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Magnetoluminescence of CdMnSe-ZnSe disk-shaped quantum dots in a magnetic field up to 11 T is mea-
sured in the Faraday and Voigt geometries at liquid He temperatures and various levels of laser excitation.
Within the range of B=0–11 T the intensity of the quantum dot photoluminescence increases strongly �up to
two orders of magnitude� in the Faraday geometry and only slightly ��1.5 times� in the Voigt geometry. To
explain the observed dependence on magnetic field direction the selection rules for the Auger recombination of
excitons with excitation of Mn-ion are revised. The magnetic field dependence of the quantum yield of
quantum dot exciton emission and its anisotropy are shown to appear due to the dependence of Auger recom-
bination of uncharged excitons with excitation of Mn-ion on the spin of both exciton and Mn-ion. The
anisotropy is provided by a quick spin relaxation of photoexcited excitons into the ground state which spin
structure depends on the direction of the magnetic field.
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I. INTRODUCTION

Incorporation of Mn atoms into II-VI semiconductors
modifies their magnetooptical properties. Besides effects re-
lated with the carriers-Mn-ions exchange interaction such as
a giant Faraday rotation and a strong Zeeman shift, it was
found that even a small content of Mn introduced in a II-VI
semiconductor material can strongly suppress photolumines-
cence �PL� if the energy gap Eg exceeds the energy of the
Mn internal transition.

Recent progress in the molecular-beam epitaxy �MBE�
growth of self-assembled quantum dots �QDs� makes it pos-
sible to fabricate semimagnetic semiconductor �also known
as diluted magnetic semiconductor �DMS�� QDs and stimu-
lates their intensive studies.1 Magneto PL studies of DMS
QDs2,3 with Eg�2.1 eV have shown that similar to QW
structures the quantum efficiency of QDs depends strongly
on magnetic field: PL signal increases strongly �more than
one order of magnitude� in the high magnetic field perpen-
dicular to the disk-shaped QD plane. The effect has been
explained by the model of the spin-dependent Auger recom-
bination of exciton with the simultaneous excitation of Mn-
ion from the ground state to the lowest excited one suggested
by Abramishvili et al.4 and developed by Nawrocki et al. 5 In
the framework of this model, the transition of an electron
from the conduction to the valence band occurs without
change of its spin, and the transition is allowed if the total
spin of the combined system of Mn ion+electron conserves.
In particular, no Auger recombination is possible with par-
ticipation of Mn-ions ground state with spin S=5/2 and its
projection Sz= ±5/2 since the excited state has the spin
S=3/2 and �Sz��3/2. The suppression of the Auger recom-
bination in the high magnetic field is explained by the ther-
malization of Mn ions in the lowest state with Sz=5/2. The
model does not take into account the hole orbital moment
and, hence, predicts no dependence of the Auger recombina-
tion probability on the magnetic field direction.

However, recent studies6,7 revealed a strong dependence
of the exciton quantum efficiency in DMS QDs and quantum
wells �QWs� on the direction of magnetic field. In particular,
it was found that the magnetic field parallel to the QW�QD�
plane influences the energy transfer from exciton to Mn-ion
much weaker than that normal to the QW�QD� plane. Falk et
al.6 refused the model from Nawrocki et al.5 and explained
anisotropy observed in QWs in the framework of recombi-
nation of excitons bound to neutral donors or negatively
charged trions. The strong increase in the quantum yield of
the QW emission with magnetic field is explained by the
dissociation of D0X centers in magnetic field when the en-
ergy of electron in spin-excited state in D0X centers ap-
proaches its binding energy. The magneto-optical anisotropy
in the model appears due to dependence of D0X radiative
lifetime on the magnetic field direction expected from the
quantization of the hole spin normal to the QW plane.

In this paper we discuss the QD exciton recombination
with energy transfer to Mn ions in CdMnSe-ZnSe self-
assembled disc-shaped QDs in magnetic fields perpendicular
to the QD plane B �0z �“Faraday” geometry � and parallel to
it B�0z �“Voigt” geometry�. We observe the strong increase
of the QD exciton emission intensity in the Faraday and a
very weak one in the Voigt geometries. As mentioned above
the magnetic field anisotropy is in contradiction with a sim-
plified model of Nawrocki et al.5 The anisotropy cannot be
explained as well within the model including D0X as was
suggested for CdMnSe-ZnSe QWs by Falk et al.6 To de-
scribe the anisotropy in the magnetic field dependence of the
QDs exciton emission we analyzed the selection rules for the
direct energy transfer from excitons with total moment
J=1�“bright” � and 2�“dark”� to Mn ions and found that
these are completely different. The Auger recombination of
the bright exciton is allowed only with the conservation of
Mn ion spin projection Sz that is in accordance with the
suggestion of Nawrocki et al.5 In contrast, the Auger recom-
bination of the dark exciton occurs with changing of the Mn
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ion spin projection �Sz= ±1. The suppression of the Auger
recombination in the Faraday geometry is connected with the
fast relaxation of photoexcited excitons into the lowest bright
exciton state. In the Voigt geometry magnetic field mixes
bright and dark exciton states. It is the admixture of J=2 spin
state that leaves the Auger recombination allowed in this
case. The decrease of the fraction of J=2 states in the lowest
exciton state with B leads to the corresponding increase of
the exciton emission.

