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The Faraday effect in zinc selenide crystals doped with transition metal impurities has been investigated. It
has been established that magnetic impurities cause the formation of right- and left-handed components of circular
polarisation of radiation due to the interaction of charge carriers with ions of the crystal lattice. In a longitudinal
magnetic field, this leads to the appearance of different spectral components of radiation and the rotation of the
plane of polarisation of light. The dispersion dependencies of the Verdet constant for the studied samples were
determined. It has been shown that doping ZnSe base substrates with Mn and Co impurities leads to the formation
of a paramagnetic state, while Fe impurities cause the appearance of ferromagnetic properties in the material.
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Introduction

Wide-bandgap II-VI compound semiconductors
attract considerable attention from researchers due to their
unique electronic and optical properties, which open up
broad opportunities for the creation of modern
optoelectronic and photonic devices. Among such
materials, zinc selenide (ZnSe) occupies a special place,
characterised by a direct bandgap structure and a large
bandgap width. Thanks to these properties, ZnSe is a
promising material for the manufacture of light-emitting
diodes, laser radiation sources, photodetectors and other
devices operating in the short-wave blue-blue region of
the spectrum [1,2].

It is known that the physical properties of ZnSe can
change significantly due to the introduction of various
impurities. Doping with elements of groups I, III, V, and
VII of the periodic table allows controlling the electrical
and optical characteristics of the material, which is
important for optimising the parameters of semiconductor
devices. Of particular interest is doping with isovalent
impurities, which contributes to increasing the
temperature and radiation stability of the material, as well
as ensuring effective generation-recombination processes
with high quantum efficiency of radiation [3,4].

The doping of ZnSe with transition metal impurities
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is of particular scientific and practical interest. In this case,
so-called diluted magnetic semiconductors can be formed,
which are characterised by strong exchange interactions
between localised magnetic moments of transition metal
ions and charge carriers in the allowed energy zones. Such
interaction significantly affects the electronic structure of
the material and can lead to the emergence of various
magnetic  states diamagnetic, paramagnetic or
ferromagnetic, depending on the type and concentration of
the impurity [5-7]. The study of such materials is
important not only for fundamental semiconductor
physics, but also for the development of new areas of
electronics, in particular magneto-optics and spintronics.
One of the effective methods for studying the
interaction of charge carriers with magnetic impurities is
the analysis of magneto-optical phenomena. Such
phenomena include the Faraday effect, which consists in
the rotation of the polarisation plane of linearly polarised
light as it passes through a substance in a longitudinal
magnetic field. The spectral dependencies of the Verdet
constant, which characterises the amount of rotation of the
polarisation plane, contain important information about
the electronic structure of the material, the nature of
interband and intracentre transitions, as well as the role of
impurity centres and crystal lattice defects in the
formation of the optical and magnetic properties of
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semiconductors [8—12].

Despite a significant number of studies on the
magneto-optical ~ properties of II-VI group
semiconductors, the influence of transition metal
impurities on the formation of the Faraday effect in ZnSe
crystals has not been sufficiently studied. In particular, the
peculiarities of the spectral behaviour of the Verdet
constant and the relationship between the type of magnetic
impurity and the magnetic state of the material require
further study.

In this regard, the aim of this work is to study the
Faraday effect in ZnSe crystals doped with 3d transition
metal impurities (Mn, Fe, Co) and to establish the patterns
of change in their magneto-optical properties.

I. Samples and Experimental Methods

ZnSe plates measuring 4x4x1 mm?, cut from bulk
crystals, served as the base substrates. The latter were
obtained from a melt of stoichiometric composition under
inert gas pressure. These specially unalloyed ZnSe
crystals are characterised by fairly high concentrations
(~10?° cm?) of cationic Vy, and anionic Vs, vacancies,
which are deep acceptors and shallow donors, respectively
[13]. At the same time, at room temperature, the base
substrates have a fairly low electronic conductivity
(0, < 10° Ohm'-cm™). It was determined using a
standard method for this type of research [14].

