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Magnetoreflection (MR) and magnetophotoluminescence (MPL) are studied in the diluted magnetic semi-
conductor Zn;_,Mn,Te. The use of both methods in parallel allows us to follow features resulting from the
mean-field exchange behavior as well as individual characteristics of Mn?* paramagnetic ions. Resonance
linewidths observed in MR are analyzed and shown to depend on spin-dependent scattering of excitons. A striking
feature of the MPL spectrum is an enhancement of all spin-polarized luminescence structures in an external
magnetic field. Relations between the Zeeman energy shift of exciton transitions due to exchange interaction
of Mn ions with mobile carriers and circular polarization of MPL due to internal recombination in Mn** are
revealed. Mixing of left and right circular light polarizations is demonstrated in excitonic and donor-acceptor pair
(DAP) structures of MPL peaks. An enhancement of binding energy with increasing magnetic field for excitons
localized by potential fluctuations is demonstrated and explained. It is observed that the energy of MPL peaks
related to DAPs is only weakly sensitive to magnetic field. This relative stability is caused by a suppression
of the mean-field Zeeman shift due to the two-component form of impurity wave functions. The simultaneous
presence of paramagnetic ions and residual nonmagnetic impurities in our Zn,_,Mn,Te samples provides for a

rich physical picture.
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I. INTRODUCTION

Dilute magnetic semiconductors (DMSs), also called semi-
magnetic semiconductors, have been a subject of sustained ex-
perimental and theoretical investigations since their discovery
40 years ago. This well-defined family of materials is formed
by adding substitutionally paramagnetic ions (mostly Mn>*) to
nonmagnetic semiconducting compounds. With their distinct
characteristics, DMSs are of interest for a few reasons. Their
band parameters can be tuned by changing Mn content, and
they have interesting properties combining semimagnetism
with semiconductivity, each having well-known uses in elec-
tronics, optics, memory functions, etc. It is recognized by now
that DMSs serve as a bridge to ferromagnetic semiconductors,
and for this reason they are actively studied today.

Among the Mn-based II-VI diluted magnetic semiconduc-
tors, Zn;_,Mn,Te wide-gap alloy is an attractive material for
basic investigations and spintronic applications. The ZnTe host
is a II-VI semiconductor with a direct band gap E, of 2.24 eV
at T =300 K, corresponding to a green spectral region.
The introduction of manganese into ZnTe creates magnetic
radiative centers of red luminescence originating in intra-Mn
transitions: *7; —,. Since the gap E ¢ 1s wider than the
intra-Mn transition energy Ey, &~ 1.95 eV, the Mn?* photolu-
minescence (PL) can be studied in detail in Zn;_,Mn, Te even
in the low-x limit. Bulk Zn;_,Mn,Te is the only II-VI DMS
alloy with E, > Ewpy, which has p-type electrical conductivity
due to the vacancies of the Zn cation. Because of this property,
the excitonic PL from Zn;_,Mn,Te does not suffer from the
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PL quenching effect usually observed in n-type DMSs such as
Zn;_,Mn,Se. The properties of DMSs are due to the exchange
interaction between conduction- and valence-band carriers and
paramagnetic ions (s, p-d exchange). In wide-gap DMSs, the
result of exchange may be viewed as a very strong enhancement
of the external magnetic field to the extent that other effects
of the field may be neglected [1-3]. For high hole densities
(p =5 x 10* m™?), Zn;_ Mn, Te becomes a ferromagnetic
material [4-6].

In the present work, we investigate Zn; _, Mn, Te, which has
been less extensively studied than Cd;_,Mn,Te. Within the
optical approach, the most often used experiments were those
of magnetoreflectivity and magnetoluminescence. However,
there exist no works in which both methods have been used in
parallel. It is our purpose to use these methods in order to reveal
relations between properties accessible by the two approaches
and provide a comprehensive study of the material looking for
new effects. In particular, we have in mind properties resulting
from the alignment of Mn?* spins in an external magnetic
field and those caused by internal optical transitions in single
ions. Our study treats the contents of Mn around x = 0.025
with low densities of holes, so that interactions between the
Mn ions may be neglected. In our optical experiments, we
observe pronounced exciton phenomena as well as effects due
to residual nonmagnetic impurities. This provides, all in all,
quite a rich physical picture of the Zn,_,Mn,Te DMS.

