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Evidence for Mn?" fine structure in CdMnSe/ZnSe quantum dots
caused by their low dimensionality
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The axial fine structure with strong positive zero-field splitting for Mn* ions in CdMnSe/ZnSe quantum
dots caused by their low dimensionality was revealed. Magnetic resonance was measured as a variation of
photoluminescence intensity. In spite of isotropic g factor of Mn2* ions, the anisotropic behavior of the center
of gravity of the resonance has been observed because of the high Boltzmann factor at 35 GHz and 2 K.

PACS: 75.50.Pp, 75.75.+a, 78.67.Hc

The most extensively studied semimagnetic semicon-
ductors are II-VI compounds in which a fraction of the
group II sublattice is replaced at random by Mn [1].
The exciting recent developments in the field of semi-
magnetic II-VI semiconductors, presenting an entirely
new physics, is the preparation of low-dimensional struc-
tures: quantum wells, superlattices (SL’s) and quantum
dots (QD’s).

The zinc blende and wurtzite crystal structures are
both formed with tetragonal sp® bonding, involving the
two valence s electrons of the group II element and the
six valence p electrons of the group VI elements. The
ease with which Mn atoms substitute for the group II
elements in these structures results from the fact that
the free Mn atom has the 3d®4s? configuration with va-
lence electrons corresponding to 4s% orbital and the 3d
orbitals of Mn are exactly half-filled. By Hund’s rule
all five 3d spins are parallel, and it would require con-
siderable energy to add an electron with opposite spin
to the Mn atom. In this sense the 3d° orbit acts as a
complete shell (like 3d'° or 4d'° shells in Zn or Cd), and
the Mn atom is thus more likely to resemble a group
I element in its behavior. Mn contributes its 4s* elec-
trons to the sp® bonding, and can therefore substitution-
ally replace the group II elements in tetrahedral struc-
tures. The ground state ¢S (S=5/2, L=0) is spheri-
cally symmetrical and orbitally nondegenerate, and in
the crystal field notation is labelled as 6 4;. The lowest-
energy excited level for a free Mn atom is the nine-
fold degenerate *G state (S=3/2, L=4) which is split
into four levels with the lowest *T} state. Transitions
between the ground state and any of excited states in
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the free Mn atom are forbidden by the S=0 and par-
ity selection rules. However, for Mn?t ions in the II-
VI matrix the selection rules are relaxed and, as a re-
sult, the transition from the 64, level to the lowest
excited T} state becomes possible (it corresponds to
~ 2.2 eV).

Incorporation of Mn atoms into II-VI semiconductors
modifies their optical and magnetic properties due to the
exchange interaction of the localized Mn2?* magnetic mo-
ment of the 3d® electrons with band sp electrons. The
sp — d exchange interaction influences physical phenom-
ena which involve electrons in the conduction and va-
lence bands, e.g., the giant Zeeman splitting of both the
conducting and valence bands [2—4]. Electron paramag-
netic resonance (EPR) is a method of choice for the study
of transition ions [5]. However, direct measurements of
EPR in nanostructures are difficult because of the small
total number of spins, therefore optically detected mag-
netic resonance (ODMR) is much better suited for the
measurements in such systems [6].

In this letter the EPR spectra of the individual Mn2+
ions in CdMnSe/ZnSe QD’s are investigated by ODMR
method. It will be shown that the axial fine structure
with strong positive zero-field splitting is observed for
Mn?2t ions which is caused by the QD’s low dimension-
ality.

The structures under investigation were grown by
molecular-beam epitaxy as pseudomorphic relative to
the (001) GaAs buffer layer and consisted of an upper
and a lower 30 nm thick ZnSe barrier layers. They sur-
rounded a CdMnSe insertion whose nominal thickness
was 2.1 monolayers. The Mn content was x = 0.07. The
Cd;_Mn,Se/ZnSe self assembled quantum dots had a
pancake shape with a lateral size (< 10nm) much ex-
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ceeding their height. Details of the sample growth may
be found in [7, 8].

ODMR was investigated with the 35 GHz (Q-band)
ODMR spectrometer operating at 1.6-2 K and providing
the magnetic field up to 4.5 T. The maximum microwave
power in the cavity was 500 mW. The sample could be
rotated around the vertical axis of the microwave cavity.
Photoluminescence (PL) was excited far above the band
gap with the He-Cd laser and detected using a grating
monochromator and a photomultiplier tube. ODMR was
detected by monitoring the intensity or circular polar-
ization of luminescence.

