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The optically induced long-lived spin polarization in the bulk diluted magnetic semiconductor (Cd,Mn)Te with
small manganese concentration is studied by picosecond pump-probe Kerr rotation. At temperatures below 6 K
and in transversal magnetic field the Kerr rotation signal contains three components: two oscillating components,
corresponding to the Larmor precession of manganese spins and spins of photoexcited electrons, and a long-lived
(up to 15 ns) nonoscillating component. The latter one is provided by optical orientation of equilibrium hole
magnetic polarons involving holes bound to acceptors. The origin of the anisotropy controlling the orientation
and the spin dynamics of the acceptor-bound hole magnetic polaron in bulk (Cd,Mn)Te is discussed.
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I. INTRODUCTION

One of the main tasks of spintronics is search and inves-
tigation of spin systems providing fast switching and long-
lived memory, which may be used for quantum information
technologies [1,2]. For that, diluted magnetic semiconductors
(DMS) containing localized spins of magnetic ions, like Mn,
Cr, or Fe, are often used as model systems [3]. Optical orien-
tation of the localized spins is possible via the spin-polarized
carriers photogenerated by circularly polarized light and the
subsequent transfer of their spin polarization to the local-
ized spins of magnetic ions [4]. Therefore, diluted magnetic
semiconductors based on II-VI materials, like (Cd,Mn)Te
and (Zn,Mn)Se and their heterostructures, have been studied
intensively [3,5–9]. Also, the carrier spin dynamics in DMS,
being controlled by the strong s/p-d exchange interaction
with the magnetic ions, is of great interest, for example, due
to the resulting fast spin relaxation of electrons and holes
on time scales of a few picoseconds [6–8,10]. Recently, the
non-Markovian effects in the carrier spin dynamics in DMS
have been considered theoretically [11,12].

In bulk CdTe, which has the sphalerite lattice structure, the
measured hole spin relaxation times are short (a fraction of a
picosecond) [4]. Any scattering of the hole momentum leads
to the loss of spin orientation, as the spin-orbit interaction
in the valence band is so strong that τp ≈ τs, where τp and
τs are the momentum relaxation time and the spin relaxation
time, respectively. The rapid spin relaxation of nonequilib-
rium holes prohibits the observation of hole optical orientation
in stationary-state experiments [4]. In the diluted magnetic
semiconductor (Cd,Mn)Te, an additional mechanism is pro-
vided by the exchange scattering of the holes on magnetic
ions, which should make the hole spin relaxation even faster.

The exchange interaction of carriers with magnetic ions in
DMS results in formation of magnetic polarons (MP), which
are typically composed of many localized spins oriented
within the localization volume of a carrier or an exciton
[13–16]. The spin dynamics of magnetic polarons is very

different from the dynamics of uncoupled carrier and local-
ized spins. In wide band gap II-VI DMSs, like (Cd,Mn)Te,
(Cd,Mn)Se, and (Zn,Mn)Se various types of magnetic po-
larons have been identified. Among them are: (i) the exciton
magnetic polaron formed by a localized exciton, where the
main contribution to the polaron binding energy comes from
the hole exchange interaction, which exceeds the electron
one by 4–5 times, (ii) the donor-bound magnetic polaron
formed by an electron localized at a donor, (iii) the neutral
acceptor-bound magnetic polaron (A0-BMP) formed by a hole
localized at an acceptor. Nonmagnetic localization of carriers
and excitons is an important factor for the MP stability and
its binding energy. In most cases the MP size is controlled
by the nonmagnetic localization, e.g., the Bohr radius of
an electron on a donor or a hole on an acceptor. In DMS
quantum wells (QWs) carriers can also be localized within
the fluctuation potential given, e.g., by the well width fluctu-
ations. We showed recently that the localized resident holes
in (Cd,Mn)Te/(Cd,Mn,Mg)Te QWs cause formation of hole
magnetic polarons (HMP) [10]. In fact, the properties of the
HMP should not differ from that of the A0-BMP, both being
controlled by the hole exchange with magnetic ions. The only
difference expected comes from the reduction of the system
symmetry going from the bulk to the QW case.

