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Photoluminescence was measured on the diluted magnetic semiconductor alloys Cd,_,Mn, Te with
0.1<x <0.35, at temperatures between 4.2 and 60 K. Detailed line-shape analysis of the exciton
luminescence is carried out to show the temperature dependence of peak positions, integrated intensities,
line broadening, and asymmetry of the spectral shape. The luminescence intensity of the so-called L,
line grows abruptly at low temperatures, and is attributed to exciton localization caused either by exci-
ton magnetic polarons (EMP’s) or alloy potential fluctuations (APF’s). Only the lowest possible laser-
power excitation enables us to observe the effect caused by the former. The characteristic line shape,
especially the asymmetry of the luminescence line, is discussed in accordance with a type of localization:
EMP’s or APF’s. We have determined the binding energies of localization from EMP’s and APF’s, as a
function of Mn alloy concentrations. The results are compared with existing theories. It is found that
the EMP energy depends on the cube of the number of Mn isolated local spins, and EMP formation is
barely realized at x >0.20, and most stable at 0.05 <x <0.1. We found that the primary localization
due to APF’s is not necessary for EMP formation, but that the possibility of spin-fluctuation localization
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still remains.

I. INTRODUCTION

In the diluted magnetic (or semimagnetic) semiconduc-
tors (DMS’s) represented by the ternary alloy
Cd,_,Mn, Te, local magnetic spins strongly interact with
those of electrons or holes in the conduction and the
valence band, and therefore cause a variety of substantial
spin-related phenomena in optical processes. One of the
problems that has recently gained attention is the forma-
tion of a free exciton magnetic polaron (EMP), which is
associated with a ferromagnetic orientation of magnetic
spins within free-exciton Bohr orbits accompanied by a
self-trapping localization process.?

Theoretical estimates of the stability of free magnetic
polarons have been presented by Kasuya, Yanase, and
Takeda.® Various theoretical estimates suggest that the
stability conditions for intrinsic EMP’s are rarely realized
in DMS’s, and other primary localization mechanisms
are necessary for stable realization of EMP’s.*~¢ As dis-
tinguished from the bound magnetic polarons (BMP’s),
EMP’s in DMS’s are therefore sometimes termed ‘‘local-
ized magnetic polarons” as has been pointed out by
Mackh et al.” However, the stability criterion as a func-
tion of temperature and concentration of diluted magnet-
ic alloys has been analyzed also by Wolff,2 who predicted
that polaron formation is possible for holes that have
large exchange constants and masses. The condition can
be satisfied for ¥ >0.05 at T=10 K, where X represents
the effective concentration of diluted magnetic alloys.

In recent years, studies of time-resolved spectroscopy
and/or selective resonant excitations have revealed in-
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teresting phenomena originating from EMP’s or localized
magnetic polarons both in bulk DMS’s,””® and in two-
dimensional quantum-well systems.'"!2 There have,
however, been few systematic experimental surveys on
the formation and suppression of EMP’s or localized
magnetic polarons and their equilibrium stability in
external conditions such as temperature and magnetic
field.”®13716 In order to verify the existence of true
EMP’s, one has to exclude contributions from other lo-
calization mechanisms such as spin fluctuations and alloy
potential fluctuations (APF’s) as has been pointed out by
several authors.””® The separation of these effects is in
general considered to be difficult, since there are tempera-
ture and magnetic-field dependences also of these mag-
netic and nonmagnetic localization effects. Quite recent-
ly, Mackh et al. have reported a systematic survey of
magnetic polarons evidenced in the exciton photo-
luminescence (PL) of Cd,_,Mn,Te by use of selective ex-
citation in the exciton luminescence band and also by pi-
cosecond time-resolved spectroscopy.” They have dis-
cussed the temperature and magnetic-field dependences
of the localized magnetic polaron stability and its binding
energies with respect to the alloy composition. The ex-
istence of intrinsic EMP formation, however, without any
help from other sources of localization, has not yet been
evidenced experimentally. Accordingly, it can be said
that a detailed theory of EMP’s has not yet been accom-
plished. It is our special interest whether the primary lo-
calization of excitons such as spin fluctuations and/or
APPF’s is really necessary or not.

