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Coexistence of free excitonic matter with exciton magnetic polarons �EMPs� in dilute magnetic semicon-
ductors �DMSs� of Cd1−xMnxTe for 0.04�x�0.36 is demonstrated at superfluid He temperatures under non-
resonant two-photon excitation. Unlike conventional one-photon excitation, both free excitons and biexcitons
are observed employing this excitation method at x=0.04. Bose stimulation of biexcitons and a metal-insulator
Mott transition are also observed under strong excitation. For x�0.2, only free excitons coexisting with EMPs
are observed, which also exhibit stimulated emission under strong excitation. This implies that the Mn com-
position is an important kinematic parameter that affects the stability of biexcitons. Our results imply that a
typical DMS system can exhibit strong optical phenomena, presumably correlated with various interesting
magnetic effects, depending on excitation conditions.

DOI: 10.1103/PhysRevB.77.235211 PACS number�s�: 75.50.Pp, 71.30.�h, 71.35.�y, 78.45.�h

I. INTRODUCTION

Cd1−xMnxTe is an extensively studied dilute magnetic
semiconductor �DMS� both theoretically and
experimentally.1,2 The crystal structure is zinc blende �cubic
with no inversion symmetry�. Both the electron and hole
band extrema are located at the zone center with a dipole-
allowed gap Egap�x� that increases with the Mn composition
x up to the band-gap pinning regime.3,4 In this semimagnetic
semiconductor, the exchange interaction between optically
generated carriers and Mn2+ cations results in a large Zee-
man splitting of energy levels,5 giant Faraday rotation,6 and
exciton magnetic polaron �EMP� effects.2 In low dimen-
sional quantum structures based on this DMS, numerous in-
teresting features have also been observed including coherent
spin dynamics,7 room-temperature polariton lasing,8 and
Bose-Einstein condensation of two-dimensional �2D� micro-
cavity polaritons.9 Recently, the renewed interest for DMSs
was motivated by further applications involving information
storage and processing based on spintronic devices.10

One of the most interesting magneto-optical properties
mentioned above is photoinduced ferromagnetic spin align-
ment in paramagnetic Cd1−xMnxTe due to the localization of
free excitons �electron-hole bound states� by ambient Mn2+

cations and impurities, namely, the formation of EMPs. The
mechanisms for this localized magnetic transition within an
exciton Bohr radius have been experimentally investigated
using various spectroscopic methods under one-photon band-
to-band excitation.2 This excitation method initially gener-
ates free carriers subsequently forming EMPs. The two main
EMP photoluminescence �PL� lines observed from
Cd1−xMnxTe for 0�x�0.4 were attributed to the so-called
L1 and L2 lines, each arising from excitons bound to neutral
acceptors and magnetically “self-trapped” excitons,
respectively.11 Based on the observed asymmetry of the L2
line as a function of temperature, Takeyama et al.12 further
confirmed that the L2 line consists of two components: �i�

pointlike exciton localization under alloy potential fluctua-
tions �APFs� and �ii� hole localization with the other con-
stituent �an electron� simply bound by a screened Coulomb
attraction. The latter corresponds to the intrinsic spin-
induced localization of excitons since it primarily arises from
a pure spin-spin interaction between the host 5p-hole and
3d−Mn2+ electronic states. This EMP effect was also well
studied in other DMS materials, but there has been no spec-
troscopic evidence of free excitonic matter in this system.

In this paper, we report the first observation of free exci-
tonic matter in conventional DMS, Cd1−xMnxTe, at 2 K un-
der nonresonant two-photon excitation that selectively gen-
erates free excitons via an impurity band transition. The
associated intermediate state is most likely formed by ran-
dom magnetic impurities and APFs in this DMS. Nonreso-
nant two-photon transition is a rather well established phe-
nomenon in direct-gap semiconductors containing sufficient
impurity concentrations, where direct generation of excitons
is allowed via two-photon pumping to an intermediate impu-
rity band subsequently decaying into the ground state of free
excitons.13–15 In our Cd1−xMnxTe, we found that this two-
photon transition persists over a broad range of excitation
energies almost spanning from the two-photon to one-photon
exciton resonance energy for a given x. The observed PL
spectra for different excitation energies in this range indicate
that the corresponding two-photon absorption coefficient,
���2p�, monotonically increases with the two-photon excita-
tion energy �2p.

