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Optical manifestation of magnetic polarons bound to excitons and resident holes
in a (Cd,Mn)Te quantum well
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Photoluminescence and multiple Mn>* spin-flip Raman scattering (SFRS) are studied in the
(Cd,Mn)Te/(Cd,Mg)Te quantum well with excess resident hole concentration under resonance continuous-wave
photoexcitation in the localized states of excitons and trions at 7 = 1.5 K. A magnetic polaron shift of both
exciton and trion photoluminescence is observed to be increasing with an increase in the magnetic fieldupto 6 T
applied perpendicularly to the sample growth axis (Voigt geometry). Exciton magnetic polaron shift in magnetic
field is attributed to the adiabatic energy transfer from the exchange reservoir to the Zeeman reservoir during the
precession of the Mn?" ions in the summary field of external magnetic and exchange hole fields. A mechanism
of the magnetic polaron shift of trion photoluminescence is suggested. It is related to direct photoexcitation of
the triplet trion state, which is stable in the conditions which are provided by the resident hole magnetic polarons.
In these conditions, the Mn?" magnetic moment experiences additional magnetization in the double exchange
field provided by two holes in the triplet trion state. It is observed that the maximum efficiency of multiple Mn>*
spin-flip Raman scattering falls into the energy range corresponding to the states of localized excitons where the
exciton magnetic polaron shift is observed. From this we conclude that the magnetic polaron state could be an
intermediate state of the multiple Mn*" SFRS process.

DOI: 10.1103/PhysRevB.104.045307

I. INTRODUCTION

Strong exchange interaction between magnetic ions and
charge carriers (electrons or holes) leads to the manifestation
of many phenomena observed in diluted magnetic semicon-
ductors (DMSs) such as (Cd,Mn)Te and quantum structures
based on them. One of these phenomena is the giant spin
splitting of exciton states which can be observed in the pho-
toluminescence (PL), absorption, and reflection spectra (e.g.,
Refs. [1,2]). This can be described as the influence of an
effective exchange field produced by the localized spins of
manganese ions on the spin of a charge carrier (or spins of the
electron and the hole in an exciton). This exchange field acts
as a magnetic field, and its value can easily exceed that of the
usual external magnetic fields used in experiments (about 1 T)
by one or two orders of magnitude. On the other hand, a band
charge carrier (or an exciton itself) can create an exchange
field, which would align spins of magnetic ions. The dynamics
of this process is accompanied by spatial localization of the
carrier (exciton) due to the exchange interaction with localized
magnetic ions. This is known as the formation of a free (self
trapped) magnetic polaron: a self-consistent bound state of
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a charge carrier (or an exciton) and magnetic ions in the
carrier (exciton) localization area [2]. However, free magnetic
polaron formation is hardly achieved in two-dimensional sys-
tems [3]. There is another kind of magnetic polaron which is
easier to observe: the bound magnetic polaron, which requires
initial localization of the charge carrier (exciton) on imperfec-
tions of a semiconductor structure. This localization causes a
significant enhancement of the exchange field of the charge
carrier (exciton) and facilitates the possibility of the magnetic
polaron formation. Hereinafter, we discuss only bound mag-
netic polarons and will refer to them just as magnetic polarons.

Several types of magnetic polarons are known so far.
Among them is the exciton magnetic polaron (EMP), which
originates due to the exchange interaction between the exciton
(electron and hole) and the magnetic ions in its localization
area. An EMP typically manifests itself as an additional en-
ergy shift of the exciton PL under resonant continuous-wave
excitation in the low-energy tail of the density of states of the
localized excitons in the bulk DMS [4] and in the DMS-based
quantum structures [5]. In addition, the dynamic process of the
EMP formation causes a time-dependent shift of the exciton
PL spectral position, which can be researched by detecting
the PL kinetics with time and energy resolution with a streak
camera [6]. Another type is the electron or the hole magnetic
polaron (EIMP or HMP, respectively), which forms in the
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vicinity of only one type of charge carrie—electron or hole,
respectively. Charge carriers involved in the formation of such
polarons can be either resident or bound to impurities. Spin
dynamics of such HMPs were studied lately in the (Cd,Mn)Te
quantum well (QW) [7] and in the (Cd,Mn)Te bulk [8] by
means of the time-resolved pump-probe Kerr rotation tech-
nique. It was found that the spin lifetime of such HMPs in
the QW is about 100 ns, which is several orders of magnitude
higher than the typical spin relaxation times of charge carriers
in that system (~1-10 ps).