The exciton PL spectra possess important information
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about the electronic states, exciton scattering, the homo-
geneity of the sample, impurity centers, and alloy disor-
der. PL is also very important and useful in studying ex-
citon localization. When the excitation laser power is
kept intentionally low, photogenerated excitons in a
disordered system relax promptly to the band tail and be-
come localized. These low-energy excitons localize in
different parts of a sample and give rise to photoemission
with various photon energies due to spatially varying lo-
cal potentials caused by possible APF’s, local spin fluc-
tuations, the magnetic polarons, and other disorder po-
tentials. All these factors yield line broadening and a
characteristic spectral shape of the luminescence, espe-
cially in the exciton band tail. One should keep in mind
that these localized exciton luminescence spectra are in
general very sensitive to the excitation laser power, since
the number of localization centers is finite. PL studies to
probe the exciton localization in semiconductor alloys
have been a subject of continuous interest since the work
of Cohen and Sturge!” and other authors. The tail states
associated with APF’s in semiconductor alloys have been
intensively investigated both theoretically!’~!° and exper-
imentally.!”?° Ouadjaout and Marfaing have categorized
and modeled the line shape induced by APF’s in accor-
dance with various types of exciton localization: through
the electron, through the hole, or by electron-hole
confinement.!®

In the present paper, we present a PL study performed
on diluted magnetic semiconductor alloys Cd;_,Mn, Te
with a wide range of manganese concentrations. Detailed
line-shape analysis of the luminescence is performed to
show the temperature dependence of peak positions, in-
tegrated intensities, line broadening, and asymmetry of
the spectral shape. We will show that the so-called L,
PL line at low temperatures is attributed to a localized
exciton luminescence caused mainly by EMP’s and
APF’s. An enormous increase of the luminescence inten-
sity at low temperatures is observed, and is attributed to
exciton localization due to EMP’s. Only the lowest possi-
ble laser-power excitation enables us to observe the effect
caused by EMP’s. The characteristic line shape, especial-
ly the asymmetry of the luminescence line, is discussed in
accordance with the type of localization based on the
model of Ouadjaout and Marfaing: EMP or APF. We
have determined the binding energies of localization both
from EMP’s and APF’s as a function of Mn alloy concen-
trations. The results are compared with existing theories.
It is found that the EMP energy depends on the cube of
the number of Mn isolated local spins, and EMP forma-
tion is barely realized at Mn compositions x higher than
0.20 due to the increased number of antiferromagnetical-
ly coupled Mn spin clusters. We insist that primary lo-
calization due to APF’s is not necessary for EMP forma-
tion, but that spin-fluctuation localization may possibly
help EMP formation.

II. EXPERIMENT

Samples of Cd;_,Mn, Te were grown by the modified
Bridgman method with nominal Mn mole fraction x
values between 0.1 and 0.35. Actual values of x were
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determined by the peak positions of the L, PL line as de-
scribed in the following section, and the mole fractions of
samples used for the measurements were x=0.10, 0.12,
0.15, 0.18, 0.20, and 0.35. The samples were selected
from those which exhibit more enhanced L,-(free-
exciton-)like lines than L,-(bound-exciton-)like lines.!
The samples were either cleaved or polished with
bromine-methanol prior to the measurements. A 488-nm
Ar-ion laser line was used for the excitation with the
lowest possible power less than 1.5 mW/mm?, and the
spot size focused on the sample was about 1 mm?( < 150
mW/cm?). The very weak PL emission from the sample
was detected by an image-intensified charge-coupled de-
vice array with a backscattering configuration. The spec-
tral resolution was smaller than 0.1 nm (about 2 meV).
All experiments were conducted with the sample mount-
ed in a variable-temperature, exchange-gas Dewar, and
the temperature was varied in the range of 4.5-60 K.
The sample with x=0.35 exhibits its magnetic order as a
spin-glass (SG) phase below 9 K, while the others show a
parze}magnetic phase in the temperature range investigat-
ed.

