Chapter 8

Peculiarities of Physical Properties
of Semimagnetic Semiconductors
and Their Practical Application

E.L. Gheorghitza, V.I. Ivanov-Omskii and I.T. Postolaki

Abstract This chapter presents a review on studies of fundamental properties of
narrow-bandgap solid solutions Hg;_Mn,Te and Hg_, ,Cd.Mn,Te. The structure
and parameters of energy bands, electrical, photoelectrical and photoluminescence
properties of bulk monocrystals and epitaxial layers are also reviewed. The impact
of manganese on the restructuring of energy spectrum of free carriers and localized
states are discussed. The basic properties of semimagnetic materials Hg,_.Mn,Te
and Hg_,_,Cd,Mn,Te are compared with the properties of more intensively studied
Hg,_.CdTe solid solutions. It is shown that semimagnetic solid solutions Hg_,_
yCdMn,Te and Hg,_.Mn,Te are prospective alternatives to Hg,_,Cd,Te materials
for the creation of infrared detector structures.

8.1 Introduction

Mercury telluride and cadmium telluride form a continuous series of solid solutions
over the entire range of substitution compositions, whereas in the Hg—Mn—Te solid
solution with zinc blend structure they are formed in a limited range of composi-
tions. Although HgTe crystallizes in the zinc blende structure with a lattice constant
a=6.46 A, and manganese telluride has a hexagonal structure of the NiAs type with
lattice constant a = 4.05 A and ¢ = 6.71 A, it was stated that in the HgTe—MnTe
system a very large number of mercury atoms (over 80 %) can be substituted by
manganese atoms retaining the zinc blende structure [1]. The most thoroughly
studied in the group of quaternary semimagnetic alloys are Hg,_, ,CdMn,Te.
The first studies of such a system were conducted by Delwes and Lewis [1]. Becla
have shown on the basis of X-ray studies and differential thermal analysis of the phase
diagram that a-phase with sphalerite structure exists within 0 <y <0.35 while other
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phases are formed in Hg,_,,CdMn,Te with y > 0.35, that makes the material
unsuitable for device structures [2]. The epitaxial growth of high-quality layers of
Hgi_,CdMn,Te with 0 <x<0.20, 0<y<0.15 has been reported [3, 4].

Peculiarities of the crystal structure and the energy spectrum of Hg,_Mn,Te as
compared with non-magnetic materials have been described [5—11]. However, one
significant difference between these materials and the well-known Hg,_.Cd,Te was
distinguished [12], namely the degree of bond ionicity and the stability of prop-
erties. The ionicity of Hg-Te bonds is slightly modified in ternary compounds as
compared to binary compound of tellurium mercury, whereas in Hg, ,Cd,Te a
strong loosening of bonds takes place, leading to instability of the material prop-
erties. Therefore, Hg,_.Mn,Te, similarly to HgTe, should be much stable as com-
pared to Hg,_,Cd,Te. This suggests that semimagnetic semiconductors like Hg;_
Mn,Te and Hg,_,_,CdMn,Te are more favorable materials for the creation of
infrared (IR) detectors than their non-magnetic Hg,_,Cd,Te counterparts. The main
parameters of Hg,_. ,Cd.Mn,Te, Hg,_Mn,Te, and Hg,_.Cd,Te solid solutions as a
function of their composition have been previously reported [9, 13-15].

8.2 Structure and Parameters of the Energy Bands

The basic physical properties of narrow-gap semiconductor materials like Hg;_
Mn,Te as well as Hg,_,Cd, Te are defined by their energy structure near the point of

symmetry T (center of the Brillouin zone), and in the k- p calculation of this
structure it is necessary to take into consideration at least three closely spaced
zones—I g, 17 and I. [16].

Taking into account the presence of manganese ions in the crystal lattice of Hg,_
Mn,Te, the so-called “modified” model of Pigeon Brown has been used for the
description of the band structure of semimagnetic alloy Hg,_.Mn,Te or Hg|_,_
yCdMnyTe in a magnetic field [17-23]. This model is different from the usual one
[24] by the fact that it even takes into account the exchange interaction between
electrons and holes with manganese ions.

In this model the Hamiltonian is as follows:

H:H0+ﬁexzﬁo+§i27(?—ﬁi)a, (8.1)

where S;, & are spin operators of manganese ions and electrons of the conduction
band; 7 is a constant of the electron-ion exchange splitting; 7, R; are coordinates of
the electrons and manganese ions. Since the manganese ions are located at the
crystal lattice sites, and the wave function of the electron is extended, it is possible
to make two simplifications.
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The energy levels at the point of symmetry /" can be obtained by calculating the
Hamiltonian in the form of a matrix (8 x 8) (D). When the asymmetrical inversion zone
Iy is insignificant the Hamiltonian becomes two separate matrixes (4 x 4) D, and Dy:

D, o
“lo D

D_a:Da+Ma

D = ;
D, = Dy, + M,

(8.2)

where a and b correspond to the two orientations of the electron spin:

@(1),b(]), Dy, D, are Hamiltonian Matrix of the not modified model of Pigeon
Brown, M, M, are matrix of the exchange interaction.

The contribution of the exchange interaction is taken into account by adding
additional members representing the exchange integrals of electrons interaction and
holes with Mn*? ions to the matrix of Pigeon Brown. According to calculations, the
eigenvalues describing the lower levels of spin zones reducibility (/'g), and the
upper levels of heavy holes of the valence band (/) at the point of symmetry /" in
the parabolic approximation, have the form:

1 1
E,(0) = Ehwc + 58*#3}1"’ 34, (8.3)
1 1,
E,(0) =5 hoe =58 1sH — 34, (8.4)
PN k
E,(—1) = hay G (K _p (8.5)
2 2
5 3k
Ey(—1) = hawy {—@ + 7] — 3B, (8.6)

where a(7),b(]) indicate the direction of the spin relative to the magnetic field;

w. is the cyclotron frequency of an electron in a semiconductor;

w, is the free electron cyclotron frequency;

7,71, k are the modified parameters Latinzhera;

up is the Bohr magneton;

g*—g is the factor of an electron without the exchange interaction;

A and B are the contributions of the exchange interaction to the spin splitting;

A= éwa(SZ)
B= cNopr(s.) (8.7)

2 gvmipH }

(S:) = —SoBs)» [m
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Sy is the effective spin of magnetic moment; Bs, is the Brillouin function; k3 is
the Boltzmann constant; Ty is the effective temperature. S, and T, are tabulated
depending on composition and temperature of the crystal.

From the (8.3)—(8.6) it is clear that the account of the exchange interaction
significantly affects the spin splitting of the electron and hole states in a magnetic
field. Since g* <0, and A > 0, the contributions from interband exchange interaction
in the spin splitting are opposite, so the relative positioning of the energy sublevels
E,(n) and E,(n) depend on the values of the last two terms in the (8.3)—(8.6). For
samples of Hg_Mn,Te with x > 0.12 there is an inequality:

1
3A > IEMBg*H’ (8.8)

It means the splitting of sublevels with different spin projections on H due to the
exchange interaction is so great that the levels of the series a(n) and b(n) are
reversed, unlike conventional narrow-gap semiconductors where E,(n) > E (n).

The valence band in semimagnetic semiconductors is fourfold degenerated at
symmetry point I". As a result of the exchange interaction of holes with manganese
ions, the levels of E,(—1) and E,(—1) move the energy up, unlike the non-magnetic
semiconductors, where the splitting of the heavy holes is very weak.

Figure 8.1 shows the theoretical dependence of the Landau levels on the mag-
netic field for Hyg7oMng 128Te when T = 2 K, calculated by using the modified
Pigeon Brown model [23, 25].

