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Anti-Stokes photoluminescence is observed under selective excitation in a bulk sample of the diluted magnetic
semiconductor Cd;_,Mn, Te with x = 0.2. The anti-Stokes photoluminescence is induced by a two-step optical-
absorption process that creates excitons via an alloy potential state and an impurity center. Both localized
exciton magnetic polarons bound to the fluctuating alloy potential and exciton magnetic polarons bound to
neutral acceptors participate in forming intermediate states with long lifetimes that cooperatively contribute to
the anti-Stokes photoluminescence. The reabsorption of the anti-Stokes photoluminescence is also examined by
considering the role of bound magnetic polarons. The localized Mn?* spin ordering in magnetic polarons bound
to the impurity center largely contributes in reducing reabsorption.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMSs), which are com-
pound semiconductors doped with magnetic ions, are currently
being widely studied both theoretically and experimentally and
have attracted attention in the field of spintronics. The physical
properties of DMSs involve a combination of semiconductor
mixed-crystal effects and magnetism associated with the un-
paired spins.!> According to the virtual crystal approximation,
the alloy potential in these mixed compounds should fluctuate,
leading to the intrinsic localization of photoexcited excitons.?
The most important physical properties are based on strong
exchange interactions between the spins of photoexcited
electrons or holes and the spins of the local magnetic ions.
These exchange interactions can result in the effective g factors
of DMSs being enhanced by up to two orders of magni-
tude with respect to those of nonmagnetic semiconductors,
which leads to peculiar magneto-optical effects such as giant
Zeeman splitting of the valence and conduction bands, giant
Faraday rotation,* the formation of magnetic polarons,> and
photoinduced magnetization.® Localization of the excitons or
carriers induces the alignment of magnetic spins inside their
Bohr radius, thereby resulting in the formation of either a
self-trapped localized exciton magnetic polaron (LMP) bound
to an alloy potential fluctuation, or of a so-called bound exciton
magnetic polaron (BMP) involving a magnetic polaron bound
to a charged impurity.

One of the most interesting phenomena exhibited by DMSs
is ferromagnetism,7 which has been attributed to a large
effective magnetic field (also referred to as an exchange field)
arising from ferromagnetic interactions between BMPs, to
their percolation,®? or to ferromagnetic correlations mediated
by holes.!® Magnetization can be induced in DMSs by optical
spin pumping with circularly polarized radiation,® potentially
giving rise to photoinduced phase transitions between ferro-
magnetic and paramagnetic states, even in bulk alloys.

In order to realize the kind of phenomena mentioned above,
wide-gap semiconductor-based DMSs such as Cd;_,Mn,Te
are good candidates because their electric and magnetic
properties are well enough studied to be exploited for practical
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uses, which include optomagnetic devices utilizing spin
manipulation as well as optoelectronic effects in the visible
frequency region. Ferromagnetic properties can be realized in
quantum well structures in this material by p-type modulation
doping.'"1?

The photoluminescence (PL) of Cd;_,Mn, Te is ascribed to
the exciton magnetic polarons and has been well studied.’ The
dominant exciton magnetic polaron PL lines are the so-called
Ly and L, lines, which at low temperature arise from exciton
magnetic polarons bound to a neutral acceptor (A°XBMP)
and from self-trapped LMPs, respectively. Below 4 K the
L, peak has been observed for Mn compositions 0 < x <
0.36.'31* The existence of the L, peak has been reported for
0.05 < x < 0.4.13 The L, line exhibits o ~ circular polarization
with Faraday geometry'®> whereas the L, line exhibits o
circular polarization.! The PL provides information on the
magnetic properties of Cd;_,Mn,Te via the excitonic states.
In particular, the anti-Stokes PL (sometimes referred to as
up-conversion PL), which is located on the higher energy
side of the excitation energy, is interesting from the point
of view of fundamental microscopic examinations of the
state (mode) of phonons, electrons, and spins, and of their
interactions with photons. This is because, although the
quantum efficiency of the anti-Stokes PL is usually very small,
it contains a variety of information on complex exciton transfer
in the energy levels of DMS bulk alloys, nanoparticles, and
heterostructures'®~!8 Furthermore, anti-Stokes PL is advan-
tageous for measuring the tiny localized magnetic or electric
perturbations associated with the exciton magnetic polarons or
excitons. This is because the excitation light penetrates deep
into the bulk alloy sample and anti-Stokes PL is reabsorbed
as it propagates back to the surface, which implies that the
interaction length of the excitation light with excitonic matter
is greater than in standard absorption measurements in thin
samples. The anti-Stokes PL in semiconductors is also of
practical significance; for example, optical data recording and
anti-Stokes fluorescence cooling in macroscopic systems has
been reported.'”

In this paper, we report on the observation of anti-Stokes
PL in bulk CdygMng,Te using site-selective spectroscopy.
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We discuss its mechanism and characteristics including the
relationship to Stokes PL, which is located on the lower energy
side of the excitation energy. We also study the reabsorption
of anti-Stokes PL by considering the effect of photoinduced
localized Mn?* spin ordering within A°XBMPs. Moreover,
we demonstrate that PL. due to the recombination of LMPs
appears in the vicinity of PL arising from the recombination
of the A°XBMPs. !