Our paper is organized as follows. In Sec. II we describe
the sample preparation and experimental methods used in
the study, Sec. III addresses magnetoreflectivity, and Sec. IV
is concerned with magnetophotoluminescence, where we
describe separately Mn ions, excitons, and donor-acceptor
pairs. The physical contents and works of other authors are
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mentioned and discussed in direct connection with the subjects
in question, so a separate discussion is not included. The final
section contains a summary and conclusion.

II. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

Zn;_,Mn,Te crystals were grown by the high-pressure
Bridgman method from a (ZnTe);_,(MnTe), solution in an
evacuated (10~° Torr) quartz ampoule coated with pyrolytic
graphite. The ZnTe and MnTe polycrystal sources were synthe-
sized from the 6N purity Zn, Mn, and Te elements. A two-zone
vertical Bridgman furnace was used. The hot zone was kept
around 1400°C and the cold zone at 1000 °C to produce a
temperature gradient of about 30 °C/cm at the melting point
of ZnTe (1295 °C). The ampoule with the (ZnTe);_,(MnTe),
powder was initially positioned in the hot zone for 24 h to
allow its content to melt completely and then was lowered at
the rate of 2.2 mm/h to initiate crystal growth. The growth
process was conducted in an atmosphere of nitrogen gas
under a pressure of 1 MPa and stopped when the top of the
ampoule reached a temperature below 1000 °C. We obtained
a large-grain single crystal ingot of 10-14 mm in diameter
and about 60 mm long. The Zn;_,Mn,Te samples split from
the as-grown ingot were additionally subjected to annealing at
800 °C and a pressure of 4 MPa of nitrogen gas to improve the
composition homogeneity.

The actual Mn content x was determined from the x-ray
energy dispersive fluorescence analysis. The x-ray diffraction
method was also used to determine the lattice constants of
the samples, and it was found that they increased linearly
with the actual Mn content in agreement with Vegard’s law,
a(x) = 6.101 + 0.206x A. The Hall effect measurements at
300 K showed that the annealed Zn;_,Mn, Te samples had a
hole concentration of p = 1.08 x 10> m~2 and an electrical
resistivity of p = 6 x 102 Q@ m; see [7].

For the reflectivity measurements, the incident light was
provided by a tungsten-halogen lamp and directed nearly
perpendicular to cleaved (110) surfaces of Zn;_,Mn,Te crys-
tals. The reflected light was detected and analyzed using a
quarter-wave plate and a linear polarizer. The magnetophoto-
luminescence measurements were performed using the 474 nm
line of an argon laser. We were able to apply magnetic fields
upto7T.

III. MAGNETOREFLECTION

As mentioned above, we do not take into account hole-
mediated Mn-Mn interaction. According to Ferrand ez al. [5],
forZn,_,Mn, Te with Mn content x = 0.028 and hole densities
p < 8 x 10% m~3 this interaction may be neglected. For our
sample having x = 0.025 and p = 1.08 x 10> m™3 we are
safely below these limits. As a consequence, we consider only
the s, p-d exchange interaction between Mn ions and band
carriers.

In Fig. 1(a) we show the results of low-temperature pho-
toreflectivity experiments on Zngg75Mng gp5Te for magnetic
fields 0-7 T in the Faraday geometry. The obtained picture is
similar to those commonly observed in other wide-gap DMSs.
At zero field, the reflectance spectrum exhibits a single line at
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FIG. 1. (a) Reflectance spectra of Zn;_,Mn,Te with x = 0.025
at different magnetic fields in the Faraday geometry for circular light
polarizations ot and o ~. Four resonances are marked with letters
on the upper trace. Arrows mark field-independent resonance X; of
unknown origin. (b) Energies of reflectance resonances vs magnetic

field. Solid lines are calculated using Eqs. (1) with parameters
indicated in the text.

