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1. Introduction

In semimagnetic semiconductors, carriers are coupled with localized spins
of magnetic ions by a strong exchange interaction [1]. This interaction causes
the ferromagnetic alignment of the localized spins in the vicinity of the carrier.
The resulted cloud of polarized spins can be considered as a magnetic molecule
with magnetic moment of hundreds Bohr magnetons. Spin-organized systems of
this kind are called magnetic polarons (MPs). Theoretical studies of the magnetic
polarons have been pioneered by De Gennes [2]. Existence of MPs in the mag-
netic semiconduction like EuO was established via transport and magnetization
measurements [3]. But detailed information about the energy spectrum and spin
structure of MPs was not available from these experiments. The situation has
been changed after appearance of the semimagnetic semiconductors, where pow-
erful optical methods can be applied for a study of MP states. (Cd,Mn)Te and
(Cd,Mn)Se, where the magnetic properties are controlled by a concentration of
magnetic Mn ions, were widely used for these studies. First effort of the theory,
inspired by Raman and photoluminescence studies of MPs bound to acceptors or
donors, was aimed at the description of the internal spin structure of a bound MP
(BMP) with a fixed localization radius. The coordinate part of the carrier wave
function in BMPs is prescribed by the Coulomb potential of an impurity center,
and the carrier lifetime on the center is usually much longer than the characteristic
times of spin relaxation in the MP. Now the main features of BMPs are understood
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fairly well (for review see Ref. [4]). With experimental findings on exciton mag-
netic polarons (EMPs) [5-9] there appeared a series of new questions connected
with localization conditions of excitons and dynamics of spin organization in the
polaron formation process. These specific features distinguish the exciton magnetic
polarons from the BMPs: ,

(i) Localization area and, respectively, the energy of EMP ground state are
not determined by the Coulomb potential of the impurity center, but depend
on the exciton localization or self-localization conditions. Moreover, the exciton
autolocalization can play very important role, contributing to the MP energy and
affecting the MP dynamics.

(ii) Exciton lifetime is limited by recombination processes (both radiative
and nonradiative). In Il—VI semiconductors it is comparable with the EMP for-
mation time. As a result, the process of the magnetic polaron formation can be
interrupted by exciton recombination before the MP reaches its equilibrium energy.
The dynamics of MP formation itself depends on exciton localization conditions,
temperature and external magnetic fields. It also depends strongly on the con-
centrations of magnetic Mn ions. On the one hand, the exchange energy gained
in the process of the MP formation is determined by the Mn concentration (this
dependence is nonlinear and nonmonotonic because of antiferromagnetic coupling
of nearest-neighbor Mn spins [1]), and on the other hand a system of interacting
Mn spins plays an important role for energy and spin dissipation in the process of
MP formation [10,11].

Recent progress in the semiconductor growth technology, mainly due to
molecular-beam epitaxy, allows to create high quality structures with quantum
wells and superlattices containing thin layers of semimagnetic semiconductors.
It made possible to extend the studies of the EMMP formation into the field of
low-dimensional systems [12,13]. Theoretical estimations predict that the stability
conditions for free magnetic polarons (FMPs) (i.e. self-localized MPs) are hardly
realized in the bulk semimagnetic semiconductors, but they are favored strongly
by the reduction of dimensionality and the FMP is always stable in the one-
-dimensional system [14, 15].

In this paper we give a survey of experimental and theoretical studies of the
exciton magnetic polaron formation in three-dimensional (3D) and twodimensional
(2D) systems realized in semimagnetic semiconductor epilayers, quantum well
(QW) structures and superlattices (SLs). We should focus our attention on the
dynamical aspects of the magnetic polaron formation.

2. Theoretical aspects

The problem of the stability of free magnetic polarons was first analyzed by
Kasuya et al. for 3D systems [16] and by Ryabchenko and Semenov for low-dimen-
sional systems [17]. On appearance of semimagnetic QWs, an analysis of exciton
FMPs in these structures was attempted by A. Kavokin and K. Kavokin [15, 18]
and by Benoit á la Guillaume [14]. It has been shown that the FMP formation
is favored by the reduction of dimensionality and by the increase in exchange
constants and carrier effective masses. It follows from results of model calculations
for the semimagnetic semiconduction [14,19] that:
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(i) Self-localization in 3D systems is very unfavorable and the initial local-
ization of excitons is of key importance for MP formation. We label such MPs
formed from localized excitons as localized MPs (LMPs) [20]. The radius of the
exciton localization is not expected to decrease significantly in the process of the
LMP formation.

