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Pulsed laser ablation has been applied for fabrication of ZnxCoxO thin films and nanostructures with a cobalt
content of up to 10%. X-ray diffraction studies indicate that all samples are crystalised in a hexagonal wurtzite
structure with a preferred orientation along the (002) plane. No other peaks corresponding to cobalt clusters or
cobalt oxide were detected. Atomic forse microscopy (AFM) and scanning electron microscopy (SEM) was used
for characterization of obtained samples. The energy bandgap decrease with an increase of Co dopant concentration,
which is due to the exhibition of the s,p—d exchange interaction. In the long-wavelength region of the spectrum the
additional absorption is observed, with are explained in terms of d—d transitions in tetrahedrally coordinated Co?*
ions. In photoluminescence spectra, four main peaks were revealed, which are ascribed to near band gap emission
and nterstitial zinc, oxygen vacancies, and other impurities and defects, not only in the bulk but also on the surfaces
of the investigated samples. Electron paramagnetic resonance studies have confirmed ferromagnetic ordering in
Zn1xCoxO thin films and nanoparticles at room temperatures. One of the most probable mechanisms for the origin
of ferromagnetic ordering is the bound magnetic polaron model.
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Introduction

Oxide-based diluted magnetic semiconductors
(DMSs) have recently attracted significant attention due to
their promising magnetic properties. A key challenge for
the practical application of these materials is achieving
ferromagnetism (FM) at temperatures above room
temperature (RT). Zinc oxide (ZnO), a wide-bandgap
semiconductor with a wurtzite structure
(Eg =~ 3.36 eV), doped with transition metals (TMs), has
been theoretically proposed as a promising DMSs
candidate for spintronic applications operating at room
temperature [1-5].

Among the numerous oxide magnetic nanoparticle
systems (MNPs), considerable attention is paid to zinc
oxide MNPs doped with cobalt ions. Such interest is
primarily due to the manifestation of ferromagnetic
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properties at temperatures close to room temperature and
the prospects for the practical application of such
structures [6,7].

An additional modification of the energy spectrum, as
well as of the s,p—d, and d-d exchange interactions
responsible for the unique magnetic and magneto-optical
properties of oxide DMSs, can also be achieved by
reducing the system's dimensionality [8,9].

The modern development of semiconductor materials
science is characterized by a wide variety of technological
methods for fabricating quantum-dimensional structures.
In particular, it is worth noting the significant progress
achieved over the past decades in the development of
molecular beam techniques, which enable high structural
quality, especially at interfaces [10—13]. However, such
methods are complex and expensive, which limits their
widespread application. In this regard, alternative
approaches are technological methods based on laser
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radiation, which are widely used for the growth of both
thin semiconductor films and nanostructures [14—16].

Several terms have been proposed for laser-based
techniques [17,18], such as “pulsed laser deposition”,
“pulsed laser evaporation”, “laser ablation”, “laser
epitaxy”, etc. It is worth noting several fundamental
features that distinguish laser techniques from other
technological methods: virtually any materials in different
aggregate states can be evaporated under laser irradiation;
the energy of atoms or ions formed in the plasma during
the interaction of laser radiation with matter can range
from several to hundreds of eV, which improves the
conditions for laser epitaxy; the possibility of depositing
quantum-sized structures in a “pulse-by-pulse” mode,
which ensures precise control over the thickness of the
grown layer; etc. Another important factor is the growth
rate in laser deposition, estimated at about 0.5 A per pulse.

In this work, we present the results of a study of the
structural, optical, and magnetic properties of thin films
and nanostructures of Zn; xCoxO prepared by pulsed laser
ablation.

1. Materials and methods

The schematic diagram of the setup used for thin film
deposition is shown in Fig. 1. The sources of laser
radiation were an excimer XeCl laser (Lambda Physik
LPX 315) and a solid-state Nd:YAG laser operating in a
pulsed mode. Their main parameters are listed in Table 1.