The dependence of the band-gap width on the composition of Hg,_.Mn,Te and
temperature has the form [26].

Eo(x,T) = (—0.253 +3.446x+4.9 x 10T —2.55 x 10 °xT)eV  (8.9)
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A little different from (8.9) expression for E, (x, T) is given by Gavaleshko et al.
[27] and Rogalski [9]. According to the three-band model, the effective masses of
electrons and light holes in extrema are defined by:

mo/myo = 1+ (2m0P2/3h2)[28g1 + (e +A)7"],
mo/mig = 1 — 4moP? [3h%¢,, (8.10)

where P is the interband matrix element of the momentum operator, that is linearly
dependent on the composition of the solid solution [28].

P(x) = (8.35 — 7.94x) x 10 *eV - cm™? (8.11)

Due to non parabolic conduction band, the electron effective mass m,, increases
with density 7.
my 3 E2 }12/3
(—)2 =326 x 1077 =% 4832 x 107 —-
1 P p

— (8.12)
where E, is in €V, p is in eV#cem 7, my, 1S in units mg

The parameters of the valence band of Hg,_.Mn,Te are not yet determined with
sufficient accuracy: values of ~0.5 mg [9, 26] and 0.55 mg [29] have been reported
for the effective mass of heavy holes, while values of 1 eV [13] and 1.08 eV [9]
have been reported for A.

The structure and parameters of the energy bands of Hg,_,Cd,Te solid solutions
have been studied in many papers (see. e.g. [14, 15, 30]. It should be noted that the
width of the bandgap in Hg,_.Mn,Te [1, 9] changes with the composition x about
twice as fast as E(x) in Hg,_,Cd,Te. The reason for this quantitative difference is as
follows. The I's band (the conduction band in the semiconductor Hg,_Mn,Te with
E, > 0) is formed from 65% and 457 states of mercury and manganese. Electronic
P—state of the tellurium forms the valence band of /s and the spin—orbit splitting
of the 7 band.

Since the change of the band gap width E, = E(I's) — E(I's) with MnTe content
in solid solution is related to the displacement of the S—zone [, a stronger
dependence of Ey(x) in Hg,_Mn,Te is related to greater energy difference between
the S-levels of mercury and manganese atoms in comparison with the existing
difference in the atomic levels of mercury and cadmium [5]. In particular, the
semimetal-semiconductor transition, (E, = 0), in Hg,_.Mn,Te corresponds to the
compositions x = 0.075 at T = 4.2 K; x = 0.066 at T = 77 K; and x = 0.04 at
T =300 K. For comparison, the corresponding values of x in Hg, ,Cd,Te equal to
0.156, 0.143 and 0.093 [31].

Partially filled and highly localized 3d° ions’ shell of Mn** corresponds to the
level (a narrow d-band) located in the valence band at about 3 eV below its top,
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which has almost no effect on the structure of bands in the vicinity of /" point and,
consequently, on the electrical properties of narrow-gap solid solutions [9].

However, 3d electrons of the manganese ions fundamentally determine the
properties of Hg;_.Mn,Te solid solutions. The presence of manganese ions, as
described above, leads to the exchange interaction between localized magnetic
moments and itinerant electrons (spin-spin e-3d°e Mn®), which changes the zone
parameters and has interesting effects on transport phenomena and optical prop-
erties in the presence of a magnetic field.

In a number of studies [5, 10, 32], devoted to the study of the energy spectrum of
solid solutions Hg,_Mn,Te it is shown that in the absence of a magnetic field the
energy spectrum of free and localized carriers is the same as the corresponding
spectrum for Hg,_,Cd,Te at the same width of the band gap. It is known that the
exchange interaction in Hg,_,Mn,Te is determined by the content of manganese in
the solution. In order to investigate the influence of the exchange interaction it is
necessary to have materials with the same band parameters but with different
contents of manganese.

These requirements are satisfied by Hg,_. ,Cd.Mn,Te solid solutions. It is in
these semimagnetic words, that by changing the relative content of cadmium and
manganese it is possible to obtain materials with the same band parameters but with
different contents of manganese. Alloys of the quaternary system Hg_,_,CdMn,Te
in addition to purely scientific interest, which was described above, also have a
special practical interest.

Previously carried our research [33, 34] confirms the possibility of creating by
ion implantation photodiodes based on epitaxial layers of Hg_.,CdMn,Te
(y =0.14; 0.05 <x <0.08). It was found that the current in a range of temperatures
(77-254 K) is determined by the thermal activation mechanisms, it being a diffusion
mechanism at 7> 110 K, and a generation-recombination mechanism at 7 < 110 K.
The reverse currents do not exceed 1 nA at 1 V, and the value RyA at T = 85 K is
1.7 x 107 Q-cm?. It was shown that these values are record ones for diodes on Hg;_
Mn,Te and Hg,_, ,Cd.Mn,Te of similar composition. The specific detectivity at
T =77 K and the aperture backlight 2z*sr is 5 x 10"" cm * Hz"’W™". The given
parameters are at the level corresponding to the best photodiodes on Hg;_.Cd,Te of
the given diapason. This suggests that the technology of the Hg,_,,Cd.Mn,Te
material came to the same level with Hg,_.Cd,Te and now it is possible to attain a
better stability of photodiodes due to higher structural perfection of Hgy_,_
yCdMn,Te solid solutions. This conclusion is supported by studies conducted in
recent years [35].

The dependence of the main band parameters of Hg;_. ,Cd.Mn,Te on the
composition of (x, y) and the temperature is more complex than for Hg,_.Mn,Te.
The following expression was obtained in the framework of the virtual crystal
model for E.(x, y, z) [32]:
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(1= x— ) el 4y en(0) 4 (1— x— )y - ()
E (1 —x—y)x+xy+(1—x—y)y (8.13)

u=052x+y) v=05(1-x+y ©=052y+x)
12 = 8g(Hg17quuTe)

&3 = sg(Cdl,UMnUTe)

E13 = Sg(Hglfan(,,Te)

Experimental studies of the energy spectrum of Hg_,_,Cd.Mn,Te confirmed the
validity of the chosen model and the obtained analytical expression for E,(x, y, T) in
the framework of this model [36, 37].

It follows from the above performed analysis of literature data that the
spin-independent properties of narrow-gap Hg,_,,CdMn,Te and Hg,_.Mn,Te
solid solutions are largely similar to those of Hg,_.,Cd,Te solid solutions.

8.3 Electrical Properties of Hg,_,Mn,Te and Hg,_,_
yCdMn,Te Semimagnetic Semiconductors

The electrical properties of Hg,_.Mn,Te solid semimagnetic solutions as a function
of composition, in a magnetic field and in the absence of the magnetic field, are
discussed in a number of studies [8, 38—43]. This review will focus on more recent
works performed on more qualitative materials.

The dependence of the intrinsic carrier concentration on the composition and
temperature obtained using the Kane dispersion law and the effective mass of the
heavy holes m, = 0.5my is [9]

ni(x,T) = (4.65 — 1.59x +0.00264T — 0.017xT + 34.15x?)
) 10M63/4T3/2 . exp (—5802%-/ T) cm™3 (8.14)
where ¢y is expressed in electron volts. This expression is valid in the temperature
range 17 <T <350K and composition range 0.07 <x <0.20. The dependence is
somewhat different from (8.11), and is also given in [13].

