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We report on time-resolved photoluminescence studies of exciton dynamics in a ZnMnSe/ZnSSe type-1I
quantum well. Strong separation of the electrons, confined to the nonmagnetic semiconductor ZnSSe, and
holes, confined to the diluted magnetic semiconductor ZnMnSe, results in an exciton lifetime exceeding 3 ns.
Two excitonic emission lines are observed in this structure at low temperatures. The lower-energy line was
associated with the formation of an exciton magnetic polaron (EMP), whereas the higher-energy line was
attributed to the emission of nonmagnetically localized excitons. The intensity of the EMP line was found to
saturate at a relatively low density of photoexcited carriers well below the exciton Mott density. This behavior
evidences a limited density of sites where the hole localization radius is small enough to ensure the fast
formation of EMP’s with a noticeable binding energy.
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I. INTRODUCTION

One of the most spectacular phenomena observed in di-
luted magnetic semiconductors (DMS) is the formation of an
exciton magnetic polaron (EMP)—a small region where
magnetization is enhanced due to the exchange coupling be-
tween the spins of the magnetic ions and the exciton spin.!
EMP’s were detected and studied in bulk DMS, like, e.g.,
CdMnSe? and CdMnTe,>® and DMS quantum wells (QW’s)
(e.g., CdTe/CdMn(Mg)Te QW’s’® and ZnSe/ZnMnSe
QW’s!®I) The issue of EMP stability was addressed both
theoretically and experimentally. It was calculated that mag-
netic autolocalization of a free exciton, which can be consid-
ered as the formation of a free EMP, is impossible in bulk
DMS, but can be achieved in DMS QW'’s with strong carrier
confinement.!> Nevertheless, it is generally accepted at
present that the EMP formation in real DMS structures at
liquid He temperatures is always preceded by a primary ex-
citon localization induced by some mechanism other than the
exchange coupling.®12-1% For bulk DMS layers it can be the
localization due to the alloy disorder or the Coulomb inter-
action with a donor or acceptor impurity. In a DMS QW the
in-plane localization can additionally result from potential
fluctuations induced by interface roughness. It was suggested
that magnetic fluctuations can also contribute to the primary
localization process.®!!-1214.15

In spite of the long history of intensive studies, there are
still some unclear issues concerning the dynamics of forma-
tion and recombination of EMP’s. In particular, several
groups have reported on the coexistence of various types of
excitons in the same bulk DMS layer or DMS QW structure,
resulting in the simultaneous observation of different exci-
tonic emission lines.>*%!% Two photoluminescence (PL)
lines observed in bulk CdMnTe crystals were interpreted as
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emission of the EMP localized primarily by the fluctuations
of magnetization and the emission of EMP bound to a neutral
impurity, either acceptor’ or donor.® In CdMgTe-CdTe-
CdMnTe asymmetric QW'’s, the two lines were attributed to
the recombination of excitons confined in the quantum-well
region (higher-energy line) and the emission of excitons
trapped at alloy fluctuations located at the magnetic interface
(lower-energy line).” The formation of the EMP was associ-
ated only with the lower-energy excitonic line. The simulta-
neous observation of these two lines was also discussed in
terms of the effect of the “EMP bifurcation.”®!® In the
ZnSe/ZnMnSe QW'’s the higher-energy PL line was ex-
plained as the recombination of free excitons confined in the
ZnSe QW, whereas the lower-energy peak was identified as a
type-II EMP with the electron confined to the nonmagnetic
ZnSe layer and the hole trapped within the magnetic
ZnMnSe layer.'? In these studies the interplay of different
localization processes could hardly be revealed due to the
fast radiative recombination of the involved type-I excitons.
Specifically, the localization dynamics of the quantum-well
excitons, determined by the trapping of the hole near or
within the magnetic barrier layer remains to be understood.

Another controversial issue concerns the density-
dependent behavior of excitons in DMS structures. Several
theoretical works have recently predicted the possibility of
ferromagnetic ordering of the spins of magnetic ions under
high excitation density. The existence of an attractive force
between EMP’s with parallel magnetic momenta was theo-
retically demonstrated, which, in principle, allows the forma-
tion of the magnetic bipolalrons,17 or even the coalescence of
the EMP’s within a ferromagnetic cluster.'® The latter theory
was used to interpret the recently reported observation of a
giant mobility of EMP’s in ZnSe/ZnMnSe QW’s! as a
manifestation of the exchange induced Bose condensation of
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FIG. 1. Conduction (a) and valence (b) band lineups in the
ZnMnSe/ZnSSe type-II QW. Dashed curves represent the calcu-
lated probability distribution of the electron and heavy hole along
the quantization axis within the ground-state exciton at a zero mag-
netic field.

EMP’s. On the other hand, recent studies of time-resolved
PL of high-density EMP’s in CdMnTe have demonstrated
that the EMP at high-density conditions is unstable.?’