Apart from the described phenomena the exchange interac-
tion between magnetic ions and charge carriers also manifests
itself in light-scattering processes. In particular, spin-flip Ra-
man scattering (SFRS) in the (Cd,Mn)Te QW usually shows
many (up to 19 in specific cases [9]) equidistant lines in the
secondary emission spectra in a transverse magnetic field.
These lines are related to the simultaneous spin flips of mul-
tiple magnetic ions. It is assumed that this phenomenon is
connected to the participation of the virtual magnetic polaron
state in the SFRS process [9,10], although the detailed mech-
anism of this process has not been proposed yet. Along with
that, in papers related to the study of magnetic polarons, con-
sideration of the multiple manganese SFRS process is almost
always omitted [5,11]. One may suggest that the role of the
magnetic polaron is to correlate the spins of the manganese
ions in order to increase the probability of their simultaneous
flip. Therefore it is necessary to consider the magnetic po-
laron’s formation process along with the multiple manganese
spin flips in the transversal magnetic field.

In this paper we study the role of the exciton magnetic
polaron and the resident hole magnetic polaron in the forma-
tion of the secondary radiation spectra (PL and SFRS) in a
(Cd,Mn)Te quantum well doped with resident holes, by means
of selective photoexcitation with cw laser radiation.

The presentation order is the following: in Sec. II we briefly
describe the growth process of the studied structure and the
experimental technique. Experimental results of the resonant
PL in the longitudinal and transversal magnetic fields and the
SFRS are presented in Sec. III and discussed in Sec. IV. A
summary and conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS

The studied structure consisted of three CdgygeMnggsTe
DMS QWs with 40, 60, and 100 A widths separated by a
Cdy.76Mgo.24Te nonmagnetic barrier with 300 A width grown
by the molecular-beam epitaxy technique on a GaAs (001)
substrate. In the QW with 40 A width an excess resident
hole concentration is present, which is confirmed by prelimi-
nary studies of that structure by means of the time-resolved
pump-probe technique [7] and optically detected magnetic
resonance investigation of a very analogous structure with 1%
of molar manganese content (Cdy g9Mnyg o; Te) [12].

The sample was immersed in liquid helium cooled to 1.5 K
in a cryostat with a superconductive split-coil magnet with
magnetic field B up to 6 T. The optical axis was always
directed along the growth axis of the sample. The direction
of the magnetic field was either along the sample growth axis
(longitudinal field, Faraday geometry) or perpendicular to it
(transverse field, Voigt geometry). A tunable cw titanium-
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FIG. 1. (a) Colored curves represent resonant PL spectra under
different photoexcitation energies in B = 0. Black circles represent
the trion PLE spectrum registered at 1.701 eV (T PLE). Letters “T”
and “X” denote the position of the trion and exciton PL, respectively.
(b) Normalized PL spectra are presented at different magnetic fields
in the Faraday geometry under photoexcitation with energy that is
higher than the PL. maxima by 10-15meV. T = 1.5 K.

sapphire laser with spectral width of about 0.1 eV was used
as the source of the photoexcitation. The power density of the
photoexcitation was kept constant with a value of about 0.5
W /cm?, which caused minimal heating of the sample. Res-
onance PL spectra and multiple manganese SFRS registered
with a triple Raman spectrometer with a spectral resolution
of 50 pneV and a CCD camera. During the investigation of
PL and SFRS spectra in Voigt geometry, polarization of the
incident and the registered light was taken to be linear: parallel
or perpendicular to the magnetic field vector, 7 and o, respec-
tively. In this paper, spectra of the resonance PL and SFRS
are detected in the z(wo)Z configuration, which means -
polarized photoexcitation propagating along the growth axis
(z axis) and detection of the o-polarized secondary radiation
detected along Z.

III. EXPERIMENTAL RESULTS

A. PL in B = 0 and in Faraday geometry

PL spectra of the QW with 40 A width measured under
resonant excitation in B = 0 are shown in Fig. 1(a) as solid
curves. One can see a single Gaussian-shaped PL contour with
maximum at 1.705 eV attributed to the formation of the hole
trion: the bound state of the exciton with the resident hole.
On the high-energy side of the trion PL near 1.712 eV, a little
shoulder can be seen, which is due to exciton recombination.
Photoexcitation of the trions is the most efficient in the energy
range between 1.706 and 1.716 eV, which overlaps with the
spectral range of the trion and exciton states in the QW. The
maximum at 1.714 eV and a feature at 1.708 eV observed
in the trion photoluminescence excitation (PLE) spectrum
[Fig. 1(a)] are ascribed to the maximum efficiency of the
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FIG. 2. (a) Black curves represent PL spectra registered under photoexcitation with the energies that are higher than trion PL maxima
by 10-15 meV in different magnetic fields in the Voigt geometry. Black triangles and green pluses represent trion and exciton PLE spectra,
respectively, and orange circles represent manganese SFRS resonance contours in different magnetic fields in the Voigt geometry. All spectra
are obtained at the z(w o )Z configuration, normalized and shifted vertically for clarity; horizontal dashed lines correspond to the zero intensity
for each magnetic field. Letters “T” and “X” denote trion and exciton PL, respectively. (b) Magnetic field dependencies of the spectral positions
of trion PL (red “T”) in the Faraday geometry (red circles) and of the exciton (black “X”) and the trion (black “T”) in the Voigt geometry
(black circles); green circles represent the magnetic field dependence of the spectral position of the exciton PLE spectra maximum (PLE X),
and orange circles represent the spectral position of the SFRS resonance contour maximum. The red dashed curve is the calculation of the
giant Zeeman effect with the formula (1). (¢c) SFRS spectrum in B = 6 T in Voigt geometry with an energy of excitation photons of 1.7055 eV.