The paper is organized as follows: In the next section we
describe the samples and the experimental setup. The experi-
mental results are described in the Sec. III. In Sec. IV we
develop the theory of the Auger process for excitons. Section
V is devoted to the comparison of the experimental results
with the theory.

II. EXPERIMENT

The CdMnSe-ZnSe sample shown in Fig. 1 was grown by
MBE pseudomorphically on a GaAs�001� substrate. A nomi-
nal thickness of the CdMnSe QD layer was 3.2 monolayers.
The Mn content was x=0.07. The sample was immersed in
superfluid He �bath temperature Tbath�1.8 K� in a cryostat
with superconducting magnet. PL was excited with ultravio-
let lines of Ar+-ion laser ��=351–364 nm�. A pulse laser
��=387 nm� with pulse-width �1 ps and repetition rate
76 MHz was used for the detection of Mn PL. The laser light
was focused into the spot �50�50 �m. The PL signal was
dispersed by a monochromator with a 600 gr/mm grating
and detected by a nitrogen cooled CCD camera.

III. MAGNETOLUMINESCENCE OF QD EXCITONS IN
FARADAY AND VOIGT GEOMETRIES

PL spectra of CdMnSe QDs in the Faraday and Voigt
geometries are displayed in Figs. 2�a� and 2�b�, respectively.
The emission originates from the radiative recombination of
excitons localized in multiple CdMnSe QDs.8,9 The maxi-
mum of the PL line in the Faraday geometry exhibits a strong
red Zeeman shift shown in Fig. 3 and a large increase of the
intensity I. This behavior is typical for exciton emission in
DMS QWs and QDs.2,3,6 The ratio I�B� / I�0� increases with
lowering of the excitation power P. At P=0.1 mW it reaches
120 times. In contrast, the increase of PL intensity with mag-
netic field in the Voigt geometry is weak even at low excita-
tion energy. That is shown in Figs. 2�b� and 4.

The internal transitions from T1 to A1 state of Mn ions in
CdMnSe have the energy in the range of 2–2.15 eV.2,3,6,10

PL spectra from our sample under cw excitation show a
broad and very weak band in this range located on a rather
strong background originated from barrier layers. To increase
the relative contribution from Mn-ion emission we used
pump excitation. The spectrum recorded under an excitation
with ps pulsed laser is shown in Fig. 2. It displays an emis-
sion band with a half width of �200 meV. The increase in
the relative intensity of Mn ions under the pulse excitation
compared to cw is connected with the fact the Mn lumines-
cence is characterized by a much longer decay time than the
other channels contributing to the same spectral range. The
behavior of Mn PL is qualitatively similar to that observed in
Ref. 6, namely, its intensity in the Faraday geometry de-
creases markedly already in magnetic fields of 2–4 T. No
quantitative analysis is possible due to a small magnitude of
this band in magnetic field and the strong increase of the
background with B.

To obtain an additional information on the QD exciton
emission we investigated exciton emission polarization. Fig-

FIG. 1. A sketch of the sample under study. Directions of the
magnetic field in “Faraday” and “Voigt” geometries are shown by
arrows.

FIG. 2. PL spectra of the CdMnSe-ZnSe QDs sample at the laser
excitation power 4 mW in the �a� Faraday and �b� Voigt geometries.
PL signal of Mn ions internal transitions recorded under
P�0.8 mW ps laser excitation is shown in the insert.

FIG. 3. The Zeeman shift of the PL signal vs magnetic field in
the Faraday geometry at the laser excitation power P=4 mW. The
solid line is the fit by Eq. �11� with parameters Bex=2.6 T,
Teff�7 K, Emp�17 meV, E0�2.39 eV.
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ure 5 displays the polarization degree of PL in the Faraday
and Voigt geometries. In the Faraday geometry, the PL signal
is strongly circular polarized in the magnetic field higher
than 2.5 T, whereas that in the Voigt geometry is almost not
polarized: The spectra show a weak linear polarization de-
gree Pl= �I�− I�� / �I�+ I�� that does not exceed 0.2 as it is
clear from Fig. 5. Here I� and I� are the intensities of light
polarized parallel and perpendicular to the direction of mag-
netic field. The small polarization degree Pl is the conse-
quence of the substantial heavy-light holes splitting in disk-
shaped QDs due to the strain effect, strong size quantization
and heavy holes spin alignment normal to the QDs plane. A
marked polarization appears only at high fields enough to
markedly mix heavy and light hole states. The latter occurs
when the splitting induced by the magnetic field is compa-
rable with or larger than the splitting of heavy and light hole
states.11