Various methods were used to obtain a sufficiently homogeneous composition of
crystals and epitaxial layers of Hg,_.Mn.Te solid solutions. Mani et al. [44]
investigated the degree of uniformity of Hg,_.Mn,Te crystals with x = 0.125 and
Hg_.Cd,Te with x = 0.21 grown by solid-state crystallization, and have found that
the composition distribution along the length of the ingot of these solid solutions is
approximately the same. Highly homogeneous in composition (4x no more than
0.003) monocrystalline Hg,—.Mn,Te ingots with dislocation density up to 3 X
10° cm~2 without low-angle boundaries were obtained by zone melting in of a
solution of tellurium melt [47]. Similar results were obtained when growing Hg,_
Mn,Te crystals with x ~ 0.1, by a modified zone melting method [45]. It should be
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noted that the grown bulk crystals have p-type conductivity and typically a high
concentration of charge carriers 10'7—10"® cm?®, caused by mercury vacancies,
similarly to Hg;_,Cd,Te solid solutions. However, Hg,_.Mn,Te single crystals
obtained by a modified vertical Bridgeman method at a rate of growing of 0.4 mm/h
and temperature gradient 50 K/cm, were found to have the hole concentration
p=(1-4)x 10'¢ ¢cm ™2 and mobility x;, =s (400-500) cm2/(Vs) at the temperature of
liquid nitrogen [46].

To reduce the concentration of holes and to produce electronically conductive
material, the prolonged annealing of the grown crystals or of epitaxial layers of p-
type conductivity in mercury vapor is used [45, 47-50]. Annealing leads to a drastic
reduction in the mercury vacancy concentration, resulting in a material with a
reduced concentration of holes or n-type material, with the free electron density of
the order of 10"° cm™>, and the mobility u,, = (104—105) cm2/(Vs) depending on the
composition. The studies of galvanomagnetic properties confirm that, similarly to
Hg,_.Cd,Te, the electron mobility is twice higher than the mobility of holes.
Therefore, one can suggest that the p-type Hg,_.Mn.Te crystals have mixed-type
conductivity in a fairly wide range of temperatures. The investigations of crystals of
quaternary Hg_,_,Cd.Mn,Te solid solutions by electron paramagnetic resonance
method have shown that annealing in mercury vapor also leads to some redistri-
bution of atoms and to a more ordered state [51].

Anomalies in the temperature dependence of the Hall coefficient in p-type
Hgy_y_,Cd:Mn,Te quaternary solid solutions, similar to those observed in
Hg|_.Cd,Te, were studied by Gheorghita et al. [42]. A hopping conductivity
mechanism related to the restructuring of the acceptor states due to ion exchange
interaction was observed in the p-type Hg,_,Cd,Te material [52-54]. These authors
also explained the formation of the S-shaped current-voltage characteristic in the
given material, and the occurrence of non-equilibrium distribution of charge carriers
in the impurity zone at the impact ionization [53].

In contrast to Hg;_,Cd,Te solid solutions, for which the behavior of impurities
was studied in a large number of works (see. [55-57]), this issue is still in the early
stages of research in the semimagnetic semiconductors, particularly in Hg,_.Mn,Te
and Hg,_,_,Cd.Mn,Te.

The production of high-quality epitaxial layers of Hg, ,Mn,Te and
Hgy_y_,CdMn,Te from tellurium solution-melts on substrates of cadmium tel-
luride was reported for the first time by Bazhenov et al. [38] and Mironov et al.
[58].

The electrical properties and the mechanisms of scattering of electrons and holes
have been researched recently in details in a wide range from room temperature to
the temperature of liquid helium in epitaxial layers of Hg,_.Mn,Te with n- and p-
type conductivity and with different composition [59-63]. In these studies,
single-crystal layers were grown by liquid-phase method on substrates of cadmium
telluride, sapphire or polished quartz from tellurium solution melts. The samples
were of p-type conductivity with the concentration and mobility of holes about
107 cm™3 and 77 K. The concentration of holes was reduced and layers of n-type
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Fig. 8.2 Dependence of Hall
coefficient Ry on temperature
for Hg,_.Mn,Te; 1—

x = 0.105; 2—x = 0.095

conductivity were obtained by annealing of samples in mercury vapor. In most of
the layers of n-type conductivity, the Hall coefficient is practically constant in the
region of impurity conductivity up to 4.2 K. However, in some cases there was an
increase in value of |Ry| at low temperatures, indicating the presence of local levels
in the bandgap.

The dependence of Ry (T) for two layers with x = 0.105 and x = 0.095(¢, > 0)
is shown in Fig. 8.2.

These relationships have been explained by the presence of an energy level at
about 5 meV below the conduction band along with very shallow donors and
acceptors, the deep acceptor concentration being equal to 1 x 10" cm™ and 2.4 x
10" cm~3 in the layers 1 and 2, respectively. The curves in Fig. 8.2 represent the
solution of the equation of electrical neutrality for these two samples.

A model with two independent acceptor levels in the bandgap was adopted in
order to explain the dependence R(T) in the region of impurity conduction. The
dashed curves in Fig. 8.3 provide solutions to the equation of electrical neutrality
for these layers for the model with the following parameters:

¢ = 1.6meV, Ny =6 x 10% cm™3 (x =0.08)
Np=3x10%meV, N;=58x108cm™> &, =21meV

Figure 8.3 shows the temperature dependence of the Hall coefficient and elec-
trical conductivity for two p — Hg_,Mn,Te layers with x = 0.08 and x = 0.127,
(curves 1, 1" and 2, 2', respectively).
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Fig. 8.3 Dependence of Ry

and electrical conductivity (o)

on temperature for epitaxial

layers of p-Hg,_.Mn,Te 106 |
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Np=12x10%meV, N;=138x10%cm™3 epn = 19meV

Here ¢, is the value of the acceptor levels energy above the valence band, N,, N,
are concentrations of acceptor and donor centers.

The temperature dependence on the mobility of electrons and holes in the
researched layers of n- and p-type conductivity for these compositions are shown in
Figs. 8.4 and 8.5.

The analysis showed that at high temperatures the main mechanism of scattering
is the scattering by polar optical phonons (similarly to Hg_,Cd,Te solid solutions).
In addition, Trifonova et al. suggested that one must take into account the scattering
of electrons on heavy holes [60], the concentration of which is high enough and
which can be regarded as fixed ions with respect to the electrons due to the large
differences in their effective masses.

At low temperatures, both the electrons and holes are scattered on charged donor
and acceptor centers with a total concentration in the studied layers of about (0.5—
2.0) x 10"® cm™>. The solid curves in Fig. 8.4, and the dashed curves in Fig. 8.5
present the results of theoretical calculations of y, and w,, which explain satis-
factorily the observed temperature dependence.
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Fig. 8.4 The temperature
dependence of the electron
mobility for epitaxial layers
n-Hg_Mn,Te; 1—x = 0.08; L.
2—x =0.127 52
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Extra channels of scattering due to the presence of manganese in the lattice of
Hg,_.Mn,Te solid solution were not revealed in the above mentioned works. In our
opinion, this suggests that in the absence of a magnetic field the energy structure of
semimagnetic Hg,_.Mn,Te and nonmagnetic Hg,_,Cd,Te alloys is, in fact, the
same.

We studied in details the electrical properties of Hg|_._,Cd.Mn,Te epitaxial
layers and the mechanism of electrons and holes scattering in a wide range of
temperatures and compositions [38, 41, 42].
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Brandt et al. reported the results of investigation of electrical properties of
p — Hgi__,Cd.Mn,Te epitaxial layers with the width of the bandgap of 250-350
meV obtained by liquid-phase epitaxy from solutions-melts enriched with tellurium
[38]. Measurements of the Hall coefficient and conductivity were carried out
according to standard procedures on direct current in magnetic fields 0.6—1.5 kOe in
the range of temperatures of 4.2-300 K. A number of features of the temperature
dependence on the Hall coefficient was identified [38]. The Hall coefficient was
found to change the sign from negative to positive as the temperature decreases, this
change being associated with the transition of the intrinsic conductivity to the
impurity conductivity. It was also found that the Hall coefficient further increases
exponentially due to the freezing of holes on a localized acceptor level.