(ii) In experimentally available 2D systems initial localization is still neces-
sary to start the MP formation. On the other hand, the localization radius can
change several times during the polaron formation. MPs of this kind can be con-
sidered as quasi-free MPs.

Simple considerations given below slow that the exciton autolocalization,
which is accompanied by a shrinkage of the exciton wave function, can affect
not only the equilibrium energy of the EMP, but also the dynamics of its forma-
tion [21]. We consider the process of MP formation from exciton with some degree
of initial localization. Let the evolution of the magnetization in the Mn spin sys-
tem M(r, t) obey the simplest first-order .differential equation with the unique
relaxation time τs :

where Meq is the equilibrium magnetization which corresponds to the exchange
field Bex (r, t) = α|Ψ(r, t) | 2 created by the exciton, here α is the exchange constant.
By averaging Eq. (1) with the exciton wave function Ψ(r, t), and making use of
the well-known result of the perturbation theory for the first-order correction to
energy in respect of a change of the magnetization: δε = α(δΜ), one can derive
the following equation for the polaron energy ε(t) = E(í) + α(Μ(t)):

where εeq (t) = Ε(t) + α(Μeq (t)), Ε(t) is a non-magnetic part of the energy.
Inasmuch as the energy ε is a monotonic function of time, ε eq can be considered as
a function of ε. With knowledge of the dependence εeq(ε) , the function ε(t) which
describes the dynamics of the MP formation can be obtained from Eq. (2).

To estimate the characteristic time of the MP formation, let us summarize
our knowledge about the dependence εeq(ε) for localized MPs. In the initial state,
where ε = 0, εeq has a finite value εeq(0) = α(Μeq(Βex(0))) which is determined
by the conditions of initial localization. When the polaron reaches its final state
with the energy εf = ε(t —> oo), the polaron energy reaches its equilibrium value:
εeq(εf) = εf -

For intermediate states we approximate εeq (ε) with the use of a linear inter-
polation

Substitution of this dependence into Eq. (2) results in an exponential law of relax-
ation

where the formation time



706 D.R. Yakovlev

> 0 is the fraction of the polaron energy gained through autolocalization. For all
studied structures the experimentally measured dynamics of the MP formation is
very well described by the exponential law, which in turn confirms the validity of
the chosen approximation for εeq(ε).

Analyzing Eq. (5), one can conclude that in 3D systems, where the autolo-
calization of MP is negligible, τf = mss , i.e. polaron formation is determined by the
relaxation dynamics in the system of Mn ions only. In QWs, where the autolocal-
ization contributes considerably the MP equilibrium energy, τf exceeds τs by the
factor determined in Eq. (5). It is worthwhile to note that the above analysis can-
not be applied to the free magnetic polarons, where εeq(0) = 0 and Eq. (5) gives
an infinite formation time. In this case Eq. (3) should be reflned by an account for
nonlinear terms in εeq(ε).

In the following, we discuss first the autolocalization contribution in the dy-
namics of MP formation and then consider the relaxation processes in the Mn spin
system, which determine ;.

3. Experimental results and discussion

Methods of optical spectroscopy, namely photoluminescence (PL) and po-
larized PL, allow to get detailed information about static and dynamic properties
of MPs in semimagnetic semiconductors. MP formation causes exciton localiza-
tion in the exchange potential and the polaron energy can be determined from a
low energy shift of a luminescence line in respect of the free exciton energy. In
the semimagnetic semiconductors the Stokes shift of PL line is due to both po
laron formation and exciton localization in nonmagnetic random potential, and
it is necessary to distinguish between these two contributions. We use a method
of selective excitation for the EMP studies in Cd 1- x MnxΤe-based epilayers and
heterostructures grown by molecular-beam epitaxy [20, 22]. Excitons are excited
selectively in the band of localized states at energies where the spectral diffusion
due to phonon-assisted tunneling dues not occur during the exciton lifetime. In
this case the Stokes shift ΔΕ between the luminescence line and the energy of
selective excitation is determined by the magnetic polaron formation only.