III. RESULTS AND DISCUSSION

A. Temperature variation of L, photoluminescence line

Figure 1 demonstrates a typical temperature evolution
of the PL lines for Cd,_,Mn,Te with x =0.12. The
dominant PL peak is attributed to free-exciton-like
recombination (usually labeled L,), while the small peak
at the low-energy side is regarded as the recombination of
excitons bound to neutral acceptors (generally labeled L,
or 4°X)." An enormous increase of L, luminescence in-
tensity is observed with decreasing temperature apparent-
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FIG. 1. Typical temperature evolution of the PL lines for
Cd,_,Mn,Te with x =0.12. Very weak power of less than 1
mW/mm? was used for the excitation with 488-nm Ar-ion laser.
The inset displays the comparison of the spectral profile at two
different temperatures. Intensity at 26.5 K is multiplied by 9 to
normalize the two spectra.
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ly below 26 K. Furthermore, as can be seen in the inset
where the line at 7.8 K is compared with that at 26.5 K
by multiplying the latter to normalize both intensities, it
is evident that the PL linewidth at a lower temperature is
broader than that at a higher temperature. The linewidth
expands more to the low-energy side than to the high-
energy side. The spectral line shape is an asymmetrical
Gaussian type. This feature is in contrast to the normal
case where the linewidth should increase with rising tem-
perature due to the contribution from exciton-phonon in-
teraction. The overall features were the same for all the
samples.

In order to clarify the detailed behavior of the L, line,
the spectra were carefully analyzed. The peak energy
and the integrated intensity were determined, and the re-
sults are shown in Fig. 2 obtained from the sample with
x =0.18. As the temperature is decreased, the peak posi-
tion of the L, line first shifts to the high-energy side and
then starts to saturate, and finally decreases abruptly
below 10 K as displayed in Fig. 2(a). A similar tendency
has been demonstrated also by Golnik, Ginter, and Gaj
for Cd,_,Mn, Te samples with x higher than 0.1.! The
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FIG. 2. Temperature variations of (a) the peak positions, (b)
energy shift of the peak positions from those expected from high
temperatures, and (c) integrated intensity of the L, photo-
luminescence line in Fig. 1. The solid line was obtained from
Eq. (1) after adjusting the value x.
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temperature dependence of the peak position in the
high-temperature region is mainly determined by the
dependence of the energy gap on temperature. The shifts
of the optical absorption edge with temperature were
measured by Sundersheshu and Kendelewicz for
Cd,_,Mn, Te with alloy composition x up to 0.4. They
have fitted the data by a formula taking into account the
nonlinear dependence,?? from which the empirical pa-
rameters A and B were determined for different Mn com-
positions. On the other hand, the optical relation for the
L, peak positions with different Mn compositions were
determined by Heiman et al. at T=4 K.?* Combining
these two relations, one obtains the empirical formula

2

_Ar <x<
1.6047+1.397x T'+B for 0.05=x <0.2

2 (1)
for 0.2<x<0.4,

E, =

AT
1.575+1.536x T'+B

with T'=T —4 (K), for the peak position of the L, line
including temperature dependence.

The solid curve in Fig. 2(a) was obtained as a result of
fitting Eq. (1) to the data at higher temperatures than 40
K by varying the x value, where the parameters 4 and B
were taken from the linear interpolation of the data given
by Ref. 22. The best optimized value x =0.181 agrees
well with the nominal one at the initial stage of the crys-
tal growth: x =0.18. It is obvious that the experimental
data deviate from the solid curve described by Eq. (1) to
the low-energy side at temperatures lower than 35 K, and
these differences AE are plotted in Fig. 2(b). AE in-
creases with decreasing temperature, and increases more
steeply especially below 10 K. In accordance with this
behavior, below 35 K the integrated intensity of the PL
line starts to grow gradually, and increases more abruptly
below 10 K as seen in Fig. 2(c). The rate of increase with
decreasing temperature changes below and above 10 K.

B. Asymmetry of the photoluminescence spectral profile

Figure 3 demonstrates variation of the spectral profile
with temperature. The luminescence exhibits changes
from Lorentzian above 40 K to Gaussian type below 35
K as displayed in Fig. 3(a). This fact also indicates that
the localization of the exciton takes place at temperatures
below 35 K for this sample. In the localized temperature
region, the luminescence line shows an asymmetric
Gaussian line shape. It is to be noticed that the spectra
at 21.9 K are more asymmetric than those at 5.0 K. The
temperature dependence of the full width at half max-
imum (FWHM) W and degree of asymmetry A, is exam-
ined and the results are plotted in Figs. 3(b) and 3(c), re-
spectively, where W and A, are defined as

