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Abstract

Fundamental magneto-optical properties of single crystals of the semimagnetic
semiconductor CdygMng,Te are carefully measured with the use of band-to-
band excitation. Two new phenomena are presented: the peculiar magnetic
field dependence of the magnetic polaron luminescence and the existence of
two components for the polaron luminescence. Theoretical consideration with
regard to the Zeeman effect ascribes the two components of luminescence
to the exciton magnetic polaron spectrum and the neutral acceptor-bound
exciton magnetic polaron spectrum. The calculated result for the luminescence
peak positions is also consistent with the experimental result of the circularly
polarized luminescence under the presence of an applied magnetic field. In other
words, the ot luminescence is due to the exciton magnetic polaron, whereas
the 0~ luminescence is due to the neutral acceptor-bound exciton magnetic
polaron.

1. Introduction

A TI-VI semimagnetic semiconductor (SMSC) that includes Cd;_,Mn, Te, also called a I[I-VI
diluted magnetic semiconductor, is a paramagnetic compound semiconductor with the addition
of magnetic ions. The optical properties of this material have been studied for over 20 years and
the systematic understanding is well established [1]. The physical properties of Cd;_,Mn,Te
are characterized by the usual semiconductor mixed-crystal effects as well as by the special
magnetic properties caused by the half-filled 3d-shell of Mn>* cations. According to virtual
crystal approximation, the alloy potential should fluctuate, which is essential since it leads to
the intrinsic localization of the photoexcited excitons in these mixed compounds. The most
important physical properties are based on the strong sp—d exchange interaction between the
Ss-electron or 5p-hole band states and the Mn?* 3d-electron states. Due to this exchange
interaction, the effective g-factor of Cd;_,Mn,Te can be enhanced by up to two orders of
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magnitude larger than that of CdTe. This exchange interaction then leads to peculiar magneto-
optical effects such as the giant Zeeman splitting of the valence and conduction bands [2],
giant Faraday rotation [3], photo-induced magnetization [4], and the formation of a magnetic
polaron (MP) [5]. Usually, the II-VI SMSCs are suitable materials with controllable parameters
to use for studying the various mechanisms responsible for both magnetic and semiconducting
properties. Due to the discovery of ferromagnetism, the III-V SMSCs have recently proven
very useful for building a semiconductor device for spintronics, such as the injection of spin-
polarized electrons into a non-magnetic semiconductor [6] or a light-emitting diode [7].

Among the properties mentioned above, one outstanding problem is the photo-induced
magnetic-phase transition in paramagnetic SMSCs. The localization of the excitons should
induce the alignment of the magnetic spins inside the exciton’s Bohr radius, thereby resulting
in the formation of an exciton magnetic polaron (EMP) bound to an alloy potential fluctuation
(APF) or an impurity. Due to this mechanism, it is generally predicted that the ferromagnetic
region will be induced into the paramagnetic system by photo-excitation. However, this phase
transition has not yet been realized by optical pumping. Therefore, it is important to understand
fully the exciton localization and its luminescence in these materials. The photoluminescence
lines of SMSCs show some characteristic behaviour. The asymmetric or inhomogeneous
photoluminescence in Cd;_,Mn,Te at various temperatures and magnetic fields has been
reported [8]. It has been theorized that the inhomogeneous linewidth of this photoluminescence
arises from the exciton localization by pinning to the defect centre with random configurations
and by APF. Therefore, the shape of the photoluminescence spectrum is a symmetric Gaussian
when the exciton is localized through the hole, i.e. the MP effect. Alternatively, APF causing
a one-particle exciton localization results in an asymmetric Gaussian profile. In our previous
paper [9], this characteristic behaviour of the photoluminescence lines in CdygMng,Te was
reported at various temperatures, magnetic field strengths, and excitation energies. From
the line-shape analysis, the photoluminescence spectra have been examined qualitatively and
consist of two components attributed to the EMP (called L2) and the neutral acceptor-bound
magnetic polaron (A°XBMP) (called L1). Each component is asymmetric due to the APF
effect.