The dynamics of MP formation has been studied by a picosecond time-resolv-
ed spectroscopy [20, 23]. The PL signal was recorded by a streak-camera with
temporary resolution of 15 ps and Selective photoexcitation was provided by 5 ps
laser pulses. An inset in Fig. 1 shows the time evolution of the magnetic polaron
shift ΔΕ in three Cd1-x-yMnx Mgy Τe epilayers at 1.6 K. The fast initial shift of
the polaron line is followed by a saturation of ΔΕ(t) at the level of ΔΕ(t —^ oo),
which corresponds to the equilibrium energy of MP (EMP). The formation process
is well described by an exponential law ΔΕ(t) = ΔΕ(t — oo)[1—exp(—t/τf )] for all
structures reported in this paper. The polaron lifetimes τ0 have been determined
from the decay of the spectrally integrated PL intensity.

Let us first discuss the dynamics of MP formation in 3D and 2D systems
without going into details of microscopic mechanisms determining τ s . The MP
formation time as a function of the Mn content in Cd1- x MnxTe (3D system) is
shown in Fig. 1. It decreases from 130 ps down to 50 ps with x increase in the range
0.12-0.33. The increase in Mn content causes change of the magnetic properties
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and increase in compositional disorder, which in turn leads to a stronger initial
localization of excitons and larger MP energies. In order to distinguish between
these two factors contributing the polaron formation time, the MP formation was
measured in the quaternary alloys Cd1- x - y Mnx Mgy Te with a nearly identical Mn
content of about 0.14 (see inset of Fig. 1). Despite the considerable increase in the
polaron equilibrium energy with increasing Mg content, the formation times differ
only slightly [24]. Therefore, we conclude that the formation time does not scale
with the MP energy and with a degree of the initial localization, but is determined
by the relaxation dynamics in the system of Mn ions. Remember that in 3D sys-
tems the autolocalization of MPs is expected to be negligible and experimentally
determined formation time τf can be directly associated with the relaxation time
τs , i.e. τf = τs (see Eq. (5)). Therefore, the data in Fig. 1 can be considered as a
functional dependence of; on the Mn content.

A theoretical analysis of the MP dynamics in 2D systems predicts a con-
siderable contribution of the autolocalization, which is accounted by the factor ξ
in Eq. (5): τf =

τs

(1 + ξ).Experimental data from Fig. 2a for Cd0.93Mn0.07Te/
Cd 0.67Mn 0.07Mg0.26Τe QWs confirm this expectation [25]. Despite the uniform Mn
content throughout the entire structure, the polaron formation time decreases from
185 ps down to 135 ps by the well width decrease. The well width decrease down
from 80 Α causes the enhancement of in-plane exciton localization on the well
width fluctuations. That, in turn, reduces the possibility for the autolocalization
and shifts τf closer to mss . MP lifetimes are displayed in Fig. 2a by open circles.
Contrary to the τf behavior, τ0 increases in narrower QWs and in the 20 Α thick
QW exceeds τf. The smaller is the ratio τf/τ0, the greater polaron shift can be
attained and the smaller is the difference between the MP shift detected under cw
conditions and the equilibrium MP energy. For the studied structure both of these
energies are plotted in Fig. 2b.
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Now we are going to discuss relaxation processes which determine the MP
formation. The magnetic polaron formation is related to the Mn spin orientation
along the direction of the carrier-induced exchange field Bex. But at the very
first time moments after exciton photogeneration the direction of flex needs to be
stabilized. A directional stabilization of the exciton spin (and respectively, flex )
takes place after achievement of the "starting" correlation between exciton and
the system of Mn spins, when the MP (exchange) energy exceeds kBT. After
stabilization of the flex direction, further evolution of the MP state is determined
by rates of both energy- and spin relaxation of the Mn spins. The time ;s is
controlled by the slowest process among energy- and spin relaxation of the Mn
spins.