Information on magnetic polarons can be obtained us-
ing various optical methods: photoluminescence with se-
lective excitation [16–18], time-resolved photoluminescence
[16,19–21], and spin-flip Raman scattering [22–25]. Recently
we showed that the spin relaxation dynamics of equilibrium
hole magnetic polarons in DMS QWs can be studied by time-
resolved pump-probe Kerr rotation [10].

Most of the results on MPs obtained so far were analyzed in
the frame of the mean-field approach, which implies that the
localized carrier (or exciton) is interacting with a large number
of magnetic ions. This is valid when the Mn2+ concentration
exceeds a few percent. In the very dilute regime, when the
localized carrier interacts with only one (or a few) Mn2+

ions the mean-field approach is not valid anymore. We have
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FIG. 1. Photoluminescence spectrum of Cd1−xMnxTe with x =
0.005 measured at T = 1.8 K. Inset shows the low energy part of the
spectrum with DAP emission and the associated phonon replicas.

investigated this case experimentally and theoretically for
bulk Cd1−xMnxTe with x = 0.005 addressing the A0-BMP by
selective excitation of the donor-acceptor pair (DAP) states
[17].

In this paper we study the spin dynamics of acceptor-bound
hole magnetic polarons in bulk (Cd,Mn)Te with a low Mn con-
centration by time-resolved pump-probe Kerr rotation. The
paper is organized as follows. Section II contains information
about the studied sample and details of the experimental
technique. In Sec. III the experimental results are presented.
In Sec. IV a model of optical orientation of the hole magnetic
polaron is discussed and compared with the experiment.

II. EXPERIMENTALS

The experiments were performed on a bulk Cd1−xMnxTe
sample grown by the Bridgman technique and having a Mn
concentration of x = 0.005. The crystal is nominally undoped,
while due to the excess of Te or Cd vacancies as-grown
crystals typically show p-type doping. The concentration
of residual impurities (both donors and acceptors) is about
1016 cm−3.

The photoluminescence (PL) spectrum measured under
continuous-wave laser excitation with a photon energy of
2.34 eV at a temperature of T = 1.8 K is shown in Fig. 1. Its
low energy part contains three intense broad bands separated
by 20.5 meV (inset in Fig. 1), which corresponds to the LO-
phonon energy in CdTe [26]. We associate the most intense
line at 1.546 eV with recombination of donor-acceptor pairs
(DAP) and the two other lines with the associated LO-phonon
replicas. The two additional lines of weaker intensity in the
high-energy part of the spectrum can be assigned to the
acceptor-bound exciton A0X (1.595 eV) and the free exciton
X (1.600 eV) emission. More details on the PL spectrum of
this sample can be found in Ref. [17].

FIG. 2. Recombination dynamics of A0X and DAPs. (a) Streak-
camera image. (b) Recombination dynamics of acceptor-bound ex-
citon (circles) detected at 1.595 eV and biexponential fit to the data
(blue line). Laser photon energy 1.668 eV and T = 6 K.