As was discussed in introduction, two models were sug-
gested for an explanation of magnetic field dependence of
exciton emission intensity. These are �i� the suppression of
Auger recombination of excitons in high magnetic field due
to relaxation of Mn ions into the ground state with

Sz=−5/2 from which transitions into excited states T1 with
S=3/2 demanding change of Sz are forbidden5 and �ii� the
dissociation of D0X centers whose Auger recombination is
allowed. The dissociation occurs at magnetic fields when the
energy �Ee of a D0X electron in the excited spin state
�z=1/2 approaches its binding energy EBE.6 The first model
does not explain the magneto-optical anisotropy of the en-
ergy transfer from excitons to Mn ions observed when the
magnetic field is switched from the Faraday to Voigt geom-
etry. To test the validity of the second model for description
of our experimental results we analyzed the dependence
I�B�. The D0X dissociation is to be proportional to
exp��EBE−�Ee�B�� /kBT�, kB is the Boltzmann constant, and
T is the temperature. Due to a very low temperature T
=1.8 K the effective dissociation of D0X centers is expected
in narrow range of magnetic fields providing as small change
in �Ee as 2–3kBTeff�2 meV, where Teff=T+T0, appears
due to the use of modified Brillouin function.10 It is seen in
Fig. 2 that the strong variation of emission intensity is ob-
served in the whole range of B where the change of �Ee
exceeds 6 meV. A random distribution of the donors among
QDs also decreases the probability of the Auger process with
D0X centers.6 Thus, we have to exclude the explanation of
the magnetic field dependence of exciton emission by the
model of bound excitons.

IV. SELECTION RULES FOR AN ENERGY TRANSFER
FROM A QD ELECTRON-HOLE PAIR TO MN

IONS

An effect of an external magnetic field on a QD electron
and Mn ion spins does not depend on the magnetic field
direction. Thereby it is natural to suggest that the difference
in the QD emission intensity at various directions of the
magnetic field is related with the hole spin behavior.

The mechanism of spin-dependent electron-hole recombi-
nation through Mn2+ states was proposed for the first time in
the paper of Abramihvili et al.4 According to it, the nonradi-
ative recombination of excitons in DMS structures can be
accompanied with simultaneous excitation of Mn ions.

This idea was applied by Nawrocki et al.5 for the expla-
nation of the experimental results on magnetophotoconduc-
tivity in a bulk CdMnS crystal. They considered the transi-
tion of a single photocreated conduction electron to the
valence band with simultaneous excitation of the Mn ion
from the ground state 6A1 �total spin S=5/2� to the first
excited state 4T1 �S=3/2� located about 2 eV above via the
direct Coulomb interaction. The selection rules were deduced
neglecting the orbital moment of electrons in valence band
and Mn ones. According to the model the total spin of Mn
ion+electron and its projection conserve during the Auger
recombination, while the angular moment of Mn and hole
states are out of consideration. Besides this, the exciton ef-
fect was also omitted and Auger transitions with electron
spin-flip were not considered.

The selection rules obtained by Nawrocki et al. were used
for the explanation of the strong increase of the exciton PL
intensity with B in DMS QDs.2 A good agreement with ex-
perimental data was found serious simplifications inside the

FIG. 4. PL intensity I�B� / I�0� vs magnetic field in Faraday and
Voigt geometries at various laser excitation powers. The solid lines
show the results of the fitting with the use of Eq. �7�. The best fit
was found at T�2.4 K for the P=0.1 mW and at T�6.5 K
for the P=4 mW curves. Parameters NA	0W1,−3/2=7.2�107 and
NA	0W1,−1/2=1�107 are the same for both curves.

FIG. 5. Polarization degree of the PL signal vs magnetic field in
the Faraday and Voigt geometries. The excitation power
P�2 mW.
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model5 indicated above. Electron and hole spin states in
DMS QDs become completely polarized in the relatively low
magnetic field �1 to 2 T due to the giant Zeeman splitting.
Further increase of the magnetic field polarizes Mn ion states
as well. At the condition of thermoequilibruim, the initially
equal population of the Mn states changes exponentially with
the magnetic field 
exp�−gMn�B�Sz+5/2� /kBT�. The sup-
pression of Auger recombination in the magnetic field and
strong increase of the PL intensity is explained by the expo-
nential depopulation of Mn ion lowest state 6A1 with
�Sz��3/2.

This model, however, fails to explain the weak change of
I�B� in the Voigt geometry. Indeed, in a high magnetic field
both Mn ion and electron spins are fully polarized and di-
rected along the magnetic field. Hence, there should be no
difference between the Faraday and Voigt geometries.