II. EXPERIMENT

We investigated a bulk Cd;_,Mn, Te sample with x = 0.2
grown using the Bridgman method. The sample was mounted
inside a cryostat equipped with a superconducting-coil magnet
able to generate magnetic fields up to 7.5 T parallel to the
wave vector of the light source (Faraday geometry). All
measurements were conducted at a temperature of 4.5 K,
controlled using a continuous flow of liquid helium and a
heater. CdygMng,Te is paramagnetic at temperatures above
~2 K? in the absence of optical excitation.

The stationary PL characteristics were measured as a
function of excitation energy, excitation power, and applied
magnetic field. The light source used for selective excitation
(Aex = 600-690 nm) consisted of a dye laser (with a DCM
laser dye solution) pumped by all the lines of an argon-
ion laser. The light source was spectrally resolved using
a monochromator. For band-to-band excitation, the second
harmonic of a Nd:YVOQOy laser (532 nm) was also used as an
excitation source. The light source, the spot size of which
focused on the sample was 0.5 mm, was placed perpendicular
to the sample surface. For measurements using a circularly
polarized excitation source, a polarizer and a quarter-wave
plate were placed in front of the sample. The backward PL
from the sample was passed through a quarter-wave plate
and a polarizer in order to separate the o and o~ circular
polarization. The PL was recorded using a charge-coupled
device (CCD) array cooled to liquid-nitrogen temperature,
after first being passed through a triple spectrometer with a
focal length of 64 cm and equipped with a grating of 1800
grooves/mm in order to suppress scattered laser light with
energies close to that of the PL. The spectral resolution was
better than 0.1 nm (0.3 meV). A tungsten lamp was used to
correct the PL intensity, because the spectra are modified by
the inhomogeneous sensitivity of the CCD sensor array and
the grating. All lenses in the optical setup were achromatic.

III. RESULTS AND DISCUSSION

A. Characteristics of anti-Stokes photoluminescence

Figure 1(a) shows typical PL spectra of our bulk
Cdy sMng,Te sample at various excitation energies and zero
magnetic field. The (Stokes) PL in the top spectrum was
measured under band-to-band excitation. With decreasing
excitation energy, the maximum of the Stokes PL peak is
shifted to slightly higher energy, as presented in Fig. 1(b);
the intensity of this peak also increases initially, reaching a
maximum value at an excitation energy of 1.925 eV that is
1.9 times greater than the Stokes PL intensity under band-
to-band excitation, as shown in Fig. 1(c). The peak intensity
then falls rapidly as the excitation energy is decreased further,
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and the position of the peak maximum also decreases with
a constant Stokes shift of AE = 15 meV [Fig. 1(b)],
which corresponds to the localization energy associated with
the formation of exciton magnetic polarons.?! The greatest rate
of decrease of the Stokes PL intensity is observed below the
excitation energy of 1.905 eV [Fig. 1(c)], which is close to
the energy of the (Stokes) PL peak maximum under band-to-
band excitation [top spectrum in Fig. 1(a)]. The three extremely
weak peaks evident below the PL. maximum at an excitation
energy of 1.89 eV in Fig. 1(a) can be assigned to MnTe
LO; (24.49 meV), CdTe LO; (20.25 meV), and CdTe TO,
(17.68 meV) Raman Stokes lines.? Below the excitation energy
at which the Stokes PL intensity decreases at the greatest rate
(1.905 eV), an anti-Stokes PL feature appears as shown in
Figs. 1(a) and 1(b). As presented in the inset of Fig. 1(d), the
anti-Stokes PL is clearly observed at excitation energies higher
than 1.87 eV, below which the intensity is small and gradually
decreases further. We note that the anti-Stokes PL is not due to
laser-scattered light, because the intensity on the low-energy
side of the peak is already decreasing before the cutoff point,
as shown in the inset of Fig. 1(d).

B. Mechanism of generation of anti-Stokes photoluminescence

The anti-Stokes PL spectra show a characteristic depen-
dence on the excitation power (Fig. 2). Stokes and anti-Stokes
PL are observed at 1.875 and 1.905 eV, respectively, when
the excitation energy is 1.891 eV (Fig. 2, inset). A double
logarithmic plot of the integrated intensity of the anti-Stokes
PL peak versus excitation power reveals two linear regimes.
At low excitation power the slope is 2, corresponding to a
quadratic dependence of the anti-Stokes intensity on excitation
power, whereas the slope is linear when the excitation power
is greater than 3 mW /cm?. This linear dependence is observed
over the entire power regime in the Stokes PL spectra. From
general arguments, the microscopic mechanisms that give
rise to anti-Stokes PL are Auger recombination,?? thermal
activation by the absorption of phonons, and the contribution
of two or more photons to the optical excitation process.
Because the anti-Stokes PL diminishes rapidly with increas-
ing temperature and completely disappears at temperatures
higher than 20 K (the corresponding thermal energy here is
kgT =~ 1.8 meV where kg is the Boltzmann constant),
thermal processes can be excluded. Anti-Stokes PL due to
both Auger recombination and two-photon or multiple-photon
absorption processes can also be ruled out because a quadratic
or higher-order dependence on excitation density would then
be followed for the entire power regime. Moreover, these
are well-known optical phenomena in nonlinear processes,
which require high excitation power. The Auger process is
also inefficient in the bulk alloy at low temperatures due to the
condition of momentum conservation.