In this paper we report on the investigation of the exciton
dynamics in type-II QW’s ZnSSe/ZnMnSe. The electrons in
these structures are confined to the nonmagnetic ZnSSe lay-
ers and the heavy holes are confined to the magnetic
ZnMnSe layers as a result of the intrinsic band offsets at the
ZnSSe/ZnMnSe interface (see Fig. 1).?! The PL spectra of
such structures demonstrate two excitonic lines, the lower-
energy line being associated with the EMP formation
process.”? This reminds us of the behavior reported for
7ZnSe/ZnMnSe QW’s in Ref. 10. In contrast to the
7ZnSe/ZnMnSe QW'’s, the recombination time for all exci-
tonic states in the ZnSSe/ZnMnSe QW’s can be relatively
long (in the range of a few nanoseconds) due the spatial
separation of the electron and hole wave functions. Therefore
the localization processes are not interrupted by exciton re-
combination and can be studied until establishing quasiequi-
librium conditions. Furthermore, the long exciton lifetime
allows one to study the density-dependent effects, even at
moderate levels of excitation. It has been found that the in-
crease in the excitation power density results in fast satura-
tion of the EMP line in favor of the higher-energy line attrib-
uted to the emission of nonmagnetically localized excitons.
This evidences a rather limited density of sites within the
ZnMnSe layer, allowing the efficient magnetic localization
of the holes.

The paper is organized as follows. In Sec. I we describe
the design, fabrication, and x-ray diffraction studies of the
samples containing ZnSSe/ZnMnSe multiple QW’s. In Sec.
IIT we present the results of time-resolved PL spectroscopy
for different magnetic fields, average excitation power den-
sities, and temperatures. In Sec. IV we analyze qualitatively
the peculiarities of exciton localization processes in
ZnSSe/ZnMnSe QW'’s, which can be responsible for the ob-
served easy saturation of the EMP formation. Finally, in Sec.
V we conclude the paper.
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FIG. 2. ®-20 rocking curve of x-ray diffraction, measured
(solid curve) and simulated (dashed curve) for the (004) reflection.

II. SAMPLE DESCRIPTION

The sample with ZnSSe/ZnMnSe multiple QW’s was
grown on a GaAs(001) substrate by molecular beam epitaxy
in a two-chamber setup. A GaAs buffer layer was first depos-
ited in the III-V chamber, and then the sample was trans-
ferred through the ultrahigh-vacuum module into the other
chamber for II-VI growth. Ten periods of the ZnS55¢€( 34
(19 nm)/ZnMn) ;¢Se g4 (7.5 nm) structure were sandwiched
between thick layers of ZnMgSSe solid alloy with the band-
gap energy E,~2.95 eV, lattice-matched to GaAs. The
thicknesses of the ZnSSe and ZnMnSe layers were chosen to
meet two criteria. First of all, the balance between the tensile
strain in ZnSSe and compressive strain in ZnMnSe was care-
fully engineered to ensure pseudomorphic growth of the
structure containing layers with considerable mismatch of
the lattice constant.2! Furthermore, both ZnSSe and ZnMnSe
layers were grown thick enough, in order to guarantee a rea-
sonably long radiative lifetime of excitons in the type-II
QW?’s. The exciton energy and radiative lifetime were calcu-
lated using the self-consistent variational method, taking into
account a redistribution of carrier density due to the electron-
hole Coulomb attraction.”® The conduction- and valence-
band lineups of one period of the multiple QW structure at
zero magnetic field, as well as the calculated electron and
heavy-hole probability distributions within the exciton, are
shown in Fig. 1. All parameters of the materials were taken
as in Ref. 21. For a zero magnetic field, the calculation re-
sults in a radiative lifetime of the ground excitonic state as
long as 3.4 ns and a respective exciton binding energy
7.5 meV.

Figure 2 shows an x-ray diffraction ®—20 rocking curve
both measured (solid curve) and simulated (dashed curve) in
the sample for the (004) reflection. The rocking curve dem-
onstrates well pronounced satellite reflections from the peri-
odic multiple QW structure and fringes due to the interfer-
ence within thick cladding layers. Both observations confirm
good planarity of interfaces and low density of defects in the
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FIG. 3. Time integrated o* PL spectra measured at 1.9 K with

excitation power density 20 W/cm? at different magnetic fields.
The magnetic field values are given in the figure.

sample. The position of the zero-order satellite almost ex-
actly coincides with the reflection from GaAs, which proves
the lattice matching of the multiple QW structure to the sub-
strate as a whole.

III. OPTICAL STUDIES

A. Time-resolved PL spectra versus magnetic field and
excitation power density

Time-resolved PL spectra were measured using double- or
triple-frequency emission of a subpicosecond mode-locked
Ti:sapphire laser. A Hamamatsu streak camera was used for
the PL detection. The setup time resolution was estimated as
15-20 ps. The sample was placed in a temperature-variable
Oxford He cryostat with a superconducting split-coil magnet.
The Faraday geometry was used in all experiments described
here. The PL in the sample was excited by linearly polarized
light, whereas circular polarization of the emitted light was
analyzed using a quarter-wave plate and a linear polarizer.
The diameter of the excitation light spot on the sample was
in the range of 0.3-0.5 mm.

