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Abstract: From the various aspects of spintronics the review highlights the area devoted to the
creation of new functional materials based on magnetic semiconductors and demonstrates both
the main physical phenomena involved and the technical possibilities of creating various devices:
maser, p-n diode with colossal magnetoresistance, spin valve, magnetic lens, optical modulators, spin
wave amplifier, etc. Particular attention is paid to promising research directions such as ultrafast
spin transport and THz spectroscopy of magnetic semiconductors. Special care has been taken to
include a brief theoretical background and experimental results for the new spintronics approach
employing magnetostrictive semiconductors—strain-magnetooptics. Finally, it presents top-down
approaches for magnetic semiconductors. The mechano-physical methods of obtaining and features
of the physical properties of high-density nanoceramics based on complex magnetic oxides are
considered. The potential possibility of using these nanoceramics as an absorber of solar energy, as
well as in modulators of electromagnetic radiation, is shown.

Keywords: spintronics; magnetic semiconductors; complex magnetic oxides; ferrite spinel; colossal
magnetoresistance; nanoceramics; thin-film structures; maser; modulator; optoelectronics

1. Introduction

A magnetic semiconductor is a magnetic material that, in terms of specific conductivity,
occupies an intermediate position between a conductor and an insulator, and has a band
gap comparable to ~kgT. Most known magnetic semiconductors (SC) are either oxides
or chalcogenides (sulfides, selenides and tellurides) of 3d transition metals, rare earth 4f
metals or a combination. The strong interaction of mobile charge carriers with the localized
magnetic moments of the d- and f-shells leads to a number of features of the electrical and
optical properties of magnetic SC that are absent in non-magnetic semiconductor [1-9].

There are several properties typical only for magnetic SC. For example, in ferromag-
netic semiconductors (europium chalcogenides, chromium chalcogenide spinel, etc.), with
either a decrease in temperature, application of an external magnetic field or both, a giant
(up to ~0.5 eV) shift towards long wavelengths of the edge of optical absorption and photo-
conductivity is observed, the so-called giant red shift of the absorption edge. Meanwhile,
near the Curie temperature they can exhibit a colossal magnetoresistance (CMR) effect
and a metal-insulator (MI) transition. Giant magneto-optical (MO) effects were found
in magnetic SCs in a wide visible and infrared (IR) spectral range (Faraday and Kerr ef-
fects, magnetotransmission, magnetoreflection, magnetic linear and circular dichroism,
etc.) [10-14]. Moreover, magnetic SCs are the basis of high-temperature superconductors
and without considering the properties of magnetic semiconductors, it would be impos-
sible to construct a theory of high temperature superconductivity (HTSC). By changing
the concentration of current carriers (by temperature, doping, light irradiation, application
of electric field, current injection, etc.), it is possible to easily change the magnetic prop-
erties of SCs [1-7,15-20]. On the contrary, their electrical and optical properties can be
controlled by an external magnetic field, which in relation to the intense development of
electronics and magnetophotonics is of high practical interest [21-25]. For example, the
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presence of a large magnetocaloric effect in manganites makes magnetic SCs promising
materials for creating refrigerators [26]. Large MO effects and the presence of the MI transi-
tion in magnetic oxides made it possible to create a wide range of optoelectronic devices,
such as modulators, magnetic field visualization sensors, MO filters, shutters, attenuators,
bolometers, thermochromic materials, etc. [27-33]. The electrical properties of perovskites
and cobaltites allowed for using them as cathodes in solid oxide fuel cells, opening new
possibilities for creating alternative energy sources with a high efficiency of ~90% [34,35].
The medical direction of using magnetic SCs is also very important, for example, as a
material for artificial local heating of a selected area of the body-hyperthermia [36—40].

Unlike non-magnetics, magnetic semiconductors have the important property of
dependence of the band structure on the orientation of the electron spin. In other words, in
magnetic SCs, the band gap is not the same for electrons with different spin orientations
(Figure 1).

Conduction
band

Valence
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Non-magnetic SC Magnetic 5C
Figure 1. Schematic representation of changes in the band structure of a magnetic SCs depending on
the orientation of the electron spin (right), which are absent in the band structure of a non-magnetic
semiconductor (left).

The presence of bands with different orientations of the of charge carriers’ spins (spin-
polarized bands) made it possible to control the charge current in magnetic SCs, depending
on the mutual orientation of the magnetic field, current direction and an applied voltage.
It is important that the flow of spin-oriented (spin-polarized) charged particles retains its
properties not only in magnetic SCs, but also in other magnetic or non-magnetic media at a
sufficiently level. In non-magnetic semiconductors, spins with different orientations com-
pensate each other, thus the full spin current is zero and there is only the current of charged
particles. The possibility of creating and manipulating a flow of spin-polarized charge
carriers in magnetic SCs has opened broad prospects for creating new functional materials
and various electronic devices. Spintronics (spin electronics) studies spin current transfer
(spin-polarized transport) in condensed media, including contact structures, heterostruc-
tures, superlattices and multilayers. In all these cases, the source of spin-polarized electrons
(spin injector) is a ferromagnet (metal or semiconductor), which in the magnetized state
has the spontaneous spin ordering of the current carriers [15-25]. In ferromagnetic SCs, the
levels of spin polarization can reach higher values (up to almost 100%) than in metals (up
to 10%) [41]. In non-magnetic SCs in an external magnetic field, the Zeeman splitting of the
conduction band occurs with the formation of two energy sublevels. When spin-polarized
electrons are injected from a magnetic SC into a non-magnetic SC, controlled transitions
to both the upper and lower energy levels become possible, which allows controlling the
charge current by an external influence. This area of physics has been intensively developed
over the past 30 years [42-49].

At the same time, current spintronic devices or their components are generally ex-
tremely small (~10~7 m) and can be classified as nanomaterials. When the dimensions of
device components or a material are reduced to a nanometer scale (for example, films, thin-
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film structures, fibers, powders and high-density ceramics), their mechanical properties are
changed significantly, thermal conductivity is increased and a change of fundamental char-
acteristics such as the melting temperature and Debye temperature were also reported. In a
magnetic SC, during the transition to the nanoscale, the electronic structure is drastically
changed followed by the appearance of various anomalies in its magnetic and transport
properties [50,51]. This paper presents a brief overview of the experimental results and tech-
nical solutions obtained in the field of spintronics based on the spin-dependent phenomena
in bulk crystals, thin films, heterostructures and nanoceramics of magnetic semiconductors.

2. Functional Materials and Devices Promising for Spintronics Based on Magnetic
Semiconductors

2.1. Heterostructures FM/SC

Modern technology and electronics implement almost the entire range of electromag-
netic radiation from ultra-long waves of hundreds of kilometers to very short waves of
the nanometer range. As a source of electromagnetic waves, various electrovacuum and
semiconductor, heating and gas-discharge devices and solid-state structures, such as LEDs,
lasers, etc., are often used. However, there is a poorly studied part of the spectrum in the
wavelength range from ~1 to 0.1 mm due to the absence of natural sources and receivers of
electromagnetic radiation for this spectral range.