Eo = 2.394 £ 0.00 eV with a narrow linewidth of ~ 1.8 meV
(plus a weak resonance X;; see below). This line is attributed
to the free exciton X. In a magnetic field, the X line is split
into four components: two for o™ (A and B) and two for
o~ polarizations (C and D); see the inset in Fig. 2(a). With
increasing magnetic field, the exciton resonances are shifted in
energy by the exchange interaction with paramagnetic Mn**
ions [2,3].

Figure 1(b) shows displacements of four exciton compo-
nents A, B, C, and D versus magnetic field, often called the
Zeeman shift. They exhibit the typical behavior of wide-gap
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FIG. 2. (a) Resonance linewidths of magnetoreflection reso-
nances for transitions A and D shown in Fig. 1(a) vs magnetic
field. Solid lines are fitting curves. The inset indicates schematically
magneto-optical transitions between valence and conduction states
split by the exchange interaction, as shown in Fig. 1. (b) The same as
in (a) but for Mn content x = 0.035.
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DMSs [2,8]. The energies of the exciton components are given
by

Es=Eo — 3xNo(@ — B)(S.),

Eg=Eq+ 3xNo(3B + a)(S.),

Ec=Ey— 1xNo(3B + @)(S.),

Ep=Ey + 1xNo(a — B)(S.).

ey

where Ej is the zero-field exciton energy, x is the Mn molar
fraction, Ny is the number of unit cells for unit volume, and
o = (S|J|S) and B = (X|J|X) are exchange integrals for
conduction and valence bands. The quantity () is the thermal
average of the Mn spin component in the z direction, which
is described by a modified Brillouin function By for the spin
value of § =5/2,

(©))

gvnLBSB
S.) = SoBsg| — |,
52} = So S[kB<T+To)}

where the Land€ factor gy, = 2, up is the Bohr magneton, kg
is Boltzmann’s constant, B is the strength of external magnetic
field, T is the temperature, and Sy and 7T, are adjustable
parameters. Using the exchange parameters Noow = +0.19 eV
and Nyof = —1.09 of Ref. [9] and fitting the energies of
exciton components to the formulas (1), one can determine the
effective spin value Sy and 7;. We obtain Sy = 1.74 £ 0.02
and Ty = 0.88 £ 0.02 K. The value of Sy is somewhat smaller
than the “nominal” value 5/2. The values determined by
other authors for Zn;_,Mn,Te with low Mn contents are
So = 1.88forx = 0.031[9]and Sy = 1.77 forx = 0.032[10],
while for considerably higher x = 0.16 the strongly reduced
value of Sy is 0.5 [11]. We also observed an additional
resonance of unknown origin, marked X; in Figs. 1(a) and 1(b),
whose energy does not depend on magnetic field. A similar
resonance was observed in Zn;_,Mn,Se [12].

One can see in Fig. 1(a) that the A resonance for o™
polarization not only shifts to lower energies with increasing
magnetic field, but it also becomes narrower. On the other
hand, the D resonance for the o~ polarization becomes
wider when shifting to higher energies. One can determine
the linewidths W in the standard way by measuring the
energy distance between the maximum and minimum of
the reflectance resonance. In Figs. 2(a) and 2(b), we plot the
measured linewidths of the A and D resonances versus B for
samples with x = 0.025 and 0.035, respectively. It is seen that,
for x = 0.025, the W(B) dependence resembles the Zeeman
shifts shown in Fig. 1(b).

Different field dependences of linewidths in MR resonances
were noted in bulk Cd;_,Mn, Te [8,13] and analyzed theoret-
ically in quantum wells of DMSs. Komarov et al. [14] argued
that the linewidths of exciton magneto-optical transitions are
related to exciton scattering by spin-independent and spin-
dependent perturbations. The spin-independent part is related
to differences between of electron densities of substitutional
atoms and those of the host crystal. The spin-dependent part is
caused by the exchange interaction of carriers with unpaired
spins of magnetic ions. The Hamiltonian of interaction of an

exciton with substitutional ions can be written in the form

1
Hiy = Z M[(Algv[n - NoaSeSn,z)a(re )

n

N
+ <Ath + %ﬁjhsn,z>6(rh - rn)i|xna (3)

where Ny and n are the concentration and coordinates of
the cation lattice sites, respectively, AZ‘?M is the potential
of nonmagnetic interaction of the electron (hole) with the
substitutional Mn ions, Noa and Ny are defined above,
S, = £1/2 and J, = £3/2 are the electron and heavy-hole
spin projections on the direction of magnetic field, S, . is
the spin projection of the magnetic ion, and x,, describes the
distribution of the impurity ions (x, = O if there is a host ion
in the nth lattice site and x,, = 1 if the site is occupied by a
substitutional Mn>* ion).