To explain the appearing difference one has to take into
account the orbital moment of d-shell and valence band elec-
trons as well as the spin-orbit interaction. The ground multi-
electron state of the Mn2+ d-shell in the tetrahedral crystal
field Td is 6A1 with the total spin S=5/2 and the total mo-
ment L=0. The nearest excited state 4T1 �S=3/2� is a triplet
originating from 9�4 times degenerate 4G�L=4� atomic
level split into 4 multiplets in the crystal field. The next
excited state is the triplet 4T2 located �2 eV above. The
spin-orbit interaction splits 4T1, 4T2, and 6A1 states into ap-
propriate sets of �6, �7, and �8 states. However, the spin-
orbit splitting is very small ��200 �eV� and can be omitted.

We are interested in the transitions between the states of
the combined system of the Mn2+ ion+exciton localized in a
disk-shaped single QD of D2d or lower symmetry caused by
the Coulomb interaction between them. This process is sche-
matically shown in Fig. 6. Although this transition is
phonon-assisted the selection rules are determined mainly by
the resonant process. We consider an ideal single QD with

nondegenerate valence band and the characteristic lateral di-
mension d comparable with the exciton Bohr radius.

The wave functions of d-electrons located on a Mn ion in
CdSe have Td symmetry. As the diameter of Mn ion
aMn�1.8 Å is substantially smaller than characteristic QD
size, one can neglect the splitting of the 4T1 triplet due to the
symmetry reduction. We want to stress ones attention on the
fact that the orbital moment and spin are not “good” quan-
tum numbers in the combined system due to the strong spin-
orbit interaction in the valence band and quenching of the
atomic orbital moment in the crystal field.

The Hamiltonian of the combined system at zero mag-
netic field is

Ĥ = ĤMn + Ĥc + V̂in, �1�

where ĤMn= Ĥ0+	i
5U�Ri� is the Hamiltonian of the d-shell

in the strong Td crystal field, Ĥ0 is the Hamiltonian of the
d-shell of a free Mn ion, U�Ri� is the periodic part of the

crystal potential; Ĥc is the Hamiltonian of the QD multielec-
tron system which eigenstates are the Hartree-Fock states
constructed from the solutions of effective mass equations
for electrons in the QD. The last term in the Hamiltonian

V̂in=	 j	i
5e2 /
0�Ri−r j� describes interaction between d-shell

and QD’s electrons which can be treated as a perturbation for
both parts of the combined system. The coordinates of the
QDs and Mn electrons are r j and Ri, respectively, 
0 is the
static dielectric constant of the media.

We will work within the framework of the strong crystal
field approximation12–14 undermining that the crystal field
	i

5U�Ri� is stronger than the mutual interaction of 3d5 elec-

trons given by Ĥ0. Then, the d shell wave functions are

eigenstates of ĤMn, whereas exciton ones are eigenstates of

Ĥc.
In a relatively strong magnetic field in the Faraday geom-

etry the initial and final states are nondegenerate and charac-
terized, respectively, by Mn-ion spin and exciton moment
projections Sz and Jz on 0z. The appropriate wave functions
are merely products of the exciton and d-shell states.

The matrix element of the Auger transition between the
Mn-ion+exciton initial state �Sz ,Jz� and excited final state
�Sz�� is:

M0i�Jz,Sz;Sz�� = 
T1i�Sz���0�V̂in�A1�Sz��ex
Jz ,� �2�

In the ground state of QD, �0, the valence band is filled
while the conduction band is empty. The lowest excited state
of the QD, heavy hole exciton, is an e-h pair localized within
the QD where the electron and the heavy hole occupy the
lowest quantization levels.15 The wave function of exciton is
�ex

Jz =cc�z

+ cvjz
�0�, where cc�z

+ ,cvjz
are creation and annihilation

operators of a QD conduction or valence band electrons, re-
spectively, �z , jz are projections of spin and orbital moment
of conduction or valence electrons, Jz=�z+ jz is the exciton
moment projection. In the vacuum state �0� the valence band
is completely filled, while the conduction band and d-shell
states of the Mn ion are empty.

FIG. 6. Schematic picture of the Auger transitions between ini-
tial and final states of the combined system with the lowest in the
magnetic field B �0z �a� “bright” and �b� “dark” exciton states. Vin is
the interaction operator �see. Eq. �2��. Allowed Auger transitions are
shown by arrows.
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The spatial parts of electron wave functions in the con-
duction and valence bands of the disk-shaped QD are of the
form:

�v,c�r� =
1

�V
wc,v�r�gc,v�r�,z� �3�

where r�=xex+yey is the in-plane part of r, wc,v�r� are pe-
riodic parts of appropriate Bloch functions, gc,v�r� ,z� are
envelope functions and V is the integration volume.

