable parameters.
The values stated below have been found from an approxi-
mation procedure for QD1: �1�125 � eV, ��0.01, NMn
�50, and the effective temperatures T+T0 are 6.2, 7.3, and
10 K for the three different excitation powers used. The val-
ues of T+T0 are in good agreement with the upper estimates
of T�5.7, 6.4, and 8.8 K from the ratio of the intensities of
two Zeeman components at corresponding excitation densi-
ties. The same fitting procedure enables one to determine
wave function penetrations for QD2 and QD3 �Fig. 5�c��.
These are ��0.03 and ��0.04, respectively.

Figures 5 and 6�a� show that both the transition energies
and their spectral widths with nonmonotonic dependence on
magnetic field are well described in the whole range of mag-
netic fields. To show the effect of e-h exchange interaction in
asymmetric QDs we display with thin lines in Fig. 6�a� the
FWHMs calculated for the set of parameters found from ap-
proximation, but neglecting e-h exchange interaction. The
qualitative difference in the magnetic field dependence of the
linewidth from that in a symmetric QD at low magnetic
fields is connected with the mixing of Jz= +1 and −1 X states
in low-symmetry QDs by the e-h exchange interaction. The
exciton states in low-symmetry QDs have no magnetic mo-
ment in zero external magnetic field. They interact with fluc-
tuating magnetic moment m only due to disturbance of the
balance between the Jz=1 and −1 components in the wave
function induced by these fluctuations. As a result the exci-
ton energies have a quadratic dependence on mz, as shown in
Fig. 6�b�. Figures 6�b� and 6�c� illustrate the effect of mag-
netic fluctuations on broadening of the emission lines of
bright excitons in symmetric QDs with �1=0 and asymmet-
ric ones with �1�0. The same magnetic fluctuations cause
much smaller line broadening in the presence of e-h ex-
change splitting.

A magnetic field B �Oz disturbs the balance between the
contributions in the exciton wave function from the Jz= +1
and Jz=−1 components established by e-h exchange interac-
tion at B=0. This leads to increase of the exciton magnetic
moment and, hence, to growth of the emission line broaden-
ing. The effect of e-h exchange interaction in the QD disap-
pears only when g�bB exceeds the exchange splitting. The
exciton emission linewidth decreases at high B due to sup-
pression of longitudinal magnetic fluctuations of Mn ion spin
system connected with Mn ion spin alignment.7
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Using the values of � and T+T0 found above from the
fitting procedure one can estimate contributions to the effec-
tive g factor according to �A16�. The values are GXz�−7.5,
−9, and −20 for QD1, QD2, and QD3, respectively.

B. Voigt geometry

Let us now consider the magnetic field dependences of
exciton transition energies in the in-plane magnetic field for
QD1, which are qualitatively different from those in the Far-
aday geometry. Figures 2�a� and 5�b� show that the bright
components conserve their linear polarization in the mag-
netic field and demonstrate a very weak change in the en-
ergy. The energies of components of the J=1 doublet in the
in-plane magnetic field are determined by their mixing with
dark states separated by �2 meV. Figures 2�a� and 5�b�
show that the energy of the �y� component is nearly inde-
pendent of B �Oy�. That means that at B�6 T the difference
��ghy�

ef f �−ge
ef f��BB�2 meV. In contrast, the shift to higher en-

ergies of the �x� component determined by the ratio ��ghy�
ef f �

+ge
ef f��BB /	 is well pronounced, which indicates a much

higher coupling of the �x� bright component with the dark
one. This conclusion is supported by the appearance of dark
exciton emission with �x� polarization �line XD� in the spec-
tra at B
2 T. Its intensity grows quadratically with B as is
expected from formula �A8� due to increased admixture of
the J=1 exciton state.

Measurements at B �Ox� have shown that properties of
QD emission are quite similar to those at B �Oy�; namely,
only one dark line appears with growth of the magnetic field
for both directions of B. It has the same polarization along
the Ox� axis. This, according to �A9�, indicates that terms
�j3 in the Hamiltonian �A5� are insignificant and that the
hole properties are determined mostly by elastic stress, as in
charged QDs.26,27

VI. EFFECT OF CARRIERS ON Mn ION SPIN SYSTEM

It has been shown in Sec. IV that even a relatively small
���1–4 % � content of the QD exciton wave function in a
DMS barrier has a strong effect on QD exciton transition
energies, spin relaxation, and Auger recombination. At the
same time, the transition energies are well described in the
approximation that the magnetic moment m of the Mn spin
system is not influenced by the sp-d exchange interaction
with carriers in the QD exciton or, in other words, the relax-
ation rate of the Mn spin system in a relatively weak ex-
change field of QD carriers with small � is markedly smaller
than the exciton decay rate.

