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Luminescence in photoexcited Zn& „Mn„Te has been studied for three dilute alloy compositions
(+=0.001, 0.011, and 0.016) under a wide range of excitation and in zero external magnetic field.
We find that the bound-exciton localization energy is composition dependent, evidently due to an
exchange-induced contribution by the paramagnetic Mn ions. Under high-intensity excitation we
have observed electron-hole plasma (EHP) emission from all the samples studied. For the line-

shape analysis of the EHP emission, a simple model is introduced that takes alloy-compositional
fluctuations into account. The EHP emission for the x=0.001 material yields plasma parameters
which are consistent with the formation of an electron-hole liquid, while in samples with higher Mn
concentration there is no evidence for such formation.

I. INTRODUCTION

In a semimagnetic semiconductor of the type
A &' „Mn„8 the spin-spin exchange interaction between
bandlike electrons and the localized magnetic moments of
the magnetic ions leads to interesting behavior, such as gi-
ant g values and the bound —magnetic-polaron effect. '

The latter is an example of exchange-induced effects
which appear even in the absence of an external magnetic
field and have been observed to contribute to anomalous
light scattering and luminescence spectra associated with
near —band-gap excitations.

The main focus of recent spectroscopic work in several
II-VI semimagnetic alloys has involved excitonic and im-
purity related phenomena. At the same time there is a
notable lack of experimental work concerning the influ-
ence of the Mn-ion exchange interaction on a photoexcited
electron-hole plasma (EHP). This could be of importance,
for example, in contributing to the stability of the EHP or
the formation of an electron-hole liquid (EHL) in a
semimagnetic semiconductor. Elsewhere Pashitskii and
Ryabchenko have speculated that an exchange-induced
magnetic ordering could occur in an EHP in such a ma-
terial. Furthermore, the role of finite-alloy disorder ef-
fects in influencing the luminescence spectra has not been
clearly assessed.

This investigation was undertaken to study the role of
the Mn ion in photoexcited Zn~ Mn Te in the absence
of externally applied magnetic fields. Since little pub-
lished work is generally available on the interband recom-
bination spectra in this alloy, we report here results which
include the spectroscopy of both excitons and the EHP.
%'e have examined the photoluminescence of ZnMnTe
under a wide range of photoexcitation for three alloy corn-
positions (x =0.001, 0.011, and 0.016) where the Mn-ion
spin system remains paramagnetic. At low excitation the
observed spectra reveal free-exciton emission which has
been used to assign values for the energy gap for this com-
position range. Photoluminescence associated with an ac-
ceptor bound exciton shows an enhancement in its binding
energy with increasing Mn content, an effect that we attri-

bute to the exchange interaction between the exciton and
the 3d electrons of the Mn ion. We have also studied the
EHP emission as a function of excitation intensity and
composition. The data for the x=0.001 material indi-
cates that the plasma density saturates both as a function
of effective plasma temperature and a function of excita-
tion intensity. This strongly suggests EHL formation for
this composition. In order to derive EHP parameters
from the emission spectra of samples with a higher con-
centration of Mn, we have applied a simple model for a
line-shape calculation which accounts for the aHoy com-
positional fluctuations in our mixed crystals.

II. EXPERIMENTAL RESULTS AND ANALYSIS

The samples used in this study were nominally undoped
single-crystals of Zn& „Mn Te grown by Professor J.
Furdyna at Purdue University. The composition was
determined by microprobe analysis to an accuracy of
0.1%. No particular effort was made in our experiments
to orient the samples which were obtained by cleaving
bulk pieces.

Photoluminescence data were obtained by excitation
with a N2 laser ( fico,„=3 6S eV, pulse wi. dth 10 nsec). The
peak incident intensity at the samples varied between
10 —10 W/cm . Luminescence emission was collected
perpendicular to the excited surface and focused on the
entrance slit of a monochromator equipped with a S-
11—type photomultiplier. The photodetector output was
analyzed by a microcomputer. The on-line computer was
also employed to drive the monochromator and trigger the
laser. The samples were immersed in liquid helium
( T= 2 K), but considerably higher electronic temperatures
could be generated, as discussed belo~.