In this paper, the observed double peaks of luminescence are discussed quantitatively
considering giant Zeeman effects. A consistent explanation is given for the new spin-related
optical phenomena and this may be useful for the consideration of the photo-induced magnetic
phase transition. The photoluminescence was studied through various optical measurements,
e.g. the dependencies of time, magnetic field strength, and circular polarization. A single
crystal of CdypgMnp,Te in which the localization energies due to the magnetic polaron
formation would be larger than that due to APF [10] is essential for the observation of the
double peaks. Above this concentration of Mn?*, the behaviour of photoluminescence becomes
more complicated due to the appearance of a spin-glass phase at low temperatures [11].

2. Experiment

Single crystals of CdpgMng,Te were grown using the Bridgman method. The plank-
shaped samples were obtained by cleaving the middle of a cylindrical CdysMng,Te ingot
perpendicular to its axis. For the band-to-band excitation the second harmonic of an Nd:YVOy4
laser (2.37 eV) was used as an excitation source. In the case of measurement with a circularly
polarized excitation source, a linear polarizer and a quarter-wave plate were placed in front of
the sample. The excitation light was incident perpendicular to the surface of the sample. The
area of the excitation spot on the sample was 0.5 mm?. The excitation power was reduced
sufficiently to avoid any heating of the sample. A magnetic field of up to 7 T was applied
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Figure 1. Stationary photoluminescence spectra of excitons in Cd;_,Mn, Te without a magnetic
field at various Mn compositions. The peak intensity is normalized with the dominant peak intensity.
E, is the free exciton energy determined from the exciton-reflection spectrum. The description of
A’X and DX are explained in the text.

in the Faraday configuration. The temperature of the sample was controlled in the cryostat
with a continuous flow of liquid helium and a heater. The backward photoluminescence from
the sample was passed through a quarter-wave plate and a polarizer to separate the o+ and
o~ circularly polarized components. The photoluminescence, which first passed through a
spectrometer, was detected by a cooled charge-coupled device. The spectral resolution was
0.3 meV. In the case of the time-resolved experiment, the second harmonic light of the 76 MHz
mode-locked Ti—sapphire laser generated by LiNbO3 was used as the picosecond light source
at 800 nm (1.55 eV). For a detector, a streak camera working in the synchroscan mode was
used. The overall time resolution was approximately 10 ps.

3. Results and discussion

Figure 1 shows the profiles of the stationary photoluminescence spectra of free and bound
excitons, EMP (L2), and A°XBMP (L1) under band-to-band excitation in Cd;_,Mn,Te
without the application of a magnetic field at various Mn compositions. The peak intensity
is normalized with the dominant peak intensity. E, is the free exciton energy determined from
the exciton-reflection spectrum. In the case of x = 0, namely CdTe, three photoluminescence
lines representing an exciton bound to a neutral acceptor (A°X), an exciton bound to a neutral
donor (D’X) and a free exciton are observed. In the case of mixed crystals with Mn?* ions, the
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Figure 2. Time evolution of the photoluminescence spectrum in Cdg §Mng > Te in the absence of a
magnetic field. The peak intensity is normalized. In the first 100 ps, the shift of the lines is attributed
to exciton localization and MP formation. The closed circles represent the peak positions only as
guides for the eyes. The inset shows the integrated photoluminescence spectrum.

photoluminescence is dominated by two features, L1 and L2, at Mn compositions of x smaller
than 0.1, whereas the compositions of x = 0.2 show only a single peak.