All data are presented for T = 1.5 K.

exciton and trion absorption, respectively. The Stokes shift of
the trion and exciton PL lines relative to the PLE spectra is due
to the localization and inhomogeneous broadening of exciton
and trion states in the QW.

Applying the magnetic field in Faraday geometry, one can
observe a monotonic shift of the trion PL towards low energies
[Figs. 1(b) and 2(b)]. We could not resolve exciton PL in Fara-
day geometry in the background of wider and stronger trion
PL. The magnetic field dependence of the trion PL spectral
position corresponds to the giant Zeeman effect typical for
DMSs [1]

1
E; =Ey — §(EZ'C + Ez hn)

=E)— %anNo(Ol = BIS)(B, Tegr). (1)

Here, Ey is the spectral position of the PL in B = 0, xyy
is the effective molar manganese content, Nopow = 0.22 eV
and NyB = —0.88 eV are constants of exchange interac-
tion of manganese with electrons and holes, respectively, in
(Cd,Mn)Te; (S)(B, Tir) = S - Bs(ugSB/kT) is an average
spin of the manganese ions dependent on magnetic field B
and the effective temperature of the manganese spin system
Tetr, where w is the Bohr magneton, g = 2.0 is the g factor
of 3d electrons localized on Mn?* ions, and § = 5/2 is the
manganese spin. Bg(x) = %Coth(%x) - %coth(%x) is
the Brillouin function. The coefficient % before formula (1)
corresponds to the Zeeman shift of one branch of the exciton
doublet in Faraday geometry.

Fitting the magnetic field dependence of the trion PL
in Faraday geometry with formula (1) [Fig. 2(c)], we have

defined values of xy, = 1.8% and T4 = 3.5 K. The latter
corresponds to the temperature of the manganese spin system.
It exceeds the sample temperature 7 = 1.5 K because of the
antiferromagnetic interaction between nearest-neighboring
manganese ions. This interaction also leads to a decrease in
the effective manganese content in DMSs in the not-so-diluted
regime (xypp > 0.1%) [13]. Along with that, xy, may differ
from the technological value of 4% because of some uncer-
tainty in the determination of the manganese content during
the growth process.

B. PL and SFRS in Voigt geometry

Presented with solid black curves in Fig. 2(a) are PL spec-
tra detected in different magnetic fields in Voigt geometry in
the z(;ro )z configuration. As one can see, application of the
magnetic field in Voigt geometry also leads to the shift of the
trion PL towards low energies. In B > 0.5 T, one can observe
a clear manifestation of the exciton PL in the spectra on the
high-energy side with respect to trion PL. The exciton PL
shape appears to be Gaussian. The spectral difference between
exciton and trion PL maxima is about 6 meV and practically
does not depend on magnetic field value. The spectral shift
of both trion and exciton PL in the transverse magnetic field
differs from formula (1) (and thus the Brillouin function)
because of the hole spin anisotropy in QWs [14]. In Voigt
geometry the state of the exciton formed by an electron and
a heavy hole (the ground exciton state) is split on a quartet of
states. One pair of these is o polarized, and the other pair is &
polarized. The energy difference between the former and the
latter pairs is defined as a sum and a difference of electron and
hole energy shifts in the magnetic field, respectively [14,15].
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FIG. 3. (a) Secondary radiation spectra under resonant photoexcitation (energy of the laser decreases from the upper spectrum to the
lower one) in B = 5.5 T (Voigt) at T = 1.5 K registered in the z(7wo )z configuration. Spectra are normalized and shifted vertically for clarity.
(b) Stokes shift of the exciton (X) and trion (T) PL over photoexcitation energy. AE is a value of the constant Stokes shift in the magnetic field
(clarification in text). (c) Magnetic field dependence of AE for trion and exciton in Voigt geometry. (d) B=5.5 T, T = 1.5 K. Orange and
purple curves represent PLE spectra of the trion and exciton, respectively (right axis, log scale). Orange circles and purple crosses represent
the spectral positions of the trion and exciton PL lines, respectively, for different photoexcitation energies (left axis). The red curve represents
the normalized resonance contour of the manganese SFRS, and black curves represent PL spectra at the excitation with E = 1.7055 eV
corresponding to the exciton state and with £ = 1.698 eV, which is in the trion localized state’s spectral range. The latter curves are on a linear

scale and are not linked to any ordinate axis.