Therefore we propose that the dominant mechanism of
the anti-Stokes PL involves the combination of a two-step
absorption process'®!8 with cooperative excitation.!” The
appearance of the anti-Stokes PL at temperatures lower than
20 K, at which the exciton magnetic polarons exist,>* implies
that the latter play an essential role in this mechanism. In the
following discussion, illustrated schematically in Fig. 3, we
explain that the anti-Stokes PL can be ascribed to a two-step
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FIG. 1. (Color online) (a) Stationary PL spectra of excitons in bulk Cdy sMng,Te under selective excitation at different energies and zero
magnetic field. The peak intensities are normalized to that of the Stokes PL peak (top spectrum). The excitation power and temperature were
fixed at 400 mW/cm? and 4.5 K. (b) Position of PL peak as a function of excitation energy. AE indicates the localization energy due to the
formation of exciton magnetic polarons. (c) Dependence of Stokes PL peak intensity on excitation energy. The peak intensities are normalized
to the Stokes PL intensity under band-to-band excitation. (d) Dependence of anti-Stokes PL peak intensity on excitation energy. The peak
intensities are normalized to that measured at an excitation energy of 1.9 eV. The inset shows the evolution of anti-Stokes PL spectra at various

excitation energies.

absorption process involving both LMP states and A’ XBMP
states. First, electron-hole pairs are created that relax to form
localized excitons, which are strongly localized by the alloy
potential fluctuation. These excitons then relax further to form
LMPs (hereafter referred to as the first localized state), which
are lower in energy than the equilibrium distribution center of
the exciton magnetic polarons. A Stokes L line, located below
the excitation energy, is generated when the LMPs dissociate.
On relaxation, some of the electron-hole pairs also couple with
the neutral acceptor bound states to form A° XBMPs (hereafter
referred to as the second localized state), which are located
at slightly lower energy than the first localized state. Some
A°XBMPs might then absorb a second photon associated with
the Stokes L, line. Other A°XBMPs dissociate to generate a
Stokes L; line. Because the number of acceptors available
is limited, the second localized state is easily saturated with
increasing excitation power. The capture of a second photon by
A% XBMPs in the second localized state leads to the creation of
electron-hole pairs with energies higher than the alloy potential
fluctuation, and results in the formation of further LMPs and
A°XBMPs after relaxation to states that are lower in energy
than the mobility edge of the alloy potential fluctuation. The

radiative recombination of these LMPs and A° XBMPs, which
have higher energies than the initial excitation photon, then
gives rise to the anti-Stokes PL. We note that the coupling
between the A°XBMPs and the photons associated with the
Stokes L, line is optically allowed, because the Stokes L, line
from excitons with total angular momentum J = 1 in LMPs
resonantly excites the excitons with / = —1in A XBMPs. We
have confirmed that the L; and L; lines appear in both Stokes
and anti-Stokes PL. Here, we assume that the relaxation time
to the first and second localized states is short compared to the
lifetime of the localized excitons.

We note that two other two-step absorption processes can
also be considered regarding the generation of anti-Stokes PL;
it is possible that both the first and second localized states
could be comprised of either A°XBMPs or LMPs. In the
former case, both types of A°XBMP localized states would
saturate with increasing excitation power, in contrast to the
linear dependence of the anti-Stokes PL intensity on excitation
power shown in Fig. 2. Regarding the latter possibility, we
observed that the intensity of the Stokes L, line is linearly
dependent on excitation power; this holds even when the
Mn?* content is low and the intensity is correspondingly
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FIG. 2. (Color online) Double logarithmic plot of the dependence
of integrated anti-Stokes PL intensity on excitation power at an
excitation energy of 1.891 eV. The dashed lines indicate quadratic
and linear fits to the experimental data. The temperature was fixed at
4.5 K and the excitation power was varied from 1.34 to 2000 mW/
cm?. The inset shows PL spectral features at selected values of
excitation power.

weak, which is inconsistent with the linear trend in the anti-
Stokes PL intensity in Fig. 2. Therefore these two alternative
processes cannot be dominant. We thus conclude that the
intermediate states involved in the generation of anti-Stokes
PL are comprised of LMPs as the first localized state and
A°XBMPs as the second localized state. This is consistent
with a scenario where the excitonic energy distribution due
to the alloy potential fluctuation causes a gradual increase
in anti-Stokes PL intensity with excitation energy above
1.87 eV, as apparent in Fig. 1(d). We also conclude that a
certain proportion of the Stokes PL is absorbed, exciting some
of the electron-hole pairs in A XBMPs to energies higher than
the alloy potential fluctuation, a process known as “photon
recycling.” This explains why the anti-Stokes PL appears at
excitation energies where the intensity of the Stokes PL line
drastically decreases, as shown in Fig. 1(c).