The recombination dynamics of the acceptor-bound exci-
tons A0X and DAPs was measured by time-resolved PL and
is shown in Fig. 2. The sample was excited by a Ti:Sapphire
laser pulses (pulse duration 200 fs, repetition rate 76 MHz,
photon energy 1.668 eV, excitation power Pex = 3.5 W/cm2).
The emission was detected by a streak camera attached to a
0.5-m monochromator (time resolution of about 10 ps). One
can see in Fig. 2(a) that the PL decay of the DAPs (the
intense band) occurs on much longer time scales than the
laser repetition period of 13.2 ns, as we conclude from the
rather intensive signal observed at negative delay times, i.e.,
at delays of about 13 ns. This is in accordance with the long
recombination times reported for DAPs in other papers [9].
The A0X recombination dynamics [weaker line at the bottom
of Fig. 2(a)] is shown in Fig. 2(b). A fit to the experimental
data with a biexponential decay gives us recombination times
of τ1 = 85 ps and τ2 = 330 ps. Due to the low intensity
of the free exciton line it was not possible to measure its
recombination dynamics. Since in the PL spectrum under
continuous-wave excitation (Fig. 1) the A0X intensity exceeds
the intensity of the free exciton, the capture probability of the
exciton on the acceptor obviously exceeds the probability of
its recombination. Therefore, one can conclude that the free
exciton lifetime does not exceed the A0X lifetime. Note that
the dynamic spectral shift of the PL lines to low energies,
which is typical for the magnetic polaron formation, is not
detected here. This can be explained by the fact that in the
studied sample with a low Mn concentration, the magnetic
polaron shift is small. In this case the A0-BMP cannot be
identified by the spectral shift of the emission maximum but
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FIG. 3. Experimental scheme and crystal orientation. The blue
plane is the cleaved surface (110) of our sample. The red open
arrow gives the direction of the exciting light [11̄0]. The green open
arrow shows the direction of the external magnetic field. The other
colored arrows specify the direction of the easy magnetization axis
{111} as described in the text. The axes shown in the figure are the
crystallographic axes.

through the asymmetric tail of the resonantly excited DAP
[17]. Moreover, the magnetic polaron formation time exceeds
the exciton lifetime [17].

The time-resolved pump-probe Kerr rotation (KR) tech-
nique [1,10,27,28] is used to study the spin dynamics. Pulses
with duration of 1.5 ps were emitted by a Ti:Sapphire laser
with a repetition period of TR = 13.2 ns. An elasto-optical
modulator switches the circular polarization of the excitation
between σ+ and σ− with a frequency of 50 kHz. The laser
photon energy was tuned within the spectral range from the
free exciton to the DAP. The probe pulses were linearly
polarized and their Kerr rotation was measured by a balanced
photoreceiver using a lock-in amplifier. The excitation density
of the pump pulses, Ppump, was varied from 0.8 to 16 W/cm2.

The Faraday or Kerr rotation pump-probe technique has
several advantages for investigation of the spin dynamics in
DMS, compared to photoluminescence. Among them are: (1)
the PL detection is limited by the recombination time of
the studied states, which restricts the temporal range of the
studied spin dynamics, and (2) as we have demonstrated in
Ref. [10] pump-probe KR allows one to obtain information
about equilibrium magnetic polarons, e.g., hole magnetic
polarons formed by resident holes.

The sample was placed in a cryostat and its temperature
was varied from T = 1.7 to 25 K. The surface of the cleaved
sample coincides with the crystallographic plane (110), see
Fig. 3. The sample was oriented such that the vector of the
external magnetic field B was lying in the plane of the surface.
The direction of the excitation light beam was perpendicu-
lar to this surface (that is along the direction [11̄0]) (Voigt
geometry).

III. EXPERIMENTAL RESULTS

The pump-probe KR signal measured at 1.6007 eV (near
the exciton resonance) in a magnetic field of 0.5 T is shown in
Fig. 4(a) and for different magnetic fields in Fig. 4(b). The sig-
nal has a complicated shape and consists of three components:

FIG. 4. (a) KR signal (black line) measured at 1.6007 eV. B =
0.5 T, T = 1.8 K, and Ppump = 1 W/cm2. Red dashed line is fit for
time delays longer than 25 ps using Eq. (1). The fitting parameters
are T ∗

2,Mn = 540 ps and τMP = 1.1 ns. (b) KR signals measured
for different magnetic field strengths. Data are shifted vertically
for clarity. Dotted lines indicate zero level. (c) Decay time of the
long-lived nonoscillating component as a function of magnetic field.
Red line is a fit to the data using Eqs. (1) and (17) from Ref. [10].