This paper is organized as follows: The experimental
setup for the measurement is described in Sec. II. In Sec. III
the observed PL spectra under two-photon excitation are
compared with those obtained under one-photon excitation at
x=0.04. The additional peaks under two-photon excitation
are identified based on the steady-state population dynamics.
Various free excitonic phases under strong excitation levels
are discussed in Sec. IV. In Sec. V we discuss free exciton
generation and stimulated emission for x�0.2 under the
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same excitation conditions. Summary and conclusions are
given in Sec. VI.

II. EXPERIMENTAL SETUP

Our PL measurements were performed on four bulk
Cd1−xMnxTe samples �x=0.04, 0.2, 0.285, and 0.36�, which
were grown using the vertical Bridgman method. Samples
were cut and polished along the growth direction and the
corresponding thickness of each sample was about 1 mm.
These samples were mounted in an optical cryostat and
cooled to 2 K in a Janis variable-gas-flow optical cryostat.
We use the frequency-tripled output of a passive-active
mode-locked EKSPLA PL 2143 series Nd doped yttrium alu-
minum garnet �YAG� laser with a pulse width of about 15 ps
and a repetition rate of 10 Hz to synchronously pump an
optical parametric amplifier �OPA�. The OPA generates ver-
tically polarized pulses in the range of 400–3100 meV.

The incident laser pulse from the OPA was focused onto
each sample surface using a 15 cm focal-length lens. The
corresponding photon flux P was varied from 0.2 to
68.2 mJ /cm2. The excitation energies were tuned to �1p
=2420 meV and �2p=1072 meV for one-photon and two-
photon excitations, respectively. The PL was collected in a
transmission geometry from the opposing surface and fo-
cused onto a fiber-optic bundle. The output of the fiber-optic
bundle was coupled to the entrance slit of a Spex Spec-One
500 M spectrometer and detected using a nitrogen-cooled
charge-coupled device �CCD� camera. Although there were
noticeable variations in the PL intensities, we confirmed that
the corresponding spectral features under both excitation
methods barely depend on not only the excitation position
but also the excitation energy that determines the absorption
length.

III. PHOTOLUMINESCENCE AT x=0.04

The solid trace in Fig. 1�a� illustrates the typical time-
integrated PL spectrum at 2 K obtained from our
Cd0.96Mn0.04Te sample under one-photon over-the-gap exci-
tation ��1p=2420 meV�, clearly showing the L1 and L2 lines
typical of EMPs either bound to neutral acceptors or self-
trapped in the vicinity of Mn2+ cations. The spectral posi-
tions of these peaks are approximately consistent with the
previous results described elsewhere.16 These EMP PL lines
are usually very broad even at 2 K because of the inhomo-
geneous line broadening arising from APFs and spatial inho-
mogeneity of the sample. We found that the spectral features
of the L1 and L2 lines barely depend on the one-photon ex-
citation power �see Fig. 6�a��.

On the other hand, the dashed trace in Fig. 1�a� corre-
sponds to the time-integrated PL spectrum when the sample
is now excited by �2p=1072 meV laser light. It is interesting
to notice that the additional two sharp peaks E and M appear
for an excitation energy far below the band gap, implying
that a multiphoton process is involved. The heavy red trace is
obtained by subtracting the solid trace from the dashed trace
in order to investigate the population of the E and M lines
only. As verified and shown later, these two PL lines arise

from radiative recombination of free excitons and biexcitons
�excitonic molecules�, respectively, generated by two-photon
excitation.