In the time evolution of the photoluminescence spectra in CdygMng,Te, the
photoluminescence demonstrates an irregular behaviour, as shown in figure 2. As shown by the
closed circles, a doublet peak structure can be observed over different time intervals. Therefore,
the photoluminescence of CdygMng,Te may consists of two components. To clarify the origin
of these doublet peaks, the circular polarization dependence of the photoluminescence with
magnetic field strength was measured. In the Faraday configuration, there are two magnetic
subcomponents with the o™ and the o~ circular polarizations. For the free exciton transition,
only the o™ photoluminescence should appear, because this transition originates from the
lowest energy level of the exciton in thermal equilibrium. However, in this experiment, not
only o but also o~ photoluminescence is observed under band-to-band excitation, as shown
in figure 3. Each polarized component is completely separated, because the peak positions are
obviously observed at different positions, as shown in the inset of figure 3. The magnetic field
dependences of the energy positions of the o+ luminescence peaks (Vv), the o~ luminescence
peaks (O), and the reflectivities (<>) are shown in figure 4. A similar phenomenon, or the
appearance of the o~ luminescence at the lower energy side of the o+ luminescence, was
observed for Cdy gsMny 12 Te, but explained merely qualitatively with regard to light and heavy
holes [12]. Therefore, a quantitative interpretation of the o and o~ components is given
along with a qualitative explanation for their peak energy positions from the standpoint of the
polarization and the external magnetic field strength.
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Figure 3. Photoluminescence evolution as a function of magnetic field strength for o+ components
(top) and for o~ components (bottom). The inset shows a comparison of the o~ and o+ line-shapes
at 6 T. The intensity of the o+ photoluminescence at O T is the same as that of the o~ one.

At T = 4K, the energy positions for the L1 (EMP) and L2 (A’XBMP) peaks are reported
as follow [13]:

Er, = 1588.8 + 1440x meV 0 <x<0.1) (1)
Er» = 1604.7 + 1397x 0.05 < x <0.2) )
= 1575.0 + 1536x 0.2 < x <0.4). 3)

Each photoluminescence band has a broad width due to the APF and MP effects. As
for the L1 line, the energy position is difficult to determine for x > 0.1 because of the
overlap of the L1 and L2 lines, although the L1 line is observable up to x = 0.2 [14].
When equation (1) is extrapolated to the Mn concentration of x = 0.2 and compared with
equations (2) and (3), these energy values are found to be coincident with the peak positions
obtained experimentally. Therefore, the high- and low- energy peaks are postulated to be the
L2 and L1 lines, respectively.

In order to clarify quantitatively that the L2 and L1 lines are attributed to the o™ and
o~ photoluminescences, respectively, a comparison between the experimental and theoretical
results is necessary. First, we consider the L2 line. The transition energy E,, between
the valence band and the conduction band can be calculated by taking into account the sp—
d exchange interaction between the spins of the band electron (5s or 5p orbit) and the Mn”>*
spins (3d orbit) [15-17]. Usually, this exchange interaction is described phenomenologically
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Figure 4. A comparison of the experimental photoluminescence peak positions with the calculated
positions as functions of the magnetic field strength at 4 K. Because the MP and APF effect are
not considered in the calculation, the calculated position departs from the photoluminescence peaks
at low magnetic field strengths. The values of the localization energy due to the APF and the MP
formation are determined to be (a) 11 meV and (b) 15 meV, respectively. The binding energy of the
A%X without the MP localization is assumed to be (c) 7 meV.

by a Heisenberg-type Hamiltonian as

Hoa=Y JP G- R)S -G

Ri

“

where S; and G are the spin operators of the Mn2" ion on the lattice site R; and of
the band electron at 7, respectively. The term J*~¢ is the electron—ion sp—d exchange
interaction energy, and the summation is over all Mn?>* ions. Applying the usual mean-
field approximation and virtual-crystal approximation to equation (4), the transition energy is
expressed as E, +1 No(a B)x(S;) for the |:|: )y — |:|:%) transition and qu:%No(oH—%,B)x(S-)
for the |:F ) — |:|: ) transition, where E, is the energy of the forbidden gap in the absence of
a magnetic field; No(x and Nyp are the exchange integrals of the s and p bands, respectively;
x is the Mn?* ion composition; and (S.) is the average thermal value of S The notation
|mg) — |m ;) denotes the transition from the |m;) electronic state in the conduction band to the
|m ;) electronic state of the valence band. For the exciton of Cd;_,Mn,Te, the values Nyo and
Nop are +0.22 eV and —0.88 eV, respectively. The average value (S;) is written as

5 gvmMBB
S,y = —SeieBs -
(52) i <2kB(T+To>)

where Bs is the Brillouin function for spin § = 3, gmn is the g-factor of Mn?*, g is the Bohr
magneton kg is the Boltzmann constant, B is the value of the magnetic field strength, and 7
is the temperature. The values of Ty(= 4.56 K) and Se(= 0.55) for x = 0.2 are determined
empirically [16, 17], because of the antiferromagnetic Mn>*—Mn”* exchange interaction in the
case of an Mn composition of x > 0.05. In thermal equilibrium, the L2 line originates from
the transition | — %) — | = %) with o polarization.