(i) a rapidly oscillating component during the first 20 ps, (ii) a
component oscillating at much lower frequency during times
up to 1 ns, and (iii) a long-lived nonoscillating component.

In order to extract the dephasing or decay times, the
relative amplitudes and the precession Larmor frequencies of
these components, the spin beat signals were fitted with the
following function:

K (t ) = A exp

(
− t

T ∗
2,e

)
cos(2πωet + φ)

+ B exp

(
− t

T ∗
2,Mn

)
cos(2πωMnt + ψ )

+C exp

(
− t

τMP

)
. (1)

Here A (B), T ∗
2,e (T ∗

2,Mn), ωe (ωMn), and φ (ψ) are the am-
plitude, dephasing time, Larmor precession frequency, and
initial phase of the fast (slow) oscillating component of the
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FIG. 5. (a) KR signals of photogenerated electrons at differ-
ent pump powers. (b) Dependence of electron Larmor precession
frequency on pump power. (c) Evaluated Mn spin temperature at
different pump powers. Laser photon energy is 1.6028 eV, B = 0.5 T,
and T = 1.8 K.

KR signal. C and τMP are the amplitude and the decay time of
the nonoscillating component, respectively.

The rapidly oscillating component is shown in more detail
in Fig. 5(a). It is related to the Larmor precession of the
photogenerated electron spins with an effective g factor g∗ �
32 and a spin dephasing time of T ∗

2,e � 10 ps. The large g∗
is due to the exchange interaction of the electrons with the
Mn spins. The frequency of the electron Larmor precession
depends on the excitation power and decreases with increasing
power [Fig. 5(b)]. The reason for that is apparently the heating
of the manganese spin system by photogenerated carriers,
which results in a decrease of the Mn polarization and of
the giant Zeeman splitting of the electrons [29]. From the
period of the electron Larmor precession we estimate the
Mn spin temperatures TMn given in Fig. 5(c) and the actual
concentration of manganese in the sample to be 0.005 using
equations from Ref. [29].

In addition to the short-lived and rapidly oscillating com-
ponent the KR signal contains a relatively slowly oscillating
component corresponding to a g factor of 2 and a spin dephas-
ing time T ∗

2,Mn = 540 ps at B = 0.5 T [Fig. 6(a)] which we
attribute to the Larmor precession of Mn2+ spins [1,6,7,17]. It
should be noted that the dephasing time of Mn spins does not
depend on the pump power [Fig. 6(b)]. This can be explained

FIG. 6. (a) KR signals of Mn spins at different pump powers.
Data are shifted vertically for clarity. Dashed lines indicate zero level.
(b) Dependence of Mn spin dephasing time T ∗

2,Mn on pump power.
(c) Pump power dependencies for the nonoscillating component:
decay time τMP and amplitude normalized to the pump power. Laser
photon energy is 1.6028 eV, B = 0.5 T, and T = 1.8 K.

by the influence of the hyperfine interaction on the dynamics
of the Mn2+ spins, as it was demonstrated in Ref. [30].

Also a nonoscillating component with large amplitude and
long decay time is observed in the KR signal [Fig. 4(a)]. A
fitting to the experimental data for delay times longer than
25 ps using Eq. (1) is shown by the red dashed line. The
amplitude and decay time of the nonoscillating component
(τMP) depend on the laser photon energy, magnetic field,
temperature, and pump power. This long-lived nonoscillating
component is observed only for the laser energy in resonance
with the exciton transition but becomes negligibly small when
the laser is detuned from the exciton. At B = 0 T the long
relaxation time in the KR signal is about 15 ns [Fig. 4(b)] and
decreases with increasing magnetic field dropping to 200 ps
at 1.5 T [Fig. 4(c)]. A fitting of the dependence τMP(B)
using Eqs. (1) and (17) from Ref. [10] gives the following
parameters: Bex = 0.16 T, g⊥/gz′z′ = 0.19, and d�Ehh