Figure 1�b� shows plots of several time-integrated spectra
for various excitation intensities �P=0.2–3.0 mJ /cm2� un-
der two-photon excitation, clearly indicating that free exci-
tonic matter coexists with EMPs. Note that the relative popu-
lation for E and M strongly depends on the two-photon
excitation power. Considering that ordinary one-photon ex-
citation to charged carriers does not show these PL lines
from free excitonic matter, the EMP formation �magnetic
interaction� time for the carriers should be at least compa-
rable with the time scale for the free exciton formation �Cou-
lomb interaction�.

Figure 2�a� corresponds to the time-integrated PL spectra
shown in Fig. 1�b� after subtracting the contribution from the
EMP PL lines. The measured spectral position of the free
exciton line is about 1667.2 meV. This value is slightly larger
than the predicted value from the empirical formula at x
=0.04, which is indirectly determined by the absorption
measurements.16 At the minimum excitation level, P
=0.2 mJ /cm2, the E line is mostly dominant, implying that
free excitons are initially created. As the excitation power
increases, the M line appears and develops faster than the E
line. Unlike the symmetric E line, the M line is well fit by an
inverted Boltzmann distribution at T�2 K, unambiguously
indicating that it arises from radiative recombination of free
biexcitons.17 The corresponding biexciton binding energy is
about 4.3 meV. This value is somewhat larger than the mea-
sured binding energy in CdTe, which is determined by the
energy difference between bound excitons and bound biexci-
tons �or bound multiexcitonic complex� captured by ubiqui-
tous impurities.18 The PL line denoted by BE near 1653 meV

FIG. 1. �Color online� �a� Time-integrated PL spectra at 2 K
obtained from Cd1−xMnxTe at x=0.04 under one-photon �solid
trace� and two-photon �dashed trace� excitations, respectively. The
solid trace is properly scaled to match with the lower-energy tail of
the dashed trace. For ordinary one-photon excitation, the PL shows
two broad peaks L1 and L2. The additional two peaks observed
under two-photon excitation correspond to the free exciton �E� and
biexciton �M� PL lines, respectively. The heavy red trace shows the
PL spectrum after subtracting the contribution from EMPs. �b�
Time-integrated PL spectra for various excitation intensities in the
range of 0.2–3.0 mJ /cm2.
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is attributed to the bound exciton PL based on the same
power dependence as that for free excitons.19

We now explicitly show that the observed PL intensities
from each free excitonic matter follow the predicted popula-
tion dynamics under two-photon excitation. Similar to the
ordinary resonant case, where the two-photon absorption co-
efficient is an intrinsic constant quantity, the nonresonant
two-photon absorption coefficient can be parametrized by
���2p� for a given �2p and defined by

dP�z�
dz

= − ���2p�P2�z� , �1�

where P�z� is the two-photon attenuation of the incident pho-
ton flux inside the crystal. The corresponding depth distribu-
tion G�z� for the excitonic matter created matches the laser
absorption profile and is given by20

G�z� = −
1

2

dP�z�
dz

=
1

2

���2p�P�0�2

�P�0����2p�z + 1�2 , �2�

where P�0�= P is the photon flux at the surface. As described
in Sec. II, however, our collection geometry ensures that the
observed PL is spatially integrated. Therefore, the measured
generation rate G is not a function of the z but should be
obtained by averaging Eq. �2� with respect to z, which is
simply given by ���2p�P2.