In the strong crystal field approximation S and Sz remain
to be characteristics of Mn ion states whereas L and Lz do not
any more. These quantum numbers have to be replaced by
filling numbers of appropriate one-electron states
��� , ��� , ����u� , �v� which one-electron wave functions belong-
ing to T2 and E representations of Td symmetry group12–14

are presented in Appendix A.
Particularly, the wave function of the A1�−5/2� state of

Mn ion in the strong crystal field approximation is
−a�↓

+ a�↓
+ a�↓

+ au↓
+ av↓

+ �0�, where a�↓
+ ,a�↓

+ ,a�↓
+ ,au↓

+ ,av↓
+ are creation

operators of appropriate one-electron states.13,14 Arrows ↑
and ↓ denote the spin states with projections 1/2 and −1/2,
respectively. The other states A1�Sz� with Sz�−5/2, can be

found by applying the spin step-up operator Ŝ+= Ŝx+ iŜy to
the A1�−5/2� wave function. For instance,

A1�− 3/2� = Ŝ+A1�− 5/2�

= − 1/�5�a�↑
+ a�↓

+ a�↓
+ au↓

+ av↓
+ + a�↓

+ a�↑
+ a�↓

+ au↓
+ av↓

+

+ a�↓
+ a�↓

+ a�↑
+ au↓

+ av↓
+ + a�↓

+ a�↓
+ a�↓

+ au↑
+ av↓

+

+ a�↓
+ a�↓

+ a�↓
+ au↓

+ av↑
+ ��0� .

The interaction V̂in splits the final state �T1�Sz���0� into the
states of a lower, D2d, symmetry. The splitting is very small
and will be omitted.

Since any combinations of d-electron wave functions are
even the odd part originates from the admixture of a fraction
of 4p state ��3d5�=�0�3d5�+���3d44p�, where ��1.12,14

The wave functions of the T1 triplet in the explicit form are
given in Appendix A.

The states of the combined system �A1�Sz��ex
Jz �

=CA1�Sz�
+ cc�z

+ cvjz
�0�, �T1i�Sz���0�=C

T1i�Sz��
+ �0�. Here

CA1�Sz�
+ ,C

T1i�Sz��
+

are creation operators of A1�Sz� ,T1i�Sz�� states

�see Appendix A�.
The part of interaction operator responsible for

the Auger recombination of excitons is V̂in�
=	�z,�z�,jz

	���
5 �V�c�va��z

+ cc�z�
+ a��z

cvjz
+V�cv�a��z

+ cc�z�
+ cvjz

a��z
�,

where a��z

+ ,a��z
are creation and annihilation operators of the

d-shell electrons. The pairs of operators cc�z,vjz
+ , cc�z,vjz

and

a��z
, a

��z�
+ possess ordinary commutational relations. Matrix

elements V�c�v=
��
* �r1��c

*�r2�V�r1−r2����r1��v�r2�dr1dr2,
where V�r1−r2�=e2 /
0�r1−r2�, ���r� and �l�r� are one-
electron wave functions of d-shell and QD electrons, respec-
tively.

The wave functions of electrons are not orthogonal to
those of the d-electrons, which means that the anticommuta-
tor �a�

+cc,v�+= 
�� ��c,v�16 The overlap integrals are small

�� ��c,v���aMn

3 /Vex�1/2�1, where Vex is the volume of the
exciton. Hence, the contribution of nonorthogonality into the
matrix element given by Eq. �2� is negligible.

Using the above wave functions one can find matrix ele-
ments of transitions �A1�Sz��ex

1 �→ �T1i�Sz���0�. The lowest
state of the system in the magnetic field is �A1�−5/2��ex

1 �,
the next one is �A1�−3/2��ex

1 �. Let us first calculate the ma-
trix element of the process �A1�−3/2��ex

1 �→ �T1i�−3/2��0�,
where i=x ,y ,z denotes T1 triplet states which transforms as
x ,y ,z, respectively, under operations of the Td group.

The matrix elements M0i�1,−5/2 ,−3/2� of the transition
from the lowest state into T1x,y�−3/2� ones are determined by
the expression

�
1

2

��r1�↑�v�r2�↓�V�r1 − r2��v�r1�↑�c�r2�↓�

+
�3

2

��r1�↑�v�r2�↓�V�r1 − r2��u�r1�↑�c�r2�↓� , �4�

where �=� ,� for i=x ,y, respectively. The upper sign corre-
sponds to i=x, whereas the lower to i=y.

The matrix element for the transition into 4T1z�−3/2� state
is

1
2 
��r1�↑�v�r2�↓�V�r1 − r2��v�r1�↑�c�r2�↓� , �5�

These matrix elements show that it is the direct interac-
tion which is responsible for the allowed Auger transitions
involving bright excitons whereas the exchange interaction
results in the allowed transitions with participation of dark
excitons.