One of the distinctive properties of EMP’s is their sup-
pression by the application of an external magnetic field.
When the external magnetic field is much stronger than the
internal effective field within the EMP, all Mn spins in the
sample are equally aligned along the field direction, and the
EMP binding energy is equal to zero. Figure 3 shows PL
spectra time integrated over the first 2 ns after the excitation,
measured at different magnetic fields. At zero magnetic field
[see Fig. 3(a)] the spectrum consists of two well resolved
peaks at 2.79 and 2.81 eV and their LO-phonon replica. An
increase in the magnetic field results in a shift of both peaks
toward lower energy. The position of the higher-energy peak

PHYSICAL REVIEW B 73, 245335 (2006)

reasonably follows the estimated shift of the heavy-hole
band edge in the DMS ZnMnSe layer, described by a modi-
fied Brillouin function.?* The shift of the lower-energy peak
is less pronounced, so that the gap between the peaks de-
creases with the magnetic field increase, and at 2—3 T only
one peak remains in the spectrum. It is clearly seen in Fig. 3
that the remnant peak is the higher-energy one, while the
relative intensity of the lower-energy peak decreases with the
magnetic field increase, and finally this peak disappears.
Both peaks are strongly (nearly 100%) o* polarized, even at
weak magnetic fields, which is usual for DMS structures
characterized by giant spin splittings and a fast rate of spin
relaxation. Therefore only o* polarized spectra are shown in
Fig. 3.

The behavior of the higher-energy peak in the external
magnetic field can be described in all details by the effect of
a giant Zeeman splitting of a heavy-hole exciton in the
ZnSSe/ZnMnSe type-Il QW.2! On the other hand, the per-
formance of the lower-energy peak matches the expected be-
havior of the EMP. This interpretation is strongly supported
by the analysis of time-resolved and temperature-dependent
PL spectra, as is shown later in the paper. Therefore in the
following discussion we label the two peaks as I,, (higher-
energy peak) and I, p (lower-energy peak).

Figure 4 shows the time-resolved PL spectra measured at
different delay times after the excitation pulse at zero mag-
netic field for two levels of excitation: 10 W/cm? (Figs.
4(a)-4(d)) and 70 W/cm? (Figs. 4(e)-4(h)) of the average
power density. Both peaks, 1,, and Ig;,p, shift with the delay
time toward lower energies. Furthermore, their relative inten-
sity depends both on the delay time and excitation power
density. For both levels of excitation, the increase in the de-
lay time results in a redistribution of intensity in favor of the
lower-energy Igy,p peak, which follows the relaxation of the
energy of localized excitons and the reduction of the total
density of carriers in the system due to recombination pro-
cesses. On the other hand, the increase in the carrier density
due to the enhanced excitation power leads to the relative
enhancement of the /,, peak at any delay time. Comparing
the left and right columns in Fig. 4, one can notice that the
spectrum measured at some delay at the high excitation level
reproduces the spectrum measured at the lower excitation
level but at some smaller delay time. The spectrum plotted in
Fig. 4(h) (70 W/cm?, 1125 ps) for example practically rep-
licates the spectrum shown in Fig. 4(c) (10 W/cm?, 215 ps).
One can assume therefore that the shape of the spectrum is
essentially determined by the total density of photoexcited
carriers in the structure, and the two spectra correspond to
nearly the same density of carriers. These observations indi-
cate saturation of the I),p peak with an increase in the total
density of photoexcited carriers. The saturation is especially
remarkable at small delays after excitation, then, with an
increase in delay, the saturation vanishes due to the gradual
decrease in the number of the carriers in the system. The
higher is the excitation density, the longer delay is needed to
relax the saturation. Indeed, at the power density 10 W/ cm?
the two peaks are of comparable intensity yet at 150—200 ps
after the excitation, whereas at the power density 70 W/cm?
the /,, peak dominates the spectrum up to 600—700 ps.

Similar conclusions can be deduced from the transient
behavior of PL, as illustrated by the decay curves in Fig. 5.
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FIG. 4. Time resolved PL spectra measured at 0 T with the
average excitation power density 10 W/cm? (a)—(d) and 70 W/cm?
(e)—(h) at the following delay times: 40 ps (a), (e), 125 ps (b), (f),
215 ps (¢), (g), and 1125 ps (d), (h).