The increase of the Hall coefficient with decreasing the temperature slows down
abnormally at T < 30 K. This behavior of R at low temperatures is typical for
Hg_.Cd,Te crystals [64]. The analysis of numerous studies (see, e.g. [64]) shows
that the Hg,_,Cd,Te epitaxial layers obtained during the epitaxy process from
solutions enriched with tellurium as well as monocrystals have p-type conductivity
with concentration of uncompensated acceptors due to intrinsic defects
N4 — Np = (0.5-5) x 10'7 cm™>. The concentration of compensating donors Np is
on the level of 107 cm™3. In order to reduce Ny — Np to the value of (0.1—
1) x 10" cm™3, which is required for the creation of diode structures in narrow-gap
semiconductors, annealing in mercury vapor is carried out. Brandt et al. suggested
that the value Ny — Np in Hg,_,_,CdMn,Te layers is by 1-2 orders of magnitude
lower as computed to epitaxial Hg,_,Cd,Te layers, while the concentration of
donors is at the same level [38]. It was also suggested that the proximity of values
of ¢4 in Hg_,CdTe and Hg|_._,CdMn,Te reflects the similar nature of the
acceptors, which are associated, most probably, with intrinsic defects of a similar
nature. Their lower concentration determines a narrower region of homogeneity in
this system with respect to the defects acting as acceptors, which are associated with
the introduction of the manganese in the composition of solid solution.

8.4 Photoelectrical Properties

The processes of generation and recombination of carriers basically determine the
operation of the most important types of semiconductor devices such as radiation
detectors, lasers, transistors, photodiodes, phototransistors, etc. The processes
determine the lifetime of nonequilibrium charge carriers—a basic photoelectric
parameter of semiconductor materials.

The investigation of photoelectrical properties of bulk single crystals and epi-
taxial layers of Hg,_Mn.Te, Hg_,_,Cd.Mn,Te as well as investigation of
non-equilibrium processes has been started quite recently. Let us review the results
of this study carried out in a magnetic field as well as in the absence of a magnetic
field.
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8.4.1 Photoelectrical Properties of Hg;_.Mn,Te and
Hg; . ,Cd.Mn,Te in the Absence of Magnetic Field

A first study of photoconductivity of semimagnetic Hg,_,Mn,Te alloys at low
temperatures was reported by Gelmont et al. [65]. The authors measured the
photoconductivity spectra of Hg_,Mn,Te single crystals with 0.13 <x<0.15 and
0.2 <x<0.30, grown by the Bridgeman method (p ~ 10'® cm™3) and annealed in
mercury vapour (p = 3 x 10"°-2 x 10'® cm™ at 77 K). Two peaks identified as
“band-to-band” and “acceptor-to-conduction band” transitions have been found in
the photoconductivity spectra of samples with any composition. The lifetime of
carriers was measured to be around (6-9) pus.

The recombination of nonequilibrium charge -carriers in Hg,_.Mn,Te,
Hgi_._,Cd.Mn,Te bulk crystals was studied in a series of papers [45, 65-72].
Recombination centers with energy level around 110 meV above the valence band
have been detected by means of deep level transient spectroscopy in Hg,_ Mn,Te
of p-type conductivity with x = 0.18 and x = 0.20 [69]. The concentration of these
centres and their effective capture cross section of holes and electrons were found to
be 5 x 10" cm™3 and 10~!7 cm~2, respectively. The recombination of carriers was
also analysed in single crystals grown by a modified method of zone melting and
annealed in mercury vapour in order to homogenize the solid solution and to reduce
the concentration of charge carriers [45, 70, 71]. It was found that the lifetime of no
equilibrium charge carriers in the temperature range from room temperature to
liquid nitrogen in the p — Hg,_,Mn,Te material with the composition x ~ 0.1 with
uncompensated acceptor concentration 10'°~10'® cm ™ is determined by the impact
recombination processes, namely, by the impact recombination in collisions of
heavy holes with transmission of the released energy to the light holes and by the
impact recombination in electron-electron collisions [70]. In contrast to this, in
n — Hg|_ Mn,Te obtained by p — n conversion of conductivity as a result of
crystal annealing, the lifetime in the region of impurity conduction (at low tem-
perature) was found to be determined by carrier recombination on Shockley-Reed
centres with an energy level located at 65-67 meV above the top of the valence
band [45]. According to estimations, the concentrations of recombination centres in
the investigated crystals are in the range from 4.7 x 10'* to 1.7 x 10" cm™3.

Two recombination levels situated about 125meV and 70 meV above the
valence band top were found in wider bandgap n — Hg{_x_,CdMn,Te x = 0.28—
0.35; y = 0.01-0.02 quaternaly compounds [71]. The position of these levels is
close to the energy levels of recombination centres found in Hg;_Mn,Te crystals
[45, 69]. The photoconductivity spectra of epitaxial Hg,_,Mn,Te layers grown by a
combined procedure using vapour-phase and liquid-phase epitaxy as well as the
photoconductivity spectra of bulk single crystals consist of two bands associated
with band-to-band and level-to-band transitions [73, 74]. The distance between the
peaks in the photoconductivity spectra increases from 15 to 55meV when the
content of manganese telluride in layers is increased from 12 to 15 %. The lifetime
changes slightly at low temperatures (77-110) K in layers with local inhomogeneity
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of the electron density at the surface, and this lifetime is always longer than the one
in electrically homogeneous samples.

The recombination and trapping processes of nonequilibrium charge carriers in
compensated Hg|_ Mn,Te layers with x ~ 0.1 n,p<10'> cm™ at 77 K, grown by
liquid phase epitaxy and subjected to prolonged annealing in mercury vapour, have
been studied in details in a series of papers [75—77]. The results of these studies
demonstrated that the lifetime in the region of intrinsic conductivity is limited by
the impact recombination processes, while it is determined by the recombination on
Shockley-Reed centres in the extrinsic region. The energy levels of recombination
centers in p-type layers are situated at (26-30) meV below the conduction band
bottom, while they are located at about 50 meV above the valence band top in
n-type layers [73] (Fig. 8.6).

At low temperatures (7 < 70K for the n-layers and T <25K for p-layers) the
lifetime is determined by recombination through these levels and by trapping of
minority non-equilibrium carrier on shallow levels (8—10) meV (Fig. 8.7). The
recombination of carriers has been also investigated in Hg,_.Mn.Te and
Hgy_,_,CdMn,Te grown by liquid phase epitaxy [78—80]. It should be noted that
there are many similarities in the photoelectric properties of Hg_.Mn.Te solid
solutions with x = 0.1-0.5 and the more intensively studied Hg,_,Cd,Te solid
solutions with x = 0.2-0.3 (for comparison, see, e.g. [81-84]).

Fig. 8.6 Dependence of
the lifetime (t) on I/T for
Hg,_.Mn,Te; 1—n-type; 105 2
2—p-type L
-
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1
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8.4.2 Photoelectrical Properties in a Magnetic Field

As shown above, in the absence of the magnetic field the properties of
Hg_xMn,Te, Hg|_._,Cd.Mn,Te semimagnetic semiconductors are similar to those
of conventional non-magnetic semiconductors of the Hg,_,Cd,Te type, having
similar band parameters. The exchange interaction caused by the presence of
manganese ions in the lattice results in a substantial rearrangement of the energy
spectrum of free and localized carriers when a semimagnetic semiconductor is
placed in an external magnetic field. The corresponding photoelectric properties of
semimagnetic semiconductors will also change significantly under the influence of
the exchange interaction.