To estimate the dynamic magnetic polaron �MP� effect in
the investigated QDs, let us consider the polarization prop-
erties of exciton emission at zero magnetic field. In QDs of
high symmetry �D2d and higher�, the bright exciton state is
twice degenerate with Jz= ±1, and the MP formation is simi-
lar for both of them. The e-h exchange in low-symmetry
QDs causes the splitting of these states and makes them un-
equal. Figure 6�b� shows that only the energy of the lower
exciton level decreases with increase of the effective sp-d
exchange field Bexch,z� �mz�. This makes the formation of a
magnetic polaron possible only for the low-energy X state.

The average energies of bright exciton transitions for ground
and excited states can be written as �EG,1	=E0

−
��1 /2�2+Efl
2 +EMP

2 , �EU,1	=E0+
��1 /2�2+Efl
2 , where E0

is the average energy of a bright doublet, �1 is the e-h ex-
change splitting, Efl is the contribution from the fluctuations
of m, and EMP stands for the MP energy.

The presence of finite Mn magnetization in the moment of
exciton recombination should lead, according to Eq. �A14�,
to a partial conversion from linear to circular polarization
due to disturbance of the balance between the Jz=1 and −1
contributions to the exciton wave function. Both directions
of m along Oz are equiprobable for magnetic fluctuations.
Thereby the magnetic fluctuations and dynamic MP effect
cause a decrease of the linear polarization of exciton compo-
nents but do not result in any circular polarization. The de-
grees of linear polarization �L measured for QD1 at low ex-
citation density in zero magnetic field �Fig. 4�b�� are equal to
50% and 70% for high-energy and low-energy components,
respectively. The larger depolarization of the low-energy
component is connected with its additional depolarization
due to the dynamic MP effect. Note that the difference in �L
for the two components is observed only for the exciton
emission. It disappears completely in the emission of a two-
exciton state when the magnetic fluctuations influence the
exciton energy in the final state of the transition �Fig. 2�a��.

Taking the above values of �L and the X line splitting
	EX= �EU,1	− �EG,1	�250 �eV at B=0, we found �1

�125 �eV, Efl�90 �eV, and EMP�130 �eV. The value of
�1 complies with that found from the experimental depen-
dences of energies and linewidths in Sec V. Note that the
EMP in CdSe/ZnSe/Zn1−xMnxSe QDs with ��1% found
above is too small to influence the exciton transition energies
and the emission linewidths markedly. This justifies the dis-
regard of the MP formation process in the discussion in Sec
V. However, this process results in a well-pronounced effect
in the exciton emission polarization that allows one to use
the polarization measurements for an accurate determination
of spin relaxation in the Mn spin system connected with the
sp-d exchange interaction between the spins of Mn ions and
free carriers in the QD.

VII. SUMMARY

Investigation of the polarized spectra of exciton emission
from low-symmetry CdSe/ZnSe/Zn1−xMnxSe QDs with a
small amount of wave function penetration � into the semi-
magnetic layers has made it possible to resolve the fine struc-
ture of exciton states caused by the e-h exchange interaction.
The penetration of the wave function, �, and the effective
number of Mn ions interacting with the exciton wave func-
tion have been estimated from the magnetic field depen-
dences of the exciton emission energies and linewidths. The
anisotropic e-h exchange interaction in QDs with �
�1–4 % leads to a marked modification of exciton proper-
ties in zero magnetic field; namely, the exciton emission line-
width turns out to be much smaller than it is expected to be
in the absence of e-h interaction. This happens due to the
mixing of Jz= +1 and −1 states, leading to suppression of the
effect of magnetic fluctuation on exciton states. The mag-
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netic fluctuations and Mn spin alignment induced by carriers
in the QD result in a pronounced depolarization of the exci-
ton emission at B=0 which allows one to estimate the spin
relaxation in the Mn ion system. Even a small value of �
�1% leads to considerable acceleration of the relaxation be-
tween bright exciton states Jz= ±1 in a magnetic field B �Oz.
The exciton spin relaxation time was estimated to be less
than 100 ps, while for nonmagnetic CdSe/ZnSe QDs it ex-
ceeds 1 ns.22 On the other hand, the nonradiative Auger re-
combination becomes substantial only when the wave func-
tion penetration � reaches a value of �4%. Finally, our
measurements have shown that relaxation of bright excitons
into dark J=2 states, requiring separate spin flips of electron
or hole, is negligible in the whole range of ��4%.