In B = 6 T, the linear polarization degree of the exciton and
trion PL reaches 80%, which is apparently connected to the
splitting of the heavy hole states in the transverse field (about
2 meV), which is much more than the thermal energy in
T =1.5K (0.13 meV).

Since in the transverse magnetic field we were able to
distinguish between exciton and trion PL, we have fitted
spectra with two Gaussian curves in order to establish the
intensity and spectral position of both of them separately.
In each magnetic field we measured a series of PL spectra
at different excitation energies [an example of such a series
is shown in Fig. 3(a)]. Then we deduced exciton and trion
PLE spectra as a dependence of the corresponding Gaussian
amplitudes on the photoexcitation energy [see Fig. 2(a)]. In
B > 1T, exciton PLE spectra form a clear resonance contour,
whose asymmetrical shape might be due to the overlapping
of two unresolved m-polarized exciton states. Therefore the
maximum of exciton PLE spectra is attributed to the lowest of
these two states. The energy between maxima of the exciton
PL and PLE spectra increases with the magnetic field, which
can be seen in Figs. 2(a) and 2(b).

As one can see in Fig. 2(a), features at 1.708 and 1.714 eV
observed in the trion PLE spectrum in B = 0 preserve their
structure in the magnetic field in Voigt geometry. The for-
mer feature evolves into a distinct maximum shifting towards
low energies with increasing transverse magnetic field. This
corresponds to the direct excitation to the trion state in the
QW. The high energy maximum observed in B = 0 splits into
two states in the transversal magnetic field. The shift of these
with increasing B is practically the same as the shift of the

exciton PLE spectrum; therefore we suggest that these are due
to excitation of w-polarized excitons with subsequent trion
formation. The close values of amplitudes of all three maxima
in the trion PLE spectra might be pointing to a high efficiency
of the trion formation process.

The set of narrow equidistant lines (up to seven) can be
observed in the secondary radiation spectra in the transverse
magnetic fields under resonant excitation [Fig. 2(c)]. These
lines correspond to the multiple manganese SFRS and are
typically observed in quantum structures based on DMSs (first
reported in Ref. [9]). The resonance contour of the SFRS
was taken as an intensity of the first SFRS line over the
photoexcitation energy, and it was measured for B > 2 T in
z(mwo )z [Fig. 2(a)]. With increasing magnetic field, the spec-
tral position of the SFRS contour maximum shifts towards
low energies relative to the exciton PLE spectrum [Figs. 2(a)
and 2(b)]. In our opinion this shift is directly attributed to the
participation of the magnetic polaron state as an intermediate
state in the multiple manganese SFRS process [9]. As will be
stated later, this conclusion is based on the experimental fact
that the maximum efficiency of the multiple manganese SFRS
process falls into the energy range corresponding to the tail of
the localized exciton density of states. Direct photoexcitation
in that range also leads to the manifestation of the magnetic
polaron shift in the transversal magnetic field.

C. Magnetic polaron shift in Voigt geometry

In transverse magnetic fields it was observed that if one
scans the laser energy from high values towards the PL spec-
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trum, then the energy difference between the laser line and
the exciton or trion PL (referred to later on as the Stokes
shift) reaches a constant value AE when the laser passes a
certain energy threshold [see Figs. 3(a) and 3(b)]. After that
the exciton line vanishes very quickly from the PL spectrum,
whereas for the trion this effect can be seen in a rather large
energy range. As was noted in the Introduction this behavior
of the exciton PL was observed in other experiments [5] in
systems with much higher manganese content under resonant
photoexcitation in B = 0. This energy shift, which does not
depend on the energy of the excitation photons, is interpreted
to be a consequence of a magnetic polaron formation. How-
ever, in our experiment the shift AE arises only in a rather
strong transverse magnetic field (in B = 0 this shift is not
clearly seen). For the exciton we ascribe this effect to the
magnetic polaron formation in the transversal magnetic field
due to the energy transfer to the Zeeman reservoir [11], which
features we discuss in Sec. IV.