The photoconductivity — spectra of p— Hg_Mn,Te, (0.2 <x<0.25),
(0.12<x<0.15); single crystals and p — Hg,_._,Cd,Mn,Te epitaxial layers in a
magnetic field at helium temperatures have been measured in a series of papers [65—
68, 72, 73, 82]. The photoconductivity was measured in the Faraday geometry

—
q

— =
’BJ_E , where ¢ is the electromagnetic wave vector. It was experimentally

found that the photoconductivity signal for Hg|_.Mn.Te sharply decreases with
increasing magnetic field intensity [65, 66], when the magnetic field is turned on, in
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Fig. 8.8 Photoconductivity
spectra in a magnetic field for
the sample HgogsMng 14Te at
T=42K
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contrast to Hg;_,Cd,Te, while the spectrum of photoconductivity shifts abnormally
to longer wavelengths.

The study of photoconductivity in a magnetic field has shown that the photo-
conductivity signal has a non-monotonic dependence on the magnetic field strength.
Figure 8.8 shows the spectra of photoconductivity for Hgg gsMng 14Te measured in
an external magnetic field. A long-wavelength peak appears as the magnetic field
gets stronger. This peak increases in intensity and shifts to longer wavelengths with
increasing the magnetic field strength.

Georgitse et al. measured the photoconductivity in a magnetic field under the
excitation by circularly polarized light 6%, 6~ [66], and found that photoconduc-
tivity spectra have a complex structure. For instance, Fig. 8.9 shows the photo-
conductivity spectra of the p — Hgo 78Mno 2 Te(a ™, 67) alloy in a magnetic field of
B = 6T at 4.2 K and the photoluminescence spectrum of the same alloy in the same
field. These investigations confirmed that the fine structure observed in the pho-
toconductivity spectra measured in both ¢ and in ¢~ polarizations can be asso-
ciated with the paramagnetic band splitting. The identification of the observed
structure is performed taking into account the selection rules and by comparing the
experimental spectra with the results of calculations with the following parameters:
the width of the bandgap and the manganese content ey = 0.533 eV;x = 0.22; the
exchange interaction integral for the conduction band Nya = —0.45 eV the effec-

tive temperature Ty = 54 K; the effective spin S(()") ~ 1. The following transitions
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Fig. 8.9 Photoconductivity
spectra of the alloy
Hg,_.Mn.Te at 6*(1) and

o (1) polarization in a
magnetic field B = 6T

lphe, arb. units

0.50 0.54

are identified in ¢~ polarization b,(—1) — b.(0);a,(—1) — a.(0), and in o™
polarization b,(1) — b.(0);a,(1) — a.(0), as well as the impurity transition in ¢+
polarization |—3/2 > — b.(0)|.

As one can see from the results shown in Fig. 8.9, the authors supposed that the
low-energy shoulder at the edge of photoconductivity (Peak 1) in ¢~ polarization
corresponds to the transition |+3/2 > — a.(0)|. The estimated paramagnetic
splitting of the ground state of the acceptor, defined as the difference between the
energies of |[-3/2 > — b.(0)| and |+3/2 > — a.(0)]| transitions proved to be
around 3 meV in a field of 6T.

Further, by using the experimentally determined value of the paramagnetic spin
splitting, a value of ~ 10 was obtained for the g factor of a hole on the acceptor

(g",). By using this estimate for ggff, the value of S(()h) was calculated with the

following fitting parameters of the valence band: the exchange integral
Nof = 0.80eV, the effective mass of the heavy holes mj, = 0.4my. The effective

spin Sém of the manganese ions Mn™ * in the acceptor proved to be of the order of

~0.1. These results are consistent with data obtained from optically detected
magnetic resonance (ODMR) studies for this alloy [85].
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8.5 Photoluminescence Properties

8.5.1 Photoluminescence Properties in the Absence
of Magnetic Field

The first results concerning the research of photoluminescent properties of
Hgi_Mn,Te single crystals with (0.13 <x<0.3) and Hg,_,_,CdMn,Te epitaxial
layers have been published at the very beginning of 90th [66—68, 72]. A combined
research of photoconductivity and photoluminescence in the reflection and trans-
mission geometries allowed one to identify the observed structure of the photolu-
minescence spectra. Typical photoluminescence spectra in the absence of a
magnetic field for p — Hg,_ Mn,Te measured at 4.2 K are shown in Fig. 8.10.

The short-wavelength band B in the photoluminescence spectrum corresponds to
the interband radiative transitions. The long-wavelength band A in the spectrum is
related to “conduction band—acceptor” transitions according to its energy position
and behaviour. The intensity of the band A decreases with decreasing the con-
centration of the acceptor. A similar structure was revealed in the photolumines-
cence spectra of alloys in the absence of a magnetic field.

Georgitse et al. reported the results of a photoluminescence study of
Hgi_Mn,Te(0, 19 <x<0,30) solid solutions in a temperature range of 2-200 K in
the absence of a magnetic field [68]. It was shown that in alloys enriched with
manganese there are optical transitions between states strictly connected to the
valence band. These states, along with shallow acceptors, are related to
anti-bonding states with an incomplete d-shell Mn* (3d®) in the bandgap on the
shallow acceptor level, usually attributed to intrinsic defects. An energy model was
proposed in this paper which explains the observed features of the photolumines-
cence spectra. According to this model, the level related to manganese Mn™ in
Hgy_Mn,Te(x<0,20) diluted semimagnetic alloys is located in the conduction
band and it is not revealed in radiative processes. However, this level goes into the

Fig. 8.10 Photoluminescence
spectrum p-Hg,_Mn,Te
(x=0.14)atT=42K
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bandgap in samples with x > 0.20 and it participates in recombination processes.
The degeneration of the Mn™ level with the conduction band is lifted in samples
with x = 0.24, while the depth of the 3d°(Mn* *) level in the valence band is
estimated to be around 4.9 eV.

The analysis of Hg|_Mn,Te and Hg|_._,Cd.Mn,Te photoluminescence spectra
for a wide range of temperatures in the absence of a magnetic field allowed to
defined the dependence on the bandgap width upon temperature and composition of
alloys [65, 67]. The depth of the acceptor level participating in radiative transitions
was found to be around 1820 meV, and it was attributed to intrinsic defects
(mercury vacancies).

New papers have been published in recent years concerning the study of optical
of narrow-gap semimagnetic semiconductors [86—99].

Mazur [91] investigated the photoluminescence spectra  of
Hgo 651Cdy 335Mngg14Te at low temperatures (Figs. 8.11 and 8.12) by means of
photoluminescence excitation spectroscopy technique described by Fuchs et al. [9,
100]. The results led to the conclusion about the observation of exciton states in
narrow-gap semimagnetic semiconductors [91].

8.5.2 Photoluminescence Properties in a Magnetic Field

The first results concerning the research of photoluminescent properties of
Hg_xMn,Te and Hg__,CdMn,Te alloys in a magnetic field at low temperatures
have also been published at the very beginning of 90th [66—68, 72]. It was found in
these works that the intensity both A and B bands increases significantly when the
magnetic field is turned on at low temperatures, and their maximum shifts to the

Fig. 8.11 The
photoluminescence spectra (at
the top)
Hgo.651Cdo.335Mno 014Te
measured at temperature

T = 12 K, at two levels of
excitation [114]
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Fig. 8.12 The Photoluminescence excitation spectra at different positions of the monitor:
a279.0 meV; b 302,5 meV; ¢ 314.5 meV; d 321.0 meV; e 327.5 meV. Direct and dashed vertical
lines indicate the position of the phonon replicas and monitor lines (E,, + nE;o, where n is an
integer)

long wavelength region of the spectrum with increasing the magnetic field strength
(Fig. 8.13), in contrast to conventional semiconductors Hg,_,Cd,Te, InSb, in which
the photoluminescence bands shift to short wavelengths, and their intensity remains
practically unchanged. Besides the shift of the maxima of photoluminescence bands
to the long wavelengths region of the spectrum in a magnetic field, the decrease of
the distance between them was also observed in the experiment. It was shown that
the dependence of the radiation intensity non-monotonically varies with changing
the magnetic field strength (Fig. 8.14) [67].