A. Low-excitation regime

Under low-excitation intensity the photoluminescence
(PL) of ZnMnTe (x =—0.001) resembles the spectra of pure
ZnTe (Fig. 1). It is dominated by a single strong emission
peak at 2.377 eV (labeled A ), surrounded by a few weaker
lines which include a relatively sharp LQ-photon replica.
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FIG. 1. Photoluminescence spectrum of Zn~ „Mn„Te
(x =0.001) under low-intensity excitation.

x=0.pp

The free-exciton emission (FE) is clearly identifiable at
2.385 eV as is the emission from a donor-acceptor pair
(DAP) together with free-to-bound (FB) luminescence
(Dean and references therein). By analogy with the well-
studied emission spectra of ZnTe, we associate the princi-
pal line with a neutral-acceptor bound exciton having a lo-
calization energy of -8 meV. Since this is only slightly
larger than the corresponding value for ZnTe (6 meV), the
effect of exchange interaction between the localized Mn-
ion magnetic moment and the three-particle carrier corn-
plex contributes at most a small correction for this com-
position. The main direct effect by the Mn is a "rigid"
shift of the band gap. Taking the free-exciton binding en-
ergy to be 13 meV (as for ZnTe), we obtain 2.398 eV for
the energy gap of the x =0.001 material at T=2 K. Here
and below, we assume that the (possible) effective-mass
changes remain small in the alloy range of interest.

Much of the fine structure seen in Fig. 1 disappears in
the luminescence spectra of the x =0.011 and 0.016 sam-
ples, lost most likely due to broadening caused by alloy
potential fluctuations. A single strong-emission line dom-
inates the spectra for both compositions. This can still be
readily associated with the now broadened acceptor bound
exciton. A small free exciton peak can also be observed
on the high-energy side of this emission. By employing
the (reasonable) approximation of a constant free exciton
binding energy, the values of the energy gaps for the three
alloy compositions, all at T=2 K, can be summarized
readily as follows: x=0.001, Eg=2.398 eV; x=0.011,
E ——2.422 eV; x =0.016, Eg =2.436 eV. The localization
energy of the bound exciton is now found to increase from
8 meV for x =0.001 to 13 and 19 meV for the x =0.011
and 0.016 material, respectively. Such an increase is likely
to have a significant component from the exchange in-
teraction between the exciton's charge carriers (the outer
electron) and the Mn-ion spins within its Bohr orbit, as
has been demonstrated recently in experiments involving
the donor bound exciton in Cd~ „Mn„Se. For the
simpler configuration of a neutral donor or acceptor the
exchange contribution has been shown to have two contri-
butions to the (inhornogeneous) spin splitting at a low tem-
perature. One contribution is due to a trend toward local
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FIG. 2. Photoluminescence spectra under high-intensity
(Ip = 1 MW/cm ) excitation.

spin alignment within the Bohr orbit (the
bound —magnetic-polaron effect) and the second results
from a net magnetization presented by a finite number of
Mn-ion spins within this volume. [We note here that in
the absence of accurate values for the conduction and
valence band exchange coefficients in ZnMn Te, more
quantitative estimates about the spin-splitting of the ini-
tial (bound exciton) and the final (acceptor) state involved
in the optical transition remain presently uncertain. ]