Figure 3(b) shows dependencies of the exciton and trion
PL Stokes shift on the photoexcitation energy in different
magnetic fields. In the absence of the magnetic field, neither
the exciton PL position nor the trion PL position depends
on the laser energy, and the Stokes shift dependence on the
laser energy is linear with a proportionality coefficient of 1
and AE = 0. With the increase in the transverse magnetic
field this dependence deviates from linear, and the AE value
increases for both exciton and trion PL [see Fig. 3(c)]. As can
be seen, the Stokes shift of the trion PL reaches a constant
value over all of the range of the studied magnetic fields. On
the other hand, the exciton PL Stokes shift dependence on the
photoexcitation energy in B > 4 T after passing the energy
threshold just decreases the linearity coefficient rather than
going to the constant value [see Fig. 3(b) for X in B = 5.5 T].
This might be pointing to the effective decrease in AE for the
exciton with further increase in the magnetic field [11]. Since
we cannot precisely define the AE value for exciton PL in
B > 4T, we put in Fig. 3(c) points corresponding to the mean
value of the Stokes shift after the energy threshold with error
bars representing the variance of the exciton Stokes shift in
high fields.

Complementary analysis of the Stokes shift and the inten-
sity of the exciton and trion PL has shown that the energy
threshold after which the Stokes shift goes to the plateau
corresponds to the energy of the photoexcitation where the
PL intensity starts to decrease [see Fig. 3(d)]. The decrease
in the intensity is apparently connected to the decrease in the
exciton or trion density states. Therefore the energy threshold
can be interpreted as the exciton mobility threshold [purple
curve in Fig. 3(d)] or direct excitation of the localized trion
states [orange curve in Fig. 3(d)].

IV. DISCUSSION

A. Exciton magnetic polaron shift AE in Voigt geometry

Manifestation of the exciton PL magnetic polaron shift
under resonant photoexcitation of QWs based on a (Cd,Mn)Te
DMS is caused by the fulfillment of two conditions. First of
all, the following inequality is to be satisfied:

™P < T. (2)

Here, typ and t are phenomenological times of magnetic
polaron formation and the exciton lifetime, respectively. Es-
sentially, this inequality is what underlies the fact that most
excitons will form a magnetic polaron before recombination.
The second condition of exciton magnetic polaron (EMP)
formation in a two-dimensional (2D) quantum DMS system
is that the exciton requires an initial localization [3]. New-
born excitons could localize on imperfections of the structure
caused by monolayer fluctuations of the QW width, defor-
mation potential on heterointerfaces, or inhomogeneity of the
composition. After that, the EMP can be formed, and during
the formation process a further decrease in the exciton local-
ization volume, up to two to three times, occurs due to the
exchange interaction between the exciton and the manganese
ions [16].

EMP formation, which often manifests itself in (Cd,Mn)Te
QWs with high manganese content (xy, ~ 10%) in B =0
(see, e.g., Refs. [5,6,11]), does not seem to take place in our
system even when we excite the system into the localized
exciton states. This directly points to the large time of the
EMP formation typ relative to the exciton lifetime, which is
measured in this structure to be T = 100 ps [7].

Application of the transverse magnetic field leads to the
emergence of the distinct exciton PL and to the manifestation
of the constant Stokes shift AE (described in Sec. IIIC)
when we excite the system into the localized exciton states.
Although we cannot clearly describe the origin of the former
effect, the latter one we attribute to EMP formation. We need
to make a short remark: hereinafter in this section we inten-
tionally discard the exchange interaction between the electron
in the exciton and manganese ions from consideration. Firstly,
its exchange constant is four times smaller than that of the
heavy hole, and secondly, its spin is fully isotropic, which
will not contribute any valuable information to the effect. The
possibility of EMP formation in the transverse B is due to
the effective shortening of 7yp occurring in the process pro-
posed and thoroughly described in Ref. [11]. According to the
mechanism of this process, most of the EMP energy is gained
over the transversal spin relaxation time T, of manganese
ions during its precession around the total magnetic field
Biows = B + B, where B is the transversal external magnetic
field and B, is the exchange field of the heavy hole in the
exciton. Because of the hole spin anisotropy in QWs, Be
and B are not collinear. Due to strong inhomogeneity of the
exchange field the Larmor frequency of the manganese spin
precession has a large variance. Thus T, becomes comparable
to the Larmor precession period Ty = 2nh/ugB (h is the
Plank constant). This time is 36 ns in B = 1 T, which is more
than two times less than 7. Therefore in transverse B the
inequality (2) is satisfied, and since we have also established
initial localization of the excitons by appropriate choice of
the photoexcitation energy, the EMP now can be formed.
That originates the magnetic polaron shift of the exciton PL
in a transversal magnetic field. The physical mechanism of
the manganese magnetic moment precession in By, is rather
versatile and finds application in the description of other phe-
nomena observed in the DMSs. For example, it is used to
describe the effect of the multiple manganese spin-flip Raman
scattering in the DMS-based QWs [9,10], and it underlies the
anomalous Hanle effect in the DMS-based QWs [17].
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lation according to the model suggested in Ref. [11] with parameters
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The value of the magnetic polaron shift appearing in the
transversal magnetic field due to the mechanism described
in Ref. [11] can be calculated by solving the self-consistent
problem of finding the energy of the following system: in this
system, Mn?t magnetic moments are subjected to By, and
heavy hole spin is subjected to the exchange field of man-
ganese ions (the influence of the external magnetic field on the
hole is not considered because of its smallness compared with
the exchange field of manganese), which tries to incline the
hole spin from the growth axis. This is shown schematically
in Fig. 4. Before the photoexcitation the magnetic moment of
manganese ions M is directed along the magnetic field axis.
After the exciton is born this net manganese magnetic moment
in the exciton localization volume starts to precess around
Biow and quickly (by the time T, defined earlier) dephases,
which can be interpreted as a projection of M® on the Byoy
axis. Therefore the absolute value of the manganese ions’
magnetic moment in the final state is M| = [M®] - siny,
where angle y defines the direction of By, (and thus M),
On the other hand, angle y itself depends on the inclination of
the heavy hole exchange field from the z axis (angle ¢).