The simultaneous rate equations describing the free exci-
ton density �n� and biexciton density �nb� are given by

dn

dt
= −

n

�
+

nb

�b
− 2Cn2 + 2Cn��T�nb + G , �3�

and

dnb

dt
= −

nb

�b
+ Cn2 − Cn��T�nb, �4�

where � is the overall exciton lifetime including the radiative
decay and EMP formation times, �b is the biexciton radiative
lifetime, and C is the exciton–exciton capture coefficient to
form a biexciton; n��T� is the mass-action equilibrium con-
stant that depends on temperature and is given by

n��T� = �MbkBT

8	
2 �3/2
e−Eb/kBT, �5�

where Mb and Eb are the biexciton mass and binding energy.
The terms Cn2 and −Cn��T�nb in Eq. �4� correspond to biex-
citon formation and dissociation, respectively. Considering a
relatively strong biexciton binding energy of 4.3 meV, how-
ever, thermal dissociation of a biexciton at 2 K is quite neg-
ligible, n��2K��n2 /nb.21

The steady-state solutions for the free exciton and biexci-
ton densities are related to the measured PL intensities I and
Ib by

I =
n

�
= 2Go��1 +

G

Go
− 1� , �6�

and

Ib =
nb

�b
= Go��1 +

G

Go
− 1�2

, �7�

where the characteristic generation rate Go is defined by
Go= �4C�2�−1. Although nb is always proportional to n2, the
exciton density n, thus I, is not directly proportional to the
exciton generation rate G in the steady-state regime. As pre-
dicted from Eq. �6�, the measured exciton PL intensity I in-
creases sublinearly as G1/2 for G�Go �see the solid curves in
Fig. 2�b� for the two-photon excitation case�.

In Fig. 2�b� we plot the spectrally integrated PL intensities
for excitons �dots� and biexcitons �circles� from Fig. 2�a�.
The superimposed solid curves correspond to Eqs. �6� and
�7� and are generated by assuming G=���2p�P2 and properly
choosing Go and ���2p� at �2p=1072 meV.22 The observed
steady-state population dynamics unambiguously show that
free excitons are initially created under this rather unconven-
tional two-photon excitation. Although �2p is not exactly
resonant with the free exciton internal energy, this higher-
order transition into the ground-state free excitons has been
shown to occur in random or single-crystal semiconductors
with a high impurity concentration.13–15 We emphasize that
this two-photon transition is very different from usual over-
the-gap two-photon excitation that again initially generates
charged carriers. Otherwise, the observed PL should be just
the same as that obtained under one-photon over-the-gap ex-
citation, which does not show any PL from free excitonic
matter.

IV. BOSE STIMULATION OF BIEXCITONS
AND MOTT TRANSITION

We also find that additional interesting phenomena related
to high-density free excitonic matter are observed from our

FIG. 2. �Color online� �a� Time-integrated PL spectra from Fig.
1�b� after the background subtraction, showing the free exciton �E�,
biexciton �M�, and bound exciton �BE� PL, respectively. �b� Spec-
trally integrated PL intensities for excitons �dots� and biexcitons
�circles� from part �a�. The superimposed solid curves are the
steady-state solutions to the rate equations, clearly indicating that
free excitons are initially generated under nonresonant two-photon
excitation. The approximate excitation-power dependences are also
shown for both low- and high-excitation limits.
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Cd0.96Mn0.04Te sample under nonresonant two-photon exci-
tation. Figure 3�a� shows several time-integrated spectra for
excitation powers in the range of 0.7–4.7 mJ /cm2 under the
same excitation conditions. The rapid growth of the M line
clearly indicates stimulated biexciton emission with a thresh-
old of about Pc=3.1 mJ /cm2. The corresponding spectrally
integrated PL intensities for excitons �dots� and biexcitons
�circle� are plotted in Fig. 3�b�, superimposed by the fits
�solid curves� using the parameters determined at lower ex-
citation levels. Note that we observe a significant deviation
of the biexciton population above the threshold, whereas the
exciton population approximately follows the theoretical pre-
diction. Obviously, above this threshold, the biexciton popu-
lation cannot be simply described by classical simultaneous
rate equations that do not take into account the correspond-
ing Bose occupation number. Considering that most stimu-
lated emission phenomena observed in DMS-based quantum
structures arise from polariton lasing,8 it is rather interesting
to observe similar behavior associated with biexcitons in our
bulk Cd1−xMnxTe sample at x=0.04.