We will now use these ideas to construct a quantitative
model. We assume all the created excitons to form localized
excitons or A°Xs. The simultaneous rate equations describing
the localized exciton (subsequently LMP) density np, the
AX (subsequently A°XBMP) density n4,, and the localized
exciton (subsequently magnetic polaron) density contributing
to both the anti-Stokes L and L; lines ng are given by

dn n
—L = png — - — Cr-anr(Na, — nagx), (H
J dt T
na
TOX = (1 — p)Cenne(Nay —nax) + Croan
naAyx
X (Nag — nagx) — —= — Wnrna,x, (2
d TApX
nAS nAs
= =I5 Wapngy, 3
dr Tas nLNAXx 3

where np = quolexp(—axg)/hve represents the exciton
generation rate per unit volume per unit time (cm—> sec™'), ¢
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FIG. 3. (Color online) Schematic illustration of excitation pro-
cesses giving rise to anti-Stokes PL. The first localized state in
the intermediate state consists of LMPs, which are created after the
localization of excitons in the tail of the alloy potential fluctuation,
generated by excitation photons with energy /.. The second localized
state in the intermediate state consists of A’XBMPs formed by the
coupling of neutral acceptors and (localized) excitons in the alloy
potential fluctuation. By capturing photons associated with the Stokes
L, line, the electron-hole pairs in some A°XBMPs are excited to a
state higher in energy than the alloy potential fluctuation; exciton
magnetic polarons with higher energy than the excitation photons are
then localized in the alloy potential fluctuation, and anti-Stokes PL
occurs.

is the percentage of the absorbed photons that create excitons,
« is the absorption coefficient at the excitation frequency vex,
I« is the excitation power, xg is the position in the bulk alloy
at which an exciton is created, p is the percentage of created
excitons that form excitons localized to the alloy potential
fluctuation, N,, is the density of neutral acceptors, ¢ is the
time, and T, T4,x, and T s are the lifetimes of the LMPs,
A°XBMPs, and exciton magnetic polarons contributing to the
anti-Stokes PL, respectively. In addition, C;_4, and Cg_a,
are the capture coefficients of excitons and localized excitons
by neutral acceptors contributing to the second localized state,
respectively, and W is the interaction rate of AXBMPs with
the radiation due to LMP recombination (the Stokes L, line).
Here, we have neglected the rate at which LMPs or A XBMPs
in the first and second localized states are created by the
anti-Stokes PL. We have also assumed that the lifetimes of
all exciton magnetic polaron states (T, Ta,x, and Tag) are
constant, that no polaron molecules are formed, and that
the effects of particle diffusion are negligible. Furthermore,
nonradiative processes are not taken into account. Taking the
steady-state solution of the three equations, we obtain the
intensity of the anti-Stokes PL (/5s) as

IAS 06 IeanoX' (4)

Therefore in the two-step absorption process occurring in
our study, /s is proportional to the intensity of the excitation
photons and to the density of the A°XBMPs. In the low
excitation power regime, n4,x is not saturated and is then
proportional to I.c. Therefore Ing is proportional to IezX for
excitation powers of less than 3 mW /cm?, as shown in Fig. 2.
When the excitation power is greater than 3 mW/cm?, where
na,x 1s already saturated and reaches a constant value, Is is
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proportional to .. Consequently, in mixed-crystal DMS bulk
alloys, the necessary conditions for the occurrence of anti-
Stokes PL arising from the above two-step absorption process
under selective excitation are cooperative transitions between
the LMPs via localized excitonic states in the alloy potential
fluctuation and A°XBMPs via impurity bound states in the
vicinity of exciton states. We remark that exciton magnetic
polarons are essential for the generation of anti-Stokes PL
because the quantum efficiency of the PL rapidly increases
when exciton magnetic polarons are formed.”® Therefore the
coefficient W in Egs. (2) and (3) might be decreased when the
magnetic polaron effect vanishes.

C. Zeeman shift of Stokes and anti-Stokes photoluminescence
with magnetic field

The PL inherently provides significant insight into the
magnetic properties because the sp-d exchange interaction
strongly contributes to the energies of localized excitons and
exciton magnetic polarons. As the magnetic field increases,
the PL peak tends to shift to lower energy because of the
giant Zeeman splitting of the valence and conduction bands;
however, the disappearance of the exciton magnetic polarons
tends to decrease this shift. As shown in Fig. 4, the PL
peak positions for ot (L, line) and o~ (L, line) circularly
polarized light, measured in the Faraday configuration under
band-to-band excitation, both decrease in energy and become
increasingly separated with increasing magnetic field.