z /dB =
4.9 meV/T. Here �Ehh

z is Zeeman splitting of heavy hole
states. The KR signal amplitude also decreases with increas-
ing magnetic field [Fig. 4(b)]. One can see from the results
presented in Fig. 7 that a rather small increase in temperature
from 1.7 to 7 K is sufficient to suppress the nonoscillating
component. The decay time τMP and amplitude normalized
to the pump power depend on the pump power [Fig. 6(c)].

115204-4



OPTICAL ORIENTATION OF ACCEPTOR-BOUND HOLE … PHYSICAL REVIEW B 99, 115204 (2019)

FIG. 7. KR signal at different temperatures. Data are shifted
vertically for clarity. Dashed lines indicate zero level. Laser photon
energy is 1.6028 eV and Ppump = 5 W/cm2.

At pump powers exceeding 10 W/cm2 the nonoscillating
component disappears. It is important to note that long-lived
signal persists at times long after the exciton recombination.

The sensitivity of the pump-probe KR setup is mainly
determined by two factors: (i) the efficiency of optical orien-
tation of the magnetic polarons, which also depends on the
absorption coefficient, and (ii) the efficiency of KR signal
detection. When the coherent spin dynamics of the exciton
is studied, it is optimal to set the laser photon energy at
the exciton energy. For investigation of the acceptor-bound
hole magnetic polaron the detection would be optimal at the
A0X energy, but many more spin-oriented excitons can be
excited at the exciton energy, which then are captured on the
acceptors with only partial loss of their spin orientation. As a
result, the optimal laser photon energy for investigating the
magnetic polaron dynamics is between the exciton and the
A0X energies.

IV. MODEL CONSIDERATIONS

We turn now to the origin of the nonoscillating KR signal.
Its experimental signatures are very similar to those measured
for (Cd,Mn)Te-based QW structures, where we identified the
corresponding signal as the contribution from the equilibrium
hole magnetic polaron formed from resident holes localized
on QW width fluctuations [10]. There are two key experimen-
tal features. (i) Absence of oscillations in the KR amplitude in
a magnetic field, which means that the orientation of the spin
polarization is stabilized and fixed by some mechanism. In the
QW case the mechanism is provided by a strong anisotropy of
the hole g factor, whose in-plane component is close to zero.
(ii) Strong magnetic field dependence of the decay time τMP

with a short initial part. This is related to the fact that the spin
relaxation of the hole magnetic polaron in the QW requires a
flipping polaron moment between two stationary states with
orientations parallel to the quantization axis. They are sepa-
rated by a barrier Ea(B), which depends on the magnetic field
strength. As a result τMP(B, T ) ≈ τ0 exp[Ea(B)/kBT ], where

Ea(0) = −EMP, τ0 is a prefactor and kB is the Boltzmann
constant.

As we observe both of these experimental signatures
also in the bulk (Cd,Mn)Te sample, it is reasonable to as-
sume that the nonoscillating signal in bulk is caused by
hole magnetic polarons. But in this case the resident hole
is localized on an acceptor. It is less obvious, however,
that the hole spin in a bulk cubic crystal is anisotropic,
which is essential for the considered mechanism. It is worth-
while to recall that the acceptor-bound magnetic polarons
have been studied in (Cd,Mn)Se crystals with wurtzite struc-
ture and strong crystal anisotropy, which results in a bistable
polaron behavior [31–33]. From the symmetry point of view
the case of bulk crystals with wurtzite structure is quite
similar to the case of quantum well structures [10,34]. Be-
low we will discuss possible mechanisms for the hole spin
anisotropy in bulk cubic DMS crystals, comment on the
optical orientation mechanism, and evaluate parameters of the
A0-BMP.