The solid and dashed curves were detected at the wave-
lengths corresponding to the maxima of the 1, (solid curve)
and Iy, p (dashed curve) peaks in the time integrated spec-
trum at the zero magnetic field. At the relatively small level
of excitation 10 W/cm? (see Fig. 5(a)), the two curves reflect
a “two-level” behavior with the transfer of excitations from
the higher-energy level (1,,) to the lower-energy one (Igyp).
After the fast rise, the I,, peak decays by nearly two orders
of magnitude within 300—400 ps, while the /r;,p peak simul-
taneously gains intensity. The decay time constant for the /,,
peak in this range of time is about 80 ps. At the higher level
of excitation 70 W/cm? (see Fig. 5(b)) the rise time of the
Iy p peak exactly matches that of the /,, peak. After that the
Iy p peak saturates and its intensity is nearly constant within
the following 500—700 ps. At longer delays, this peak de-
cays with the time constant 3—4 ns. The estimation of this
decay time is quite rough, since the period of the laser pulses
is only 12 ns and the Igy,p peak does not decay completely
within one period. The decay of the /,, peak at the higher
excitation power density 70 W/cm? is strongly nonexponen-
tial. However, even at small delay time after the excitation
the decay constant exceeds 200 ps, i.e., it is two to three
times longer than the respective decay time at the lower ex-
citation power density 10 W/cm?.
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FIG. 5. PL decay curves measured at the maxima of the peaks
observed in the time-integrated spectrum. The excitation power
density is either 10 W/cm? (a) or 70 W/cm? (b). Solid and dashed
curves correspond to the /,, and Igy,p peaks, respectively, at a zero
magnetic field. Dotted curves represent the decay of /,, at 4 T. For
each level of excitation, the PL intensity is normalized to the maxi-
mum of the respective /,, curve.

The dotted lines in Figs. 5(a) and 5(b) represent the decay
curves obtained at the magnetic field 4 T after spectral inte-
gration over the /,, peak. At this relatively strong magnetic
field the magnetic localization mechanisms are prohibited,
and the I),p peak is completely suppressed. The decay of /,,
is at 4 T much slower than at the zero magnetic field. The
dominant decay constant is now above 2.5 ns, in reasonable
agreement with the lifetime calculation for excitons in the
type-II QW. This observation suggests that the much faster
decay of this peak, observed at a zero magnetic field, is due
to the transfer of the excitations to the Ip),p level.

To directly display the interplay between the magnetic
and nonmagnetic localization mechanisms, we plot in Fig. 6
the energy of the dominant peak in the PL spectrum versus
the magnetic field for different delay times: immediately af-
ter excitation (filled squares), after 1.5 ns (asterisks), and af-
ter 12 ns (open circles). The excitation power density was
10 W/cm?. As can be seen from Figs. 3 and 4 only the I,,
peak is visible at zero delay time for any magnetic field. In
contrast to that the Iy,p peak is the dominant one at both 1.5
and 12 ns delay at the magnetic fields below ~2 T. At higher
fields the Iy p peak merges into the /,, one and finally dis-
appears. As a result, the data corresponding to 6 T illustrate
the contribution to the exciton localization from nonmagnetic
mechanisms. Assuming the exciton to be practically free at
zero delay time, one can deduce that most of the localization
occurs within the first 1.5 ns, and at 12 ns the system is close
to quasiequilibrium. Then the nonmagnetic part of the exci-
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FIG. 6. PL peak energy versus magnetic field, measured at 2 K
with the excitation power density 10 W/cm? at different delay
times: O ns (solid squares), 1.5 ns (asterisks), and 12 ns (open
circles). Solid curves are drawn only to guide the eye.

ton localization energy AEy,, can be estimated as 7—8 meV,
as demonstrated in Fig. 6. Bearing in mind that the localiza-
tion mechanisms of nonmagnetic origin only weakly depend
on the magnetic field, the binding energy of the EMP at zero
magnetic field AEg,p can be estimated as 18—20 meV.

B. Temperature-dependent time-resolved PL

To elucidate peculiarities of the exciton localization pro-
cess we have measured time-resolved PL spectra at different
temperatures. The increase in temperature decreases the
EMP binding energy and finally suppresses the EMP forma-
tion. Therefore the experiments at variable temperature allow
one to control the relative contributions from magnetic and
nonmagnetic mechanisms of the exciton localization. In par-
ticular, the Iyp peak in the studied sample is completely
suppressed at 20 K. Figure 7 demonstrates how the energy
(a) and integral intensity (b) of the I, (open circles) and I, p
(solid squares) peaks depend on the temperature at zero mag-
netic field. These characteristics were measured at the 1.5 ns
delay time, since at this long delay the two peaks can be
readily separated by decomposition of the spectrum into two
Gaussian peaks. With the temperature increase the I,p en-
ergy increases, which is an expected behavior for the EMP.
Simultaneously, the I, peak shifts toward lower energies.
This shift can hardly be attributed to the effect of the
temperature-induced bandgap shrinkage, since the respective
shift should be negligibly small at these temperatures. Any-
way, the absence of the shift toward higher energies clearly
indicates the negligible impact of magnetic localization on
the excitonic states responsible for the /,, peak. The tempera-
ture dependences of the integral intensity (see Fig. 7(b)) for
the two peaks are also opposite. The temperature increase
quenches the I),p peak, but enhances the 7, one. As a result,
the total PL intensity of the sample only weakly depends on
the temperature in this range. The increase in temperature
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FIG. 7. 1, (open circles) and Igy,p (solid squares) peak energies
(a) and integral intensities (b) versus temperature at the zero mag-
netic field and 1.5 ns delay time. Solid lines are plotted to guide the
eye. The excitation power was 20 W/cm?.