The Zeeman splitting is caused by the sp-d exchange
interaction between the spins of the band electrons (5s or
5p orbitals) and the Mn>* spins (3d orbitals). Phenomeno-
logically, the sp-d exchange interaction is described by a
Heisenberg-type Hamiltonian,

Hyp g =Y J7™(r = R)S; -0, (5)
R;
T T T T T T T T T T T T T T T
192+ . ===e Theory 6~ (Band-to-band) |
RN ) . —-—Theory ¢ (Band-to-band) -
BN RN s A 6 (Band-to-band) -
= F 8 N . . O o (Band-to-band)
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o r @ . s, O o (Anti-Stokes) 1
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FIG. 4. (Color online) Dependence of PL peak positions for o™
and o~ circularly polarized light on magnetic field for both Stokes
PL under band-to-band excitation and anti-Stokes PL. The excitation
power and temperature were fixed at 400 mW/cm? and 4.5 K. The
dashed and dashed-dotted lines represent theoretical calculations of
the Zeeman shifts of ot and o~ circularly polarized PL under band-
to-band excitation, respectively.
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where S; and o are the spin operators of the Mn?* ion on
the lattice site R; and of the band electron at r, respectively.!
The term J*~¢ is the sp-d exchange interaction energy, and
the summation is over all Mn®>* ions. Applying the usual
mean-field approximation and virtual-crystal approximation
to Eq. (5), the Zeeman splitting energy is expressed as
+No(a — B)x(S,)/2 for the |£1/2) — |£3/2) transition and
as FNo(a + B/3)x(S;)/2 for the |F1/2) — |£1/2) transi-
tion, where Ny« and Ny g are the s- and p-d exchange integrals,
respectively; the Mn?* ion concentration is denoted by x,
and (S,) is the average thermal value of S;. The notation
|mg) — |m ;) denotes the transition from the |m) electronic
state in the conduction band to the |m ;) electronic state of the
valence band. For the excitons of Cd;_,Mn,Te, the values of
Noa and Nyp are +0.22 eV and —0.88 eV, respectively. The
exchange interactions between the magnetic moments of the
Mn?* spins in the CdTe matrix are antiferromagnetic for both
nearest-neighbor and next-nearest-neighbor exchange.?* The
thermal average value (S,) of each Mn”* spin in Cd;_,Mn, Te
is given by the following equations®>2

5 gwusB }

(S,) = —Ser(x)Bsn {— (6)

2k[T + To(x)]

where

B()6th6 1th1 @)
u)=—coth|{ -u)— —-coth|=-u|,

30 5 5 5 5

is the Brillouin function for spin S = 5/2, gmy is the g factor
of Mn?*, g is the Bohr magneton, B is the magnetic-field
strength, and T is the temperature. The values of Ty(x) and

Serr(x) for the x = 0.2 sample are deduced from actual
measurements of the Zeeman splitting in bulk alloys to be

35.37
—X
142.752x

5
Serr(x) = 510265 exp(—43.34x) + 0.735 exp(—6.19x)].
()]

Figure 5 shows a comparison of xSg(x) obtained using
the empirical equation (9) and using a statistical calculation

To(x) = (K], (®)

T T T T T T T
empirical equation
0.10 - — - statistical equation
—_
Z
mﬂ)
£ 0.05
0.00 P T L \

00 01 02 03 04 05 06 07 08
Mn concentration x

FIG. 5. (Color online) Dependence of x Sg(x) on Mn concentra-
tion x, calculated using the empirical equation (9) (solid line) and
using a statistical equation (dashed line).
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of the bulk magnetization. The statistical calculation takes
into consideration the formation of pairs and clusters of
nearest-neighbor Mn?* spins coupled antiferromagnetically
and is expressed as

(10)

P2(x) $M}
3 15 |

5
Setr(x) = 5 [Pl(x) +

where P;(x) = (1 — x)'? is the probability of an isolated Mn**+
cation, and PL(x) = 18x*(1 —x)*(7 — 5x) and P{(x) =
24x%(1 — x)?? are the probabilities of Mn>* constituting open
and closed triplets, respectively.’® The probability of paired
Mn?* cations is expressed as P>(x) = 12x(1 — x)'® and does
not contribute to the magnetization. As shown in Fig. 5, we
find that x S.¢(x) calculated using the empirical equation is sig-
nificantly enhanced compared with the statistical calculation
for x > 0.05; this is due to the large clustering effect at this
Mn?* concentration.?’

Under thermal equilibrium, the L, line originates from the
transition |—1/2) — |—3/2) with o™ circular polarization,
which is shown as the dashed line in Fig. 4. Here, we use
Eq. (9) to calculate Seg(x). Using the same procedure, the
L, line is ascribed to the transition |—2, — 1/2) — |—=3/2)
with o~ circular polarization,'®> which is represented by the
dashed-dotted line in Fig. 4. Here, the notation |m;;,m,)
denotes the A°X state derived from two holes coupling m;;
with one electron state m,. The exchange integrals for the
holes in the A°X state and the neutral acceptor are assumed
to be NoB = 0.88 and 0.35 eV, respectively.">?® We note
that the above-mentioned calculations do not include the
effects of exciton magnetic polaron formation. In Fig. 4, the
theoretical curve representing the L, line has been shifted
upwards by 15 meV from 1.906 eV at zero magnetic field
by taking into account the localization energy due to the
formation of exciton magnetic polarons [see Fig. 1(b)]. This
localization energy of 15 meV agrees well with the selective
excitation measurements.”> We have shifted the theoretical
curve representing the L; line downwards by 7 meV from
the L, line at zero magnetic field by taking into account the
AX binding energy without the magnetic polaron effect.’ As
shown in Fig. 4, the theoretical curve is in good agreement
with the experimental data at magnetic fields larger than 4 T,
which implies that the magnetic polaron effect exists at fields
up to 4 T. These results also indicate that the o™ circularly
polarized PL arises from the LMPs (L, line) and that the
o~ PL results from the A°XBMPs (L, line). The PL due to
the recombination of LMPs appears in the vicinity of the PL
arising from the recombination of A°XBMPs.