The matrix elements given by Eqs. �4� and �5� can be
interpreted as a recombination of an e-h pair with simulta-
neous excitation of one d-electron from e to t2 level via the
direct Coulomb interaction.17

The matrix elements allows us to determine the selection
rules for the Auger process. Thus, for the bright exciton the
transitions are allowed when Sz�=Sz which coincides with
those found in Ref. 5. Consequently, transitions involving the
bright exciton and the lowest Mn Zeeman level
��A1�−5/2��ex

1 �→ �T1i�Sz���0�� are forbidden, while transi-
tions from the next level ��A1�−3/2��ex

1 �→ �T1i�−3/2��0��
are allowed. In general, for the dark exciton with Jz= ±2
Auger transitions are allowed when Sz�=Sz±1, respectively. It
means that unlike the bright exciton the transition for
A1�−5/2�+ dark exciton is allowed.

Thus, the increase of the PL intensity with the magnetic
field in the Faraday geometry is the result of the fast relax-
ation of dark excitons into the lowest bright exciton state and
depopulation of the upper exciton states. The inclined mag-
netic field mixes bright and dark exciton states. It is the
admixture of J=2 state to the ground J=1 state which is the
main reason of the short Auger recombination time observed
in the Voigt geometry.

The dependance of matrix elements of Auger transitions
spin polarized exciton and Mn ion states in the Faraday ge-
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ometry allows one to find matrix elements in the Voigt ge-
ometry since the exciton states in this case are superposition
of various J, Jz states.

The selection rules obtained for QDs are also valid for
QWs as it is shown in Appendix B.

V. COMPARISON WITH THE EXPERIMENT

Magnetic field B �0z quickly depopulates excited QD’s
exciton spin states.

In the case of relatively slow Auger process, the lifetime
of the lowest Jz=1 state can be written as

1

	
=

1

	A
+

1

	0
, �6�

where 	0 and 	A are the times of radiative and nonradiative
recombinations of the exciton, respectively.

The exciton PL intensity in the Faraday geometry is de-
scribed as2

I�B�
I�0�

=
const

1 + �	0/	A�
�7�

The effective time of nonradiative recombination depends
on B as

1/	A = NA 	
Jz,Sz

WJz,Sz
pex

Jz �B�pMn
Sz �B� �8�

where the probabilities of Auger transition from the ground
�Jz=1,Sz=−5/2� into the final �Sz�= ±3/2 , ±1/2� state
WJz,Sz


 �	iM0i�Jz ,−5/2 ,Sz��2 since the splitting of T1i states
in the magnetic field is negligibly small. Here pex

Jz �B�, pMn
Sz �B�

are occupation probabilities of the appropriate exciton states
and Mn ground state, NA=xN0Veff is the number of Mn ions
within the effective volume Veff. The probability of an arbi-
trary Mn ion to occupy the energy levels A1�Sz� is

pMn
Sz =

1

QMn
e−�Sz, �9�

where

QMn =
sinh�3��
sinh��/2�

, � =
gMn�BB

kT
.

The probability pex
Jz can be expressed as:

pex
Jz �B� =

1

Qex
exp�− �EZ�Jz�

kT
�

Qex = 	
Jz

pex
Jz �10�

where �EZ�Jz�= �EZ�Jz�−E0� is the absolute value of the ex-
citon line shift, E0 is the line position at B=0. The value of
�EZ�Jz� can be found from the transient shift of the exciton
line in PL spectra presented in Fig. 3.

So far we have considered a single Mn ion interacting
with a single QD. In reality, every exciton interacts with N
=xeffN0Veff Mn ions, localized within some effective volume

Veff compatible with the volume of the exciton and the Auger
transition rate depends on N. Here N0 is the number of cat-
ions per unit sell, xeff is the effective Mn mole content. In the
latter case the PL shift is well described by the expression:8,9

EZ�Jz� − E0 = − BexM�B,Teff�Veff, �11�

where Bex=Bex
h +Bex

e is the effective exchange field
describing the exchange interaction with Mn ions localized
within Veff, Bex

e =��z / �2Veff�, Bex
h =−�jz / �3Veff� are

electron and hole exchange fields, � ,� are electron
and hole exchange parameters, respectively; M�B ,Teff�
=−5/2xeffN0Br5/2�5gMn�BB /2kTeff�B /B is the magnetiza-
tion. Teff=T+T0, the temperature T0 appears due to the anti-
ferromagnetic interaction between Mn ions.10 The exchange
interaction between the exciton and Mn ions at helium tem-
peratures leads to the formation of exciton magnetic
polaron.8,9 The formula �11� is valid in this case if one
changes B to B�=B+Bex. In the inhomogeneous ensemble,
CdMnSe QDs differ in their dimensions, local Mn content
and strain distribution. These factors lead to a broad line
usually observed in PL spectra �see Fig. 2�. Due to the strong
anisotropy of the disk-shaped QDs and relatively large lateral
sizes we can describe them as a quantum wells with broken
translational symmetry. Thus, the hole Hamiltonian of the
semimagnetic quantum disk is equal to

�
Ehh + 3G 0 0 0

0 Elh + G 0 0

0 0 Elh − G 0

0 0 0 Ehh − 3G
� �12�

in the �j , jz� basis.6,11 Here G=1/3Bex
h M�B ,Teff�.