In 1989, after the discovery of a giant magnetoplasmon absorption in a contact structure
made of a ferromagnetic (FM) semiconductor, HgCr,Sey, with a high degree of polarization
of charge carriers and a semiconductor, InSb [52], a new physical model was proposed
for creating an electromagnetic radiation source for the millimeter and submillimeter
wavelength range controlled by a magnetic field. Later, within the framework of the
same model, the possibility of creating an electromagnetic radiation receiver was also
substantiated [53]. The essence of the model is shown in Figure 2. Both panels show the
scheme of the electron spin transitions for different FM/SC heterostructures. To obtain
electromagnetic emission in such a heterostructure, two conditions must be fulfilled.

(@} P g<0

Figure 2. Schematic representation of the FM/SC heterostructure with spin-polarized electron
transport from the ferromagnetic SC (a) for the case of an inverse population of the upper Zeeman
level (Ep) of the non-magnetic SC with g < 0 by conduction electrons and subsequent radiative
recombination; (b) for the case of the population of the lower Zeeman level (E;) of the SC with g >0
by conduction electrons and subsequent photoexcitation to the upper Zeeman level. Symbols H and I
denote the magnetic field and current direction, respectively, while LS—spin-orbital coupling. Red
and blue arrows are assigned to the direction of the spin and the magnetic moment of electrons.

The first condition is a FM with a high degree of polarization of conduction electron
spins p = (N1 — N|)/(NT + NJ), where N1 and N| are the density of states in spin-polarized
subbands. The fulfillment of this condition makes it possible to implement the transport of
spin-polarized electrons from FM to SC. In ferromagnetic SC below the Curie temperature
(Tc), the charge carriers are spin polarized due to the exchange interaction and the value
of the spin polarization is ~100% [23]. The second condition is a SC with a large negative
g-factor (a value proportional to the gyromagnetic ratio of the electron) and high mobility
of charge carriers. In such a material, the direction of the spin and the magnetic moment
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of the electrons coincide. Such conditions are met by the semiconductor n-InSb, in which
g = —52, and mobility p is up to 10® cm?/Vs.

An external magnetic field applied to a magnetic SC interacts with electron spins and
divides them into two groups: with a magnetic moment directed along the field (lower
Zeeman level) and opposite to the field (upper Zeeman level). In a two-level system, when
the g-factor of the SC is negative (Figure 2a), the overpopulation of the upper Zeeman level
can be artificially created by the transfer of spin-polarized electrons from the injector (FM
semiconductor) by means of excitation of electrons when an electric field is applied. At the
same time, upon reaching a high concentration of injected spin-polarized electrons, it is
possible to obtain an inverse state and electromagnetic emission with a quantum energy
hv = uggH, tunable by the magnetic field H (up is the Bohr magneton, h is the Planck’s
constant) appears.

It should be noted, typically, that conduction electrons in SCs have a positive g-factor.
The positive sign of the g-factor for a negatively charged particle means that its spin and
magnetic moment are aligned in opposite directions. When a magnetic field is applied in
a two-level system with a positive g-factor (Figure 2b), spin-polarized electrons from the
injector are transferred to the lower energy level of the SC. Therefore, excited transitions in a
semiconductor are only possible with the absorption of external electromagnetic radiation.

Recently, another idea was developed to create a solid-state maser, in which the
generation of microwave radiation can arise due to the injection of electrons from the
spin-nonequilibrium state [54]. Figure 3 shows a schematic representation of the structure,
explaining the principle of operation of such a maser. The structure consists of FM and
paramagnetic (PM) layers, which are separated from each other by an insulator tunnel
barrier, for example, an aluminum or magnesium oxide. The FM layer acts as a spin
polarizer for the electric current, and spin-nonequilibrium carriers are injected into the
PM layer. A circular polarized electromagnetic (EM) wave with an angular velocity w
propagates along the Z axis, while the clockwise or counterclockwise magnetic field of the
EM wave rotates in the XY plane, depending on the polarization direction. The injected
spins oriented along the Z axis begin to precess in the magnetic field of the EM wave and,
depending on the direction of the electron spin and the rotation of the magnetic field in the
wave, the absorption or emission of the EM waves can be obtained.

ferromagnet
tunnel barrier

paramagnet

B

Figure 3. Schematic of an electrical spin-injection source for the paramagnetic medium. An electrical
current is driven across the interface between a ferromagnetic layer and the paramagnetic layer
(separated by an oxide tunnel barrier), which causes a spin current Is to flow into the paramagnet.
It is assumed that the static field B is sufficiently strong to saturate the magnetization M of the
ferromagnetic layer normal to the film plane [54].

2.2. Spin Injection Maser

Semiconducting injection lasers revolutionized laser technology, utilizing them in the
form of miniature devices that entered our everyday life, and gave rise to the new research
direction called photonics. The first method for obtaining EM emission induced by the
injection of spin-polarized electrons in a FM/SC heterostructure was presented by the
Institute of Metal Physics UB of RAS, Russia [30,55]. The principle of operation of the
spin-injection maser and its technical characteristics are described in detail in [56,57]. The
authors showed that the most convenient materials for use as spin polarizers are magnetic
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SCs, for example, EuOg 9sGd 020 (T = 130 K), n- and p-type HgCrySey (Tc = 120-130 K),
LaggBag,MnO; (T¢ = 280 K), LaggSrgoMnOj3 (T = 308 K) [3,30,31,58-60] and Heusler
alloys CopoMnSn (T¢ = 826 K), NipMnSn (T¢ = 340 K) and Co,MnSb (Tc =478 K) [32,61]. A
single crystal of n-InSb was used as a SC layer, which has high mobility of charge carriers, a
long spin-lattice relaxation time of conduction electrons and an anomalously high absolute
value of the negative g-factor of charge carriers. Figure 4 shows the real spin-injection
maser device and the picture of a contact structure p-HgCr,Se4 /n-InSb, which does not
exceed 2 x 2 mm? (inset of Figure 4a).

O=0 1

(a) (b)

Figure 4. (a) Photo of the spin-injection maser with a control unit. Inset: the contact structure of
p-HgCrySes /n-InSb, (b) dependence of radiation power P of the maser on temperature for various
contact structures: 1—Co,MnSb /n-InSb in the field of 6 kOe and current I =2 A; 2—Co,MnSn/n-InSb
at H=6.6 kOe and I = 3 A; 3—p-HgCrySes /n-InSb at H = 7.5 kOe and I = 3 A; 4—n-Eug 93Gdg 02O /n-
InSbatH=62kOeand I =2 A.