A. Mechanisms of hole MP anisotropy in bulk DMS

We can suggest two possible mechanisms of the MP
anisotropy in a bulk crystal.

(i) It has been shown theoretically and experimentally
that due to the spin-orbit interaction in the valence band of
(Cd,Mn)Te the hole magnetic polaron becomes anisotropic,
i.e., has a preferential direction of its magnetic moment (the
so-called cubic anisotropy) [35,36]. Namely, the directions
{111} are easy magnetization axes in (Cd,Mn)Te and the
magnetic polarons are aligned along them, see colored ar-
rows in Fig. 3. In thermal equilibrium and at zero external
magnetic field the magnetic moments of the A0-BMPs are
directed equally along all {111} directions and the average
polarization of the MP ensemble is zero. However, an external
magnetic field or circularly polarized excitation can induce a
net polarization in the ensemble of MPs.

(ii) The second scenario leading to the anisotropy of the
A0-BMP is the following. As noted above, the Mn con-
centration in our sample is very small. For acceptors with
a Bohr radius aB = 1 nm and x = 0.005, the concentration
of magnetic ions NMn = xN0 = 7 × 10−19 cm−3 (N0 is the
concentration of cations) and the parameter 4

3πa3
BN0x = 0.3,

i.e., statistically there is less than one Mn ion in the hole
localization volume at an acceptor. As was shown in Ref. [17],
in this case the dominant combination to the A0-BMP energy
comes from the hole exchange interaction with the Mn ion
that is located nearest to the acceptor. The spherical Coulomb
potential of the acceptor localizing the hole will be changed
owing to the exchange interaction between the hole and the
nearest Mn (the spherical potential of the acceptor acquires a
uniaxial distortion). The axis of this anisotropy is the direction
from the acceptor to the nearest manganese ion. As Mn in the
(Cd,Mn)Te lattice substitutes Cd and the Cd vacancy serves as
an acceptor, the nearest to an acceptor Mn ions are positioned
along the following directions: (a) [110], the distance from
the acceptor is a/

√
2 (a is the lattice constant), (b) [100], the

distance from the acceptor is a, (c) [121], the distance from
the acceptor is a

√
3/2.
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B. Mechanism of optical orientation of A0-BMP

We suggest the following mechanism for the optical ori-
entation of the A0-BMPs resulting in observation of their
long-lived spin dynamics. Circularly polarized pump light
generates spin oriented excitons, followed by their spin se-
lective capture to A0 acceptors which leads to the formation
of A0X. This induces an imbalance in the system of A0 bound
magnetic polarons, i.e., a net polarization of these polarons
appears. As one can see in Fig. 1, the A0X line in the PL
spectrum is much more intense than the free exciton line.
This means that after photogeneration an exciton is quickly
captured by a neutral acceptor A0, forming A0X bound exci-
ton. We assume that during the fast capture process the hole
spin in the exciton does not change its orientation (if the hole
would have lost its orientation, we could not have seen optical
orientation).

As we mentioned above, the A0-BMPs are oriented along
the anisotropy axes that coincide with the local anisotropy
axes for holes bound to acceptors (A0-holes). This means
that the hole angular momentum projections for the specific
magnetic polaron are |↑〉 and |↓〉. Here, the notations |↑〉
and |↓〉 correspond to the hole angular momentum projections
parallel and opposite to the anisotropy axes z′. The anisotropy
axes z′ are inclined relative to the z axis at some angle θ ,
so that the hole state Jz = +3/2 (z is the direction of the
excitation light) can be represented in the reference frame
related to the direction of the specific polaron magnetic mo-
ment by | + 3/2〉 = a1 |↑〉 + a2 |↓〉, where a1 = cos θ/2 and
a2 = sin θ/2. Circularly polarized (say σ+) light pulses excite
excitons with angular momentum |+1〉 = | + 3/2,−1/2〉 (in
the notations |Sz〉 = | jz, sz〉, where Sz, jz, and sz are the pro-
jections of the exciton, hole, and electron spins). This exciton
is captured by an acceptor A0 |↓〉 with probability a2