The position of the anti-Stokes PL peak exhibits the same
behavior with respect to magnetic field. Both o™ and o~
circularly polarized PL are observed in the anti-Stokes spectra.
Focusing first on the peak position of the o+ component, it
is apparent that the anti-Stokes PL is strongly redshifted with
respect to the PL under band-to-band excitation at all values
of magnetic field. In contrast, the o~ anti-Stokes PL peak is
observed at only slightly lower energy than the PL peak under
band-to-band excitation. The reabsorption effect that takes
place inside bulk alloys is the key to elucidating the mechanism
of the redshift of anti-Stokes PL. We observed that the peak
position of the o™ component of the anti-Stokes PL does not
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depend on the polarization of the excitation light source (o™
or o0~) at low magnetic fields. However, the intensity of the
ot anti-Stokes PL peak excited by o~ light is much smaller
than that excited by o* light at low magnetic fields. This
supports our interpretation that the first localized state of the
intermediate state is comprised of LMPs, which are involved in
the two-step absorption process, by considering the selection
rule for the lowest energy transition (o*) from the |—3/2)
electronic state of the valence band to the |—1/2) electronic
state in the conduction band'

D. Effect of reabsorption of anti-Stokes photoluminescence

For low-energy excitation, the excitation light deeply
penetrates into the bulk alloy sample, and anti-Stokes PL is
reabsorbed because of the localized exciton or A°X lines as it
propagates back to the surface. The anti-Stokes PL line shape
is modified by reabsorption, which enables us to elucidate
the energy of the PL lines inside the sample. Therefore we
quantitatively evaluate both the absorption of excitation light
and the reabsorption of anti-Stokes PL.

The density of excitons created between sample depths x
and x + Ax in a bulk sample is macroscopically expressed as
Nx)dx = I(x) — I(x + Ax) = —(01/0x)dx, where I(x) =
Txexp[—aexc(Aex)x] is the excitation power obtained from the
Lambert-Beer law, I« is the intensity of the incident light
(the number of contributory photons per cm? per second),
and aexc(Aex) is the absorption coefficient of the excitation
light with wavelength L. in the presence of excitons. The
PL intensity with no reabsorption effect, namely the case of
band-to-band excitation, is written as

00
Ip(h) = 773/ N(x)dx =nplexOexc(Aex)
0

o0
xfeMwmmmw=wa (1n)
0

where np is the radiative efficiency under band-to-band
excitation. The intensity of the anti-Stokes PL taking into
account the reabsorption effect can then be expressed as

Ixs(A) = nASIexaexc()"ex)/ exp{_[aexc()\ex) +oa(M)]x}dx
0

_ NAS Iexaexc()\ex)
Qexe(Aex) + a(X) '

where 14s is the radiative efficiency of the anti-Stokes PL, and
a(}) is the one-photon absorption coefficients at anti-Stokes
PL wavelengths. If we assume that the thickness of the bulk

alloy is much greater than o« ~' (1) and a,.(Aex), then

IB nB aexc()"ex) + a()‘)
B (o = 1B Geclfed THA) (13)
Ias NAS Olexc(Aex)

12)

In the case of selective excitation where A ~ Ao, the
absorption coefficient of the excitation light is approximately
equal to that of the PL at the excitation wavelength. Thus we
can assume that (A & Aex) X Aexc(Aex), Which leads to the
expression g /Ias(X = Aex) = 215 /nas. We then obtain

Is

Ol()») IB
———— =2—() - —(Aey) — 1, 14
Qexc(Aex) IAS( ) Ip (Aex) (14
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FIG. 6. (Color online) Ratio of the absorption coefficients «(A)
and oex. (Aex) for selective excitation under various magnetic fields for
(a) the o+ component and (b) the o~ component of the anti-Stokes
PL. The dashed-dotted line indicates a(X) = ®exc(Aex)- () Evolution
of the corresponding anti-Stokes PL spectra with magnetic field. The
intensity has been normalized by the peak intensity. The excitation
power was fixed at 400 mW/cm? and the temperature was fixed at
4.5K.