It was shown that this spin-injection maser can generate EM radiation with a power
of 6-75 mW /A in the frequency range from 30 to 1500 GHz and the temperature range
up to 180 K. Figure 4b demonstrates the working temperature range for various FM/SC
contact structures, which is determined by the temperature of the magnetic ordering of a
ferromagnet. Temperature control of the working elements is necessary for stable operation
of the maser. Other aspects of FM/SC spin current transfer, which open new possibilities
in solid-state electronics, can also be noted, for example, the development of theoretical
aspects of amplifying EM radiation in FM/SC structures using spintronics technologies,
the discovery of spin-polarized luminescence and the creation of a high-frequency diodes
with output characteristics that can be controlled by an external magnetic field [38,62-64].

2.3. Amplification of Spin Waves by Drifting Charge Carriers

The coexistence of interacting subsystems of charge carriers and spin waves in a
magnetic SC can lead to heating of the magnon subsystem by hot current carriers [65-67]
and, as a result, to amplification of spin waves by drifting charge carriers. Electrons are
heated in electric fields under FMR conditions. The electron energy received from the field
is transferred to phonons and magnons. For spintronics, the effect of the amplification
of spin waves by drifting charge carriers is very important. The possibility of control of
the attenuation of spin waves by a flow of charged particles was theoretically predicted
in [68] under the conditions of Cherenkov synchronism—the drift velocity of charge carriers
exceeds the phase velocity of spin waves. A necessary condition for the amplification of spin
waves is the presence of a material with low attenuation of spin waves and high mobility
of charge carriers. The first few attempts to amplify spin waves in YIG-semiconductor-
based layered structures failed, because even in such perfect structures the conditions of
Cherenkov synchronism could not be reached yet. The amplification of spin waves in
magnetic SCs, such as HgCr,Se, with a charge carrier mobility of ~10% cm? /(Vs), became
possible due to the low phase velocity of 10°~10° cm/s of excited spin waves, which are
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2-3 orders of magnitude slower than those in the YIG-layered structures [69-71]. Spin
waves in HgCr,Sey were excited by longitudinal and transverse pumping with microwave
radiation at a frequency of 9.4 GHz and a power of 5 kW. Figure 5 shows a multiple decrease
in the attenuation of spin waves obtained in an n-HgCr,Se, single crystal when a pulsed
electric field with a duration of 2 ps and frequency of 16 Hz was applied at T = 77 K.

3 T T T T
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Figure 5. Spin-wave attenuation versus electric field for wavevector k = 9.2 x 10° cm™! (1),
k=6.3 x 10° cm~! (2) taken at temperatures below 80 K. Dots are experimental results; solid lines
are modelling.

The effect is sensitive to the mutual orientation of the magnetic and electric fields. For
example, it is absent if the electric field is perpendicular to the direction of propagation of
the spin waves. An analysis of a large amount of experimental data made it possible to
draw an important conclusion that the observed amplification of spin waves is due to the
magnetoelectric mechanism inherent only in the magnetic SC, and theoretically predicted
by E. Nagaev in [72].

Besides the drifting charge carriers, other technical solutions for the amplification of
spin waves have also been considered. In particular, a spin-wave amplification based on the
magnetoelectric effect was proposed to create spintronic logic devices in [73]. The device
presents a layered structure consisting of a Si substrate, a magnetostrictive FM thin film, in
which spin waves should propagate, and a piezoelectric layer with a metal gate (Figure 6).
A voltage applied to the metal gate causes mutual deformation of the piezoelectric and
FM layers. Due to the magnetostriction, the anisotropy axis in the FM layer can change
its direction by up to 90 degrees. If the change in the gate voltage is synchronized with
the oscillations of the spin waves, the amplification of the spin waves by several orders
of magnitude become possible. It was assumed that such a structure can increase the
attenuation length of spin waves tenfold, up to several hundred micrometers.

2.4. MR Structures Based on a p-n Junction in Magnetic SC

In relation to the comprehensive development of electronics, there is a huge number
of applied problems associated with the creation of different magnetic devices (e.g., field
indicators, sensors, memory elements, miniature electric motors, etc.) operating on the
magnetoresistance (MR) effect. Magnetoresistance is a relative change in the electrical
resistance of a medium under the influence of an external magnetic field. In the introduction,
it was noted that bulk magnetic SCs can show CMR (depending on the composition it can
reach up to 10°% [6]). However, large values of giant MR can also be obtained in artificially
created nanostructures. In [74,75] an original method for obtaining MR was proposed in
a structure based on a p-n junction in the La;_CayMnO3 and HgCr,Se; magnetic SCs.
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The method is based on changing the contact potential difference, electrical resistance and
the thickness of charge carriers” depleted layers at the interface between p- and n-type
SCs, possessing different Fermi levels, under an application of an external magnetic field.
Two different ways for obtaining the p-n junction in single HgCr,Sey crystals were used:
1—annealing of the single crystals in Hg vapor [58] and 2—replacing of Hg?* ions with
In3* ions [59].

v

Incoming spin waves Outcoming spin waves
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Figure 6. Magnetoelectric element based on a layered structure: FM material (e.g., CoFe, NiFe) and a
piezoelectric layer (e.g., PZT) [73].

Figure 7 shows the principal scheme of this method. There one can see an n-type
magnetic SC layer with a thickness t, and Fermi level E"r grown on the surface of a p-type
magnetic SC with t, and EPg. In the equilibrium state electrons diffuse from the n-region
to the p-region while holes diffuse back into the n-region until the Fermi levels of the SCs
are aligned. At the interface a space charge is formed and a contact potential difference
occurs, which is determined by the difference between the Fermi levels U. = E"g — EPg. The
number of electrons that diffuse from the n- to the p-region on distance d can be estimated
by the value ng = Ucgg/ed, where ¢ is the permittivity and e—the electron charge. The
shaded parts in Figure 7 show d;, and d, depleted layers of SC. Calculations showed that
the common thicknesses of the depleted layer can reach ~1000 lattice constants. As a result,
an intermediate layer with thickness di. = d, + dp becomes less conductive and the current
flow through the p-n junction is diminished.

I U U I H

WLl Ll el el L)
AN

Figure 7. Schematic of structures based on a p-n junction in ferromagnetic SCs. The depleted
layers are shaded. A four-fold contact scheme for measuring electrical and MR in magnetic field H
is applied.

An exceptional feature of magnetic SC is the presence of a giant red shift of the
absorption edge under the action of a magnetic field, and temperature-induced changes
in the band structure [3,7]. At T < T¢, as a consequence of changes in the band structure,
the transport of spin-polarized carriers through the p-n junction will change significantly.
When a magnetic field is applied to the structure, both U, and d;, decrease (Figure 7b),
which leads to an increase in current flow through the p-n junction.

Figure 8 demonstrates a significant difference in the field dependences of the MR for
the homogeneous p- and n-type HgCr;Se4 samples (in the inset) and for the structure based
on a p-n junction in HgCr,Se4 under the same experimental conditions. At T =125K, in
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the structure based on the p-n junction there is a ~50-fold increase in the MR compared to
the data for p-HgCr,Sey.