The polaron formation times shown in Fig. 1 for the 3D systems, where the
autolocalization contribution to Τf can be neglected and ι = ;s , indicate that;
varies between 50 and 150 ps and decreases monotonically for higher Mn contents.
A collection of relaxation times for the Mn spins in the semimagnetic semicon-
duction done by Diet! et al. [10] is displayed in Fig. 3. The spin—lattice relaxation
process, which assists energy transfer from the Mn spins to the phonon system,
requires time in the range from 100 ns to 100 μs. It is by several orders of magni-
tude longer than the spin-spin relaxation dynamics of the Mn-spin system which
occupies the range from 1 ps to 1 ns. Both of these relaxation processes are ac-
celerated considerably for a Mn concentration increase, which is accompanied by
an enhancement of the spin—spin interactions in the Mn-spin system. The exper-
imentally determined MP formation times for x = 0.1-0.35 are shown by arrows
in Fig. 3. They correspond remarkably well to the  spin-spin relaxation dynamics.
Hence, we can exclude the direct coupling between the Mn spins and the phonons
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from mechanisms which provide the energy relaxation inside short time of MP
formation.

Two mechanisms can be suggested for the energy relaxation in MPs:
(i) the excitons themselves being effectively coupled both with the Mn spins

and the phonons can provide high spin-lattice relaxation rate for the Mn ions [26];
(ii) the system of interacting Mn spins has an energy reservoir of sufficient

capacity, and energy transfer from the Mn spins to this reservoir happens with
spin-spin relaxation rates [10]. Changes of the local magnetization inside MP vol-
ume require relaxation of the spin momentum. The analysis of the spin diffusion
model suggested in Ref. [26] gives a power-law for the dynamics of the MP forma-
tion [10]. Thus, the diffusion model is in conflict with the experimental findings,
which show the exponential dependence ΔΕ(t). It has been suggested recently
that the conservation of the spin momentum can be broken by strong nonscalar
spin—spin interactions in the Mn system [10]. This process is responsible for a
generation of a nonzero magnetization inside the polaron volume.

Figure 4 shows the time evolution of the magnetic polaron shift taken at
different repetition rates of excitation pulses [27]. It is clearly seen that the polaron
formation time is shortened from 150 ps at 13 ns pulse separation (76 MHz) down
to 90 ps at 117 ns pulse separation (8.5 MHz). In both cases the equilibrium polaron
energy ΔΕ(t → ∞) = 17 meV and polaron lifetime τ0 = 300 ps remain constant.
Therefore, the observed changes in the formation times cannot be related to the
heating of paramagnetic Mn spins contributing to the MP formation. We explain
this effect in terms of saturation of relaxation channels in the Mn spin system. It
follows from our experiment that a recovering time of these relaxation channels is
about 100 ns, which is characteristic of the spin-lattice relaxation processes.

The starting correlation stage of MP formation is determined by magnetic
fluctuations, which are specific for the semimagnetic semiconduction [4,28]. The
starting correlation is established when the spin of exciton and the magnetic mo-
ment of fluctuation (Mf) are aligned parallel to each other. A typical exchange
energy gained by the exciton in the magnetic fluctuation is about 1 meV, which at
liquid helium temperatures exceeds strongly kBT ≈ 0.1 meV [28, 29]. This means



710 	 D.R. Yakovlev

that the energy críterion for the directional stabilization of the exciton spin is
satisfied by the magnetic fluctuations. It follows from a comparison of our experi-
mental data with results of model calculation reported below, that the relaxation
of the exciton spin on the direction of Μf is much more probable than the change
of Mf orientation on the exciton spin direction.

We used methods of polarized photoluminescence, namely the optical orien-
tation [30], in order to get a detailed information about spin relaxation of excitons
in the 48 Α period Cd0.83Mn0,17Te/Cd0.54Mg0.46Te superlattice. In this method
excitons are created by a circularly polarized light, which determines the initial
orientation of exciton spins. Α degree of polarization of the PL signal (Poo) is
analyzed and it allows to find the ratio between lifetime and spin relaxation time
of excitons. It was found that under nonselective excitation Ρoo 0, this means
that the free excitons lose their initial spin orientation very effectively due to the
strong exchange interaction with the Mn spins [29, 31]. However, the significant
degree of optical orientation Ρoo = 0.27 appears under selective excitation in the
tail of localized excíton states.

Figure 5a shows two MP lines excited selectively, with σ+-polarized light
(E+) and detected in σ+ (E+A+) and σ- (E+A) polarizations. Α difference in
the intensities of the PL lines determines Ρoo . We note that the energy shift of the
E+A line from the excitation energy is Δ f = 3 meV larger than the shift of the
E+A+-line.