rather results in the redistribution of the intensities of the two
peaks due to suppression of the EMP formation process.
Figure 8 shows two series of time-resolved spectra mea-
sured at 4.5 K (solid curves) and 20 K (dashed curves) at
relatively small delay times. It is seen in Fig. 8(a) (delay time
22 ps) that immediately after excitation the I,, peak energy is
practically the same for both temperatures. The shape of the
spectrum at small delays is quite complicated. However, yet
at the 135 ps delay time (Fig. 8(c)) the I,, peak energy is

Intensity (arb. units)

2.80 281 2.82
Energy (eV)

FIG. 8. Time-resolved PL spectra measured at 4.5 K (solid
curves) and 20 K (dotted curves) at different delay times pointed in
the figure. The excitation power density was 20 W/cm? and the
magnetic field was zero.
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obviously different for the two temperatures. At longer de-
lays the spectrum at 20 K consists of a single /,, peak, while
the spectrum at 4.5 K comprises both the /,, and Ig),p peaks
(see Fig. 8(d)). This complicated behavior observed in the
region of small delays suggests that the “red” shift of the I,,
peak displayed in Fig. 7(a) results from the temperature-
dependent localization process rather than the temperature-
induced variation of the bandgap energy.?

To summarize the results of the optical experiments, the
main findings described in this section can be formulated as
follows:

(i) Both the I, and I,p peaks are due to the emission of
type-II localized excitons in the ZnSSe/ZnMnSe QW. The
radiative lifetime of these excitons exceeds ~3 ns.

(i1) The dominant exciton localization mechanism for the
1,, peak is of a nonmagnetic origin, whereas the appearance
of the Ir,p peak is attributed to the formation of EMP with a
binding energy 18—20 meV;

(ili) At relatively small excitation power density
(~10 W/cm? and less) the I,, peak rapidly decays with the
characteristic time constant ~80 ps due to energy relaxation
of the involved excitons. This relaxation process is presum-
ably of magnetic origin, since it results in the enhancement
of the Ix),p peak. At higher levels of excitation this relaxation
channel is suppressed, and the intensity of the Ip,p peak is
saturated.

IV. DISCUSSION

In this section we focus on the discussion of density-
dependent effects in the time-resolved PL spectra. All the
measurements reported here were performed in the interme-
diate regime, when the density of photoexcited electron-hole
(e-h) pairs is below the exciton Mott density. The latter can
be estimated as more than 1X10'2cm™2 per one QW,
whereas the maximum averaged excitation power density
used (70 W/cm?) results in no more than 1.7 X 10'! cm™
sheet density of injected e-h pairs per one pulse per one QW.
Under these conditions the many-body interactions are not
important and the density-dependent effects should be re-
stricted to band bending induced by charge separation in the
type-II QW, light-induced heating effects, and specific spin-
related effects relevant to the EMP formation.

The electrostatic bending of the QW potential occurs in
type-II QW’s due to the spatial separation of photoexcited
electrons and holes. It usually results in a higher-energy shift
of the excitonic emission line and a reduction of the exciton
radiative lifetime.”® Both effects can be deduced from the
analysis of time-resolved spectra and decay curves, shown in
Figs. 4 and 5. In particular, comparing the behavior of the
dotted curves in Figs. 5(a) and 5(b), one can conclude that an
increase in the excitation power density somewhat acceler-
ates the PL decay. Since these curves were measured at 4 T,
when the Iy, p peak is completely suppressed, this observa-
tion directly indicates the density-induced increase in the re-
combination rate of excitons. Furthermore, both the 7, and
Iy p peaks slightly shift to higher energies with increasing
power density at a fixed delay time. The maximum density-
induced shift of the PL peaks, observed in the used range of
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excitation power densities at any particular delay time, does
not exceed ~5 meV. This is four times smaller than the es-
timated binding energy of the EMP at 0 T. Accordingly, the
relaxation and recombination dynamics of the EMP’s is de-
termined at the zero magnetic field by the magnetic localiza-
tion rather than by the band-bending effects. On the other
hand, the shift of the /,, peak, induced by the carrier-induced
electrostatic effects, can be comparable with the nonmag-
netic part of the exciton localization energy. Therefore the
nonmagnetic localization energy determined in Sec. IIT A as
7-8 meV can be overestimated.