200}
[ T=125K
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Figure 8. Field dependences of magnetoresistance MR for p-n structure of HgCr,Sey at T = 125 K

~ Tc. The inset shows the field dependences of the MR of the initial crystals of n-HgCr,Ses and
p-HgCrSey.

It was also assumed that such p-n junction structures can also be created by using
other magnetic SCs, such as EuO, EuSe and CdCr;Se4. For example, a diode was created
based on a p-n junction in thin-films manganites with CMR [76]. At room temperature, i.e.,
in the semiconducting regime, it was shown to exhibit asymmetric current-voltage (I-V).
The observed asymmetry in the I-V characteristics disappeared at low temperatures where
both the manganite layers are metallic. Therefore, using the polaronic semiconducting
regime of doped manganites a thin-film p—n diode can be constructed [76].

2.5. Magnetic SC with Tunnel Injection of Spin-Polarized Electrons

Besides the CMR effect in bulk magnetic SCs, there are many other mechanisms
for obtaining large values for MR. For example, magnetoresistance associated with the
tunneling of spin-polarized electrons through the crystallite boundaries was observed in
polycrystalline and nanocrystalline manganites [6—8,44—48]. The tunneling MR in man-
ganites appears below the Curie temperature and grows exponentially as the temperature
drops to 0 K in contrast to the CMR, which is maximum only near Tc. While CMR has an
almost linear dependence on a magnetic field of up to 1 T, the tunneling MR in manganites
is highly sensitive and saturates in low magnetic fields. It is obvious to assume that the
combination of these two phenomena could extend the temperature range of existent MR
effect in manganites. There are different methods for fabrication of magnetic nanostructures.
Recently an important technology was developed for producing thin epitaxial films of
magnetic SC with a variant structure, in which tunneling and colossal MR coexist and
reach high values in a wide temperature range [77]. Unlike polycrystals with randomly dis-
tributed crystallites, these films are formed by nanosized structural domains with strictly
defined angular boundaries, the set of which does not change over the film thickness.
CMR in such nanostructured films is associated with a change in resistance under the
action of a magnetic field inside highly conductive structural domains while tunneling
MR is associated with a change in the concentration of spin-polarized electrons tunneling
through weakly conductive boundaries of structural domains. It was established that in
the Lap gAgp1MnOj films spin-polarization of electrons reached ~0.5 [78]. High values of
the effects in manganite films nanostructured by the epitaxial in-plane variants, such as
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positive TMR in low fields, negative TMR at low temperature in higher fields and CMR
near room temperature, can be used in various technical applications.

In a large number of works it was shown that CMR in A;_BxMnO3-doped manganites
(A =La, Pr, Nd, Sm; B = Sr, Pr, Ca, Na, Ag, K, etc.) has a high-frequency response in the
infrared region of the spectrum predominantly associated with the interaction of light with
both localized and delocalized charge carriers [79-81]. It appears as a magnetotransmission
effect (MT) which is defined as—a relative change in the intensity of light transmitted by a
sample under the action of an external magnetic field. Magnetotransmission is determined
by the volume of FM phase, type and level of doping, sample thickness, the mechanical
stresses and the interface phenomena in thin films [30,78-82]. It was shown that because
of the quasi-local character of the MT (different optical responses from conducting and
non-conducting areas) that the MT measurements are a good tool for studying the phase
separation process and magnetic and charge inhomogeneity in CMR manganites [81,82].
The authors of [83] demonstrated that the nanoscale phase-separated manganites can be
treated as natural metamaterials and peculiarities in their optical properties and MT and
MR( spectra can be connected with localized collective volume plasmon resonances at the
metal-insulator interface.

Later, a contactless method for separating the contributions of CMR and tunneling
MR in manganite films with the variant structure was proposed in [78,84]. The technique
is based on a comparative analysis of the temperature dependences of MR and magne-
totransmission of natural (non-polarized) light in the IR spectral range. As an example,
Figure 9 shows the temperature dependences of MR and MT for LapgAgp1MnOj; films
with the variant structure. An important fact is the presence of both the low-temperature
“butterfly-like” hysteresis of MR associated with the tunneling of spin-polarized electrons
(Figure 9) and MO response in the form of tunneling MT effect. The results of the study
of nanostructured manganite films with high MR and MO effects in a wide temperature
range can be used for creating various opto-spintronic devices.

-10} 4

MR (%)

100 150 200
T (K)

250

Figure 9. Temperature dependences of the magnetoresistance MR (left axis, square symbols) and
the magnetotransmission MT (right axis, circle symbols,) at wavelength of 6 um for Lag gAgp 1 MnO3
films in the magnetic field of 8 kOe. The dashed red line is the result of the fitting by function
f=a+b/sqrt(T). Inset: field dependences of MR (left axis) at T =295 K (1) and T = 80 K (2) and MT
(right axis) at T = 295 K (3) and wavelength of 6 um.

The presence of the large MT effect in lanthanum manganites is of great practical
interest for the creation of a wide range of optoelectronic devices. Unfortunately, infrared
MT in manganites only takes place near to Tc. The problem of expanding the tempera-
ture intervals of MR and MT can be solved in different ways, for example, by creating
new functional materials based on thin-film heterostructures consisting of layers with
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different Tc. Figure 10 demonstrates the temperature dependences of the MT and MR for
the Smy 55519 45sMNnO3-Nd( 55510 4sMnO3 heterostructure [85]. An important result is the
appearance of a contribution of an interface layer of intermediate composition in the optical
and electrical properties of the heterostructure. It is worth noting that the magnitude of the
MT and MR in the interface layer with thickness ~10 nm was comparable to the magnitude
of the effects in single layer films.

2.0
C
2 ( )

11.5
=
'1 0 —
S

1 \-0.5

L L L 0.0

100 200 300
T(K)

Figure 10. Temperature dependences of the absolute value of (a) the colossal MR and (b) magne-
totransmission MT at wavelength of 3 um for the Smg 55510 45sMnO3-Nd( 55519 4sMnOj3 thin-film
heterostructure in the magnetic field of 8 kOe. The dashed lines are the Gaussian fitting for each
thin-film layer and the interface, the solid red line is the result of the fitting; (c) temperature de-
pendences of the absolute value of MT for the single-layer Lag7Srg3sMnOj film (1) and thin-film
CoFey0Oy4/Lay 7Srg 3MnOj3 heterostructure (2) at wavelength of 6 pm in the magnetic field of 8 kOe.

The processes of tunneling of spin-polarized electrons through an interface in het-
erostructures and its manifestation in magnetotransport and MO properties were also con-
sidered in La2/3Ca1/3MnO3 /La2/3Sr1/3MnO3 and La2/3Ca1/3MnO3 /SI'TiOg, /La2/38r1/3MnO3
manganite thin-film heterostructures [86]. It was shown that the presence of a 2-nm-thick
SrTiO; barrier layer does not affect the shape and position of the MT maximum in a mag-
netic field applied perpendicularly to the heterostructure surface. At the same time, the
barrier leads to an increase in MR and to the extra contribution in MT from the lower layer
due to the tunneling of spin-polarized current carriers through the barrier.