The difference of exciton scattering for the o© and o~
circular light components comes from the fact that the initial
and final states for the corresponding transitions A and D have
different spin orientations appearing in the electron and hole
terms: —Noa S, Sy, and +NoB/3J,,S,.;, respectively. For the
A transition there is S, = —1/2 and J, = —3/2, while for
the D transition there is S, = +1/2 and J, = +3/2; see the
inset in Fig. 2(a). Taking into account that the sign of Ny«
is positive and that of NyB negative, and the fact that the
sign of (S;) is negative, we obtain that for the A transitions
both spin-dependent terms subtract from the spin-independent
AE’[“, while for the D transition both terms are sums of spin-
dependent and spin-independent terms. As a consequence, for
the D transitions the exciton scattering is stronger, which
accounts for their larger linewidths. The dependence on the
magnetic field comes from the fact that, in the mean-field
approach, the substitutional ion content x,, and the manganese
spin orientations S, . in Eq. (2) can be replaced by their
average values x and (S.), respectively. As a consequence,
the linewidths are directly related to (S,) and thus depend on
magnetic field.

Finally, it is seen in Fig. 2(b) that for a Zn;_,Mn,Te
sample with higher Mn content (x = 0.035), the linewidths of
reflectivity resonances are distinctly larger than those shown
in Fig. 2(a). This is understandable as seen by Eq. (3) because
it corresponds to a higher number of spin-scattering Mn ions.

IV. MAGNETOPHOTOLUMINESCENCE

We have performed magnetophotoluminescence (MPL)
experiments on Zn;_,Mn,Te. They were carried in Faraday
geometry, and the luminescent light was analyzed for the left
and right circularly polarized components. Figure 3 shows the
overall MPL spectrum without magnetic field as well as at
B =1 and 6 T versus photon energy below the energy gap of
Zn;_,Mn,Te for low Mn content x = 0.025. Beginning with
high energies, the main structures of the MPL spectrum are
due to excitons between 2.4 and 2.35 eV, donor-acceptor pairs
between 2.35 and 2.1 eV, and Mn** ions between 2.1 and
1.7 eV. The striking feature of the spectrum is that all three
structures gain in intensity with increasing magnetic field. This
overall picture, exhibiting three different physical entities, not
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FIG. 3. Magnetophotoluminescence ~(MPL)  spectrum of
Zn;_,Mn,Te at different magnetic fields in the Faraday geometry
for circular light polarizations ¢ and o ~. Going from high to low
energies, MPL due to excitons, donor-acceptor pairs, and internal
recombination of Mn?" ions is observed. All structures are strongly
enhanced by magnetic field.

observed simultaneously on other DMS, is one of the main
results of our study.

A. Spin-polarized MPL due to Mn ions

We first consider MPL due to internal 3d-shell electron
recombination of Mn?* ions. It originates from optical tran-
sitions between the excited ion state *7; and the ground
state ®A;. Such transitions are in principle not allowed in the
dipole approximation, but this rule is relaxed by the spin-orbit
interaction and the lack of inversion symmetry of the crystal
environment [3,15-17]. The mechanism of energy transfer
from excitons to the Mn>* ions is still not quite clear [18-21],
and we do not go into the details of this problem.

In the presence of a magnetic field, left and right circular
light polarizations in the Faraday configuration excite different
transitions between the ground and excited states of Mn?*
ions. Fournier et al. [15] considered absorption transitions
between the ground sextuplet °A; (S = 5/2) and the quadruplet
of*Ty (S =3 /2), and they deduced the selection rules Am; =
+1 for the two light polarizations, where m, are quantized
projections of the angular momentum in the field direction z.
Van Gorkom [16] and Baryshnikov et al. [17] took into account
the tetrahedral field environment of the Mn ions by attributing
to the excited states the orbital angular momentum L = 1.
Then, taking into account the spin-orbit interaction, one obtains
in the “pseudo J” formalism the excited states with the total
angular momentum J' = 5/2,3/2,1/2. The selection rules
for transitions of o+ and o~ polarizations are m/, = m, £ 1,
respectively. In Ref. [17], the transitions from the J' = 1/2
doublet were omitted.