ACKNOWLEDGMENTS

The authors are thankful to K. V. Kavokin, A. V. Koudi-
nov, E. L. Ivchenko, A. A. Toropov, and P. S. Dorozhkin for
helpful discussions, and S. V. Dubonos for preparation of
samples. The work is supported by RFBR and INTAS grants.

APPENDIX: ENERGIES AND WAVE FUNCTIONS
OF EXCITONS IN QDs SUBJECTED TO sp-d
EXCHANGE INTERACTION WITH Mn IONS

The exciton structure in CdSe/ZnSe/Zn1−xMnxSe QDs
subjected to sp-d exchange interaction with Mn ion spins
without a magnetic polaron is similar to that in nonmagnetic
QDs. The set of basis functions is the exterior product of
twofold-degenerate conduction-band states �e

± with spin sz
= ±1/2 and fourfold-degenerate valence-band hole states
with momentum projection jz= ±1/2, ±3/2. The fine struc-
ture is determined by point symmetry in the QD depending
on both the semiconductor crystal symmetry and the symme-
try of the QD confining potential.3,28 Linear polarization of
the exciton component along a direction close to �110� indi-
cates that the QD potential symmetry is close to C2v. Studies
of charged excitons in QDs in the same samples have shown
that the main contribution to the lowering of the QD poten-
tial symmetry is connected to a lattice strain.26 Taking into
account that fact, the Hamiltonian for exciton states can be
written as

H = Hstress + Hexch + Hmagn, �A1�

where the term caused by elastic stress is

Hstress =
	lh

2
1

4
I − jz

2� +
�	lh


3
�jxjy + jyjx� . �A2�

Here the coordinate system is chosen along the cubic crystal
axes with Oz parallel to the growth direction, ji are the mo-
mentum projection operators of the valence-band hole, and I
stands for the unity operator. The second term in �A2� with
dimensionless quantity ��1, corresponding to the �xy com-
ponent of the elastic stress tensor, alters ground states.26,29 In
the first order by �, they can be written as �hh

+ = �+3/2	
− i� �−1/2	 and �hh

− = �−3/2	+ i� � +1/2	. Heavy-hole exciton
wave functions that are eigen for Hstress can be designated as
�±1	� �hh

± �e
� for bright states and �±2	��hh

± �e
± for dark

states. The mean exciton momentum projections �Jz	 are
equal to ±�1−2�2� for bright and ±�2−2�2� for dark states.

The influence of the e-h exchange interaction is described
by the second term in Eq. �A1�:

Hexch = �a1�jxsx + jysy� + azjzsz + b1�jx
3sx + jy

3sy� + bzjz
3sz�

+ �a2�jxsy + jysx� + b2�jx
3sy + jy

3sx�� , �A3�

where si are the electron spin operators and ai ,bi are ex-
change constants. The first square bracket in �A3� corre-
sponds to exchange interactions in QDs with D2d symmetry,
while the second describes symmetry lowering down to C2v.
The exchange interaction splits excitonic states and leads
also to the admixture of light-hole exciton states into the
heavy-hole ones. The latter is of the order of ��a � + �b � � /	lh

and can be safely neglected at 	lh
10 meV. In this approxi-
mation, the heavy-hole exciton energies and wave functions
can be written as

E1,2 = �0/2 ± �1/2, �1,2 = �� + 1	 ± i�− 1	�/
2,

E3,4 = �0/2 ± �2/2, �3,4 = �� + 2	 � �− 2	�/
2. �A4�

Here the splitting constants are �0=− 3
8 �4az+9bz�, �1

=− 1
2 �3b2+
3�4a1+7b1���, �2= 1

2 �3b1+
3�4a2+7b2���.
Emission from the bright states �1 and �2 is completely

linearly polarized along e�x�= �1/
2��e�x+e�y� and e�y�= �1/
2�
��e�x−e�y� directions, respectively. Optical transition from the
�3 state is forbidden in the dipole approximation, while the
�4 state has a dipole moment along e�z proportional to ��2.