H,—H,
W=H,+H, and Asz_H,THh_ . (2)
H, is the energy difference between the peak position and
the position of the FWHM on the high-energy side and
H, that on the low-energy side. In Fig. 3(b) 2H, and 2H,
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are also plotted to show the variation of the asymmetry.
At temperatures higher than 35 K, W increases with
increasing temperature mainly due to the contribution
from the exciton-phonon interaction, which is generally
evidenced in the usual semiconductors. The dotted linear
line in Fig. 3(b) was drawn on the basis of Toyozawa’s
theory in the limit of weak exciton-phonon coupling,
which predicts a linear increase of the linewidth at a rela-
tively low temperature.”*?®> Negative values of
A, ~ —0.1 at temperatures higher than 40 K also suggest
the contribution from the exciton-phonon interaction as
discussed in Ref. 25 for the case of the 1s exciton in
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FIG. 3. (a) Typical spectral profiles at three different temper-
atures. Change of (b) the FWHM (@), 2H, (W), 2H, (O), and
(c) asymmetry of the spectra with varying temperatures for
x =0.18.
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Cu,0. The characteristic behavior in this sample is that
W increases with decreasing temperature below 35 K,
and tends to saturate to the value 10 meV around 10 K.
Further decrease of temperature below 10 K results in
rapid line broadening. Coincident with the above critical
temperatures, the asymmetry A, increases towards posi-
tive values at around 0.1, and then exhibits a tendency to
decrease below 10 K.

The above features, remarkable energy relaxation,
growth of the integrated intensity, and line broadening
with variations of asymmetry for the L, PL line with de-
creasing temperatures below 35 K are definitive evidence
for exciton localization. This exciton localization regime
can be divided into two regions, one at temperatures
higher than 10 K and the other at lower than 10 K. As
has been discussed by Golnik et al.,! there are two possi-
ble mechanisms responsible for the exciton localization in
each temperature regime. One is the usual localization of
excitons by APF’s, inherent to the mixed crystals due to
the band offset between CdTe and MnTe in the present
case. The other is a magnetic localization of excitons,
which is further separated into two cases. One is the lo-
calization by local magnetic spin fluctuations and the
other is the exciton localization due to a ferromagnetic
orientation of local magnetic spins within the exciton
Bohr radius, forming a free EMP.

The degree of asymmetry A, can be used to judge the
type of exciton localization. The exciton PL spectral line
shape was theoretically studied and applied to the case of
localization due to APF’s in II-VI semiconductor com-
pounds by Ouadjaout and Marfaing.!®* According to
their simple model with an assumption of a spherical po-
tential well, different kinds of exciton localization are
considered, depending on the extension of the potential
wells and on the fluctuation amplitude relative to the
electon-hole interaction energy: (1) localization of the ex-
citon as a single particle in a localization well, called exci-
ton localization, and (2) localization of one of the exciton
components (electron or hole), the other particle being
bound by Coulomb interaction, labeled electron (or hole)
localization.

The situation for APF’s in Cd,_,Mn,Te is similar to
the case of Hg,_,Cd, Te in the paper by Ouadjaout and
Marfaing, and localization of the exciton occurs as a sin-
gle particle in APF’s. In this case the spectral band tail is
pronounced and results in increased asymmetry of the
spectra with A4, being large. This phenomenon is ob-
served in Fig. 3(c) at temperatures between 35 and 10 K.
On the other hand, the magnetic localization of excitons
can be considered as a hole localization for the following
reason. The exchange interaction with localized Mn
spins is four times larger for holes than electrons, and the
mass of a heavy hole is about six times larger than that of
an electron. A magnetic localization is hence predom-
inantly governed by hole localization. According to Ref.
18, this leads to the increased symmetry of the Gaussian-
type spectral line shape and A4, should decrease. This is
clearly evidenced below 10 K in Fig. 3(c). Thus measur-
ing A, is very useful in identifying the type of localiza-
tion, and is used to separate the EMP localization (hole
localization) from that due to APF’s (exciton localiza-
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tion). The region of temperatures at which either mag-
netic localization or APF localization dominates as a lo-
calization mechanism is judged from the value of 4.