The total MPL intensity related to Mn*tis g =IT+ 17,
where It and I~ denote intensities for the left (o) and right
(o 7) circular polarizations (red and blue lines in Fig. 3, respec-
tively). Itis then clear that the overall increase of the intensity at
B = 6T, as compared to that at B = 0, is considerable. This is
in contrast to the behavior of other DMSs (see below). We first
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FIG. 4. Degree of circular polarization Py, for Mn?* emission as
defined in Eq. (4) (right scale), exciton energy shifts of X, peak from
MPL (left scale), and A resonance from MR (left scale) vs magnetic
field. Solid lines are drawn to guide the eye.

consider the circularly polarized magnetophotoluminescence
from Mn?* and the Zeeman energy shift of the MR exciton
components AE; (i = A,B,C,D). The degree of circular
polarization of the Mn?t emission, denoted as Py, is defined
as

I =1
YA

Figure 4 shows Py, versus magnetic field for0 < B < 6T
(right scale) and the exciton energy shift AEy, (as observed in
MPL), as well as that observed in magnetoreflectivity for the
A component A E 4 shown in Fig. 1(b) (left scale). The exciton
energy shifts observed in MPL and reflectivity practically
coincide, which is understandable since they are manifestations
of the same phenomenon observed by different techniques. On
the other hand, the exciton energy shifts (all components) are
proportional to Pyp,. To demonstrate this property, we show in
Fig. 5 the Zeeman shifts of exciton energies plotted versus Py,
values. The linear relation between all four Zeeman shifts A E;
(i = A,B,C,D) and Py, indicates that not only the Zeeman
shifts but also the degree of circular polarization Py, track the
magnetization of the Mn subsystem: M = —Noxgvn 5 (S;).
We can write the following for a specific Zeeman energy
shift (say, A transition): AE4 = y Pyn, from which one can
determine the factor y using the slope of the corresponding
straight line in Fig. 5. For x = 0.025, the values of y are
F0.199 £ 0.001 and F0.03 £0.01 for A,D and B,C MR
exciton components, respectively. We can now go back to
Eq. (1) and write for the A component

P = ), )

The above equality relates the thermal average of the
Mn spin component (S;), which is the mean-field collective
property of all Mn>* ions in the sample, to the degree of
circular polarization Py, related to the individual property of

Pyin “
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FIG. 5. Exciton Zeeman energy shifts of four reflectivity compo-
nents shown in Fig. 1(b) (vertical scale) plotted against Py, values
for the corresponding fields (horizontal scale). The resulting straight
lines demonstrate that all four Zeeman shifts are proportional to Pyy,.

single Mn?* ions. We conclude that the low-temperature Py,
is an important quantity characterizing a dilute magnetic semi-
conductor. We consider this finding an important result of our
study. Khoi et al. [22] measured the temperature dependence of
the Mn-related photoluminescence in Zn;_,Mn,Te at B = 0
showing that it is almost completely quenched at 7 = 80 K.
Fournier et al. [15] in an early work describing ZnS doped with
Mn?* showed that the Py, can be described by the Jahn-Teller
model for the Mn*" ions.

In this connection, one should mention the work of Vis-
vantha et al. [23], who studied MPL in bulk ZnSe:Mn and
colloidal nanocrystals ZnSe/CdSe:Mn. In contrast to our data,
in the ZnSe:Mn case both o and o~ components of MPL
due to Mn?* strongly decreased with B and showed no
polarization. However, for colloidal nanocrystals, the Mn>*
emission was circularly polarized and Py, was proportional to
the magnetization of the sample. This result is similar to ours.
Muller and Gebhardt [24] observed PL in Zn; _,Mn, Te related
to electron recombination of Mn ions without magnetic field,
while Baryshnikov ez al. [17] observed the spin-polarized MPL
related to Mn?* ions in bulk Cd;_,Mn, Te with x > 0.36.