In QDs with a lateral dimensions d of 10–20 nm the k
uncertainty �k�1/d�106 cm−1 and the influence of the lat-
eral dimensional quantization is negligible.

In the Faraday geometry the magnetic field does not mix
the basis states and the Zeeman splitting does not depend on
Ehh and Elh. Thus, I�B� of the QDs ensemble is described
well by the expression �7�.

The fit of the spectral shift of the maximum of PL signal
with formula �11� is presented Fig. 3. Four free parameters
Teff, E0, Bex, Emp=−BexM�Bex ,Teff�Veff were used to find the
best fit.8,9 The parameter Emp has the meaning of exciton
magnetic polaron binding energy at zero field.8

Due to a rather quick spin relaxation of excitons in DMS
structures the most excitons relax into the lowest state at the
magnetic field B�1 T.8 Thus, we can set pex

1 �B�=1 and zero
for the others. If we leave only two terms in the Eq. �10�
corresponding to the transitions from Sz=−3/2 and −1/2 lev-
els of A1 then 1/	A�NAW1,−3/2pMn

−3/2+NAW1,−1/2pMn
−1/2.

Figure 4 demonstrates good fit of the experimentally ob-
served increase of PL in the Faraday geometry and the cal-
culated ones obtained from Eq. �7�. Three adjustable param-
eters T, NA	0W1,−3/2 and NA	0W1,−1/2 are used to fit the
experimental data. The last two parameters are chosen to be
the same for both curves.

In the Voigt geometry the hole Hamiltonian in the mag-
netic field B �0x is block-diagonalized in the basis
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�1/�2��3/2,3/2� − �3/2,− 3/2��,1/�2��3/2,1/2� − 3/2,

− 1/2��,1/�2��3/2,3/2� + �3/2,− 3/2��,1/�2��3/2,1/2�

+ 3/2,− 1/2�

�
Ehh �3G 0 0

�3G Elh − G 0 0

0 0 Elh + G �3G

0 0 �3G Ehh

�
The wave function of the lowest energy state is �v

=�hh /�2��3/2 ,3 /2�− �3/2 ,−3/2��+�lh /�2��3/2 ,1 /2�− �3/2 ,
−1/2��, where coefficients �hh=−�3G /��Ehh−E�2+3G2,
�lh= �Ehh−E� /��Ehh−E�2+3G2, E=1/2�Ehh+Elh+2G�
+�1/4�Ehh−Elh−2G�2+3G2.

As was mentioned above, polarization measurements in
the Voigt geometry showed that the linear polarization of QD
emission does not exceed 20% at 11 T. That means that the
magnetic field of 11 T is not enough to change the direction
of the hole spin in the investigated QDs because the splitting
of light and heavy holes in highly strained and thin QDs is
markedly higher than the splitting induced by the magnetic
field. The main effect of the magnetic field parallel to the QD
plane is the mixing of bright and dark exciton states. Indeed,
the lowest conduction electron states in the magnetic field is
a combination of �±1/2� states and, hence, the lowest exci-
ton state consist of a mixture of bright and dark excitons with
Jz= ±1,2. The admixture of dark J=2 component to the
ground exciton state provides an enhanced Auger recombi-
nation in the Voigt geometry.

Thus, the increase of I�B� in the Faraday geometry is
determined by the splitting of Mn spin states, whereas in the
Voigt geometry it is connected mainly with the decrease of
part of the J=2 component with B. The strong dependence of
the light-heavy hole splitting on QD thickness results in a
strong dispersion of Auger recombination rate of QD en-
semble in the Voigt geometry and does not allow any quan-
titative fit. The latter will be possible in the case of a single
QD emission investigations.

VI. CONCLUSIONS

PL from the sample containing MBE grown CdMnSe
-ZnSe QDs was measured in the magnetic field up to 11 T
perpendicular and parallel to the growth plane at liquid He
temperatures.

The strong, about two orders of magnitude, increase of
the QD PL intensity in the Faraday geometry and a much
weaker, less than two times, in the Voigt one was observed.
The magnetic field anisotropy in the quantum yield required
a revision of suggested earlier selection rules5 for Auger re-
combination of QD excitons with excitation of Mn-ions from
the ground to excited states allowing the only transitions
without change of Mn ion spin projection Sz �5�. The revised
selection rules were obtained taking into account the spin
structure of both exciton and Mn states. It was found that in
the Faraday geometry, the exciton Auger recombination with

change of Sz is forbidden only for bright excitons. In con-
trast, the Auger recombination of dark excitons is forbidden
for transitions with �Sz=0 and allowed for those with �Sz
= ±1. The suppression of Auger recombination in high mag-
netic fields occurs due to the fast spin relaxation of excitons
into the ground bright state. In the Voigt geometry, the mag-
netic field mixes bright and dark exciton states. It is this
mixture that provides the observed fast Auger recombination
in magnetic fields parallel to the QD plane. The suggested
model fits well to the experimental data in the Faraday ge-
ometry and explains the observed dependence of quantum
yield of the QD exciton emission on magnetic field direction.
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APPENDIX A: WAVE-FUNCTIONS OF MN ION STATE T1