The presence of two or more layers with different magnetic permeabilities leads to
biasing of a layer with a lower T¢ and to gain the magnitude of control of magnetic fields.
For example, in [46,87] the enhancement of the effects of MR and MT was demonstrated in
Lag 7519 3MnQOs / ferrite heterostructures (ferrite-spinel—CoFe;O4, MnFe, Oy, NdsFe;015,
(Ndo75Lag25)3Fes01y, etc.). The gain in the magnetic field obtained in these heterostruc-
tures was ~40% (Figure 10c). A tenfold gain in the magnitude of controlled magnetic
fields was also obtained in the (Lag 25Pr0.75)0.7Ca03MnO3 / YBa;Cu3 Oy y heterostructure
due to the concentration (amplification) of the magnetic flux in a window (hole) in a
high-temperature superconductor layer [88].

Therefore, new functional materials based on manganites with improved character-
istics can be obtained in various ways. Based on the MO and MR effects described in
this section, working layouts of various optoelectronic devices can be created. A brief
description of some of them will be given below.
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2.6. Spin Valve Structures

A spin valve is a device in which the current of spin-polarized carriers appears when
an external magnetic field is applied. Often many such devices work as a diode or a spin
switch. The scheme of a spin valve based on a magnetic SC thin-film structure is shown in
Figure 11. The device operates on the basis of tunneling spin-polarized charge carriers from
a ferromagnetic La;_4AgMnOj through a high-resistance barrier layer (an insulator or a
high-resistance ferromagnetic or non-magnetic SC, for example, Ag,O, NiFe;O4, x-Fe;O3)
into a metal (e.g., NiFe film). The field dependence of the MR in Figure 11 demonstrates a
sharp change (~17%) in the electrical resistance of the structure when a magnetic field as
small as 50 Oe is applied at T = 77 K, i.e., fulfillment of the spin valve condition [89]. At
room temperature the MR is about 3%.

Current leads 30

Ni-Fefilm c 77K

=B - - RN - —

-MR(%)

Potential leads

T L} T
b -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
Fe-Ni alloy

Insulator HT
reaction layer La, ,Ag,MnO,film

Cross-section

Figure 11. Schematic representation of the spin valve: (a) top view, (b) cross-sectional view, (c) field
dependence of the magnetoresistance MR of the spin valve [89].

At present, new magnetoelectric materials such as multiferroics are being intensively
studied. These functional materials suggest a different approach to spintronics, excluding
the use of spin currents [90-92]. Since multiferroics are magnetoelectric materials, they can
be used to convert magnetization into electrical voltage and vice versa. Particular attention
is paid to magnetic SC films of BiFeO3, in which switching of antiferromagnetic domains
under the action of an electric field has been found [90]. The external electric field causes the
electric polarization to switch from one crystallographic direction to another, which leads to
a switch in the direction of the sublattice magnetizations via the coupling of the electric and
magnetic subsystems of the multiferroic. A model of a thin-film spin switch is schematically
shown in Figure 12. The magnetic moment associated with the antiferromagnetic order
of BiFeOj; is small (~5 Oe, a weak FM due to the canting of antiferromagnetic sublattices).
However, it can be applied to switch the magnetization of a FM layer after the deposition
of an additional FM layer. Such a spin switch is proposed to be used as an element of
random-access magnetic memory, combining the speed of SC electronics with the non-
volatility of magnetic memory. According to a press release from Fujitsu, they created
a composite based on BiFeO3, which can increase the amount of stored information by
5 times compared to previous generations of FeRAM (ferroelectric random access memory)
using PZT ceramic (Pb(Zr,Ti)O3). The review of the physical properties of multiferroics and
their potential for practical purposes, including spintronics, is given in [91] and references
therein. For example, a display of modulators based on the Faraday effect in multiferroics
was created [92].
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Figure 12. A schematic model of a spin switch.

2.7. Amplitude Modulation of Light

A modulator of EM radiation is a device with transparency controlled by an external
influence. For example, it can demonstrate a periodic or non-periodic change in the intensity
of visible or infrared radiation under the influence of a magnetic field [27-29,31,93]. Initially,
an amplitude modulator working in the range from 1.5 to 11 um was created based on the
effect of MT of unpolarized light in a thin LaggyNag 1sMnOs film [31]. Such a modulator
could operate in a narrow temperature range near room temperature (Figure 13).
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Figure 13. Temperature dependencies of the absolute value of magnetotransmission MT (left
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axis, red symbols) and modulation depth m (right axis, blue symbols) of a modulator based on
Lag g2Nag 1sMnO;s film in a magnetic field of 8 kOe and wavelength of 8.8 um. The inset shows the
field dependence of m at T = 303 K in a constant field (solid line) and in an alternating magnetic
field (circles).

The inset shows the field dependence of the MT and modulation depth m = (Iax —
Lyin)/ (Lnax + Luin) = g — Io)/ (Ig + Ip), where I, and I,,,;,, are the maximum and minimum
intensity of the radiation transmitted through the MO element. The MT is an even effect
and as a consequence the modulated light has a frequency equal to twice the frequency
of an alternating magnetic field source. It was shown that in the Lag yCap3MnOj film the
modulation depth reaches ~15% (MT~30%) at a temperature close to 0 °C and ~5% at
T =310 K and H = 4 kOe for Lag g5Bag 35sMnQOj3 films, while in the Lag 35Prj35Cag3MnO;3
film the value of m~25% (MT~50%) at T = 175 K in H = 8 kOe [29-31,94,95]. The demand
for thermostabilizing of the MO element significantly complicates the design and energy
consumption of the device.
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Figure 14 shows the principal scheme of a modulator of IR radiation based on the MT
effect in manganites and the picture of the prototype of the IR modulator embedded with a
thermal stabilization system. It can be seen that it is quite simple. An important feature of
the modulator is the absence of polarizers, which are traditional elements for many MO
devices: modulators, bandpass filters, etc.
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Figure 14. (a) The principal scheme of the modulator of IR radiation: 1—a MO element, 2—a source
of permanent or alternating magnetic field H. Arrows indicate an incident light upon the sample,
reflected and transmitted modulated radiation; (b) a prototype of the IR radiation modulator based
on the effect of MT in a manganite film: black cylinder with center hole is a magnetic field source with
MO element inside, blue plate with electrical contacts is a thermal stabilization system with controller.

The weak temperature dependence of the MR and MT in heterostructures consisting of
layers with different Tc made it possible to create a modulator working without a thermal
stabilization system in a wide temperature range [96]. The biasing of FM layers in the
manganite/ferrite heterostructures can increase due to the magnitude of the controlled
magnetic field in the IR modulator.