The discussed experiments were carried out at relatively
high excitation levels. Therefore the effects of optical heating
of the magnetic ion system can be quite pronounced. Previ-
ously these effects were studied in DMS structures with a
relatively small content of Mn (less than 7%).27?® Two heat-
ing mechanisms were proposed. One mechanism is the total
heating of the structure due to the light absorption in the
GaAs substrate.?® This process is rather slow and should be
completely integrated on the nanosecond time scale of inter-
est. The other mechanism implies the direct transfer of en-
ergy from photoexcited carriers into the magnetic ion system
due to spin-flip exchange scattering.?” The cooling of the Mn
system in this case relies on the process of spin-lattice relax-
ation, which is quite slow in DMS. For example, for a
ZnMnSe QW with 6% of Mn the spin-lattice relaxation time
is as long as about 160 us.?” The spin-lattice relaxation rate
drastically increases with a growing concentration of Mn
ions, which leads to suppression of the heating efficiency. We
have not found in the literature any data on the spin-lattice
relaxation rate in DMS structures with the Mn content as
high as in our sample (16%). However, extrapolation of the
data collected by Dietl et al. (Ref. 29) allows one to estimate
the respective value as not exceeding 10® s~!. It means that
the heating and cooling of the Mn ions due to the second
mechanism also does not influence the subnanosecond dy-
namics of EMP’s, but rather results in a certain average over-
heating of the magnetic ion system. One should note that the
EMP itself can be used to estimate the heating efficiency. As
was shown in Sec. III B, the increase in the temperature
causes drastic quenching and a blue shift of the I,p peak
(see Fig. 7). None of these effects is remarkable in the stud-
ied range of excitation power densities (compare, e.g., left
and right columns in Fig. 4). Therefore we conclude that the
efficiency of optical heating is quite weak in the studied
sample with a high concentration of Mn ions, and, as a first
approximation, the influence of the light-induced heating can
be neglected.

The most remarkable density-dependent effect observed
in our experiments is the redistribution of the 7,, and Igyp
intensities, up to the complete saturation of the I),p peak at
quite moderate excitation power densities. One can assume
that the explanation of this effect should rely on some dy-
namical aspects of the EMP formation. It is accepted at
present that the EMP formation is controlled by two
processes.”?3% First, a certain time is needed to align the
spins of the Mn?* ions. Usually this process can be charac-
terized by a single time-constant 7, with a value limited by
the spin-spin relaxation rate. Second, the exciton wave func-
tion changes during the EMP formation and, hence, the EMP

245335-6



DENSITY-DEPENDENT DYNAMICS OF EXCITON...

formation time 7, can be much longer than 7,. A simple ana-
lytical model describing the dynamics of the EMP formation
was developed by Yakovlev and Kavokin (see Ref. 30). Ac-
cording to this theory, the evolution of the EMP energy in
time follows an exponential law of relaxation:

E()=E{1-¢"7), (1)
where the formation time is given by
E
S
=1, =L, 2

E is the EMP equilibrium energy at its final state (at infinite
time), and E|, is the equilibrium energy at the initial state (¢
=0), as determined by the conditions of initial localization.
The equilibrium energy values correspond to the exchange
field B, (r,t) created by the exciton. The exchange constant
for holes in ZnMnSe is five times larger than for electrons,
and usually the hole contribution dominates the EMP forma-
tion. In the studied sample the electron contribution can be
neglected completely due to the small overlap of the electron
wave function with the diluted magnetic part of the type-II
QW structure. As a result, the carrier-induced exchange field
is proportional to the squared modulus of the hole wave
function and, hence, inversely proportional to the localiza-
tion volume of the hole. At each time the equilibrium energy
(E,;) and the hole localization volume (V) can be linked,
using the following expression (see Ref. 14):

s+1 (NyB)? 1

12 ky(T+Ty) V’ ®)

1
Eeq = NB xseff

where N, is the number of cation sites in the unit volume, x
is the Mn mole fraction in Zn,_Mn,Se, s=5/2 is the spin of
a Mn ion, 8 is the constant of the exchange interaction for
the valence band, and kp is the Boltzmann constant. The
effective spin S.q and 7}, are phenomenological parameters.
Their values for ZnMnSe are well known (see, e.g., Ref. 21
and references therein).

Equations (1)—(3) allow one to link the experimentally
measured EMP binding energy at the final state (E;) and the
EMP formation time (7) with the hole localization volume,
both at the initial and final states of the EMP. We have not
found in the literature any systematic data on the experimen-
tal measurements of the spin-spin relaxation rate in ZnMnSe
solid alloys. However, as a rough estimation, one can take
the 7, value known for Cd,_,Mn,Te alloys, since the proper-
ties of the Mn subsystem in II-VI DMS do not depend sig-
nificantly on the properties of the matrix. For x=0.16, the 7,
value should be in the range of 50—100 ps.?’