B. Spin-polarized MPL due to excitons

Now we turn to the exciton photoluminescence shown at
the highest energies in Fig. 3. We begin with the results for
B = 0 shown in Fig. 6 together with the reflectivity structures.
For ZnTe (green lines) one observes in the reflectivity a
free-exciton resonance at 2.3795 eV, while the PL peak at
2.3736 eV is related to the exciton trapped at a neutral Zn-
vacancy acceptor [25] having a binding energy of 5.9 meV.
For Zn,_,Mn, Te (black lines), both reflectivity and PL spectra
are shifted to higher energies (since the gap is larger) and the
PL structure is considerably richer. It consists of two strong
lines Xy and X,,. Each of these lines has a weak shoulder
on the high-energy side that disappears upon the application

Refl.
E PL
5

0
g (A"X)
&
2| 2ZnTe
n
[
[}
<
Zn, Mn Te
l x =0.025
2.37 2.38 2.39 2.40
Energy (eV)

FIG. 6. Exciton photoluminescence and reflectance spectra mea-
sured at 2 K for ZnTe and Zng g75Mng o5 Te, the PL peak X, is due to
mobile excitons (this is confirmed by the corresponding reflectance
structure), while X, is due to excitons localized by alloy potential
fluctuations. For ZnTe, the free-exciton photoluminescence is not
observed, while the PL peak (A°, X) at lower energy is due to excitons
localized by neutral acceptors.

of a magnetic field. Their assignment is not quite clear but,
judging by the corresponding reflectivity resonance and taking
into account the case of Zng 955Hg o45Te reported in Ref. [26],
the high-energy peak is the signature of the mobile excitons
X, while the low-energy one X, is attributed to the exciton
localized by the potential fluctuations due to substitution of
Mn?* for Zn* ions.

Figure 7(a) shows the PL spectra for increasing magnetic
fields in semilogarithmic graphs for o™ and o~ polarizations. It
is seen that the o ™ spectra show two pairs of lines: X/ and X4

loc m
in the energy range of the reflectivity component A, and X2

and X2 in the energy range of the component B. The energilf(:);
of X4 and the A component of MR coincide almost exactly,
which is understandable since they correspond to the same
transition measured by MPL and MR methods, respectively.
The intensities of X{.. and X2 increase monotonically with the
field (see also Fig. 3). These features show the validity of ex-
citon identification. The potential fluctuations in Zn;_,Mn, Te
make the exciton PL spectrum strongly different from that of
ZnTe. A similar excitonic structure in MPL experiments was
observed on Zn;_,Mn,Se [27]. The o~ spectrum recorded
at 1 T shows a weak line corresponding to the C reflectance
exciton component and four weak lines at the same energy
positions as those for the o polarization. This is because the
o~ polarization contains a small admixture of o™; cf. [28].
In other words, for each magnetic-field value both o™ and
o~ MPL structures (marked with red and blue) are in fact the
same structures of different intensities corresponding to the o+
polarization. Exciton peaks for o~ polarization would occur at
higher energies. We observe, all in all, four peaks at low fields
and three peaks at higher fields. We also observe the MPL
peak corresponding to the MR component B [marked with red
diamond in Fig. 7(b)], but only for the field B =1 T.

The energies of the three MPL peaks and of all four
reflectance resonances are plotted in Fig. 7(b) for magnetic
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FIG. 7. (a) Excitonic MPL spectra of Zng ¢75Mny 5 Te recorded
at B=1,2,4,and 6 T in o* and o~ polarizations and plotted in
semilogarithmic graphs. Peaks for o~ polarization have very low
intensity and are due to mixing of o* and o~ polarizations. The
corresponding A component of magnetoreflectivity is also shown. (b)
Energies of excitonic MPL peaks and MR components A, B, C,and D
vs magnetic field. The energy of the X,, MPL peaks coincides almost
exactly with that of the A component of MR. The field-independent
resonance [marked in green in Fig. 1(b)] is omitted here.

fields of 0 < B < 7 T. We associate the transitions marked
XZ_ and X} with corresponding excitons B and A localized
by potential fluctuations. We observe the field increase of
energy differences between the free exciton B and the localized
one XP., and similarly for A and X{}.. As the magnetic
field increases, the exciton orbit shrinks and the electrostatic
interaction with the potential fluctuation becomes enhanced.
As a consequence, the binding energy increases. This behavior
is analogous to the increase of donor binding energy with
magnetic field commonly observed in nonmagnetic semicon-
ductors; see Refs. [29] and [30].