In weak magnetic fields the photoluminescence intensity increases rapidly with
increasing magnetic field strength and it reaches a maximum at a certain value of
B = Bpx. The value B,,,, depends on the composition, on the content of man-
ganese, it being shifted toward large fields with increasing the manganese content in
the crystal lattice of the semimagnetic alloy. A significant increase in photolumi-
nescence intensity was observed in a magnetic field. For instance, for the band A in
a Hg,_ Mn,Te (x = 0.13) sample the photoluminescence intensity at B = Bpax
increases by about 50 times as compared to the photoluminescence intensity at
B = 0. At the same time, a further increase of the strength of the magnetic field
B > B leads to a decrease in the photoluminescence intensity. In a magnetic field
the radiation is polarized [89].
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Fig. 8.13 The A
photoluminescence spectra in
a magnetic field of the alloy
Hg,_Mn,Te (x = 0.14) at
42K. (I1)B=0;(2)B=0.5T;
3) B=10T
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Fig. 8.14 The experimental
dependence of the
photoluminescence intensity
Hg,_.Mn,Te on the magnetic
field induction for the three
compositions: /—x = 0.13;
2—x=0.14; 3—x=0.15

Ip1, arb. units

0 2.0 4.0 6.0 8.0
B, T

A similar situation was observed in Hg,_,_,Cd.Mn,Te quaternary alloys [72].
The observed peculiarities of photoluminescence of Hg;_Mn,Te and
Hgi_,_,Cd.Mn,Te semimagnetic alloys are explained on the basis of the Pigeon
Brown model taking into account the exchange interaction. The energy of other
transitions allowed by the selection rules in the Faraday or Voigt geometry
increases with increasing the magnetic field strength. Taking into account the
population of the sublevels at low temperatures and the large value of the spin
splitting, Galazka et al. suggested in their experiments that the short-wavelength
band B corresponds to the interband radiative transition br,(0) — br,(—1), which
actually determines the width of the bandgap in the magnetic field [67]. Therefore,
the displacement of the B-band maximum in the long-wavelength region of the
spectrum with increasing the magnetic field strength is a direct consequence of the
restructuring of the semimagnetic semiconductor energy spectrum as a result of the
exchange interaction.
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It was show that, in the frame of the proposed model, the energy decreases only
for the transition br,(—1) — br,(0) with increasing the magnetic field strength in
the Faraday configuration in ¢~ polarization.

The unusual behavior of the dependence of photoluminescence intensity upon
the magnetic field strength was explained taking into account the behavior of the
energy acceptor energy in semimagnetic semiconductors placed in a magnetic field
[101]. In was shown that the exchange interaction of holes with manganese ions
leads to a sharp decrease of the acceptor ionization energy in relatively weak
magnetic fields, when the exchange interaction energy is larger than the acceptor
ionization energy ¢4 at B = 0, in semi-magnetic Hg|_.Mn,Te alloys with fourfold
degenerated valence band in the I'-symmetry point.

Therefore, if in the absence of the magnetic field the energy of the acceptor
ground state is of the order of Bohr energy of a the heavy hole

* 4
4 2my,e

A hi 020 ( )

9

where my,, is the mass of the heavy hole, y is the dielectric permeability, 7 is
Planck’s constant, then in the magnetic field the acceptor ionization energy is of the
order of Bohr energy of the light hole. This dependence of the acceptor ionization
energy on the magnetic field strength occurs in magnetic fields, when the light hole
becomes quantized. In even stronger fields, when heavy holes become quantized,
the ionization energy of the acceptor will again be of the order of heavy hole
energy.

The probability of radiative recombination is proportional to the effective vol-
ume of the hole wave function. The nonmonotonous dependence of the ionization
energy of the acceptor leads to a change in the effective volume of the hole wave
function, which according to Galazka et al. should be reflected in the luminescence
intensity in the magnetic field [67]. If B = 0, the effective volume of the hole wave
function is V5 ~ a3, where a,, = h*y/m},e” is the Bohr radius of a heavy hole. It
was shown that in semimagnetic semiconductors the hole wave function in a
magnetic field is anisotropic [102]. Its transverse size is of the order of
a, = i*y/m’ €%, where m, = mo(7 +7,), mg is the free electron mass, 7, y, are the
modified Luttinger parameters. The value of m’ is of the order of light hole mass.

The longitudinal size of the wave function is of the order of a, (m, /my,) 13, Thus,
Vg increases with increasing the magnetic field strength and reaches values of the
order a% a 83 In magnetic fields, when the heavy hole becomes quantized, the V5
value will decrease with increasing the magnetic field strength. In the ultra-quantum

limit the transverse size of the hole wave function is of the order of the magnetic

length 1 = (hc/eB)l/2 and the longitudinal size is 1*/%a 1/3 ,ie. 2334 l/ . Thus, a
maximum should be observed on the curve representlng the dependence of the
photoluminescence intensity upon the magnetic field for the transitions “conduction
band-to-acceptor”.
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Fig. 8.15 The dependence of
photoluminescence intensity
in HgogesMno.132Te upon the
magnetic field, circles—
experiment, curve—theory
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The theoretical curve of the dependence of photoluminescence intensity upon
the magnetic field strength calculated by Bykhovckiy et al. by using the wave
functions of the hole on the acceptor is shown in Fig. 8.15 [102].

The experimental dependence of the photoluminescence intensity upon the
magnetic field strength for the transitions “conduction band-to-acceptor” measured
at 1.8 K for the Hg( gssMny.132Te alloy is shown in the figure for comparison. The
presented results demonstrate a good agreement between theory and experiment.

Thus, as a result of the performed research [67, 102], it was conclusively
demonstrated that the non-monotonic dependence of the photoluminescence
intensity for transitions “conduction band-to-acceptor” upon the magnetic field
strength is connected with the behaviour of the ionization energy of the acceptor in
a magnetic field. As mentioned above, the magnetic field value at which there is a
maximum in the photoluminescence intensity depends on the content of manganese
in Hg,_Mn,Te, Hg,_,_,Cd.Mn,Te.

The experiments confirm also that the increase in the photoluminescence
intensity in the magnetic field B = B,,,, decreases with increasing the content of
manganese. This behavior of the values B,,,, and I (B = B,,,,) was explained
taking into account the dependence of the ionization energy of the acceptor on the
manganese content [65, 67]. It was also shown that the acceptor ionization energy
increases with increasing the manganese content in the crystal lattice of the semi-
conductor [103]. Therefore, the change in the effective volume of the hole wave
function at a deep acceptor is less sharp as compared to the change in the effective
volume of the wave function of a hole at a shallow acceptor. Since the probability
of radiative recombination is proportional to the effective volume of the wave
function of the hole on an acceptor, the increase of the photoluminescence intensity
in the magnetic field must decrease with increasing the manganese content.

Some oscillations have been observed on the non-monotonic dependence of the
photoluminescence intensity as a function of the magnetic field strength for
“conduction band-to-acceptor” transitions at high levels of excitation [67]. A certain
concentration of nonequilibrium charge carriers is created in the conduction band
when the photoluminescence is excited by laser radiation. A definite Fermi level
corresponds to the given concentration of non-equilibrium carriers, determined by
the excitation level. It was supposed that the oscillation on the dependence I, = f
(B) are connected with the intersection of the Fermi level with the Landau levels in
a magnetic field. A method has been developed for the determination of the
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concentration of the nonequilibrium carriers and the exchange parameters based on
the analysis of the oscillatory structure of photoluminescence spectra in a magnetic
field [67]. It was obtained for the integrals of the exchange interaction that
Nooo = —0.45eV, Noff = 0.80eV. In our opinion, these data obtained directly from
the experiment are the most reliable as compared to the large spread of data in the
literature for these parameters.