In principle, the experimental value of 7, can be extracted
from the fit of the EMP emission energy versus the delay
time. However, at the initial delay times (less than
100-150 ps) the Iy p peak emerges as a weak shoulder of
the more intensive [, peak. Therefore it is impossible to
extract the EMP emission energy from the experimental data
with reasonable accuracy. One can notice nevertheless that
just being formed the Iy p peak practically does not shift
with the delay time. This allows one to estimate 7 at the zero
magnetic field as less than ~100 ps. Another way to estimate
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7, is to measure the decay time of the /,, peak at a low
excitation power density, since at these conditions the domi-
nant mechanism of the /,, decay is the EMP formation. The
measured ~80 ps value for the dominant decay time of the
1,. peak (see the solid curve in Fig. 5(a)) specificates the
upper limit for the EMP formation time 7. This value is very
close to the estimated spin-spin scattering rate 7,. It follows
then from Eq. (2) that E,~ E, and, hence, the variation of the
exciton wave function during the EMP formation is negligi-
bly small. Using the value of EMP binding energy 20 meV,
we obtain from Eq. (3) the hole localization volume
320 nm?. For the 7.5 nm thick ZnMnSe QW, this value cor-
responds to the two dimensional (2D) hole localization ra-
dius ~3.7 nm. One should emphasize that this size is deter-
mined by some mechanism of hole localization other than
the exchange interaction with Mn ions, and the EMP forma-
tion does not result in any remarkable additional shrinkage of
the hole wave function.

The previous consideration concerned the excitons emit-
ting within the Igyp peak, with the relatively large EMP
binding energy (~20 meV) and fast EMP formation time
(<80 ps). There is another type of localized exciton in the
structure, emitting within the 7, peak. The EMP formation
time for these excitons should be quite long, since the pro-
cess of magnetic localization is practically unobservable
within the 1, peak lifetime that at relatively strong excitation
approaches 1-2 ns (see the solid curve in Fig. 5(b)). Accord-
ing to Eq. (2), a long EMP formation time implies E,> E,. It
means that the hole localization volume at the initial EMP
state should be much larger than at the final EMP state. For
example, if we assume that 7,=2 ns and the hole localization
volume in the final EMP state is 320 nm?>, which corresponds
to the 20 meV EMP binding energy, then the hole localiza-
tion volume in the initial EMP state can be obtained from
Egs. (2) and (3) as 9140 nm?. This value corresponds to the
2D hole localization radius 19.7 nm. This estimation shows
that for a quite realistic hole localization radius ~20—-30 nm
at the initial EMP state, the EMP formation process can be
practically unobservable, even on the nanosecond time scale.

According to this estimation, the coexistence of the two
emission peaks can be explained by the occurrence of hole
localization sites with different localization radii. The holes
trapped in the sites with the small localization radius
(~4 nm) rapidly decrease their energy by about 20 meV due
to the EMP formation. The recombination of the respective
excitons contributes to the /z),p emission peak. Other holes,
trapped in the sites with the large localization radius
(20-30 nm), cannot form EMP’s within the practical time.
At relatively low excitation power densities, the PL lifetime
within the /,, peak is limited by carrier tunneling between
localized states toward the sites suitable for the EMP forma-
tion. When the hole encounters such a site with the small
localization radius, it forms the EMP on the time scale com-
parable with the spin-spin scattering time 7,. In the transient
PL spectra it appears like the redistribution of the relative
intensity between the /,, and Ig,p peaks with a delay time.
On the other hand, when the density of the photoexcited e-h
pairs is comparable with the density of the hole localization
sites with small radii, most of these sites are filled, which
suppresses the formation of EMP’s and results in the satura-
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tion of the Ip,p peak intensity. This saturation effect is no-
ticeable at small delays after the excitation at the power den-
sities higher than ~10 W/cm?. The respective peak sheet
density of photoexcited holes per one QW can be estimated
as ~2 X% 10'° cm™2. This value can be considered as a rough
evaluation of the density of the localization sites with small
radii.

The proposed explanation of the observed density-
dependent effects implies a specific structure of the hole lo-
calization potential. Indeed, according to Egs. (1)-(3) a
simple Gaussian-like probability distribution of the localiza-
tion sizes would result in a single-peak smooth distribution
of the EMP energies E(7) at any particular time . This con-
tradicts the experimental observation of two emission lines
practically at any delay time after the excitation. Therefore,
one can rather expect the bimodal distribution of the size of
the hole localization sites with one peak at small sizes
(~4 nm) and the other peak at large sizes (>20 nm). The
emergence of at least two different localization mechanisms
follows also from the complicated shape of the excitonic
emission spectrum measured at 20 K at initial delay times
(see the dotted curves in Fig. 8).