B. High-excitation regime

As the excitation intensity increases to approximately
2X 10 W/cm, the bound-exciton line begins to broaden
for all compositions studied. Above 105 W/cm2 the
luminescence is completely dominated by a single broad-
emission band which is identified by us as a contribution
from an EHP and shown in Fig. 2. Broad emission bands
observed earlier in similarly excited pure ZnTe (but main-
ly at lattice temperatures higher than those encountered
here) have been interpreted by considering free exciton-
exciton (x-x) and free exciton-hole (x-h) inelastic scatter-
ing. Theoretical calculations have also shown how such
spectra can be identified by their characteristic emission
energy and line shape. ' In our case the energetic position
of the emission peaks in Fig. 2 and their shift with excita-
tion intensity are not compatible with those anticipated
for inelastic exciton spectra. Additionally, estimates of
free-exciton screening (Mott criteria) for the excitation
densities and temperatures encountered in our experiments
further discount the likelihood of the x-x and x-h contri-
bution. In contrast the observed behavior of the lumines-
cence agrees well with that for an EHP. Band-gap renor-
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FIG. 3. EHP luminescence of Znl „Mn„Te {x=0.001) vs

photon energy. Solid line represents the best fit to the spectrum.
The fitting parameters are also shown on the figure.

malization effects lower the emission energy of the EHP
so that significant spectral overlap with the bound-exciton
energy region occurs. This leads to some ambiguity about
the gradual disappearance of the bound-exciton contribu-
tion, namely, whether these excitons are screened by the
plasma in a Mott-type transition or whether exciton
luminescence becomes simply undetectable due to (accep-
tor) population saturation effects. (A small but evident
LO-phonon replica of the bound exciton was still detect-
able in the x =0.001 sample suggesting that not all of the
bound excitons need be screened at our maximum excita-
tion intensity. )

In order to study the carrier density and the effective
plasma temperature as a function of excitation intensity,
we have fitted the measured EHP luminescence to the fol-
lowing expression which describes radiative recombination
from an EHP in the absence of momentum conserva-
tion":

Am'

I( Ace) =ID E' ( fun' E)'—
0

&& t 1+ exp[(E —EI ) /kT] ]

X I 1+ exp[( fico' E Eg )/kT] ] 'dE—. —

Here EF'" is the quasi-Fermi energy determined from

n=ci f x'~ [exp(x E~/kT)+ I] '—dx, (2)

and Aco'=%co —Eg with Eg containing the electron-hole
exchange and correlation effects. Two independent fitting
parameters were used, the plasma density and its effective
temperature. A typical fit for the x=0.001 material is
shown in Fig. 3. Except for a slight deviation on the low-
energy tail (discussed below), there is excellent agreement
between the calculated and the experimental results. In
Fig. 4 we have plotted the renormalized band gap E, ob-
tained from the above analysis, as a function of the plas-
ma density and compared it with the prediction by a
theoretical model recently published by Vashishta and
Kalia. ' The very good agreement between the theory and

FIG. 4. Experimental and theoretical renormalized band-gap
energy vs reduced pair separation for Zn& „Mn„Te {x=0.00I).
Experimental points were obtained from the best fit to the EF"P
luminescence, while the theoretical curve is from Ref. 12. Ener-
gy is in units of effective Rydberg.

our experimental points lends strength to and provides an
independent confirmation for our method of data analysis.

The values for plasma density obtained by this ap-
proach are plotted as a function of excitation intensity in
Fig. 5. As can be seen, the density converges to a value of
n =6.5&10' cm . Indeed, this value coincides very
well with the equilibrium density of an EHL expected in
ZnTe as calculated by Beni and Rice. '

In recent literature there are differing points of view
concerning the existence of an EHL in a direct-gap semi-
conductor. This is in contrast to indirect-gap materials
where the presence of an EHL has been thoroughly docu-
mented. The question, in a direct-gap semiconductor, is
in part whether an EHI -like quasiequilibrium state can be
established within the relatively short lifetime of the pho-
toexcited carriers. Additionally, it has been pointed out
how the experimentally observed "saturation" in the plas-
ma density could also result from the expansion of an
EHP caused by the large Fermi pressures which can ac-
company spatially inhomogeneous excitation. Such ex-
pansion has now been verified by observation in a number
of direct band-gap semiconductors. ' On the other hand,
we expect a distinctly different signature for temperature
dependence of the density in the case of an EHL and that
of an expanding plasma. The density of an EHI, should
decrease with increasing temperature, ' while the density
of an expanding plasma has been found to increase with
increasing temperature. '

For the case of ZnMnTe (x =0.001) we observe that the
plasma density saturates also with increasing (effective)
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FICi. 5. Plasma density [as obtained from fitting the EHP
emission to Eq. (1)] vs excitation intensity for the x =0.001 sam-

ple. Dashed lines represent linear variation of the density vs in-

tensity and the n =6.6)& 10' cm value, which is the predicted
EHL density for ZnTe (Ref. 13).