To obtain ZnSe layers with 3d impurities, the closed-
volume diffusion method was chosen. For this purpose,
after preliminary treatment, the substrates were placed in
a quartz ampoule together with a sample of one of the 3d
elements of semiconductor purity. Their amount was
determined by the condition of saturated vapour formation
at the maximum annealing temperature T;*. Along with
the 3d element, a charge of elemental selenium was also
loaded into the ampoule. Its weight ensured the creation
of excess pressure, which prevents erosion of the substrate
surface. In the experiment, after diffusion, the surface
remains mirror-like, which is important for further optical
studies (without additional processing). It is also
important with this amount of Se to prevent the 3d element
from entering the anion sublattice (Se sublattice). Under
these conditions, the condition for the entry of impurities
into cationic (zinc) nodes is realised, which is a
fundamental condition for the substitution of 3d elements
when doping III-V and II-VI compounds with them [15-
18].

Spectral characteristics were determined using known
methods [19,20]. An MDR-23 diffraction device was used
as a spectral device, and photodetectors ensured reliable
signal registration in the spectral range of 0.82-0.27 pum.

IL.Discussion of the Experimental Results

As is known [14], the Faraday effect consists in the
rotation of the plane of polarisation when linearly
polarised light passes through a substance located in a
longitudinal magnetic field. In the approximation of
classical electron dispersion, this process is caused by the
difference in the phase velocities of light waves of left and
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right circular polarisation as they propagate along the
magnetic field in the material. Accordingly, the angle of
rotation of the plane of polarisation is [21,22]
©=V-H-d, (1)
where H is the magnetic field strength; d is the thickness
of the sample; and V is the Verdet constant, which in turn
depends on the frequency of light and the nature of the
substance.

In the Faraday effect, the magnetic field splits the
energy levels of atoms according to the Zeeman effect,
accompanied by the appearance of new electronic
transitions. In wide-bandgap semiconductors, such
transitions are interband, exciton, and intraband. Impurity
and intrinsic lattice defects also play an important role in
the formation of transitions. The contribution of each of
them is determined by many factors, among which the
most important are the parameters of the material, the
conditions of the experiment (temperature, magnetic field
strength, light wavelength, etc.), the type and
concentration of magnetic impurities. They affect the
nature of the interaction of charge carriers in the allowed
energy zones with the ions of the substance and thus affect
the rotation of the polarisation plane. Accordingly, so-
called semi-magnetic semiconductors [17] are of
particular importance. Their characteristic feature is the
ability, depending on the magnetic component content and
the experimental temperature, to cause the formation of
diamagnetic, paramagnetic or ferromagnetic states.

The Faraday effect in ZnSe is investigated and the
influence of transition metal impurities Mn, Fe, and Co on
the rotation of the polarisation plane is analysed. Fig. 1
shows the spectral dependencies (dispersion curves) of the
Verdet constant, which was calculated using equation (1).
The study of the angle of rotation of the polarisation plane
was carried out at 7=77K and a field strength of
H=10000 V/m with a sample thickness of dy, = 0.1 cm.
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Fig. 1. Spectral dependencies of the Verdet constant
calculated using equation (1).

An increase in the constant Verda with an increase in
the energy of the light quantum is observed for all studied
samples, which is characteristic of the diamagnetic state
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of matter [18,22]. The transition metal impurity is not
distributed throughout the entire volume of the sample,
but, in accordance with the laws of diffusion layer
formation, covers a certain diffusion layer with a thickness
d [15]. Its value is less than the thickness of the studied
sample dj. Accordingly, in order to establish a reliable
spectral dependence of the Verdet constant in doped
samples, it is necessary to determine the difference
between the values of the Verdet constant V' for doped
ZnSe: Me and its value at the same photon energy Aw for
basic ZnSe crystals. The obtained values are shown in
Fig. 2.
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Fig. 2. Spectral dependencies of the Verdet constant.

Characteristic dispersion curves of the Verdet
constant dependence on photon energy V(hiw) are
observed. Their nature is determined by the corresponding
magnetic state of the doped material. It is necessary to note
the shift of the spectral interval, as well as the change in
the sign of the value, namely, a negative value. All
dependencies are characterised by an increase in the
Verdet constant with an increase in the energy of the light
quantum. For the base unalloyed substrate, the V(hw)
dependence is characterised by a nonlinear nature with a
fairly rapid change in the Verdet constant. Such properties
are characteristic of the diamagnetic state of matter.
Doping zinc selenide with Mn and Co impurities brings
them into a paramagnetic state, which is confirmed by a
change in the sign of magnetisation. When alloyed with
Fe, the value of the Verdet constant decreases with an
increase in the energy of the light quantum and the degree
of change in the value of V(Aw)). Such properties are
characteristic of the ferromagnetic state of matter [17,18].