which suggests that the ratio I /I5s(A) is proportional to ar(A).
Figures 6(a) and 6(b) show the evolution of o(A)/exc(Rex)
with photon energy at various magnetic fields for both the o
and o~ anti-Stokes PL components, using a o circularly
polarized excitation light source. a(1) for the o™ and o~
components represents the shift of the localized exciton
absorption edge and the A°X absorption edge, respectively.
Both would be modified by the formation of other magnetic
polarons, which contribute to the two-step processes where
the anti-Stokes PL propagates. Therefore the localized exciton
and A°X absorption edges in the absence of magnetic polaron
effects should appear at 7 T in Figs. 6(a) and 6(b), respectively.
We note that the shape of the o(A)/cexc(Aex) Curve is mean-
ingful when considering the effect of reabsorption. The ratio
®(A)/exe(Aex) 18 larger than 1 [indicated by the dashed-dotted
line in Figs. 6(a) and 6(b)], implying that c/exc(hex) X t(hex) <
a(}), because the density of energy levels of the localized
exciton states gradually decreases as the excitation energy
is decreased below the energy of the PL peak position [see
the inset of Fig. 1(d)]. We also measured o(A)/0¢exc(hex)
while varying the excitation energy and intensity at zero
magnetic field; no significant changes in the shape of the curve
were observed. The corresponding normalized anti-Stokes PL.
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spectra are shown in Fig. 6(c). No differences in the spectra of
the o™ and o~ anti-Stokes PL are observed at zero magnetic
field, which is due to the degeneracy of the LMP and A° XBMP
states. !

We now focus our discussion on the high-energy side of
the anti-Stokes PL line, where reabsorption is prominent.
The reabsorption coefficient of the o™ anti-Stokes PL line
rapidly increases with increasing incident photon energy. In
low magnetic fields (B < 4 T), the density of states of the o+
anti-Stokes PL lines is reduced in energy by the formation of
LMPs inside the sample, which implies that the corresponding
spectral line is located at a slightly lower energy than the
localized exciton line. Therefore the higher-energy side of the
o " anti-Stokes PL line is reabsorbed via the localized exciton
absorption process as it propagates back to the surface. For
magnetic fields B > 4 T, the energy difference between the
localized exciton absorption line and the o anti-Stokes PL
line decreases because the magnetic polaron effect disappears.
Therefore a greater degree of reabsorption occurs on the o™
anti-Stokes PL. Furthermore, the width of the o+ anti-Stokes
PL decreases with increasing magnetic field due to both a
shift of the absorption coefficient edge and extinction of the
LMPs, as shown in Fig. 6(c). This increasing reabsorption
effect provides a good explanation for the o " anti-Stokes PL
peak position, which is found at much lower energy than that
of the PL peak under band-to-band excitation (Fig. 4). The o~
anti-Stokes PL. component follows the same tendency as the
ot component in magnetic fields B > 4 T, where the magnetic
polarons no longer exist. In contrast, at low magnetic fields
(B < 2 T) the absorption coefficient remains almost constant
in the o~ anti-Stokes PL energy regime, which implies that the
o~ anti-Stokes PL spectra are not modified by the reabsorption
effect.

We assume the low degree of reabsorption in the o~ anti-
Stokes PL to be likely caused by the relatively larger energy
shift of the anti-Stokes PL line compared with that of the A°X
absorption line. This is ascribed to photoinduced localized
Mn?* spin ordering around A°XBMPs, which competes
with Mn?* antiferromagnetic interactions. In the following
discussion, we explain how a parallel orientation of local Mn>*
spins is caused by the A°XBMPs. The interactions of the
Mn?* spins around A°XBMPs is the dominant cause of
local Mn?* spin alignment via optical pumping, because
with the hydrogen model, the wave function of the holes
in the A°X state is greatly expanded in comparison to
that in a neutral acceptor.’ We assume the strength of the
photoinduced localized Mn?* spin ordering depends on the
spin configurations of the two holes in A°X. The A°X state
is composed of one electron and two holes, which play a
dominant role in the formation of magnetic polarons because
the absolute value of the p-d exchange constant is larger than
that of the s-d exchange constant. As described in the previous
section, in terms of the j-j coupling scheme, the total angular
momentum of the two holes in the lowest energy A°X state
is large (J;; = 2). As a consequence, the parallel orientation
of local Mn”* spins due to the A°XBMPs would be dominant
inside the sample at low magnetic fields. The A° XBMPs exist
only in external magnetic fields up to 3 T,!* for which a low
degree of reabsorption is observed in the o~ anti-Stokes PL.
This also supports our experimental results in Fig. 4, which
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indicate that the A°XBMPs vanish at magnetic fields higher
than 4 T. The parallel orientation of local Mn?>* spins might
be considerably small to observe by using standard absorption
measurement of thin samples. However, this effect can be
observed using reabsorption measurements under selective
excitation, because the excitation light penetrates deep into
the bulk alloy sample and anti-Stokes PL is reabsorbed as
it propagates back to the surface. Therefore the interaction
length of the excitation light with excitonic matter should
be enhanced using this method. To probe the effect of the
parallel orientation of local Mn?* spins due to the A°XBMPs
without suppressing the exciton magnetic polarons, moderate
magnetic-field strengths (~0.5 T) are suitable. We note that the
reabsorption shift does not depend on the excitation density,
which is attributed to saturation of the available acceptors. We
also note that a photoinduced magnetic-phase transition would
be generated by long-range ferromagnetic ordering induced by
percolation of magnetic polarons’ or long-range ferromagnetic
interactions between photogenerated holes. This scenario
would become possible when the hole density considerably
exceeds the impurity density.”” However, we are unable
to demonstrate such situation in our current study. This is
because the direction of the magnetic moments of the LMPs is
opposite to that of the A XBMPs,'> which prevents long-range
ferromagnetic ordering under high-density excitation.