The increase of exciton binding energy with the field, seen
in Fig. 7(b), is bigger for transitions B than those of A. This
feature can have experimental reasons since the peaks Xijo.
and X2 in Fig. 7(a) are distinct and have equal intensity, while
the peak Xf)c is much smaller, appears on the shoulder, and,
consequently, its position is not determined too well. On the
other hand, the difference of binding energies for excitons
A and B, if real, can be due to the difference of exciton
effective masses: heavy-hole for the exciton A and light-hole
for B. It could also be caused by an interaction of the type
described in Eq. (3). This observation requires further studies.
MPL excitonic structures, similar to those shown in Fig. 7(a),
were observed by Hayes et al. [11] for Zn;_,Mn,Te and by
Nakahara et al. [31] for Cd;_,Mn,Te.

To conclude the above subsection, we emphasize three
effects. First, the introduction of Mn atoms makes the MPL
excitonic spectrum more involved. Here again, parallel results
on reflectivity facilitate identification of additional structures;
see Fig. 6. Second, mixing of o and o~ circular light
polarizations, resulting most probably from experimental im-

DAP Zn, ,Mn,Te
x=0.025

+

6T, 0

LU,‘ T=2K
= DAP shift

= 7.8 meV

e

—

T

NG .

.*5 17,6 Exciton PL
c X shift
[} loc

€ 27.3 meV
q 6T,c

2.32
Energy (eV)
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FIG. 8. Magnetophotoluminescence in Zn;_,Mn,Te related to
the donor-acceptor pairs (DAPs) and excitons vs energy at different
magnetic fields. The DAP peaks for o~ polarization have very low
intensity and are excited only because o~ polarization has a small
admixture of 0. The downward energy shift of DAP peaks with
increasing magnetic field is much smaller than that of the exciton
peaks; see the text.

perfections, is clearly demonstrated; see Fig. 7(a). Third, the
increase of binding energies with magnetic field for excitons
localized by potential fluctuations is shown; see Fig. 7(b).

C. MPL due to donor-acceptor pairs

Although nonmagnetic impurities in Zn;_,Mn, Te are not
our main interest, we mention a few features of the MPL
spectrum related to them. It is known that acceptors in ZnTe
originate mostly from Zn vacancies, so that we deal with
donor-acceptor pairs (DAPs). It is seen in Fig. 3 that the
increase of luminescence due to magnetic field is particularly
large for peaks related to DAPs observed between 2.1 and
2.35 eV. This feature was observed in ZnSe [32]. We observe
a relative energy stability of the DAP peak of MPL with
respect to magnetic field intensity, as illustrated in Fig. 8.
As the field increases from O to 6 T, the DAP peak shifts to
lower energies by 7.8 meV, i.e., much more slowly than the
exciton peak for which the corresponding shift is 27.3 meV. A
similar behavior was observed in other DMS materials [33].
Godenko et al. [34] interpreted this relative stability of DAP
energy in Zn;_,Mn,Se as a suppression of the Zeeman shift
for DAPs and described it with a model in which the impurity
wave functions were written as sums of extended and localized
components. The extended component characterizes shallow
donors while the localized one acceptors. An extended portion
of the function “sees” many Mn ions and is susceptible to
the Zeeman shift, whereas the localized one “sees” very few
(or none) Mn ions, so the shift is strongly suppressed. This
description explained the overall suppression of the Zeeman
shift for the donor-acceptor pairs. The above model can be
used to explain our Zn;_,Mn, Te results.