The effect of a magnetic field on exciton energies in non-
magnetic QDs of C2v symmetry is described by the Hamil-
tonian

Hmagn = �Bge�s�,B� � + 2�B �
i=�x�,y�,z�

��i ji + qiji
3�Bi, �A5�

where �B is the Bohr magneton, ge is the electron g factor,
and the constants � and q describe the interaction of the hole
with magnetic field.28

A magnetic field B �Oz �Faraday geometry� does not
lower the QD symmetry and, hence, does not mix bright and
dark states. The coupling with the light-hole states is also
very small, and the Hamiltonian reduces to 2�2 eigenvalue
problems. The solution has the following form:

E1,2 = 1
2 ��0 ± 
�1

2 + �B
2gXz

2 Bz
2� ,

�1,2 = L1,2�� + 1	, �− 1	� ,

E3,4 = 1
2 ��0 ± 
�2

2 + �B
2gXz

2 Bz
2� ,

�3,4 = L3,4�� + 2	, �− 2	� . �A6�

The hole g factor is introduced by the relation ghz= 1
2 �12�z

+27qz�, gXz=ghz−ge, and Li are linear functions with coeffi-
cients depending on external field and splitting constants �i.
The magnetic field Bz changes the linear polarization of the
bright exciton emission into circular polarization and the de-
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gree of linear polarization �L= ��Ix�− Iy�� / �Ix�+ Iy��� decreases
with increasing Bz as

�L = �1
2/
�1

2 + �B
2gXz

2 Bz
2. �A7�

In Voigt geometry, B�Oz lowers the QD symmetry and
mixes dark and bright states. For the magnetic field along the
principal axes of QD symmetry the problem can be treated
analytically. At �0��1 ,�2, the intensity Ii,x��y�� of the dipole
transition for the ith dark state polarized along Ox� �Oy�� can
be written as

I3,x��y�� � �B
2�ghx��y�� ± ge�2Bx��y��

2 �1 ± 2�/
3�
4�0

2 ,

I4,x��y�� � �B
2�ghy��x�� ± ge�2By��x��

2 �1 ± 2�/
3�
4�0

2 , �A8�

where the lower sign corresponds to the index in parenthe-
ses, and the in-plane hole g factor depends on the magnetic
field direction:

ghx� = 
3��4�x� + 7qx�� + 3qx�,

ghy� = 
3��4�y� + 7qy�� − 3qy�. �A9�

The mixing of bright and dark states does not change the
polarization properties of emission of bright X states, but
gives the oscillator strength I�B2, with the polarization of
the admixed bright state, to the dark ones.

The penetration of the exciton wave function into the
DMS barrier leads to an additional sp-d exchange interac-
tion, of electrons �e� and holes �h� with magnetic ions de-
scribed by the Hamiltonians

Hexch
e = �

n
� �� S�n��e�r���2��r� − R� n�d3r� , �A10�

Hexch
h = ��

n
� J�S�n��h�r���2��r� − R� n�d3r� , �A11�

where Sn is the spin operator of magnetic ions with the po-

sition vector R� n, and ���, �i, and r are the electron �hole�
exchange integral, wave function, and position vector, re-
spectively.