The formal procedure of solving this problem is described
in Ref. [11] and includes three parameters: the Zeeman split-
ting of the heavy hole state in the longitudinal magnetic
field (Ez np), which is defined from the experiment; the value
Amn—nh defining splitting between light and heavy holes in the
quantum well (this parameter defines the mixture between
light and heavy hole states and therefore the dependence of
the angle ¢ on B); and the heavy hole exchange field Be in
the exciton magnetic polaron. The latter we estimate to be
0.8 T with the formula suggested in Ref. [18], which includes
an experimentally defined derivation of the Zeeman shift and
circular polarization degree of PL on the magnetic field in
Faraday geometry in the vicinity of B = 0. This parameter
is defined in the “exchange box” approximation, in which

the exchange field is considered to be constant in the exciton
localization volume and to be zero outside it. This approxima-
tion is commonly used and often leads to good agreement with
the experimental results. In our discussion we take Ajp_pp as
a free parameter. The result of the calculation along with the
experimental results of the exciton AE value are shown in
Fig. 4.

Basically, the EMP shift is proportional to the energy of
the exchange interaction between Mn>* and the heavy hole,
which is defined by the dot product By - M. With the increase
in the transverse magnetic field, the EMP shift grows and
reaches maximum, which follows the increase and saturation
of the manganese magnetic moment. With further increase in
the magnetic field, the EMP shift decreases because the angle
y between B., and MY increases up to 90°, where the projec-
tion of the manganese spin on the heavy hole exchange field is
zero and EMP is not formed. Smaller values of Ay,_p, mean
that the heavy hole spin is more influenced by the manganese
exchange field and is more inclined from the growth axis (¢
has a stronger dependence on B). Thus the maximum of the
EMP shift is reached in lower magnetic fields, and processes
of the EMP suppression are to be taken into account.

One can see that the model suggested in Ref. [11] ade-
quately describes the qualitative behavior of the EMP shift
in our structure even in the infinite-anisotropy approximation,
where heavy hole spin is directed along the growth axis and
Amh—nh = 00 (¢ is always zero). Namely, all tendencies are
observed in the experiment: the EMP shift grows with the
magnetic field, reaches maximum, and then decreases with
further increase in the magnetic field. However, even with
Ajh_pn = 00 the calculated EMP shift reaches maximum at
magnetic fields that are two times lower than those at which
the experimental EMP shift reaches maximum (decrease in
the effective EMP occurs after 4 T). This mismatch can hap-
pen for three reasons. First of all, we do not take into account
the longitudinal manganese spin relaxation time T; on the
Biow in our calculation. Although the T; of manganese is
much longer than Ty, it can also play a certain role in the EMP
shift derivation because it is responsible for the increase in the
M) vector length. Secondly, we define the heavy hole B,
parameter in the exchange box approximation, whereas in real
life the exchange field value is different for different points in
space, which apparently is to be considered. Last but not least,
in this model, By is taken to be constant; however, during the
process of the EMP formation an additional localization of the
exciton volume takes place. This, in turn, leads to the gradual
increase in the exchange field of the heavy hole over time,
which also should be considered.