As to the possible influence of bound magnetic polarons,
it is known [35,36] that moderately strong magnetic fields
suppress magnetic polaron formation, so the polaron effect
does not intervene in our case. A similar conclusion was
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FIG. 9. Photoluminescence due to DAP transitions, as well as
free and bound excitons in ZnggMngg Te at B = 0 for various
temperatures 7. With increasing 7', the DAP peak shifts upward in
energy and a free-to-bound peak emerges (see the inset). In parallel,
the relative intensities of free-to-localized exciton peaks increase. The
low-temperature reflectance spectrum related to free and localized
excitons is shown for comparison.

reached by Godenko et al. [34] for DAP photoluminescence
in Zn;_,Mn,Se.

Finally, in Fig. 9 we show luminescence related to donor-
acceptor pairs and excitons in the Zn;_,Mn, Te sample with
x = 0.01 at zero magnetic field and different temperatures. As
the temperature increases, the free-to-bound PL peak emerges
at higher energies because electrons are excited from shallow
donors to the conduction band and the recombination occurs
from the latter; see the inset. This measurement allows us to de-
termine the acceptor energy. The energy gapis E, = Ex + Ep,
where Ey is the exciton energy determined from the reflectivity
and E}, is the exciton binding energy. The reflectivity data in
Fig. 9 give Ex = 2.387 eV while the exciton binding energy
is Ep = 13.2 meV [37], so that E, = 2.400 eV. The PL peak
at 35 K occurs at iw = 2.334 eV. The luminescence energy in
a free-to-bound optical transition is given by [38]

1
thEg—EA-FEkBT, (6)

where E 4 is the acceptor binding energy. From Eq. (6) we get
E4 = 67.5 meV for Zn;_,Mn, Te with x = 0.01. The above
reasoning shows once again the advantage of parallel reflectiv-
ity and luminescence investigations. We add that it is difficult
to measure the acceptor binding energy in undoped ZnMnTe
using the transport method because at low temperatures the
material has very high resistance.

As to the PL peaks at higher energies related to excitons,
shown in Fig. 9, at 10 K we observe a mobile exciton X, (this
is confirmed by the energy coincidence with the reflectivity)
and a strong peak due to excitons bound to the potential
fluctuations Xjoc. As the temperature increases, both exciton
peaks decrease, which is due to the standard thermal scattering.
However, one observes in addition that the ratio of strengths
of Xioc to X, excitons quickly decreases since the former are
delocalized by thermal excitations.

V. SUMMARY AND CONCLUSION

Magnetoreflectivity and magnetophotoluminescence in
Zn;_,Mn,Te are measured and analyzed in parallel. Com-
plementary investigations of MR and MPL make it possible
to relate properties characterizing mean-field behavior to the
individual behavior of Mn> ions. It is remarked that linewidths
of resonances observed in MR differ for various magneto-
optical spin transitions and depend on magnetic-field intensity.
This effect is analyzed in terms of spin-dependent exciton
scattering. It is observed that all three parts of the MPL
spectrum, related to Mn>* ions, donor-acceptor pairs, and
excitons, are strongly enhanced by an external magnetic field.
It is shown that the Zeeman shifts of all four MR resonances
are proportional to the low-temperature degree of circular
polarization Py, related to Mn?* ions. The latter is thereby
established as an important quantity characterizing a diluted
magnetic semiconductor. The effects of mixing the left and
right circular light polarizations are observed in the exciton
structures of MPL. An increase of binding energies with
growing magnetic field for excitons localized by potential
fluctuations is demonstrated and interpreted. A relative energy
stability of donor-to-acceptor MPL excitations as functions
of magnetic field is observed and analyzed. The temperature
evolution of the MPL spectrum related to DAP excitations is
observed and used to determine the acceptor binding energy
in ZnggoMng o Te. All in all, the presented optical analysis
of Zn;_,Mn,Te can serve as a model for the comprehensive
characteristics of a diluted magnetic semiconductor.

We conclude that in many ways Zn;_,Mn,Te is a typical
diluted magnetic semiconductor. However, the comprehensive
study with the parallel use of magnetoreflectivity and mag-
netophotoluminescence not only confirmed various properties
observed in other DMS materials, but it also revealed unex-
pected features and new effects. Some of these new phenomena
are not yet well understood and require further investigation.
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