Effective Temperature (K ]

FICJ. 6. EHP density vs effective plasma temperature for the

x =0.001 sample. Both the density and the effective tempera-

ture values are obtained from the best fit to the EHP emission.

has been published so far. In the following we shall
describe a simple model which we use to calculate the
EHP line shape in Znl „Mn„Te (x =0.011 and 0.016) by
explicitly considering the effect of statistical composition-
al fluctuations on an otherwise intrinsically perfect crys-
tal.

An approximation for the inherent band-edge broaden-
ing in a mixed crystal can be obtained by taking the view
that the photoexcited carriers "feel" the crystal potential
only within a characteristic volume Vo. In this volume
the statistical fluctuations of the composition about a
mean value xo can be described by a Gaussian distribu-
tion"

where b is a normalization constant. Since the energy gap
in Znl „Mn„Te is to a good approximation a linear func-
tion of composition for the range of interest here, we then
account for the fluctuations by allowing the gap also to
follow a Gaussian distribution about a mean value Eg,

—(,E ~ —EO)2 A@2
(4)

where

Vp is the effective (local) volume and v is the volume of
the unit cell.

We now construct a line shape for the EHP lumines-
cence by an appropriate summation over the distribution
of values for the energy gap. Formally, the line shape will
be given by integration of the "unperturbed" EHP spectra
[Eq. (1)],multiplied by the Gaussian weighing function

plasma temperature as shown in Fig. 6. This fact, togeth-
er with the excellent agreement with the theoretically
predicted equilibrium density provides us with strong evi-
dence that the observed plasma emission is originating
from an EHL. Measured from the free exciton energy, we
find the binding energy for the EHL to be 11 meV, larger
than the theoretical value. ' The cause of an increase in
the binding energy in this instance is presently unclear, al-
though we note again the possibility for the exchange in-
teraction by the Mn ions to stabilize the liquid. No
theoretical estimates appear to have been made concerning
the role for such an enhancement.

%'hen pursuing the above analysis for the spectra ob- (Z Zp) /P

tained from samples of higher concentration of Mn,
discrepancies with the simple line-shape model of Eq. (1)
are encountered on the low-energy side of the emission
band. In particular the departure from the theoretical line
shape suggests an extension of the density of states below
the parabolic band gap, behavior which was also con-
firmed by studying the fundamental edge absorption in
our samples. ' Such "band tails" are frequently encoun-
tered when dealing with the lowest interband resonances
in mixed crystals and can be attributed to alloy potential

g x 1 —x
fluctuations. In connection with line-shape analysis of an &o=
EHP and EHL, a somewhat analogous (though less seri-
ous) problem has been encountered previously, e.g. , in Ge
where linewidth broadening has been successfully account-
ed for due to an Auger process in the final state of the ra-
diative transition. ' In mixed crystals the severity of the
problem has been recognized previously, ' but to our
knowledge no attempts to analyze the fluctuation
broadened low-energy tail of an EHP luminescence band

I(~)=I, j dE,' exp —[(E,' E,')'IE, )I( ~,E,'—)
dE,' expI —[(E,' —E,')'IE', ]I I dEE'"(~' —E)'"[1+exp[« EF)IkT] I—

&& I 1+ exp[( ~' E E~)lkT]I— — (6)



4504 M. GAI. , Y. HEFETZ, J. K. AJO, AND A. V. NURMIKKO 28

Z n, -XM~XTe o o o empt.
eOf p'

const.