E. Other remarks concerning bound magnetic polaron effects

It has been reported that the A°X state diminishes in an
external magnetic field due to ionization of its loosely bound
electron;'?!3 this indicates that the anti-Stokes PL should be
suppressed due to the attenuation of the second localized
state in the intermediate state, as well as the reabsorption
effect and the disappearance of the magnetic polarons. It is
worth focusing on the “photon recycling” process and its
influence on the intensity of the anti-Stokes PL. Figure 7 shows
the dependence of the peak intensities of the ot circularly
polarized anti-Stokes and Stokes PL, using a o™ circularly
polarized excitation light source. With increasing magnetic
field, the intensity of the anti-Stokes PL abruptly decreases,
whereas the Stokes PL intensity remains almost constant up
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FIG. 7. (Color online) Dependence of peak intensity on magnetic
field for the o™ circularly polarized anti-Stokes and Stokes PL. The
intensity has been normalized to that at zero magnetic field for both the
Stokes and the anti-Stokes PL. The excitation power and temperature
were fixed at 400 mW/cm? and 4.5 K.
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to 2 T despite the occurrence of intensity amplification due to
directional dipole radiation.!” This indicates that the “photon
recycling” process should take place at magnetic fields up to at
least 2 T, due to the existence of A XBMPs in the intermediate
state. Therefore the abrupt reduction of the anti-Stokes PL
intensity is due to the disappearance of the intermediate state,
as well as the reabsorption effect and the extinction of the
magnetic polarons. This field of 2 T is smaller than that
obtained in Fig. 4 and smaller than the field that was previously
reported to be necessary'? to extinguish the A°XBMPs. This
implies that, despite the existence of A>’XBMPs A°XBMPs
at fields higher than 2 T, their density is insufficient to induce
significant “photon recycling.” The residual intensity of the
anti-Stokes PL at higher fields might be caused by another
minor process, for example, the presence of localized excitons
as both the first and second localized states.

The A°XBMPs play two important roles in CdogMng,Te.
The first involves the intermediate state in the two-step absorp-
tion process that contributes to the appearance of anti-Stokes
PL, and the second involves the generation of photoinduced
localized Mn”* spins ordering inside bulk alloy samples. In
this study we have assumed that the two phenomena take place
independently of each other.

We also remark on the neutral acceptor ground state,
which might be modulated in energy by the formation of
BMPs. The neutral acceptor ground state is stable due to
the magnetic polaron effect (here, we refer to this state
as “A’BMP”) at low temperature.*® Mn?* spins around
an A° neutral acceptor will be aligned to a greater extent
after dissociation of the A°XBMP. After coupling with a
photoexcited exciton, an A%X state is formed and soon
becomes an A’ XBMP state via the magnetic polaron effect.
When Mn?* spins inside the A°X Bohr radius become
better aligned, radiative recombination then occurs leaving
the A°’BMP state, which is more stable than the inherent A°
neutral acceptor state. Therefore it should be possible to induce
modulation of the energy of the A° neutral acceptor ground
state by selective optical pumping; further investigations are
necessary.

The combination of anti-Stokes PL with BMPs is ad-
vantageous from the point of view of practical applications
compared with the potential of nonmagnetic mixed crystals,’
because the magnetic spins can be controlled by the formation
of magnetic polarons. The anti-Stokes PL process might
become more effective if improvements could be made to
the “recycling” of photons in the two-step absorption process.
We expect that this study will contribute to the development
of novel technology based on photoinduced magnetization for
applications that take advantage of optical pumping, such as
self-magnetic optical cooling.

IV. CONCLUSIONS

We have observed anti-Stokes PL in bulk alloys of the
diluted magnetic semiconductor Cdy sMng ,Te under selective
excitation. The anti-Stokes PL peak results from a two-
step absorption process via cooperative excitations involving
the A°XBMPs and LMPs. We propose a model in which
certain photoexcited excitons bind to the acceptors to form
A°XBMPs; a proportion of the energy of the Stokes PL that
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arises from recombination of electron-hole pairs consisting
of LMPs is then transferred to the A°XBMPs, resulting in
excitation to energies above the alloy potential fluctuation.
We have also demonstrated that o™ circularly polarized PL
due to the recombination of LMPs appears in the vicinity of
o~ circularly polarized PL arising from the recombination of
A" XBMPs. Due to reabsorption effects, both anti-Stokes PL
lines appear at lower energy than the PL under band-to-band
excitation. At low magnetic fields, we propose that the degree
of reabsorption of the o~ circularly polarized anti-Stokes PL

PHYSICAL REVIEW B 83, 155211 (2011)

is low; this is attributed to the generation of photoinduced
localized Mn?* spin ordering within A XBMPs.
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