Figure 4�a� shows the evolution of the PL spectra when
the excitation intensity is further increased from 5 to
50 mJ /cm2 under the same excitation conditions. The appar-
ently much broader biexciton peaks basically arise from time
integrating the actually sharper M lines that continuously
undergo a band-gap shift with time due to the so-called
mean-field band-gap renormalization. Also, note that Bose
amplification of the biexciton PL is significantly suppressed
for P20 mJ /cm2. This primarily arises from a many-body
interaction between excitonic matter constituents due to en-
hanced Coulomb screening, favoring a new quantum phase
above a threshold associated with the Mott density. Above
the Mott density, electrons and holes no longer possess pair-
wise correlation, and therefore, charge neutral excitons and
biexcitons ionize into the metallic electron-hole plasma
�EHP�. This EHP phase becomes increasingly fermionic with
increasing intensity and hence we expect quenching of Bose
amplification.

Figure 4�b� plots the measured band-gap shift �dots� aris-
ing from band-gap renormalization inferred from the maxi-
mum peak position at a given excitation intensity. The solid
line is an empirical fit to the data above the Mott density
based on the theoretical mean-field shift that is proportional
to the density of excitonic matter. As expected, the density of
EHP is proportional to the excitation power P in the steady-
state regime under two-photon excitation and is, therefore,
well explained by the empirical linear fit. The noticeable
deviation below the Mott density arises from faster band-gap
shift due to Bose stimulation as well as stronger excitation-
power dependence at the lower excitation limit.

V. RESULTS FROM SAMPLES FOR x�0.2

In this section, we extend our studies to other bulk
Cd1−xMnxTe samples with higher Mn compositions. In Fig. 5
we plot the normalized time-integrated PL spectra at 2 K
under one-photon excitation ��1p=2420 meV� at x=0.04
�pink�, 0.2 �cyan�, 0.285 �green�, and 0.36 �yellow�, respec-
tively. For x�0.2 the spectral positions for these two lines
are rather close and can be more clearly resolved using
polarization-dependent time-resolved spectroscopy.23 The
solid line corresponds to the empirical formula describing
the band-gap shift as a function of Mn composition x; EL2
=1604.7+1397x meV.16

Figure 6�a� plots several time-integrated PL spectra at 2 K
from Cd1−xMnxTe for x=0.285 under one-photon excitation
for excitation powers in the range of 11.1–43.6 mJ /cm2. At
this Mn composition or higher, the L1 line is very broad as
indicated by its high-energy tail, extending into the L2 line.
Note that the spectral features of these EMP lines barely
depend on the one-photon excitation power. Figure 6�b�
shows time-integrated PL spectra under the same conditions
but the sample is now excited using two-photon excitation.
With the solid line as a guide, representing the spectral po-

FIG. 3. �Color online� �a� Time-integrated PL spectra for higher
excitation levels �P=0.7–4.7 mJ /cm2� under the same excitation
conditions. �b� Spectrally integrated exciton and biexciton PL inten-
sities are plotted by dots and circles, respectively. The solid curves
are the same curves in Fig. 2�b�. Rapid increase in the M line
strongly indicates Bose stimulation of biexcitons for P
3.1 mJ /cm2.

FIG. 4. �Color online� �a� Time-integrated PL spectra �100 times
scaled down� at 2 K under very strong excitation levels in the range
of 5–50 mJ /cm2. The rapid biexciton population is much sup-
pressed for P20 mJ /cm2. The evolution of the PL spectral fea-
tures are detailed in the text. �b� Band-gap redshift �dots� deter-
mined by the maximum peak position as a function of the excitation
power, superimposed by an empirical fit �solid line�.
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sition of the L2 line under one-photon excitation, it is inter-
esting that the L2 line apparently shifts toward higher ener-
gies with a significantly increased PL intensity, compared
with the one-photon excitation case. As clearly shown in Fig.
8�a� and explained later, this basically arises from a strong
free exciton peak �E� on top of this EMP PL line. These two
peaks are not spectrally resolvable due to a substantial inho-
mogeneous broadening, intrinsic to alloy compounds for a
high substitution rate x. Considering that a two-photon tran-
sition is a higher-order process, it is rather surprising that this
two-photon excitation yields much more efficient EMP gen-
eration.