In Fig. 5b the optical orientation degree is displayed by closed circles as
a function of magnetic field. In nonmagnetic semiconduction Poo increases with
magnetic fields applied in the Faraday geometry because of the suppression of spin
relaxation mechanisms [30]. Contrary to that, in the semimagnetic superlattice we
find an effective suppression of the degree of optical orientation at fields as small as
0.5 T. Therefore, the nature of the optical orientation signal in the semimagnetic
semiconduction differs from that in the nonmagnetic semiconductors. Warnock et
al. suggested a model of optical orientation of excitons in the bulk semimagnetic
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semiconductors which accounts for Gaussian-distributed thermodynamical mag-
netic fluctuations inside the volume of exciton localization [28]. We modify this
model for the 2D case considering that in SLs the heavy-hole exciton spin has only
two opposite orientations parallel to the structure growth axis. We assume that
after photogeneration selectively excited excitons first align their spins collinear
with the orientation of Mf projection on the x-axis, and then form magnetic po-
larons, keeping their spin orientation constant. In this case Ρoo is determined by a
difference in the probabilities to excite excitons at the magnetic fluctuations with
different orientations. A scheme in the inset of Fig. 5 displays the situation where
an exciton is excited at localized states with magnetic fluctuations. If the exciton is
created in a "favorable" magnetic fluctuation (exciton spin parallel to the magnetic
moment of fluctuation), which provides a minimum of the exciton energy, then it
forms a MP with spin orientation coinciding with the polarization of the exciting
photon (see E+Α+-line). If the exciton is created in an "unfavorable" magnetic
fluctuation, of which the magnetic moment is antiparallel to the exciton spin, then
it flrst makes a spin-flip (as shown by arrow 1 —. 2) and then forms a MP. Such
MPs lave an orientation antiparallel to the initial exciton orientation and con-
tribute to the σ- -detected PL (see E+A - -line). The energy shift of the polaron
line in this case exceeds the MP energy by about two times the energy of the mag-
netic fluctuation. From our experiments we estimated the characteristic energy of
the thermodynamical magnetic fluctuations affecting the localized excitons in the
Cd0.83Mn0,17Te/Cd0.54Mg0.46Te superlattice to be about Δf/2 = 1.5 meV. It is
useful to note here that in structures with high Mn concentrations (x > 0.25) the
"frozen" magnetic fields of Mn spin clusters can modify the spectrum of magnetic
fluctuations and contribute to the optical orientation signal [7,32].

The solid line in Fig. 5b represents a result of the model calculation which was
obtained without fitting parameters, as all required parameters were determined
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experimentally [29, 33]. An excellent agreement between calculated and measured
values of Ρoo justifies the assumption used in the model. Open circles in Fig. 5b
show the magnetic-field-induced polarization of luminescence. Nonselective exci-
tation was used in this experiment. The luminescence is unpolarized at zero field
and the polarization degree gains its saturation level of 1.0 at a field of 0.5 T. The
values of the field-induced polarization degree are too small to be explained by
the equilibrium thermal population of the exciton Zeeman sublevels, but can be
well described in the frame of the model accounting thermodynamical magnetic
fluctuations [29, 33]. A result of the model calculation is shown by a dashed line.

It follows from the results presented above that the directional stabilization
of the exciton spin (and respectively, Bex ), which occurs in the process of the
starting correlation between exciton and the system of Mn spins, is controlled
by the thermodynamical fluctuations of magnetization. Be x is aligned along the
magnetic moment of the magnetic fluctuation during time which is shorter than
units of picoseconds, and then does not change its orientation during the process
of the MP formation up to the exciton recombination.

In summary, the following hierarchy of relaxation times in the process of MP
formation can be established on the base of reported results:

(i) The starting correlation between the exciton and the system of Mn spins
is established during the time of order of one picosecond. It is determined by the
relaxation of the exciton spin on the direction of fluctuation of magnetization.

(ii) The evolution of the MP energy covers the dynamical range from 50 up
to 250 ps and is controlled by the spin—spin interactions in the Mn spin system.

(iii) The directional relaxation time of the polaron magnetic moment exceeds
the MP formation time at least by an order of magnitude [33]. It is considerably
longer than the polaron lifetime ranged in QWs from 100 ps up to 300 ps.
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