The aforementioned MO device is based on the effect of MT of light in lanthanum
manganites with CMR. However, besides MT a giant magnetoreflection (MRf) of natural
light can also be observed in manganites. As a result, being non-gyrotropic phenomena,
MT and MRf lead to creating thin-film devices in which both the absorption and reflection
of light can be changed simultaneously in a wide spectral range under the action of either
temperature, magnetic, electric fields or in combination [97,98].

Implementation of the simultaneous controlling of the intensity of reflected and
transmitted light is possible only using thin-film structures. The proposed approach has
some advantages over the separate control of the reflected and transmitted light. It allows:
(i) increasing the reliability of the optical signal processing; (ii) improving the noise stability
of the optical system and (iii) extending the spectral and temperature range while saving
on the size of a working optoelectronic device.

It should also be noted that manganite films exhibit noticeable MT and MRf of light
in the fundamental absorption region in the vicinity of the Curie temperature and at low
temperatures [81,95,99]. The obtained values of the effects in the visible spectral range are
less than those observed in the infrared range, but they are several times greater than the
linear MO effects. The physical mechanisms responsible for causing MRf and MT define
the working characteristics of the proposed method of amplitude modulation of light. They
are related to: (i) suppression of the magnetic moment fluctuations of the charge carriers in
the vicinity of the magnetic phase transition and (ii) field-induced changes of tunneling
(scattering) of spin-polarized charge carriers.

Therefore, this aforementioned approach of simultaneous controlling of the intensity of
reflected and transmitted light in manganites was shown to be applicable in the wide visible
and IR spectral ranges from 0.3 to 21 pm (4.1-0.06 eV), the temperature range from liquid
helium temperatures to 360 K and in magnetic fields of a few kOe (~10° A/m) (see Table 1
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for examples). This simple scheme of light modulation is very promising because there
is no need for using any light analyzers and polarizers in optical circuits. Another more
important parameter is the speed of response in the proposed method of light modulation,
which is limited by the technical characteristics of a magnetic flux source, detector, light
source, etc. It was shown that MT in manganites in alternating fields has the same values as
in the constant field at the frequencies up to w = 1 kHz (Figure 13) and the frequency limit
range can attain a few GHz [31,93,96]. Recently it was also demonstrated that the speed
of MO response of magnetic SCs can be increased up to 10'°> Hz if short-pulsed lasers are
used as a radiation source [98,100-102].

Table 1. The absolute values of magnetotransmission (MT) at wavelength 6 um (0.2 eV) and colossal
magnetoresistance (CMR), and the Curie temperature (T¢) for doped manganite films in magnetic
field H = 7.5 kOe.

Film MT, % CMR, % Tc, K
Lag 7Cap3MnO; 25 33 259
(Lag 75Prg 25)0.7Cag 3MnO3 25 45 214
(Lag 5Pr5)0.7Cag3MnO3 23 60 179
(La0.25Pr0,75)0‘7Ca0'3MnO3 4 21 79
Lag 67519.33MnO; 6 8 356
Lag ¢7Bag 33MnO3 10 25 306
LapgAgo1MnOs, 5 11 8 301
Lap g5Ag0.15MnO3 9 17 316
Lag 82K0.18MnO3, 5 6 19 280

MO devices based on manganites can also operate with linearly polarized light in
the visible region at A < 0.8 pm (E = 1.55 eV). For example, a large Faraday effect was
found for thin films of Sr-doped manganites in the visible range [103]. Moreover, controlled
transponders and matrices of modulators are currently being actively developed based
on the Faraday effect in garnet-ferrites, the so-called spatial MO modulators (MOSLM—
magneto-optical spatial light modulator). For example, the size of the real display-matrix
of 20 x 20 elements is 100 x 100 x 5 pm?3 [104-106].

2.8. Optical Branch of Straintronics: Strain-Magnetooptics

Recently, a new branch of spintronics, straintronics, has emerged, studying the effect
of elastic distortions caused by external fields on the physical properties of various objects,
including materials with a magnetic order, e.g., magnetic SCs [107]. Optical reflection and
absorption in magnetics are sensitive to magnetic field and mechanical deformation. This
sensitivity is exploited in many devices.

Though MO phenomena associated with magnetoelastic interactions in magnetic
SCs are well known, the detailed study of the correlation between magnetostriction and
magnetoabsorption of natural light in ferrite spinel (e.g., CoFe;O4) in the IR spectral range
has only recently been completed [108,109]. It was shown that the strain-induced MO
properties of CoFe,O4 manifest themselves as a correlation of the field dependences of
magnetostriction, magnetoreflection and magnetoabsorption (Figure 15).

These effects reach large values in the IR range (~5% in H~3.5 kOe at room tem-
perature) and are ascribed to the sensitivity of the fundamental absorption edge and
impurity absorption bands to the strain and distortions of the crystal lattice [110,111]. A
close interplay between MO and magnetoelastic properties in ferrite spinel materials with
anomalously strong magnetostriction indicates that such compounds should be considered
a special class of optical materials, and in the corresponding field of magnetooptics can be
classified as strain-magnetooptics [109]. Strain-magnetooptics is promising for creating new
spintronic devices based on magnetic SCs, e.g., polarization-independent IR modulators.
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Figure 15. Magnetic field dependences of (a) linear magnetostriction (Al/[)1pp; (b) magnetoreflection
MRYf; (c) magnetotransmission MT and (d) magnetoabsorption of light MAbs of the CoFe,O4 single
crystal for orientation of magnetic field HI |[100] at wavelength of 2.7 um and T = 295 K.

2.9. A “Magnetic Lens”"—Manganite/HTSC Heterostructure

A new original method of reducing the driven magnetic fields in MO devices was
presented in [88]. In Figure 16 a scheme is shown of so-called “magnetic lens” based
on a thin-film manganite/HTSC heterostructure. The “magnetic lens” includes a layer
of manganite (Lag 25Pr¢ 75)07Cag3MnO3 grown on an insulator single crystal perovskite
substrate with a YBa;Cu3Oy7_y layer on the top. The former has a 2 mm in diameter hole in
the middle of the HTSC film. The effective Curie temperature of the manganite layer and,
consequently, the temperature of the maximum MT in the manganite is chosen to be close
to the critical temperature of the HTSC. The HTSC layer plays the crucial role of a magnetic
flux concentrator or “magnetic lens”.

The field dependence of MT in the manganite/HTSC heterostructure demonstrates
the same value of the effect as in (Lag 25Pr( 75)0.7Cap3MnOj3 single layer manganite film
but in lower magnetic fields under the same conditions (Figure 16). The decrease in the
magnetic field for the heterostructure is due to the expulsion of magnetic flux lines from
the HTSC into the manganite in the region of the hole in the HTSC. Therefore, there is a
concentration of the magnetic flux, i.e., field amplification, the effect of the “magnetic lens”.
Therefore, the (Lag 25Pr0.75)0.7Ca0.3MnO3/YBa;CuzO7_y, heterostructure with a window in
the HTSC layer can be applied for the creation of contactless optoelectronic devices with
lower operating magnetic fields.
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Figure 16.  Field dependence of magnetotransmission MT at wavelength of 3.4 um

and T = 67 K for SL—(Lag5Prg75)07CapsMnO; single layer film; Het—heterostructure
(Lag25Pr0.75)0.7Cap3MnO3 / YBa;CuzOy . Inset: schematic representation of the prototype of mag-
netic lens based on the (Lag 25Pr(.75)0.7Ca03MnO3 / YBaCuzO7_y heterostructure. The arrow shows
the direction of the external magnetic field H.