Next, we examine the L1 line. A study of the A°XBMP has been carried out in detail [14].
In non-magnetic CdTe, the deep acceptor impurities have been determined to be Ag and Cu,
and the shallow acceptor impurities to be Li and Na [18, 19]. The L1 line is attributed to the
exchange interactions between two I's holes with an angular momentum of J, = % and one

(&)
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Figure 5. The Zeeman splitting for the deep A°X and the shallow A°X levels. After the energy-level
crossings, the lowest energy level is |—2, —%).

I'¢ electron with J. = % Due to the constraint of the antisymmetric combination in the j—j

coupling scheme, the two I's holes form states of J;; = 0 and J;; = 2 [20]. Consequently,
with the additional coupling to one electron with J. = % the lowest A°X level for the deep
acceptor is J = % whereas those for the shallow acceptor are J = % and J = % [20-22]. The
Zeeman splitting energy is rather large compared to the sub-meV energy separation between
Jjj = 0 and 2 in an applied magnetic field, as shown in figure 5. Therefore, for both deep
and shallow A°X, the lowest level is |—2, —%), where |my;, m.) is the A%X state derived from
two holes coupling m ,; with one electron state m.. The final acceptor state of the transition
AP is the neutral acceptor state J = % As a result, the lowest transition energy Ey., for the
L1 line is |2, —%) — |—%) with o~ polarization, which is analogous to the procedure for
the calculation for the L2 line. Because the energy level is formed on the basis of the hole
energy in the A° state, the quantity Ny should be taken as being positive for both the hole in
the A” level and the holes in the AX level; this is different from the assumption of a negative
value of Nyf for the electron in the valence band. The quantities of the exchange integral of
a bound hole in both the deep and shallow A should be reduced from 0.88 eV, whereas in the
A%X the exchange integral can be 0.88 eV, which is the same as that in a free hole because
the Bohr radius of holes in A°X is greatly expanded in space. With the hydrogen model, the
wavefunction of the hole in A°X is three times larger than that in A® [14, 23]. For a bound hole
in the shallow A°, we consider a known quantity of NoB = 0.65 eV [14, 21], which results
from the heavy and light hole mixing in the A° bound state [22]. The value of Ny for a bound
hole in the deep A° is not yet known.
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Figure 4 shows a comparison of the luminescence peak positions between the experimental
results and the calculated results. In the previous calculations, the localization energy due to the
APF and MP effects were not taken into account. Therefore, a constant APF localization energy
should be considered over the entire value of the magnetic field, because the APF is modified
very slightly by the external magnetic field. The MP effect is also considered only at a low
magnetic field strength, because it vanishes under strong magnetic fields. At a high magnetic
field strength, the energy difference between the reflectivity (<>) and the o™ luminescence peak
(v) in figure 4 corresponds to the localization energy due to the APE. By overlapping the
calculation results for the L2 line (broken line) and the o™ luminescence peak position (v7) at
a high magnetic field strength, the APF localization energy can be deduced to be 11 meV. This
value is constant and independent of the applied magnetic field. The localization energy due
to the MP is calculated to be 15 meV by subtracting (a) 11 meV from the total binding energy
(a)+(b) at zero magnetic field strength. The MP localization energy of 15 meV is consistent
with the selective excitation measurement [10]. Therefore, the higher-energy component of the
photoluminescence spectra is attributed to EMP (L2, o ™).