1 and
by A0 |↑〉 with probability a2

2. As a2
1 � a2

2 for σ+ excitation
this process will result in orientation of the A0X excitons.
The net spin orientation of this complex is determined by the
spin of the uncompensated electron because the total angular
momentum of the two holes in the A0X complex is equal
to zero. The fast oscillations in the KR signal are just a
manifestation of the A0X electron precession in a transversal
magnetic field, see Fig. 4(a).

Since the exciton capture is a spin selective process (the
total spin of the holes in the ground state of the A0X complex
is equal to zero, as it has two holes in a singlet state), the
excitons |+1〉 = |+3/2,−1/2〉 are trapped preferentially by
neutral acceptors with hole spin projection |−3/2〉. As a
consequence, the hole exchange field acting on the Mn ions
in the A0-BMP is switched off by the exciton capture. The
exchange field of an electron that appears in this case is
much smaller (due to the smaller exchange constant and the
larger localization volume), therefore, we neglect it. Also,
the exciton capture on an acceptor leads to additional energy
that dissipates in the Mn spin system within the acceptor
vicinity destroying the Mn spin polarization, i.e., destroying
A0-BMP. In contrast, the majority of acceptors with hole
spin projection |+3/2〉 remain unperturbed as the excitons
are not captured by them. The KR dynamics allows us
to study the spin relaxation of these unperturbed magnetic
polarons.

For relaxation of the induced net polarization of the MPs it
is necessary to overcome the barrier given by the anisotropy.
The consequences of that are a significant increase of the re-
laxation time τMP and an absence of magnetization precession
in a transverse magnetic field [10].

To explain qualitatively the magnetic field dependence of
τMP, we should take into account that the relaxation of the
magnetization, i.e., the reorientation of the A0-BMP magnetic
moment between A0 |↓〉 and A0 |↑〉 occurs through the saddle
point, namely through the x direction. As a transverse mag-
netic field Bx induces a Mn magnetic moment Mx, the barrier
between the two stable polaron states A0 |↓〉 and A0 |↑〉
decreases and as a consequence τMP decreases. It is worth
mentioning and discussing an interesting peculiarity of our
observation, namely the qualitative and quantitative similarity
of the τMP(B) dependencies in QWs [10] and bulk (Cd,Mn)Te.

C. Evaluation of A0-BMP parameters

The model approach for the hole MP was developed in
Ref. [10] for a (Cd,Mn)Te-based QW with a strong anisotropy
of the hole g factor. We suggest that this model can be used
also to analyze the experimental results for the A0-BMP in
bulk (Cd,Mn)Te because the main ingredients of the model—
the anisotropy of the hole g factor and the value of the MP
energy—are similar for both cases. As we will show below,
the evaluation of the MP parameters for the studied bulk
(Cd,Mn)Te sample gives reasonable values.

For the QW, the parameters evaluated from the experimen-
tal dependence of τMP(B) were: exchange field Bex = 0.05 T
and hole g factor anisotropy parameter g⊥/gzz = 0.04. Here
gzz is the hole g factor along the QW growth axis and g⊥
is the in-plane hole g factor. That gives for the energy of
the hole MP a value of EMP = 0.5 meV [10]. By applying
this model approach to the experimental results in the present
paper, the following parameters are obtained for the A0-BMP
in bulk from fitting the τMP(B) dependence in Fig. 4(c).
We obtain Bex = 0.16 T, g⊥/gz′z′ = 0.19, and d�Ehh

z /dB =
4.9 meV/T. Using these parameters we evaluate the energy of
magnetic polaron EMP = 1