C. Localization energies of exciton magnetic polarons and
alloy potential fluctuations

Based on the above consideration, we attribute the
higher-temperature region (10-35 K) to a localization
due to APF’s, and the low-temperature region (below 10
K) to a magnetic localization of excitons for the sample
with x =0.18. Both can be considered as the Mott-
Anderson picture of localization associated with a mobili-
ty edge.!” The integrated intensity in Fig. 2(c) is replot-
ted against the inverse temperature in order to estimate
the thermal binding energy E associated with the locali-
zation, assuming that the intensity increase stems from
thermally activated localization. The temperature depen-
dence of the PL intensity I is described by a simple for-
mula:

=—— ®)

1+ce ke

where I, and C are constants, and kp is the Boltzmann
constant. Equation (3) is fitted to the data in Fig. 4 at
temperature regions I and II, respectively, to obtain the
value E. The value E =1.9 meV obtained from region I
is considered as the thermal binding energy for magnetic
localization, while E =4.1 meV is determined in region
IT as the energy for the localization due to APF’s.

This type of analysis has been performed for all the
other samples with different Mn compositions x. For the
sample with x less than 0.12, a type of localization in re-
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FIG. 4. Integrated intensities of the photoluminescence are
plotted against the inverse temperature. The solid and dotted
lines are the results obtained by fitting Eq. (3), and activation
energies for localization due to EMP’s and APF’s are deter-
mined.
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gion I takes place at higher temperatures than type II,
i.e., effects of the magnetic localization appear at higher
temperatures, and those of APF’s influence predominant-
ly at lower temperatures, in contrast to the case for
x 20.18. The results of the thermal binding energy for
each region are displayed in Fig. 5 for different Mn alloy
compositions. The E for APF’s (open squares) slowly in-
creases with x, and has a tendency to saturate at a value
around 8 meV at x =0.4. The dotted line in Fig. 5 is
plotted on the basis of the model calculation for the local-
ization energy E for APF’s by Cohen and Sturge!” as
dE, |*

x(1—x)Q, 4)
dx

mg*

E~n—
4mticag

where  is the atomic volume, E, the band gap, ap the
exciton Bohr radius with the dielectric constant €¢=9.7
for  CdTe.?® The  heavy-hole exciton mass
mg*=myy+m, and is assumed here as 1.4m,. This
value is heavier than that for CdTe,

mg*=0.6m,+0.096m,~0.Tm,

(Ref. 27). The mass can be heavier as is expected for
samples with increased Mn composition. m;* for
Cd,_,Mn,Te alloys are, however, not known to our
knowledge. The main reason for this big difference stems
from the fact that Eq. (4) provides only a qualitative
description of the APF energy. The experimentally ob-
tained values E for APF’s are thus qualitatively
represented by Eq. (4) as shown in Fig. 5. This fact sup-
ports the validity of the above analysis to obtain the ener-
gy-
Therefore the values E determined as the closed circles
in Fig. 5 are regarded as from magnetic localization and
monotonically decrease with increasing Mn composition
from 8 meV at x =0.10 to 0.6 meV at x =0.20. This fact
is understood as follows. Mn spin clusters favoring anti-
ferromagnetic spin alignment between Mn ions increase
with increasing Mn composition, which may compete
with the formation of ferromagnetic orientation of the
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Binding Energy [meV]

il

Pt FIFEFErS 1 PN W ST
0.0 0.1 0.2 0.3 0.4
Mn Composition x

FIG. 5. Binding energies for both EMP’s and APF’s are
determined for different Mn alloy compositions. The dotted
line shows the result obtained from Eq. (4), assuming the
heavy-hole exciton mass mg*=1.4m,. The solid line demon-
strates the (X )® dependence.
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Mn spins in EMP’s. Furthermore, at x 20.20 a SG
phase starts to develop at low temperatures.”® The SG
alignment also contributes to the suppression of EMP for-
mation.>!® At present it is assumed that the binding en-
ergy thus determined is dominated by an EMP contribu-
tion rather than by spin fluctuations. As discussed by
Wolff, the stability of the free magnetic polaron is judged
from the criterion
(X)X(JNy)® ?