3. Nanocrystalline Magnetic Semiconductors—New Functional Materials
for Spintronics

Nanocrystalline magnetic SCs are of interest both for fundamental problems of con-
densed matter physics and for practical applications, due to the appearance of new prop-
erties, when the particle size of a SC is reduced to the nanometer scale [112-114]. For the
past decade the development of magnetic materials, particularly manganites and ferrites in
nano-form, has undergone a fast evolutionary growth as strategic materials in spintron-
ics and sensor applications [115-118]. At the same time, the concentration of defects in
nanomaterials is much higher than in equilibrium single or polycrystals. This factor also
significantly determines the properties of nanomaterials, transforming nanosized magnetic
SCs into multifunctional materials. The features and the possibility of using nanosized
ferromagnetic SCs as functional materials are well studied. Meanwhile, similar features are
also manifested in nanosized antiferromagnetic SCs. For example, the presence of linear
dichroism (~50%) allows for the use of antiferromagnetic semiconductor CuO as polarizers
of infrared radiation [119]. Electron-field emission in CuO nanofibers is recommended
for use in displays [120]. Irradiated nanocrystalline CuO oxides can accelerate reaction-
catalytic effects in the production, for example, of alcohols. Moreover, the synthesis rate,
for example, of copper phthalocyanine, can be controlled by a magnetic field at room
temperature [121,122]. Nanocrystalline CuO is used in electronics as a buffer layer in
complex thin-film electronic nanodevices [63]. Moreover, it can enhance an electrochemical
activity, which is promising for use as electrodes in lithium current sources [123] and as an
analyzer of carbon dioxide concentration [124]. However, there are problems in obtaining
high-quality optically transparent SC nanomaterials of various types (powder, ceramic,
fiber, and film).

3.1. High-Density Magneto-Optical Nanoceramics

For creating ceramics from a nanocrystalline material, important conditions are the
preservation of the composition and size of compacted particles. Since magnetic SCs
are multicomponent compounds, the production of high-density nanoceramics is rather
complicated. To create nanoceramics, dynamic and static loading methods for obtaining
high-density bulk nanomaterials are used. Static loading refers to the method of severe
plastic deformation—shearing under pressure of at least 8 GPa. In this method, the number
of distortions is determined not only by the applied high static pressure, but also by the
angle of rotation of the anvils. For the creation of nanoceramics based on magnetic SCs,
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special high-pressure chambers were developed [125,126]. For example, using the static
deformation method, LaMnOQO3,, nanoceramics with a density of 99% and grain sizes
close to those of a nanopowder can be obtained [127]. It was also found that at high
degrees of deformation and small crystallite sizes, the magnitude of micro-deformations in
nanoceramics decreases, which may be due to more efficient relaxation of lattice stresses by
grain boundary sliding with a decrease in crystallite size.

Dynamic loading refers to the method of explosive action on a low-density (polycrys-
talline powder compact) coarse-grained material made of a magnetic SC by spherically
converging shock waves, as well as pressing axially-symmetric workpieces under the
action of an explosion [67,128]. When exposed to spherically converging shock waves, the
material is placed in a spherical steel hermetic case, in which, at the moment of a spherical
explosion, the material is simultaneously compressed in all ways and a nanostructure is
formed. During explosive pressing of axially-symmetric workpieces, the material is placed
in a steel cylinder, in which, at the moment of explosion, the detonation wave propagates
along the generatrix axis. The integrity of specially designed metal covers is not violated,
which protects the resulting nanoceramics from contamination. The created nanoceramics
show high temperature- and time-stability. As a result, the advantage of the developed
methods is the ease of implementation, the combination of the creation of a nanostructure
and material compaction in a single process, the production of high-density (~99%) stable
nanosized materials and the absence of external contaminants. The results can be used
for obtaining nanoceramics from a wide range of materials. Some fragments of real SC
nanoceramics prepared by various methods are shown in Figure 17. It can be seen that the
described methods allow obtaining dense nanomaterials of quite large geometrical sizes.

Figure 17. High-density nanoceramics obtained (1) by the method of spherically converging shock
waves (CuO); (2) by the method of cylindrical explosive loading (LaMnOg,y); (3) by the method of
static pressure with shear (Y3zFe5017).

The promising technological process for creating high-quality dense nanoceramics of
magnetic SC based on binary and even ternary compounds, such as CuO, Cuy;O, Mn3Oy,
ZrO,, ZnSe, LaMnOg,y, FeBO3, Y3Fes01y, etc., has been developed at the Institute of
Metal Physics UB of RAS, Russia. The average particle size varies from 10 to 100 nm.
The crystal structure, microstructure, imperfection, microhardness, magnetic, optical and
other properties of the obtained nanomaterials have been studied in [129-134]. It has been
established that the specific defectiveness of nanoceramics of magnetic oxides is ascribed
to either the high concentration of oxygen vacancies, their agglomerates concentrated at
the boundaries of crystallites or both, which determines (along with the nanostructure)
the nonequilibrium nature of nanoceramics and the features of their mechano-chemical
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properties. For example, anomalies in the magnetic properties, a decrease of the forbidden
band gap and a negative thermal expansion for nanoceramics were found.

In the creation of new functional nanomaterials, the production of transparent nanoce-
ramics is very important. The aforementioned techniques made it possible to create trans-
parent nanoceramics with a high Faraday effect, i.e., the rotation of the plane of polarization
of linearly polarized light passing through nanoceramics under the influence of an external
magnetic field.

3.2. Nanocrystalline Y3Fe5;01, as a New Magneto-Optical Material

An optically transparent high-density (density 99.6%) Y3Fe501, (YIG) nanoceramic
(Figure 17) was obtained by means of a sheared static pressure of ~50 GPa. The authors
of [135,136] showed that the absorption coefficient of nanoceramic Y3FesO1; in the trans-
parency window is below 50 cm™. It is mainly due to light scattering by crystallites
and varies slightly with reduction of grain size. As the degree of deformation of YIG
nanoceramics increases, the concentration of defects changes and the magnitude of micro-
deformations decreases. However, these factors have only little effect on the absorption
coefficient in the transparency window. Figure 18 shows that the value of the Faraday
rotation for nanoceramics of YIG is only 1.5 times less than that for the YIG single crystals
and exceeds 50 deg/cm. It is important that as the grain size decreases, the Faraday effect
increases, and then, starting from a grain size of 21 nm, the effect decreases again. The
observed increase of the Faraday effect in nanosized magnetic SCs was theoretically ex-
plained in [137]. It was shown that electric dipole transitions in clusters of mixed valences
of 3d ions in nanosized magnetic materials with the structure of perovskite and garnet
can lead to a resonant enhancement of the MO activity in the limited area of deformations.
Finally, transparent high-density nanoceramics based on magnetic SCs can be widely used
for creation of various high-frequency and microwave sensors and shields and MO devices,
in particular, IR radiation modulators, displays, etc.
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Figure 18. Specific Faraday rotation of nanostructured YIG samples with different crystallite sizes,
SC-YIG single crystal.