The PL originates from the recombination of exci-
tons localized in CdMnSe/ZnSe QD’s and is therefore
subjected to quantum confinement effects. The inten-
sity of the emission strongly depends on magnetic field
and temperature. At liquid He temperatures a large
increase of the integrated PL intensity with magnetic
field was observed following a shift of PL maximum
[7,8]. The energy of excitons in QD’s varies because
of sp-d interaction and finally depends on the thermal
average value of the Mn?* spin (S,) in the direction
of the magnetic field z, i.e., on the Mn spin tempera-
ture. The PL is extremely sensitive to the polarization
of the Mn?* ions. The increase of PL intensity with
magnetic field was explained to be evoked by a suppres-
sion of the non-radiative spin-dependent Auger process
in individual Mn?* ion [7,9,10]. The strong increase
of the QD PL intensity is observed only in the Faraday
geometry, much weaker one, in opposite, is observed in
the Voigt geometry [7], the total angular dependence of
this effect in magnetic field was not measured until now.
To explain the observed anisotropy the selection rules
for the energy transfer from excitons with total moment
J=1 (radiative level) and J=2 (non-radiative level) to
Mn ions were analyzed and these rules were found to
be completely different [7]. The Mn?* ions were sug-
gested to be in T crystal field that is not the case in
two-monolayers QD’s.

Fig.1a shows PL spectra in zero-magnetic field and
in the magnetic field of 2 T obtained at 2 K in the Fara-
day geometry (§=0°). As can be seen, the PL line shifts
towards lower energies and strongly increases in inten-
sity when magnetic field is applied. The ratio of the
PL intensity I in magnetic field B=1.5T to that for
B=0 I(B=1.5T)/I(B=0) vs angle 6 between a mag-
netic field and the [001] growth direction is presented
in inset, filled circles correspond to the data of Ref. [7]
obtained for Faraday and Voigt geometry (§=90°). The
PL intensity enhance depends on the orientation of the
sample in magnetic field and for the angle §=60° the in-
crease is approximately twice smaller compared to that
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Fig.1. (a) PL spectra at 2 K for zero-magnetic field and
2 T. Inset: PL intensity I(B=1.5T)/I(B=0) vs the an-
gle between the magnetic field and the [001] growth direc-
tion, filled circles correspond to the data of Ref. [7] for
Faraday and Voigt geometry. (b) Microwave-induced vari-
ations of the PL intensity as a function of magnetic field
for CdMnSe/ZnSe QD’s under 35.2 GHz microwave irra-
diation measured at two orientations of the magnetic field

at #=0°. An almost linear dependence is observed which
obviously declines from the cosf dependence of the z
component of the magnetic field. One should take into
the consideration that the ratio I(B)/I(0) increases with
lowering of the excitation power [7]. In our experiments
the sample is rotated in the magnetic field and the ex-
citation power depends on the light angle of incidence 6
in opposite way and partly compensates the cos 8 depen-
dence. In the Faraday geometry the PL signal is strongly
circularly polarized in the magnetic field.

Fig.1b presents the change of the PL intensity for
CdMnSe/ZnSe QD’s under 35.2 GHz microwave irradi-
ation measured at two orientations and plotted as a func-
tion of the magnetic field. The PL intensity was recorded
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while the sample was irradiated with microwaves at a
fixed frequency and the magnetic field was slowly swept
through the resonance. Measurements were carried out
at 2 K with a microwave power of 300 mW, on-off mod-
ulated at 10 kHz. An ODMR signal corresponding to a
decrease in the PL intensity was found.