The peculiarities of the photoluminescence spectra of Hg_.Mn,Te in a magnetic
field for the composition (0.09 < x < 0.11) have been discussed by Fuchs et al. [97].
The strong increase of the recombination radiation and the narrowing of the line
width to less than 2.5 meV in an external magnetic field was associated with the
formation of a magnetic exciton polaron [97].

8.6 Magneto-Optical Properties

It is known that in semimagnetic semiconductors the spectrum of charge carriers is
greatly modified as a result of the exchange interaction of their spins with the spins
of the magnetic impurities. The parameters of the electronic states in such semi-
conductors are changed when the concentration of magnetic impurities, the tem-
perature or the applied magnetic field is changed. The measurement of the resonant
absorption of light in an external magnetic field is a powerful method for studying
such states. The magneto-optical properties of Hg_ Mn,Te and Hg,_,_,Cd.Mn,Te
semimagnetic alloys were studied in a series of works [104—106]. The combined
and cyclotron resonances have been studied in the narrow bandgap
Hgi_._,Cd.Mn,Te semimagnetic alloys. This study opens up new possibilities for
the elucidation of the effect of exchange interaction on the energy spectrum of these
materials. The studies of the cyclotron resonance allow to determine The parameters
of the energy spectrum are determined from the cyclotron resonance investigations,
while the effect of the exchange interaction is assessed from the combined reso-
nance study.

Georgitse et al. measured the optical transmission in a spectral range of 96.52—
294.8 um and a temperature range of 2—-12 K in magnetic fields up to 6.57 in
n— Hg__,CdMn,Te(x = 0.03;x = 0.08;y = 0.11;y = 0.12)  epitaxial solid
solutions obtained by liquid-phase epitaxy method in a closed system on substrates
of cadmium telluride. The studies were conducted on a laser magnetic spectrometer
with CH3;0H(A = 96.52; 118.83; 133.2; 170.58) um and CH3;O0D() = 145.66;
294.8) um lasers pumped by a tunable CO, laser in Voigt and Faraday geometry as
radiation source. The value of Np — N, at 77 K in the investigated samples vary in a
range of (4 x 10"-1 x 10') cm™, the compensation degree being ~0.9. The
samples were illuminated during the measurements by radiation from the region of
fundamental absorption in order to reduce the influence of nonuniformity in the
distribution of impurities. Some lines with a complex structure have been observed
in the magneto-absorption spectra [104, 105]. The form of the lines is changed with
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changing the temperature. The splitting of the Landau levels in a magnetic field has
been calculated using the modified model of Pigeon Brown in order to identify the
observed magneto-absorption lines in the spectrum [104, 105]. The following
values of the energy spectrum parameters have been used in calculations:
g =183eV; A=1.0eV; y; =3.3; 7 = 0.3; k = 0.09. Assuming that the center
of the line corresponds to the cyclotron resonance, it was found that ¢, = 0.245eV
and the effective mass of the electron is m) = 2.1 x 10~2mq. The following
parameters were used for fitting: Nya, So, Ty, and the following values were
obtained for the best fitting: the efficient spin Sy ~ 0.95; the effective temperature
To = 10.7 K; and the integral Nooo = —(0.38 +0.02) eV. The energy levels of
electrons of the off-diagonal matrix elements of the Hamiltonian have been theo-
retically calculated taking into account the antiferromagnetic interaction between
the manganese ions Mn 2. It was shown that this contribution can be neglected for
the concentration of manganese ions Mn**(11-12) % in a magnetic field of above
0.8T. Three conduction band electronic resonances have been identified as a result
of spectrum analysis and theoretical calculations [85]: the combined resonance
(CR1) b(1) — a(2); the cyclotron resonance a(0) — a(l); and the combined
resonance (CR3) (a(0) — b(1)). Note that two combined resonances have been
observed in the Hg(_x_,CdMn,Te narrow-gap semimagnetic semiconductor [104,
105]. It was found that the combined resonance CR1 shifts to higher magnetic fields
with increasing temperature, while the CR3 shifts to lower magnetic fields. It was
observed that the line shape and the position of resonances are identical for the
Faraday and the Vogt geometry, which is in contrast with the behaviour of usual
semiconductors, wherein the combined resonance can be observed only in the Vogt
geometry. It was previously predicted that combined resonances can be observed in
semimagnetic semiconductors regardless of the used geometry [107, 108].

The problem of a reliable determination of exchange interaction parameters in
semimagnetic semiconductors has still not lost its relevance. The electric dipole
spin resonance (EDSR) can be considered as a most direct and therefore a most
accurate method of assessing the value of the exchange integral for electrons in the
conduction band. The observation of EDSR in the Hg;_Mn,Te, Hg\__,Cd.Mn,Te
systems has been reported by Stepnewski et al. [109] and Georgitse et al. [77]. The
observed EDSR line in the system Hg,_,Mn,Te system proved to be so wide that it
was not possible to estimate the value of the exchange integral of conduction band
electrons Nga [109]. At the same time, it was possible to observe quite narrow
EDSR lines by a careful selection of Hg|__,CdMn,Te samples [77], and to assess
the values of band parameters and the exchange integral Nya of the conduction band
on the basis of the position of magnetic resonances. Georgitse et al. demonstrated
the possibility to determine the concentration of free carriers, and the dielectric
permittivity from the position of plasma-shifted cyclotron resonance in Vogt
geometry in the magnetic field [77].
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Fig. 8.16 The spectra of the magneto-transmission for the Hg,_, ,Cd.Mn,Te alloy in the Farday
and Vogt geometries for A = 294.8 pym at 7 =2 K [77]

Figure 8.16 shows the typical spectra of magneto-transmission measured by
Georgitse et al. [77] for the HgggsCdyosMng2Te alloy in Vogt and Faraday
geometries for 4 =294.8 um at 2 K. The choice of this radiation frequency is
conditioned by the fact that it allows to observe various types of spectrally sepa-
rated resonances, which improves the accuracy of determining the position of
resonance lines in a magnetic field. Several resonance lines are observed in this
figure, which have been identified by Georgitse et al. [77]. The positions of the line
1 in the Faraday and Voigt geometries are shown in the inset to this figure. One can
see that in the Vogt geometry the line are shifted towards lower magnetic fields as
compared to the Faraday geometry. This fact was explained as follows [77]: in the
Faraday geometry the contribution to the line 1 comes from the cyclotron resonance
and from the combined resonance, while in the Vogt geometry it comes from the
combined resonance as well as from a resonance with a frequency given by the

expression:
o =,/wl+ o’ (8.16)

where o, is the cyclotron frequency, wlz) = 4nNe* /m*y is the electron plasma
frequency, N is the concentration of electrons, m is the electron effective mass, ) is
the dielectric permittivity.