The dots in Fig. 7�a� correspond to the L1 peak intensities
at a given excitation power obtained from Fig. 6�a�. The

solid line is a linear fit to the data. From Fig. 6�a�, it is
obvious that the L2 line also increases linearly with the ex-
citation power, indicating that EMPs are generated under
one-photon excitation. The corresponding L1 peak intensities
�dots� under two-photon excitation obtained from Fig. 6�b�
are plotted in Fig. 7�b�. The excitation-power dependence of
the L1 line is well described by a simple P2 fit �solid curve�
for two-photon excitation. The circles in Fig. 7�b� correspond
to the combined peak L2+E intensities, indicating that the E
intensity also has the same power dependence. This is in
sharp contrast to the case observed from our Cd0.96Mn0.04Te
sample, exhibiting a rather complicated power dependence
given by Eq. �6� and corresponding to the special case C
=0. As will be discussed later, this implies that free biexci-
tons are not stable as evidenced by the absence of the M line
in the PL spectra shown in Fig. 6�b�. We found that two other
samples with different x show similar spectral features with
the same power dependence for both excitation methods.

Figure 8�a� shows a series of the two-photon spectra for
higher excitation powers in the range of 19.7–68.2 mJ /cm2

under the same excitation conditions. Note that the rapid
growth of the E line occurs when the excitation power is
larger than Pc=43.6 mJ /cm2. The measured spectral posi-
tion of the free exciton PL line is about 2038.7 meV, which is
approximately consistent with the prediction, EE=1588
+1584x, obtained from the electroreflectance data.24 The cor-
responding free exciton PL intensities �dots�, after subtract-
ing the EMP contributions, are plotted in Fig. 3�b� for 11.1
� P�68.2 mJ /cm2. The solid line corresponds to a qua-
dratic fit on the log-log scale, indicating that the free exciton
population exponentially increases above the threshold
power Pc.

Figure 9�a� shows the typical E lines on top of the L2
EMP PL at 2 K obtained under strong excitation, showing
stimulated emission of free excitons in Cd1−xMnxTe at x
=0.2 �red traces�, 0.285 �green traces�, and 0.36 �blue traces�,
respectively. The dashed traces correspond to the PL spectra

FIG. 5. �Color online� Typical time-integrated EMP PL at 2 K
from Cd1−xMnxTe for 0.04�x�0.36 under one-photon excitation.
Each PL intensity is normalized for comparison. The solid line cor-
responds to the predicted spectral position of the L2 line as a func-
tion of x.

FIG. 6. �Color online� �a� Time-integrated PL spectra at 2 K
from Cd0.715Mn0.285Te under one-photon excitation for several ex-
citation powers. �b� Time-integrated PL spectra under the same con-
ditions using nonresonant two-photon excitation. The solid line is
the spectral position for the L2 line determined under one-photon
excitation. Note that the L2 line overlaps with the free exciton line
�E�, as indicated by an apparent blueshift of the combined peak.

FIG. 7. The corresponding L1 peak intensities �dots� under �a�
one-photon excitation and �b� two-photon excitation are superim-
posed by linear and quadratic fits. The circles correspond to the
L2+E peak intensities properly scaled, showing the same power
dependence.
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at the thresholds of Pc=3.1 and 43.6 mJ /cm2, respectively.
It is interesting that the two-photon absorption efficiency
drastically decreases by a factor of 15 for x�0.285 com-
pared with that at x=0.2. This can be partially explained by
the two-photon absorption coefficient that increases with
�E=Egap�x�−�2p but most likely arises from the loss of the
optical efficiency induced by higher Mn substitution rates,
which inevitably increases more impurities and APFs. The
solid traces show a dramatic increase in the E line intensities
at P=5.3 and 68.2 mJ /cm2, which is slightly larger than Pc.