Fig.2 shows the ODMR spectra of the CdMnSe/ZnSe
QD’s measured as a microwave-induced change of PL
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Fig.2. ODMR spectra of the CdMnSe/ZnSe QD’s mea-
sured as the change of PL intensity at different orienta-
tions of the magnetic field. Measurements were carried
out at 2 K with a 35.2 GHz microwave power (300 mW)
on-off modulated at 10 kHz. The spectra simulated with
the spin Hamiltonian parameters D = 200-10 % cm ! and
line-width of 4 mT are shown under the experimental spec-
tra

intensity at different orientations of the magnetic field.
The obvious angle dependence of a broad and feature-
less signal is observed. The signal is definitely connected
with individual Mn?* ions, however, g factor of Mn?*
ions is known to be practically isotropic and can not
give rise to an anisotropy of the ODMR signal. The
EPR of Mn?* ions was measured by Title [11] in hexag-

onal CdSe single crystals and was analyzed in terms of
a spin Hamiltonian (without cubic terms, z axis chosen
along c axis of the crystal)

H=(.gB-S+ AS -1+ D[S? —1/35(S +1)],

where 3. is the Bohr magneton, S=5/2 and I=5/2 are
the electron and nuclear spins of Mn?t, respectively,
9=2.003, A = —62.7-10*ecm !, D = 15.2x10 % cm !,
the linewidth is 0.5 mT at 77 K. The value of zero-field
splitting D in wurtzite crystals is dependent on the trigo-
nal (axial) distortion in these compounds. The low value
of D in CdSe compared with the values found in other
wurtzite crystals (e.g., D = —236 - 10~*cm™! in ZnO
at 300 K [12]) and its positive sign were explained by
the amount of covalency [11] since the crystal fields are
comparable in the wurtzite crystal family. All these pa-
rameters for Mn2" ions will give the EPR spectra with
an isotropic center of gravity corresponding to g = 2.
The only case when the anisotropy could be observed
is low temperatures and high microwave frequencies.
An example of such anisotropic behavior which could
be useful for the understanding of our ODMR results is
presented in Fig.3 where 95 GHz EPR spectra of Mn?*
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Fig.3. The high-frequency (95 GHz) EPR spectra of Mn?*
ions in ZnO single crystals measured at different orienta-
tions of the magnetic field at 2 K

ions observed in hexagonal ZnO crystal at 2 K are shown
[13]. One can clearly see very anisotropic behavior of the
center of gravity of EPR spectra in spite of isotropic g
factor. The spectrum exhibits the characteristic struc-
ture of the S=5/2 electron spin of the Mn?* ion with
an isotropic hyperfine (HF) interaction with the I=5/2
nuclear spin of *Mn. The bars in the bottom of Fig. 3
mark all EPR transitions which should be observed at
high temperature in the orientation B ||c. However the
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set of six strong lines corresponding to the lowest Mg =
= —5/2 & Mg = —3/2 transition dominates the spec-
trum because of the high Boltzmann factor at 95 GHz
and 2 K. The weaker lines present a part of the sex-
tet corresponding to the Mg = —3/2 & Mg = —1/2
transition.

The similar angular variation is observed for ODMR
signals in CdMnSe/ZnSe QD’s. In the ODMR, spectra
at 2 K the intensities of the fine-structure components
differ strongly due to the extreme difference in the pop-
ulations of the spin sublevels at this low temperature
and the large Zeeman splitting. The symmetry of the
fine-structure splitting due to the crystal field is consis-
tent with a distortion from the normal cubic environ-
ment with a principal axis along [001] growth direction.
This result allows us to deduce that the D parameter
of the Mn2* centers is about 200 - 10~ cm™! and is
positive contrary to the negative D in ZnO. The D pa-
rameter of the Mn?>* in CdMnSe/ZnSe QD’s is much
larger than that for hexagonal CdSe single crystal. The
z axis is chosen to be along the growth direction [001]
in CdMnSe/ZnSe QD’s contrary to [111] direction for
the ¢ axis in the CdSe single crystal. Since our exper-
iments were made at 2 K we can exclude the influence
of the exchange coupled antiferromagnetic Mn?+-Mn?+
pairs and believe that we are dealing with a high-spin
ground state of individual Mn2* ions. The bars in the
bottom of Fig.2 mark all EPR transitions which should
be observed at high temperature in the orientation B ||z.
Since we detect mainly the transitions between the low-
est energy sublevels Mg = —5/2 < Mg = —3/2 and
Mg = —3/2 & Mg = —1/2 whose positions strongly
depend on the D value (unlike the transitions Mg =
= —1/2 & Mg = +1/2), the hyperfine structure is not
resolved probably due to a distribution of D values. The
HF structure will be totally unresolved if dispersion of
D values is about 5%.