2 (d�Ehh
z /dB)Bex = 0.4 meV. The

larger value of Bex in the bulk sample compared to the QW
is apparently due to the stronger localization of the hole
wave function on the acceptor. The larger value of g⊥/gz′z′

in bulk can be attributed to the smaller anisotropy in the
bulk sample. An estimate of the parameter d�Ehh

z /dB can be
obtained using the measured value of the g∗

e = 32 factor for
the electron. Although we could not measure the g factor for
a hole, it is known [3] that the exchange constant for a hole is
four times larger than that of an electron. Therefore, g∗

h = 4g∗
e

and d�Ehh
z /dB = μBg∗

h = 7.4 meV/T. This value is close to
what we obtained from the fitting of experimental data.

From fitting experimental data we get parameter g⊥/gz′z′ =
0.19, which does not necessarily means such a strong g factor
anisotropy of the hole, but evidences that the hole magnetic
polaron energy depends on the orientation of the hole spin in
respect of the crystallographic axis and the difference in HMP
energy can reach five times. It has been shown in Ref. [36] that
the anisotropy of the hole effective masses can be responsible
for that. Using this approach in Ref. [34] it has been estimated
that the HMP energy for [111] orientation of the hole spin may
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FIG. 8. Square of wave function of the hole localized at an
acceptor and probability for the acceptor to have a nearest Mn at
distance R.

exceed by 2.7 times the one for [100] orientation, which is in
reasonably good agreement with our experimental data.

It is worth noting that in (Cd,Mn)Te with a low concen-
tration of Mn and a small acceptor Bohr radius, the A0-BMP
energy is spread across a wide energy range. This dispersion
of the A0-BMP energy depends on the distribution of Mn
spins in the acceptor vicinity and can be described by the
Poisson statistics. This is the case when the contribution of
the Mn ion nearest to the acceptor center to the magnetic
polaron energy is dominant [17]. Here we take an acceptor
wave function in the form ψ (R) = 1√

πa3
B

exp(−R/aB) and the

probability for the acceptor to have a nearest Mn at distance R
is given by:

dPNN

dR
= 4πR2xN0 exp

(
−4πR3xN0

3

)
. (2)

Figure 8 shows the probability for the acceptor to have a
nearest Mn at distance R (red line) and the density of prob-
ability of hole localized on acceptor (blue line) as a function
of R. The distribution of a number of acceptors to have a
nearest Mn at distance R has its maximum at Rmax = 1.2

nm, where the acceptor hole density (|ψ (R)|2) is small (as is
the hole exchange field Bex). The value Bex = 0.16 T can be
attributed to the hole exchange field Bex at the maximum of
the distribution of the number of acceptors as a function of R.

Measurements of the KR signal performed in a magnetic
field oriented at different angles in the sample plane (110)
did not reveal any additional features of the magnetic polaron
(the polaron amplitude and dephasing time practically did not
change). Therefore, we conclude that we cannot distinguish
experimentally between the two scenarios for the A0-BMP
anisotropy discussed above.

V. CONCLUSIONS

We have reported the observation of optical orientation of
equilibrium hole magnetic polarons involving holes bound to
acceptors in a bulk (Cd,Mn)Te sample with a small concen-
tration of manganese. The main parameters of the acceptor-
bound hole magnetic polaron have been determined. It is
important to note that the oscillating component related to
the coherent spin dynamics of the Mn spins and the long-
lived nonoscillating component related to the A0-BMPs have
different origins. The oscillating component is induced by
the spin transfer to the Mn spins from the photogenerated
carriers, while the long-lived nonoscillating component is due
to optical orientation of the A0-BMP. In the latter case the
anisotropy of the A0-BMP leads to the absence of oscillations
in transversal magnetic field and the long decay of the MP spin
polarization. Despite the fact that we used a theoretical model
[10] developed for QWs, it describes sufficiently well the
experimental results for bulk (Cd,Mn)Te and gives reasonable
parameters of A0-BMP.
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