The expression (8.16) is the condition for observing the so-called plasma-shifted
cyclotron resonance (PSSR). Georgitse et al. determined the concentration of
electrons in the investigated samples by comparing the frequency of CR with that of
PSSR making use of the expression (8.16) [77]. For instance, for the
Hgo.g5Cdy 03Mny 12Te alloy the plasma frequency is w, = 3.42 x 102 ¢!, and for
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the given y = 16 the electron density is N = 1.09 x 103 cm™3, which is in
agreement with the results of Hall effect measurements. The Fermi level in this case
is er = 2.1 meV. Georgitse et al. suggested that the line 2 corresponds to EDSR for
the transition b(0) — a(0), it being observed in both geometries. The observation of
resonances with spin flipping regardless of the selected geometry is possible due to
the relaxation of the selection rules in semimagnetic materials [107]. One of the
reasons for this relaxation is the giant splitting of the Landau spin sublevels. The
energy of the EDSR transition is given by the expression:

Ae = £40) — &(0) = e lipB (8.17)

where up is the Bohr magneton, B is the magnetic field, g.zis the effective g-factor
given by the expression:

% XN()O( S

gy = g7 — 0t5) (8.18)
Hp

where g* is the g-factor of electrons without taking into account the exchange

interaction, (S;) is the mean spin.

(S:) = —SoBs2(gmitpB/k(T + To)) (8.19)

In this expression, Bs, is the Brillouin function, g, is the g-factor of the
manganese ions, which value is 2, & is the Boltzmann constant, T is the temperature
at which the experiment is conducted.

By using the EDSR position in the magnetic field, the value of g.s has been
determined from the expression (8.17), and the value of the exchange integral of the
conduction band electrons Noa has been determined from the expression (8.17).
The spin relaxation time ts = «B/ABwg was determined from the half-width of the
EDSR line (AB) [77]. It was found that the spin relaxation time in the investigate
alloys ranges in the limits of (7-8) x 10~ s and the resonance figure of merit is
wWsTg = 4-5.

The temperature shift of resonances has also been investigated. It was found that
the resonances can be classified in two groups according to the temperature
dependence. A strong dependence of the line upon temperature is characteristic for
the spin resonance. The EDSR line moves to high magnetic fields due to the
decrease of magnetization M = —xNogumpp(S;) with increasing temperature.
A weak temperature dependence is characteristic for the diamagnetic resonance and
it is well described by the theory with de,/dT = 0.35 meV/K which is in agreement
with the restructuring of the energy spectrum under the influence of temperature.

The values of energy spectrum parameters and of the exchange interaction,
calculated from the analysis of magnetic resonances in Hg__,Cd.Mn,Te semi-
magnetic alloys are shown in Table 8.1.

The data, obtained for the exchange parameters from the magnetic resonance
analysis agree well with the previously obtained results [65-68, 85].
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Table 8.1 The values of energy spectrum parameters and of the exchange interaction in the
Hgy_,_,Cd.Mn,Te semimagnetic alloys

Samples T, |gg |&* Noa, eV So Ty | mi/mg &g

K Vg
Hego.51Cdo.os 2 |19.1 |-37.6 |—(0.35+0.02) |0.95 [10.7 |2.1 x 107> |0.245
Mny.1;Te 42 | 147
Hgo 55Cdo.03 2 404 |-442 |—(0.41 £0.02) |0.87 [11.6 | 1.85 x 1072 |0.215
Mn,;Te 42 |25.1 0.89 |11.2

6 |19 09 107

8 [15.1 0.92 |10.3

10 | 122 093 | 9.7

8.7 ODMR in Semimagnetic Semiconductors. Optical
Orientation

ODMR is based on the phenomenon of resonance effects of microwave fields on the
optical characteristics of a system. Such effects may be due to both the individual
properties of charge carriers, and the spin-dependent phenomena related to the
interaction of carriers with external electric and magnetic fields. The first infor-
mation about the research of ODMR in semimagnetic structures was reported by
Georgitse et al. [85], with a Hg,_ Mn,Te solid solution with a high manganese
content x > 0.2 and p-type conductivity with impurity concentration of ~ 10> cm™
as the object of the research. Two resonances were observed in the ODMR spectra
measured at 2 K. The first resonance observed in a field of 0.27 was assumed to be
due to the electron spin resonance (ESR) of holes bound to an acceptor (g =12 + 1),
while the second resonance, the so-called magnetic dipole resonance, observed in a
field of 1.157 is due to the magnetic dipole interaction between the manganese ions
Mn*? (g » 2.0). The analysis of experimental results enabled to determine the spin
relaxation time, as well as the internal magnetic field in Hg,_ Mn,Te (x > 0.2)
alloys [85].

The spin orientation of electrons has been inevestigated at a temperature of 4.2 K
under excitation by circularly polarized light with the energy close to the bandgap
of non-magnetic alloys Hgg ¢9Cdp31Te and Hgy39Cdy g Te, as well as close to the
parameters of the energy spectrum of the Hg 77Mn 23 Te semimagnetic alloy [110].
The mechanisms of spin relaxation of electrons in Hg,_,Cd,Te and Hg,_,Mn,Te
have been analysed. A careful analysis of the experimental results proved that the
Beer-Aronov Picus spin relaxation mechanism plays a significant role in
Hg,_.Cd,Te alloys at low temperatures, while in Hg,_.Mn,Te semimagnetic alloys
the spin relaxation is due to the exchange interaction of nonequilibrium electrons
with the manganese ions [110]. The spin relaxation time was determined in
Hgi_Mn,Te alloys, and the concentration of deep recombination centres was
estimated.
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8.8 Photoreceivers Based on Hg,_Mn,Te, Hg,_,_
yCdxMn,Te

The first reports about the photovoltaic receivers based on Hg,_.Mn,Te and
Hg(_x_,CdMn,Te solid solutions have been published in 1986 [111, 112]. The
carrier transporter mechanisms in photodiodes have been investigated in the next
years, and the parameters of devices have been improved [113, 114]. It was
demonstrated that the current flow in the temperature range from liquid nitrogen to
250 K is determined by the thermal activation mechanisms [115], it being governed
by a diffusion mechanism at 7 > 110 K, and by a generation-recombination
mechanism at T < 110 K. The reverse currents at a bias of 1 V do not exceed 1 nA,
and the value of R,A at 85 K was found to be of 1.7 x 107 Q-cm?. These values, in
our opinion, are record ones for Hg,_Mn,Te, Hg,_,_,Cd,Mn,Te diodes of similar
composition. The specific detectivity at 77 K and at a backlight aperture of 2zsr was
found to be ~5 x 10" Hz"?Bm!, which corresponds to the BLIP regime. These
parameters are at a level corresponding to the best diodes on Hg;_,Cd,Te, and the
photodiodes are sensitive for 4;, = 3.8 um at the temperature of 77 K [115]. The
obtained results demonstrate that the technology for producing epitaxial layers
Hgy_y_,CdMn,Te layers is at the same level as the previously developed tech-
nology for Hg;_.Cd,Te laters. On the other hand, one can expect that the photo-
diodes on Hg__,CdMn,Te solid solutions will demonstrate better stability due to
the higher structural perfection of these solid solutions. Note that only a few
publications are available on photodetectors based on Hg,_,Mn,Te and
Hgy_._,CdMn,Te, (areview of early work is given by Pawlikowski [11]), whereas
there are many studies on Hg,_,Cd,Te with various types of photodetectors
(photoconductive, photovoltaic, SPRITE-type, etc.), (see, e.g. [116-121]).

8.9 Conclusions

The semimagnetic Hg;_ Mn,Te semiconductors are attractive primarily due to
higher mechanical strength and thermal stability as computed to Hg,_,Cd,Te. The
possibility of obtaining materials with the same bandgap parameters but with dif-
ferent contents of manganese in the quaternary Hg__,CdMn,Te alloys system by
changing the relative content of cadmium and manganese, apart from a purely
scientific interest, has also a special practical interest. Therefore, the semimagnetic
semiconductors Hg_Mn.Te, Hg|_,_,Cd.Mn,Te have a series of advantages as
materials for the creation of infrared detectors and infrared lasers as compared to
their non-magnetic Hg,_,Cd,Te counterparts.
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