The simulated EPR signals for several orientations of
magnetic field are shown under the experimental spectra
in Fig.2. The spectra were simulated at Q-band using
D =200-10"*cm~" and the line-width of 4mT, the oc-
cupation probability of the six Mn2* spin states subject
to the Boltzmann distribution was taken into account.
The HF structure is resolved in simulated spectra since
it was calculated for a fixed fine-structure parameter.

The dominant property of nanostructures is their low
dimensionality. Characteristic features of carriers and
fine structure of excitons were observed in such systems
by ODMR [6]. The exciton levels are split in zero field in
the low dimensional systems, e.g., for type IT GaAs/AlAs
SL’s the fine-structure splitting observed is explained by
low local symmetry Cs, of interfaces at which excitons
Mucema B MIAT® Tom 88
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are localized. Thus, the zero-field splitting in SL’s is
caused by their low dimensionality. We conclude that
the observation of Mn?* fine structure in CdMnSe/ZnSe
QD’s is also caused by their low dimensionality. The
influence of the system geometry on emission spectra
was observed for exchange coupled exciton-manganese
pairs in single CdMnTe/ZnTe QD’s [14]. To our knowl-
edge, until now no low symmetry effects caused by low
dimensionality were observed in EPR of transition met-
als. The symmetry of the fine-structure splitting due to
the crystal field is consistent with [001] growth direction.
The unresolved character of the Mn?+ EPR lines seems
to be caused by a size distribution of QD’s and as a
result the distribution of the zero-field splitting D val-
ues. In addition, the quantization axis of a QD’s (as was
shown in Ref. [15]) can partly decline from the struc-
ture growth axis and to contribute to the ODMR signal
line-width.

The magnitude and sign of the D parameter in
CdMnSe/ZnSe QD’s are correlated with those for Mn2*
ions in alkali halides which are paired off with vacancies
in the next-nearest cation site [16]. Terms quadratic in
S arise from terms in the Hamiltonian for d electrons of
Mn?t which are quadratic in the position coordinate .
When the distance between Mn ion and the charged va-
cancy in Ref. [16] is compared with the QD height in
our experiments, it is apparent that the quadratic terms,
zero in cubic symmetry of bulk CdSe, arise since the
QD shape is essentially noncubic; i.e., the size in the
growth direction is much shorter than the sizes in the
perpendicular plane. It should be noted that the sim-
ple crystalline field theory alone was unsuccessful in ex-
plaining the Mn?* fine structure values produced by the
vacancy and the importance of covalency effects was in-
dicated [16].

In addition, the interface energy gap jump from ZnSe
to CdSe occurs at a short distance. The energy-gap
jump at interface in AgCl nanocrystals embedded into
KCl matrix was shown in Ref. [17] to suppress the
Jahn-Teller effect and to change the fine structure pa-
rameters of self-trapped excitons bound at Ag?t (4d°)
self-trapped hole.

It is of interest to perform the ODMR measure-
ments on a single CdMnSe/ZnSe QD. In such experi-
ments a fixed Mn2" fine structure and the resolved HF
structure should be observed which could be used as a
new characteristic of the QD’s. The fine structure ef-
fect induced with low dimensionality should be applica-
ble to a wide range of compounds and transition ions.
This effects should be taken into account in finding of
Mn2t g factors at low temperatures and high magnetic
fields.
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The effect of nonresonant microwave illumination on
the PL intensity (background signal in Fig.1b) corre-
sponds only to the heating of the system by means of
the microwave radiation which can be absorbed by free
carriers under conditions of cyclotron resonance (opti-
cally detected cyclotron resonance [18]).

In summary, EPR of Mn?* ions has been observed
in CdMnSe/ZnSe QD’s using optical detection. The
anisotropic behavior of the center of gravity of the EPR
spectra has been observed. The EPR lines correspond-
ing to the lowest Mg = —5/2 < Mg = —3/2 and
Mg = —3/2 & Mg = —1/2 transition were found to
dominate the spectrum because of the high Boltzmann
factor at 35 GHz and 2 K. The axial fine structure with
strong positive zero-field splitting D =~ 200-10~* cm ™!
in CdMnSe/ZnSe QD’s is concluded to be caused by
their low dimensionality. The lack of the resolved HF
structure of the Mn?+ EPR lines is caused by a size
distribution of QD’s and as a result the distribution of
zero-field splitting D values.
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