B. Energy shift AE of trion PL in Voigt geometry

Along with the exciton magnetic polaron shift, the trion
PL line also manifests the Stokes shift going to the constant
value AE when the laser energy reaches a certain threshold.
As for EMP, its shift occurs due to the change in the average
manganese magnetic moment projection on the B.x from zero
to a finite value. As for the trion, it consists of a photoexcited
exciton and a resident hole in a QW, which has an infinite
lifetime, and by the moment of photoexcitation a hole mag-
netic polaron (HMP) is already formed. Therefore the average
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manganese magnetic moment initially has nonzero projection
on the B.,, and thus the trion AFE shift must have another
origin.

Usually, trions are considered to be excited in the singlet
state (see, e.g., Ref. [7]). In the case of a singlet, the trion
consists of an electron and two holes with opposite spins
which do not participate in the exchange interaction with the
manganese ions. The photoexcited electron in the singlet trion
finds itself in the excited state of the giant Zeeman doublet due
to the interaction with manganese. Consequently, the electron
spin flips, and after trion recombination the radiated photon
will be red shifted with respect to the incident one. The AE
shift of the singlet trion PL then will be as much as a giant
Zeeman splitting of the electron state. In our experiments, in
B = 6 T the former is nearly two times larger than the AE
shift of trion PL. Having this quantitative disagreement, we
suggest another scenario.

For simplicity we consider that the heavy hole exchange
field is always directed along the growth axis (i.e., the infinite-
anisotropy approximation). As was noted earlier, manganese
ions involved in the HMP formation create their own exchange
field acting on the heavy hole spin and stabilizing it. The value
of the manganese exchange field By, can be estimated by
rewriting the magnetic polaron energy via the giant Zeeman
splitting as

5E7.0n(Bex) = 48nnJ Byin.- (3

Here, Ez nn(Bex) is the heavy hole giant Zeeman splitting
in Faraday geometry taken in the heavy hole exchange field
(i.e., the magnetic polaron energy). On the right side of the
equation it is written how the manganese exchange field acts
on the heavy hole spin J = 3/2 with gu,: the g factor in pure
CdTe. Taking Bex ~ 1 T, one obtains Ez hn(Bex) about 14 meV
from the PL shift. If now one takes gn, &~ 1, one will have
By =~ 80 T. With such values of the effective magnetic field
of manganese acting on a hole the ground state of the hole
trion should be triplet. This conclusion is supported by the
study of nonmagnetic CdTe/(Cd,Mg)Te QWs subjected to
external magnetic fields up to 45 T [19]. Therefore tuning
the energy of the photons to the range of the direct trion
photoexcitation where the hole is in the HMP [as, e.g., below
the 1.701 eV in B = 5.5 T; Fig. 3(d)], one would have the
following situation: since the excited trion is in the triplet
state, the spins of both holes point in the same direction.
Essentially, this means that the manganese ions in the HMP
are subjected to the double heavy hole exchange field after
trion photoexcitation.

The value AE for the trion PL shift in the transversal mag-
netic field can be estimated as a difference between energies
of the system before the photoexcitation E; (initial) and after
trion recombination E; (final). In the initial state, the man-
ganese magnetic moment is subjected to the total magnetic

field BY) | = Be + B, and the energy of the system is defined
as

E; = Bex- M(BU),,. Torr). )

After a trion is photoexcited in the triplet state the man-
ganese magnetic moment is defined by BY) = 2B +B.

total —
After trion recombination the electron and one of the holes

5 e
B 2% ——_]
I [ 22
7
41 ®
s
L /
’/
=Sl f
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FIG. 5. Value AE for trions (black circles) and the calculation
of the model of the additional magnetization of manganese ions
when the triplet trion state is excited (red dashed curve). On scheme
M) = MBL), Tea)-

total *

disappear, and the manganese magnetic moment finds itself in
a nonequilibrium state as though it were still in Bgtzﬂ. How-
ever, since there is only one hole exchange field to interact

with, the energy of the final state is written as
Ef = Bex' M(Bt((ft)al’ Teff)~ (5)

This is shown schematically in Fig. 5. In the “quantum
box” approximation the hole exchange field is written as
By = e 8J/3ugV, where V is the heavy hole localization
volume and e, is the unit vector along the z axis. On the
other hand, the magnetic moment of manganese ions is written
as M(B, T.¢r) = egxvn e gNoV (S) (IB], Ter), where eg is the
unit vector in the direction of the magnetic field B acting on
manganese.