Off:
const.
17 meV

PHOTON ENERGY (eV)
2430 2.400 2.37Q 2.340

TABLE I. Comparison of the excitation (density-) dependent
characteristic length R as calculated from the measured energy
broadening parameter Ep, with the Fermi-Thomas screening
length A,~. The values used in the calculation were 1/I* (re-
duced effective mass) =1/m, + 1/mq ——0.094 (Ref. 24), e (dielec-
tric constant) =10.1 (Ref. 24), dEg/dx =2.5 eV (from our mea-
surements), and U (volume of primitive cell)=5. 6&10 cm
(Ref. 24).
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FIG. 7. EHP luminescence of Zn~ „Mn„Te (x =0.011) vs

photon energy. Dashed line represents the best fit using Eq. (1),
while the solid curve takes the alloy potential fluctuations into

account (see text).

We note also that due to the local fluctuations in the band
gap, the plasma density will also fluctuate in this descrip-
tion of a mixed crystal. This follows since the chemica1
potential stays constant, i.e.,

p(n, T) =Eg +EF'+EF const, ——
(7)

n(EF)=a J x ~ exp[(x EF IkT)+—1] dx .

We have used Eqs. (6) and (7) to fit our experimental re-
sults for the x =0.011 and 0.016 samples with Fo used as
an additional parameter. As can be seen by comparing
theory with experiment in Fig. 7, excellent agreement can
be reached by this approach. (The small mismatch on the
low-energy tail is probably due to LO-phonon replica of
the EHP band. )

The broadening parameter Eo introduced above is
directly connected to the characteristic "fluctuation
volume" Vo through Eq. (5). An effective length 8 can
thus be defined as

1/3
2

3x (1—x ) dEg

4~Eo2 dx

Physically it is appropriate to approximate this length by
the Fermi-Thomas screening length AFAR given by

T 2
1 6mne

EEL

where e stands for permittivity. (In keeping with the ap-
proximate nature of this approach we have simplified the
electron-hole screening by using this standard expression. )
In Table I we summarize the observed dependence of Fo
on the excitation intensity, together with the plasma densi-
ty, the calculated characteristic length R, and the Ferrni-
Thomas screening length A,~. The satisfactory agreement
between the characteristic length R deduced from the ex-
periments and the Thomas-Fermi screening length ap-
pears to justify the model used.

The plasma density obtained by the above analysis for
the x=0.011 and 0.016 samples does not show any sa-
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III. SUMMARY

We have presented results of experimental work where
photoluminescence in the semimagnetic (Zn, Mn)Te has
been studied for three alloy compositions under low and
high intensity of excitation. We find first that the
bound-exciton binding energy is composition dependent,
attributed mainly to an exchange-induced contribution by
the paramagnetic Mn ions. Second, line-shape analysis of
the EHP emission for the x =0.001 material yields plasma
parameters which are consistent with the formation of an
EHL at a critical density of 6.5&10' cm, as also
predicted by theory. In contrast, the samples with higher
alloy fraction do not show evidence for such liquid forma-
tion in the same range of excitation intensities, possibly
due to detrimental electron-hole lifetime effects. Finally,
in our analysis of the EHP parameters for x =0.011 and
0.016.materials, we have introduced a simple model which
has been used to obtain good agreement with observed
spectra while taking alloy compositional fluctuation into
account.

turation effects, in contrast to the case for, the x =0.001
composition. %"hile this could be a consequence of several
effects, we consider a reduction in the electron-hole life-
time in the samples of higher Mn concentration be a pri-
mary candidate for frustration of an EHL formation. A
significant shortening of the lifetime was indirectly veri-
fied in our experiments for the samples of higher alloy
fraction by comparing the amplitudes of the luminescent
signals. Elsewhere, time-resolved luminescence studies in
comparable semimagnetic semiconductors (CdMnTe) indi-
cate that such a lifetime shortening accompanies higher
alloy fractions. ' Other contributions from alloy potential
fluctuations may further explain why we would observe
the EHL formation only in very dilute ZnMn Te
(x=0.001). (In pure ZnTe EHL formation has been re-
ported, although contrary evidence has also been
presented. )
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