Thus, basic unalloyed ZnSe crystals are typical
materials with diamagnetic properties. Dispersion curves
of the Verdet constant dependence on photon energy
V(hw) are characterised by a nonlinear increase in the
constant with increasing photon energy. Doping basic zinc
selenide substrates with transition metal elements Mn and
Co brings them into a paramagnetic state, and Fe into a
ferromagnetic state. This is evidenced by a change in the
sign of magnetisation. For the ferromagnetic state, a linear
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dependence of magnetisation on photon energy is
observed.

Conclusions

The work experimentally investigates the Faraday
magneto-optical effect in ZnSe crystals doped with 3d
impurities of transition metals Mn, Fe, and Co, and
establishes the peculiarities of the formation of their
magneto-optical properties in comparison with the known
literature data [17,18] for other materials.

1. For the first time, spectral dependencies of the
Verdet constant in a wide range of photon energies at
liquid nitrogen temperature were determined for ZnSe
crystals with diffusion-introduced transition metal
impurities. It has been shown that unalloyed ZnSe crystals
are characterised by a nonlinear dispersion dependence of
the Verdet constant typical for diamagnetic materials, with
its value increasing with increasing photon energy.

2. It has been established that the introduction of
magnetic 3d impurities significantly modifies the
magneto-optical properties of zinc selenide. Mn and Co
doping leads to the formation of a paramagnetic state of
the material, which manifests itself in a change in the
nature of the dispersion dependencies of the Verdet
constant and the appearance of specific features in the
spectral region of the study.

3. It has been shown that doping ZnSe with Fe
impurities causes the formation of a ferromagnetic state in
the diffusion layer, accompanied by a change in the sign
and nature of the spectral dependence of the Verdet
constant. The results obtained indicate the significant role
of exchange interaction between localised magnetic
moments of 3d ions and charge carriers in the formation
of the magneto-optical properties of the material.

4. The established patterns of change in the Verdet
constant depending on the type of magnetic impurity
confirm the possibility of controlling the magnetic state
and magneto-optical parameters of ZnSe crystals by
controlled doping with transition metals.

5. The results obtained expand our understanding of
the mechanisms of magneto-optical effects in
semimagnetic semiconductors based on II-VI compounds
and indicate the promise of using doped ZnSe crystals in
magneto-optical modulators, magnetic field sensors, and
other elements of modern optoelectronics.
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E¢exr @apanes B kpuctanax ZnSe, JeroBaHuX NepexiIHIMU MeTAJIaMuU

Yepuiseyvxuti nayionanvrutl yrisepcumem imeni IOpis ®edvkosuua, m. Yepnisyi, Ykpaina, oksanakinzerska@gmail.com;
2lsano-Dpanxiecvruii HayionanbHull mexuivnull ynisepcumem nagpmu i 2azy, leano-dpankiecok, Ypaina,
tetiana.mazur@nung.edu.ua

Hocnimxeno epexr dapanes B KpucTajax CEJICHITY LUHKY, JIETOBAHUX JOMIIIKaMH HEPEXiAHUX METANiB.
BcTaHOBIIEHO, 110 MAarHITHI JOMIILIKK 3yMOBITIOIOTH ()OpMYBaHHsI IIPaBoi Ta J1iBOi KOMIIOHEHT KOJIOBOT MOJIsIpU3aii
BUNPOMIHIOBAaHHA BHACTIIOK B3a€MOJIl HOCI{B 3apsly 3 10OHaMH KPHCTaJi4HOI IPAaTKU. Y TO3J0BKHBOMY
MarHiTHOMY TIOJi I1¢ MPU3BOAUTH O MOSBU PI3HUX CHEKTPAJIbHUX KOMIIOHEHT BHUIIPOMIHIOBAaHHSA Ta 0OepTaHHA
IUTOIMHM TOJIApH3alii cBiTia. Bu3sHaueHo qucnepciiiHi 3anexxHocTi cranoi Bepae mis mociikyBaHUX 3pasKiB.
IMokazano, mo seryBaHHs 0a30BHX migkIaguHOK ZnSe nomimkamMu Mn i Co mpuBOIuMTH 10 (GopMyBaHHS
IapaMarHiTHOTO CTaHy, TOAI sIK JoMinika Fe 3yMoBmoe nosiBy epoMarHiTHUX BIACTHBOCTEH MaTepiaiy.

KorouoBi cioBa: cenenin nnuky, 3d-nomimkn, epexr Papanes, crana Bepae, MarHiTHi BIacTHBOCTI.
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