3.3. Nanocrystalline CuO as a Material for Selective Solar Energy Absorbers

In relation to the problem of energy saving, great interest has arisen in alternative green
energy sources, in particular, in selective absorbers of EM radiation and thermal converters
of solar energy with coatings based on selective absorbers [138]. A selective solar energy
absorber must meet certain requirements. For example, it should have a large absorption
coefficient and a low reflection coefficient in the spectral range of solar radiation—in the
energy range E > 0.5 eV. On the other hand, the absorber should have low electromagnetic
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energy emission or high reflectance at E < 0.5 eV. In other words, a selective absorber must
absorb the energy of the radiation source as efficiently as possible but minimally re-emit
it back into the atmosphere in the IR region of the spectrum. It was shown that copper
oxides [139-141] can be used as selective absorbers in solar energy collectors with working
temperatures up to T~500 °C. However, these materials do not meet the above conditions
well, since they have a large forbidden gap. The authors of [142,143] demonstrated that this
problem can be solved by changing the absorption spectrum of CuO practically without
changing the refractive index when the copper oxide is transferred to the nanocrystalline
state. Figure 19 shows the optical density (absorption) spectra for CuO single-crystal,
nanopowder and nanoceramic, respectively.

Optical density (a.u.)

00 05 1.0 15 20 25 30
Energy (eV)

Figure 19. Optical density spectra of CuO samples at T = 295 K: SC—single crystal, NP—nanopowder,
NC—nanoceramics.

The reasons for such strong changes in the spectra of CuO nanopowders and nanoce-
ramics in the region of the main fundamental absorption edge were associated with a high
level of defects and micro-deformations as well as with the behavior of strongly correlated
materials in the nanocrystalline state. In CuO nanoceramics the observed energy changes
that result in a significant decrease in the effective high-energy edge of the transparency
window from 1.5 to 0.5 eV are the most pronounced [112,113].

It is necessary to note that there are many other directions in the development of
technologies for obtaining nanoceramics and nanocomposites based on magnetic SCs and
their possible applications in spintronics, nanophotonics, biology and medicine [144-148].

4. THz Magnetooptics in Magnetic Semiconductors

Today, the field of ultrafast magneto-optics is an important link between spintron-
ics and ultrafast magnetism, which is necessary for understanding and controlling the
processes of relaxation in the electronic, spin and lattice subsystems of a magnetic. The
development of spintronics requires new materials with ultrafast spin transport at terahertz
(THz) frequencies. Yet being underestimated, magnetic SCs can be one of the promising
materials [149,150]. For example, chromium spinels have high charge carrier mobility, large
infrared MO effects, high spin polarization level and numerous applied applications [151].
Recently the effects of magnetic linear birefringence and dichroism were observed in spinel
crystals of Hgp 92Cdg02CrySey in the frequency range 0.5-2.5 THz at temperatures below
the magnetic ordering (Figure 20a) [152]. The maximal rotation of the light polarization
plane induced by 1 kOe magnetic field reached about 4.3 rad/cm and was associated with
a high-frequency response to the DC anisotropic MR in spinel. A large effect of magnetic
field and temperature on the optical transmissivity of magnetic SCs in the proximity of
a magnetic phase transition, is one of the manifestations of the spin-charge correlations.
Employing a time-resolved pump-and-probe technique, the authors of [153] enabled de-
termining of the lifetime of the electrons in the excited state of optical transitions. In the
temperature range from 7 to 80 K, below Tc, it varied from 3 to 6 ps (Figure 20b). There was
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also shown that the observed dependencies of the absorption spectrum and the lifetime of
the electrons on the magnetic field and temperature qualitatively agree with the behavior
expected for a weakly bound exciton coupled to the magnetic order.
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Figure 20. (a) Spectra of the magnetization-induced rotation and ellipticity of the transmitted THz
radiation for Hgp 9oCdp 02CrSey single crystal at T = 40 K and 1 kOe applied field. The solid lines
are linear fits used for guiding the eye [152]. (b)The temporal profile of the absorption of light
in HgCr,Sey single crystal at energy 0.23 eV (5.4 um) and T = 10 K with and without an external
magnetic field.

The femtosecond laser-pulse-induced oscillations of the magneto-optical Faraday
rotation were considered in the FM semiconductor CdCr,Ses. Two different mechanisms
of photoinduced spin dynamics were assigned to the laser-induced heating and optical
excitation of coherent spin oscillations having ~ns and ~ps relaxation processes, respec-
tively [154]. Therefore, chromium spinel can be applied for studying various ultrafast
phenomena in the wide spectral range from visible to THz frequencies. Detection of spin
dynamics in magnetic SCs at times in the order of 10~12-10~15 s can significantly expand
the functionality of IR and THz optoelectronic devices [100-102].

5. Conclusions

This review focuses on some advances towards the spintronic applications of magnetic
semiconductors in the past two to three decades, during which experimental progress has
been extraordinary. From the various aspects of spintronics, it presents ones devoted to
the creation of new functional materials based on magnetic semiconductors and demon-
strates the physical principles for solving some technical problems for creating various
optoelectronic devices. Much attention is paid to the features of the physical properties of
thin-film structures based on magnetic semiconductors. The possibility of practical use of
such structures for creating the maser, p-n junctions with CMR, spin valves, magnetic lens
and IR radiation modulators is demonstrated. Particular attention is paid to the methods
of obtaining high-density transparent semiconducting nanoceramics. It is presented that
nanoceramics can also be used as the solar energy absorber, IR radiation modulators, etc.
It is also shown that THz magneto-optical phenomena and ultrafast spin dynamics in
magnetic semiconductors are beneficial to the intensively developing fields of spintronics—
ultrafast magnetooptics and magnetophotonics—and provide insight into the fundamental
process of exchange between electron, phonon, and magnon subsystems in magnetics.

Nowadays, functional materials based on magnetic semiconductors are widely used
for extending or modifying properties of many spintronic devices. Therefore, the authors
are not able to give a full bibliography on magnetic semiconductors as spintronics materials
in this review. Moreover, there are plenty of reviews that can give general readers more
specific information. Since the authors believe that all the exciting effects in magnetic
semiconductors will sooner or later find their application in spintronics, no comparative
analysis of various technical solutions was also conducted.
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