Unlike a very dilute Cd0.96Mn0.04Te sample hosting both
free excitons and biexcitons as shown in Fig. 2, we found
that the biexciton phase is unstable in this DMS for x�0.2,
and therefore, Bose stimulation is associated with free exci-
tons, not biexcitons. This is also supported by the observed
free exciton population that increases with P2. Otherwise, its
power dependence would deviate from P2 and evolve into P
with the excitation power due to the efficient two-body mol-
ecule formation process �see Fig. 2�b��.14,15,21 This presum-
ably arises from �i� an enhanced exchange interaction that
efficiently aligns the exciton spin, rendering the exciton–
exciton interaction repulsive or �ii� a magnetic phase transi-
tion into spin glass25 for x�0.2. At this time, the origin for
the suppression of biexciton formation is not clear.

We also performed similar two-photon excitation experi-
ments on Cd1−xMnxTe at x=0.4, which has a rather low
sample quality. As shown in Fig. 9�b�, the stimulated free
exciton line splits into several discrete lasing modes at P
=58.5 mJ /cm2. This random lasing behavior26 is quite spe-
cial in that feedback is caused by light scattering due to
randomly distributed scatterers, not by light reflection by
cavity mirrors in conventional lasing. As opposed to four
samples with a high sample quality, which were mainly used
in our experiments, we found that the observed spectral fea-
tures from this low-quality sample strongly depend on the
excitation positions.

VI. SUMMARY AND CONCLUSIONS

In conclusion, we observed free excitonic matter coexist-
ing with typical EMPs in Cd1−xMnxTe for 0.04�x�0.36 at
2 K under nonresonant two-photon excitation that initially
generates free excitons. This effect was not observed under
the usual one-photon excitation of charged carriers. Based on
the steady-state population dynamics, the evolution of the PL
lines from free excitonic matter was studied as a function of
the excitation power. In Cd0.96Mn0.04Te, all possible free ex-
citonic phases including biexcitons, Bose stimulation, and
the EHP were observed under this excitation method. For x
�0.2, however, only free excitons coexisting with EMPs
were observed. Bose stimulation of free excitons was also
observed under strong two-photon excitation. Based on our
extensive studies, we believe that the Mn concentration x is
an important kinematic parameter, particularly with respect
to the stability of biexcitons, in the semimagnetic semicon-
ductor Cd1−xMnxTe. Our new results demonstrate that the
optical responses of Cd1−xMnxTe can strongly depend on the
excitation method. Although the present work mostly high-
lighted free excitonic matter, we believe that further studies
on both free excitonic matter and EMPs under two-photon
excitation with various experimental parameters will im-
prove the understanding of basic optical and magnetic prop-
erties of DMSs.
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FIG. 8. �Color online� �a� Time-integrated PL spectra for higher
excitation levels �P=19.7–68.2 mJ /cm2� under the same excita-
tion conditions. �b� The free exciton PL intensities are plotted as the
dots and superimposed by a fit proportional to P2. A rapid increase
in the E line arises from stimulated emission of free excitons for
P43.6 mJ /cm2.

FIG. 9. �Color online� �a� Stimulated emission of free excitons
in Cd1−xMnxTe at 2 K under nonresonant two-photon excitation at
x=0.2 �red traces�, 0.285 �green traces�, and 0.36 �blue traces�,
respectively. The dashed traces correspond to each L2+E line at the
thresholds of Pc=3.1 �x=0,2� and 43.6�x�0.285� mJ /cm2. The
solid traces correspond to the PL spectra at P=5.3 and
68.2 mJ /cm2, respectively. �b� Random lasing behavior at P
=58.5 mJ /cm2 from a low-quality Cd0.6Mn0.4Te sample under non-
resonant two-photon excitation.
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