(kB T)Z(ﬁ2N(2)/3 /2m * )3

384
35

2

where X is the effective Mn?" concentration,

X=Nyx(1—x)?, (6)

J is the exchange constant between carrier spins and Mn
local spins, N, is the unit-cell density of the crystal, and
m* is the mass of carriers. The above equation is de-
duced from the analysis by Kasuya, Yanase, and Takeda®
with the additional condition of spin saturation.? The
free magnetic polaron must have the requirement of spin
saturation in the radius of the carrier wave function. In
the present case, EMP’s are mainly governed by the hole
spin polaron, since the exchange JN,=1 eV for holes is
four times larger than that for electrons, and the hole
mass is one order of magnitude greater than that of an
electron. At a given temperature 7, the polaron stability
is proportional to (X ), namely, proportional to the cube
of the number of isolated local spins as seen in Eq. (5).
This (X)* dependence is plotted as a solid line in Fig. 5.
The present data of EMP’s in Fig. 5 agree surprisingly
well with the solid line.

According to the estimation by Wolff, taking the
values JN,==1.0 eV and m fjy =1m,, Eq. (5) gives rise to
the polaron stability condition T <10 K for the case of
x =0.1 and T <4 K for x =0.2, whereas our data show
that the EMP starts to form at T <30 K for x =0.1 and
and T <10 K for x =0.2. The critical temperature T, at
which the EMP starts to form varies with Mn composi-
tions, and these data are plotted against Mn mole frac-
tions, together with those deduced from Eq. (5) by a solid
line, in Fig. 6. The qualitative dependence agrees very
well, but not the absolute value. The difference in the ab-
solute value may come partially from a heavier effective
mass than m{jy =1m, used in the estimation in this lo-
calization regime, where the effective mass is expected to
increase with increasing localization. The theory does
not take this factor into account. If one assumes the
heavier mass as mfjy =1.6m, and the more appropriate
value of the exchange constant as JN,==1.1 eV, then one
obtains better agreement as shown by the dotted line in
Fig. 6.

Another possibility is as follows. In the present inves-
tigation we could not succeed in distinguishing the locali-
zation effects caused by EMP’s from those caused by spin
fluctuations. Suppose that the spin fluctuations took
place as a primary localization for the EMP as has been
pointed in some theories,* ® our data overestimate the
critical temperature, and result in higher temperatures
than those predicted from Eq. (5). The enhanced
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FIG. 6. Variation of the critical temperature T, at which the
EMP starts to form with Mn alloy composition. The solid line
represents the values deduced from Eq. (5) with JNy=1.0 eV
and m iy =1m, in accordance with Wolff, and the dotted line
with JNy=1.1eV and m iy =1.6m,.

discrepancy at lower Mn mole fractions implies that the
localization by spin fluctuations is more effective at lower
Mn concentrations. The present study at least leads to
the conclusion that APF is not necessarily a primary lo-
calization to trigger EMP formation, as one can see from
the data for x <0.15 in Fig. 5. However, direct evidence
that the spin fluctuation is or is not responsible for the
primary localization for EMP’s is still left open for fur-
ther study.

IV. CONCLUSIONS

A very weak-power excitation PL study on
Cd,_,Mn,Te revealed that both APF’s and EMP’s con-
tribute to the anomalous evolution of the luminescence
intensity at low temperatures. Spectral shape features
such as the FWHM, asymmetry, and peak position of the
luminescence line also exhibit characteristic features in
accordance with the range of temperature at which APF
or EMP localization occurs. Thus the effect caused by ei-
ther APF’s or EMP’s is separately identified, and the
binding energy of each localization was determined as a
function of Mn alloy compositions. At Mn compositions
x <0.15, the EMP binding energy is larger than that of
APF’s, but for the sample with high Mn compositions the
APF binding energy overcomes the EMP energy. The
present data on APF localization energies were compared
with theory, and demonstrated a qualitative agreement.
While for the EMP energies there is no theory available,
our data exhibited an (x)? dependence: in other words,
the binding energy of EMP’s is proportional to the cube
of the number of isolated local Mn spins. Increasing anti-
ferromagnetic clusters with increasing Mn composition
lead to the decreasing stability of the EMP’s, in contrast
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to the results recently obtained by Mackh et al.” Our
data concerning the stability of EMP formation, howev-
er, qualitatively agree with the theoretical estimation by
Wolff for heavy-hole magnetic polarons.? Our systematic
survey convinces us that APF is not necessarily the pri-
mary localization for EMP formation, but the role of spin
fluctuations is unknown. The localization effect caused
by either APF’s or EMP’s in external magnetic fields and
the excitation laser-power dependencies will be reported
in the near future.
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