Using the methods developed in Refs. 12 and 13 and re-
sults of paper 14 T1�−3/2��t2

4e� wave-functions can be ex-
pressed as follows:

�T1x�− 3/2�� = �−
1

2
a�↓

+ a�↑
+ a�↓

+ a�↓
+ au↓

+ +
�3

2
a�↓

+ a�↑
+ a�↓

+ a�↓
+ av↓

+ ��0�

�A1�

�T1y�− 3/2�� = �1

2
a�↓

+ a�↑
+ a�↓

+ a�↓
+ au↓

+ +
�3

2
a�↓

+ a�↑
+ a�↓

+ a�↓
+ av↓

+ ��0�

�A2�

�T1z�− 3/2�� = �a�↓
+ a�↓

+ a�↑
+ a�↓

+ au↓
+ ��0� �A3�

where

au
+�0� = 
r�dz2� = R3d�r�� 5

4�
�1/2�3z2 − r2

2r2 � ,

av
+�0� = 
r�dx2−y2� = R3d�r�� 15

4�
�1/2� x2 − y2

2r2 �
belongs to e representation of Td point group, whereas

a�
+�0� = 
r�dyz� − �
r�px� ,

a�
+�0� = 
r�dzx� − �
r�py� ,

a�
+�0� = 
r�dxy� − �
r�pz� ,

belong to t2 representation. Here 
r �dyz�=R3d�r�
��15/4��1/2�yz /r2�, 
r �dzx�=R3d�r��15/4��1/2�zx /r2�,

r �dxy�=R3d�r��15/4��1/2�xy /r2�, 
r � px�=
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−iR4p�3/4��1/2�x /r�, 
r � py�=−iR4p�r��3/4��1/2�y /r�, 
r � pz�
=−iR4p�3/4��1/2�z /r�; R3d�r� and R4p�r� are the spatial parts
of atomic 3d and 4p-electron wave-functions. The coefficient
�= 
3ddxy

�Vodd�4pz� / �E4p
0 −E3d

0 ��1/10, where E3d
0 , E4p

0 are
the energies of p and d-orbitals, Vodd
xyz is the odd parity
part of the crystal field potential.12,13

The Mn d-shell states can be presented in the form �T1i�
=CT1i

+ �0�, �A1�=CA1

+ �0�, where CT1i

+ , CA1

+ have the meaning of
creation operators of d5 shell states and are given by the
expressions in the brackets in Eqs. �A1�–�A3�.

APPENDIX B: MATRIX ELEMENTS OF THE AUGER
TRANSITION IN QW

The wave function of a QW exciton with Jz is

�ex
Jz �K� = 	

kc,kv

A�kc,kv�cckc�z

+ cvkvjz
�0� ,

where kc,v are the in-plane quasi-moments of electrons in
conduction and valence bands, K=kc−kv.

	
kc,kv

A�kc,kv�ei�kcr1+kvr2� = F�r1 − r2� ,

where F�r1−r2� is the exciton envelope function.
In a narrow QW the valence band is not degenerate and

the dispersion low is parabolic at small kv. The wave func-
tions of conduction and valence electrons are as follows:

�ck�z,vkvjz
�r� = cck�z

+ cvkvjz
�0� = wc,v�r�gc,v�z�

1
�S

eikc,v·r�,

where the in-plane vector r�=xex+yey. These wave func-
tions are not orthogonal to the d-electron ones. The overlap
integral between them, however, is small and can be omitted.
The matrix element of the Auger transition involving A1�
−3/2� state into the T1x�−3/2� state via the direct Coulomb
interaction is

F�0��−
1

2

e−iK·r2��r1�↑�v�r2�↓�V�1,2��v�r1�↑�c�r2�↓� +

�3

2

e−iK·r2��r1�↑�v�r2�↓�V�1,2��u�r1�↑�c�r2�↓��

Considering the transitions involving the dark exciton Jz=2 into the T1x�−3/2� state we obtain:

− �−
1

2

F�r�e−iK·R��r2�↑�v�r1�↓�V�1,2��v�r1�↓�c�r2�↑� +

�3

2

F�r�e−iK·R��r2�↑�v�r1�↓�V�1,2��u�r1�↓�c�r2�↑�� ,

where R= �mcr1+mvr2� / �mc+mv�, r=r1−r2.
The matrix elements of the transitions into T1y�−3/2� and T1z�−3/2� states can be found in the same manner. One can find

that the spin selection rules remain to be the same as in the QD case. For instance, transitions from the state �A1�
−5/2����ex

1 � are forbidden.
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