Our experiments provide no data about the microscopic
nature of the localization potential. Nevertheless, it seems
useful to discuss briefly the main peculiarities of localization
mechanisms in the studied structure. The most intriguing fea-
ture is an expected weak contribution of the majority of the
localization processes observed usually in semiconductor
QW’s. Since the studied QW’s are relatively wide, the con-
tribution from the well thickness fluctuations should be neg-
ligibly small. Furthermore, the influence of the alloy disor-
dering effects should also be reduced due to the specific
properties of the ZnSSe and ZnMnSe solid alloys and the
type-1I band lineup of the structure. In the ternary compound
ZnSSe, the variation of the S content affects only the posi-
tion of the valence band edge, leaving the conduction band
edge energy practically unchanged.?!' Therefore the fluctua-
tions of the S content practically do not contribute to the
fluctuating potential sensed by electrons confined in the
ZnSSe QW. In contrast to that, the variation of the Mn con-
tent in the ZnMnSe ternary solid alloy affects mainly the
energy of the conduction band edge*>3* and, hence, the fluc-
tuations of the alloy composition only weakly affect the lo-
calization of holes confined in the ZnMnSe QW.

On the other hand, it is well known that the intentionally
undoped ZnSe-based layers contain a noticeable concentra-
tion (up to 10'® cm™3) of intrinsic donor impurities. One can
expect that most of the donors located within the relatively
thin ZnMnSe conduction-band barriers will by ionized,
whereas neutral donors should be dominant at low tempera-
tures in the ZnSSe electron wells. These two types of donors
can differently contribute to the hole localization—either as a
result of the fluctuating potential induced by the ionized do-
nors in ZnMnSe or due to the formation of type-II DX com-
plexes, involving two electrons confined in the ZnSSe and
one hole confined in ZnMnSe. In both cases the hole local-
ization radius should be quite extended. For the field of ion-
ized donors, which are Coulomb repulsive centers for the
holes, the characteristic size of the potential fluctuations
should be of the order of the average distance between the
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donors. For the donor concentration 10'® cm™ it can be es-
timated as ~46 nm. The radius of the hole orbit within the
type-1I exciton bound to a neutral donor drastically depends
on the exact position of the donor with respect to the
ZnSSe/ZnMnSe heterojunction. In any case, it should be a
few times larger than the radius of the hole orbit, estimated
for a bulk DX complex in ZnSe as ~7 nm.>* On the basis of
this analysis we tentatively suggest that the sites with a large
localization volume result from the Coulomb interaction of
the hole with either ionized or neutral donors. The most
probable origin of the sites with a small localization volume
is due to fluctuations of the ZnMnSe alloy composition, as-
sociated presumably with the effect of Mn clustering.?

Finally, we briefly comment on the peculiarities of exciton
dynamics in the type-II DMS QW’s with the relatively small
exciton binding energy. It seems possible that the energy
relaxation of photoexcited carriers in such structures is domi-
nated by separate relaxation of electrons and holes rather
than relaxation of the exciton as an entity. After fast cooling
down the bottoms of the respective bands, the carriers couple
into the excitons and suffer from additional localization due
to either magnetic or nonmagnetic mechanisms. Since the
energy of the magnetic localization of the hole is at least
three times larger than the exciton binding energy, the Cou-
lomb interaction between the electron and hole only weakly
influences the process of magnetic localization. This circum-
stance validates the neglect of the Coulomb interaction be-
tween the electron and hole in the performed analysis of the
EMP formation process. On the other hand, the shrinkage of
the excitonic wave function due to the magnetic localization
of the hole affects the recombination dynamics of the EMP.
This results in the enhanced radiative lifetime of the EMP as
compared with the lifetime of weakly localized excitons con-
tributing to the /,, emission line. The latter excitons are pre-
sumably localized due to interaction with donors and, hence,
the Coulomb interaction between the electron, the hole, and
the impurity center cannot be ignored in any accurate de-
scription of this nonmagnetic localization process.

V. CONCLUSIONS

Summarizing, we have studied density-dependent dynam-
ics of exciton localization in ZnSSe/ZnMnSe type-II QWs in
the range of moderate densities well below the exciton Mott
density. At low excitations below ~10 W/cm? the spectra
demonstrate the efficient formation of EMP’s, while the in-
crease in the power density results in fast saturation of the
EMP formation and the accumulation of a large density of
long-living excitons localized due to some nonmagnetic
mechanism. This behavior implies a rather limited density of
the exciton localization sites with the localization radius
small enough to ensure the fast formation of EMP’s with
noticeable binding energy. The observed density-dependent
behavior differs from the previously considered scenarios,
suggesting that the increase in the excitation power density
either gradually destroys EMP’s,?° or results in the formation
of a “collective exciton magnetic polaron.”!® To explain the
observed easy saturation of the EMP recombination, one
should assume that the formation of magnetic bipolarons
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(and multipolarons) in the studied QW’s is a rather unlikely
process. Otherwise, the EMP’s formed in the most suitable
sites with a small localization radii would serve as nucleation
centers, leading to the fast condensation of the rest of the
excitons within ferromagnetic domains. In contrast to that,
the number of EMP’s in the studied structure is strongly
limited by the number of the suitable localization sites. The
excess of photoexcited e-h pairs leads to the formation of
weakly localized excitons characterized by large localization
radius and very long EMP formation time.
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