With regard to the L1 line, if the shallow acceptor participates, the calculation is performed
with NgB = 0.65 eV for holes in A°. However, the theoretical computation yields much
higher values for the photoluminescence peak energies compared to the experimental results.
Therefore, the quantity Nof of a bound hole in the A° state should be smaller than 0.65 eV.
Because a hole in the deep A° state is bound much more strongly than that in the shallow A°
state, the exchange integral Ny of the deep A° state is quenched to a greater extended than that
of the shallow A° state. Therefore, the L1 line is attributed to the deep acceptor. The solid line
and open circles (O) in figure 4 show a comparison between the experimental and theoretical
results by adopting No8 = 0.35 eV for a bound hole in the deep A’. A good agreement is found
for the o~ photoluminescence at low magnetic field strength. Here, the A°X binding energy
without the MP effect is taken to be 7 meV [9]. Because the Bohr radius of the bound hole in
AY is reported to be 8.5 A [24] or 12 A [14, 25] in the Cd;_,Mn,Te bulk crystal, the binding
energy may be large enough for the value NyB = 0.35 eV to become possible. Therefore, the
lower-energy component of the photoluminescence spectra should be attributed to A’XBMP
(L1,07).

From the previous consideration, the double components of the time-evolution
photoluminescence spectra (figure 2) should be attributed to the EMP and A°XBMP. However,
both components are hardly identified, because their energy difference is very small at zero
magnetic field strength.

The modification of the thermal average value (S;) due to the spin-diffusion bottleneck
effect [13, 24] is not taken into account, because Mn?>*—Mn>* spins are polarized by the MP
effect within the lifetime of BMP in A°XBMP [14]. It is important to note the dependence
of the L1 line on the magnetic field. The L1 line reportedly disappears with a sufficiently
strong external magnetic field [13, 14, 26]. This is attributed to the ionization of the A’X state.
Alternately, as shown in figure 3, the L1 line suddenly weakens with an applied magnetic field,
but it persists and maintains a constant intensity. This response suggests that there is no direct
relation between the L1 line and the L2 line. The constant intensity of the L1 line may be
caused by the saturation of the excited AX states. As for the L2 line, the intensity increases
by a factor of three with a strong magnetic field. This abrupt increase in the intensity may be
ascribed to the directional dipole radiation in the Faraday configuration.

Finally, it is worth mentioning the photoluminescence experiment in the Voigt geometry. It
has been reported that, in the case of the Voigt configuration, only the L1 line can be observed,
whereas both the L1 and L2 lines appear in the Faraday configuration of Cdy9Mng Te [13].
However, different experimental results, the appearance of the L2 line in both the Faraday and
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Voigt configurations, have also been reported in Cdg ggMng ;o Te [12]. The experimental results
obtained herein agree with the latter case.

4. Conclusion

The photoluminescence spectra of a single crystal of CdysMng,Te were investigated as a
function of time, magnetic field strength, and circular polarization. From a line-shape analysis
of the photoluminescence spectra, it was found that the photoluminescence peak under band-
to-band excitation is composed of two components. The higher-energy component (o™
polarization) is ascribed to the EMP, and the lower-energy component (o~ polarization) is
ascribed to deep A’XBMP recombination. These results were obtained by accounting for the
giant Zeeman splitting of the localized exciton and the exciton bound strongly to an acceptor.
For EMP, the localization energy due to the MP effect and the APF were evaluated as 15 and
11 meV, respectively. Therefore, in this material the contribution of both effects of the exciton
localization are comparable in energy. The exchange integral Ny of A’XBMP has also been
considered. By a theoretical analysis of the luminescence peak position at various magnetic
field strengths, the value of Ny = 0.35 eV for a bound hole in the deep acceptor, which is
much less than that of the shallow acceptor, has been deduced. With an applied magnetic field,
the constant intensity of the L1 line is caused by the saturation of the excited A°X states. The
enhancement of the intensity of the L2 line is due to the directional dipole radiation from EMP
in the Faraday configuration. It is concluded that the above interpretations entirely explain the
complexity of the edge-luminescence in Cdy gMny ,Te.
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