In DMS semiconductors, the sp-d exchange interaction
leads to the formation of exciton magnetic polarons due to
alignment of Mn ion spins along the exciton spin. As was
found in Sec. IV, this effect can be neglected in emission
spectra of CdSe/ZnSe/Zn1−xMnxSe QDs with an introduced
ZnSe barrier of �1.75 nm recorded under cw excitation be-
cause of the long exciton magnetic polaron formation time
compared to the exciton lifetime. In this case, the average

Mn ion spin �S�	 is completely determined by the external
magnetic field. As the Mn spin system in a DMS is paramag-

netic, �S�	 is parallel to B� and equal to zero at B=0. However,
the effect of the sp-d exchange interaction on the emission
spectra does not vanish even at B=0 because of statistical
Mn moment fluctuations that manifest themselves mostly in

the spectral width of emission. A magnetic field leads to spin
alignment of Mn spins and, hence, macroscopic magnetiza-

tion M� =−xN0�BgMn�S�	. It can be described by a modified
Brillouin function Br5/2�y�:

M� = xN0Sef f�BgMnBr5/2 �BgMnSB

kb�T + T0��B�

B
, �A12�

where x is the Mn concentration, N0 is the number of cations
per unit volume, and gMn=2 is the g factor of Mn2+.23 The
effective Mn spin Sef f �S=5/2, and the effective tempera-
ture Tef f =T+T0 takes into account the antiferromagnetic in-
teraction between neighboring Mn ion spins.

In the studied structures only part �e�h� of the electron
�hole� wave function penetrates into the DMS barrier, where
it decays exponentially. Thus the effective sp-d interaction
takes place only with a limited quantity NMn=N0Vlocx of Mn
ions in the exciton localization volume Vloc with mean mag-

netic moment �m� 	=VlocM� . The whole process can be viewed
as follows: The electron �hole� in the QD interacts with NMn
ions, but the magnitude of interaction is modified by a factor
�e�h�, because only part �e�h� of the e�h� wave function over-
laps with the manganese ions. The value of Zeeman splitting
is determined by �e�h� only. On the other hand, the linewidths
depend also on NMn, which is determined by the spatial de-
cay rate of the carrier wave functions in the DMS layer.

The effect of m� on electron �hole� states is similar to that
of the magnetic field and can be easily taken into account by
the following terms in the Hamiltonian: ��e /gMn�BVloc�
��s� ,m� �, ���h /3gMn�BVloc��j� ,m� � for the electron and hole,
respectively. These terms have the same structure as the Zee-
man ones in �A5�. The energy and degree of linear polariza-
tion of the bright exciton in Faraday geometry can now be
written as

E1,2 = 1
2 ��0 ± 
�1

2 + ��BgXzBz + Cmz�2� �A13�

�L = �1
2/
�1

2 + ��BgXzBz + Cmz�2, �A14�

where C= ���h−�e�N0x /gMn�BNMn.
In the limit of low magnetic fields, the transi-

tion energies for the bright doublet EX,±1

= 1
2 ��0±
�1

2+�B
2�gXz+GXzf�Bz ,T��2Bz

2� can be described us-
ing the effective g factor

ge�h�
ef f = ge�h� + Ge�h�. �A15�

Here Gi stand for the contribution from the sp-d interaction,

Gez =
7xgMn�eSef f

6kb�T + T0�
, Ghz =

7x�gMn�hSef f

6kb�T + T0�
,

GXz = Ghz − Gez, �A16�

and the function f reflects the dependence of the Mn moment
on magnetic field. This function is chosen so that
limf�Bz ,T��Bz→0=1. At high B �Oz, it decreases as 1/Bz due
to the saturation of M.

The statistical fluctuations of m� at NMn�1 can be treated
thermodynamically, considering m� as a Gaussian random
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quantity. The dispersion of the projection m� parallel to the
external magnetic field can be expressed via dependence of
the average magnetization on B as

��m�
2	 =

d�m�	
dB

kb�T + T0� . �A17�

In Faraday geometry, the exciton energy dependence

E�B� ,m� � on the in-plane magnetic field can be neglected; thus
fluctuations of m� perpendicular to B are also not essential. In
this case, the average transition energy �E	 and its dispersion
�E2	 are equal to

�E	 =� E�Bz,mz���mz,�mz	,��mz
2	�dmz �A18�

��E2	 =� E2�Bz,mz���mz,�mz	,��mz
2	�dmz

− � E�Bz,mz���mz,�mz	,��mz
2	�dmz�2

+ w0
2,

�A19�

where E�Bz ,mz� is given by �A13�, ��mz , �mz	 ,�mz
2� is

the Gaussian distribution of mz with average �mz	
=NMnM / �N0x� and dispersion ��mz

2	, according to �A12� and
�A17�, and w0

2 takes into account all factors causing spectral
broadening other than magnetic fluctuations.
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