Localization volumes, Bohr magnetons, and g factors of
manganese cancel each other out, and taking into account dot
products in formulas (4) and (5), the energy can be rewritten
as

Ei.s = 3BNoxwn(S) (|Bigia)

total

 Tur)cosy 7). (6)
Here, angles y /) are taken between the z axis and B!/
for the initial and the final state, respectively. In this formula
the part SNoxmn (S)(|Bt(:t£1) |, Tetr ) closely resembles giant Zee-
man splitting of the heavy hole in Faraday geometry taken
in the total magnetic field in the initial or the final state,
respectively, and therefore can be rewritten in a very simple
form

Eiy=3Ezm(BLY

total

 Tegr)cosy 7). ©)

In the suggested approach for the trion magnetic polaron
shift a magnetization of the manganese ions occurs in the
exchange field of the heavy hole, which is also true for the
exciton magnetic polaron formation. However, the AE shift
for triplet trion PL arises due to additional manganese mag-
netization from nonzero projection of M on B¢ in contrast
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to the EMP shift, where initially (right after photoexcitation)
M - B =0.

The difference between E; and E in formula (7) basically
gives the change in energy of a resident hole in the HMP in
the process of additional manganese magnetization. In order
to complete the argumentation and proceed to the calculation,
one needs to take into account a change in the energy of
the electron present in the trion. Since the electron spin is
isotropic, it follows the manganese magnetization during the
whole process. Therefore formula (7) is to be supplemented
with the giant Zeeman splitting of the electron Ez . in corre-
sponding states:

Eis = 3[Ezm([Bil |, Ter)eosy ™) + Ezo (Bl

total

Terr) |-
(3)

With this we can now calculate the change in energy
E; — E; taking into account both electron and hole change in
energy during the process of manganese magnetization. The
fit parameters of this model are xyy, and Ti, present in the
giant Zeeman splitting of both charge carriers, whose exact
values we took from the magnetic field dependence of the PL.
shift in Faraday geometry, and B, which we set as a free
parameter. In Fig. 5 a comparison between the experimental
value AE for trion PL and the calculation is presented. Good
agreement is achieved with the rather surprising value of
Bex = 3.7 T. Such a high value of the hole exchange field
compared with the 0.8 T estimated earlier can be explained
by the following: as was mentioned earlier, a resident hole
has an infinite lifetime and can form a magnetic polaron in
the equilibrium state. That is, the hole in the HMP has a
very localized wave function due to the exchange interaction
with manganese ions. On the other hand, the photogenerated
exciton has to spend some time (7yp, On average) to reach the
equilibrium. Over this time the exciton localization volume
decreases, and B.x increases. However, since inequality (2)
does not seem to hold in our system, the EMP does not reach
the equilibrium state, and therefore its Bey is smaller.

Although the localization volume of the hole in the equi-
librium (Bex = 3.7 T) should be small, the hole wave function
does not collapse. The volume could be estimated as V =
BJ/31gBex With a value of about 70 x 103 A3. The radius of
that volume is 23 A with the 40 A QW width, and about 15
manganese ions fall into that volume.

Even though these simple arguments allow one to gain
a precise enough agreement with experiment (Fig. 5), we
must confess here that we did not consider the dynamics of
the process of additional manganese ions’ magnetization. In
other words, to follow the process of the triplet trion mag-
netic polaron shift consistently, one needs first to consider

the manganese precession around Bt(({lll and use the arguments

discussed in Sec. IV A. However, this alone could not give
us quantitative agreement between the experimental results
and the calculation. In order to have our arguments work, we
had to assume that both spin and energy relaxation of the
manganese magnetic moment in the total magnetic field in
the final stage of the process is completely finished before
the trion recombination. This is not obvious, and moreover,
in Sec. IV A we pointed out that the longitudinal relaxation
time T; of manganese is much longer than the exciton life-
time. However, we suppose that in conditions which the HMP
provides—strong localization and high exchange field of the
hole—the shortening of the manganese spin and energy relax-
ation times occurs.

V. CONCLUSIONS

In this paper the role of the magnetic polarons in the for-
mation of the secondary radiation spectra is studied. Under
quasiresonant excitation in the transversal magnetic field a
constant Stokes shift of exciton and trion PL is observed that
does not depend on the photoexcitation energy. In the case of
the excitons this effect is attributed to the fast acceleration of
the magnetic polaron formation process due to the manganese
precession around By, [11]. In the case of trions the origin
of the effect is different in principle, and we suggest that the
magnetic polaron formed with the resident hole provides con-
ditions for the triplet trion state stabilization. Photogeneration
of the triplet trion leads to the additional magnetization of the
manganese ions in the doubled hole exchange field. This, in
turn, originates the manifestation of the constant shift AE of
trion PL under resonant photoexcitation. It was observed that
the multiple manganese spin-flip Raman scattering process is
the most effective in the range of the photoexcitation energies
corresponding to the exciton magnetic polaron formation in
the transversal magnetic field. This directly points to the con-
nection between these two phenomena and to the possibility
of the participation of the magnetic polaron state as an inter-
mediate one in the SFRS process.
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