Table 1.
Main characteristics of the lasers used for the obtained of
thin films and nanostructures

Laser tvpe Excimer Solid-state
P XeCl laser Nd:YAG laser
Radiation | _ 308 1y | 3= 1060 nm
wavelength
Laser radlatloon 200 mJ/cm? 10 J/em?
energy density
Pulse duration 30 ns 10 ns
Repetition rate 10 Hz 10 Hz

To increase the radiation flux density, the laser beam
was further focused onto the target surface using a lens
system. The laser beam was incident on the target surface
at 45°. To ensure uniform conditions of material
evaporation under laser irradiation, the target was driven
by a stepper motor (inset in Fig. 1a). The chamber was
evacuated to a residual pressure of 107 Torr using a
turbomolecular pump.

The growth chamber was also equipped with a
substrate heater (20-350 °C) and a quadrupole mass
spectrometer. The material evaporated under high-power
laser radiation was deposited onto the substrates. The
distance between the substrate and the target was
optimized during the experiments and ranged from 15 mm
to 30 mm. Borosilicate glass, crystalline sapphire, and
quartz were used as substrate materials. To determine the
optimal deposition regimes and expand the range of
studied samples, a series of experiments was conducted
with varying numbers of laser pulses (50-5000).
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Laser

Fig. 1. Schematic diagram of the setup for the growth of
semiconductor thin films: 1 —target, 2 — substrate, 3 — lens
system for focusing the laser radiation, 4 — laser. The inset
(a) shows the trajectory of the laser beam on the target
surface.

Solid solutions of substitution Zn—Co—O of various
compositions, obtained by solid-state mixing of the
corresponding oxides or carbonates, were used as targets.
ZnO and CoCO:s (analytical grade) were used as starting
materials without additional purification. The initial
components were loaded into a ball mill, followed by
mechanosynthesis in ethanol and drying at 100 °C for 1 h,
and subsequent annealing in air at 700 °C for 4 h. To
homogenize the obtained targets, an additional ball-
milling step in ethanol was performed, followed by drying
in air at 100 °C for 1 h.

As a result, a grain size in the range of 20-50 nm was
obtained. Under the influence of electrostatic forces, the
resulting powder mixture agglomerates into clusters with
an average size of 0.4-0.8 pum. This stoichiometric
mixture was loaded into graphite molds measuring 15—
40 mm under 100 MPa of pressure. The pellets were
sintered in a muffle furnace in air. After sintering, the
samples were cooled to room temperature for 10—15 h. It
was experimentally established that rapid cooling within
10-15 min leads to deterioration of the mechanical
properties of the targets.

The pulsed laser ablation in liquid (PLAL) method is
used for the synthesis of metallic nanoparticles [19] and
binary semiconductor particles [20,21]. We have
proposed, for the first time, the use of the PLAL method
for the synthesis of nanoparticles of diluted magnetic
semiconductors. Using this method, nanostructures of
Cd;xMnsTe and ZnO:Me (Me: Mn, Co) were obtained
[15,22].

The schematic diagram of the PLAL setup is shown
in Fig. 2. As in pulsed laser deposition, XeCl and Nd:YAG
lasers operating in pulsed mode were used.

To ensure uniform thermodynamic conditions for
nanoparticle synthesis, particularly in the laser-plasma-
liquid environment, a rotating mirror was mounted on a
specially designed holder. This holder consisted of a stage
and stepper motors that rotated the stage (and the mirror
mounted on it) in both vertical and horizontal directions.
This ensured that each laser pulse interacted directly with
the target surface over a 7 x 7 mm area.
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Fig. 2. Schematic diagram (in two planes) of the setup for the synthesis of Zn;«CoxO nanoparticles by pulsed laser
ablation in liquid.

II. Results and discussion

First, the grown of the thin films and synthesized
nanoparticles of Zn;«CoxO were subjected to structural
analysis to verify the absence of secondary phases. Figure
3 shows the X-ray diffraction pattern of
Zn;xCoxO thin films and nanoparticles deposited on a
glass substrate. The studies were carried out using a D8
ADVANCE X-ray Diffractometer with DAVINCI,
employing Cu-Ka radiation (A = 1.54059 A) and scanning
over the 20 range from 10° to 70°.
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Fig. 3. XRD spectra of Zn;xCoxO thin films and
nanoparticles.

The results indicate that the synthesized films and
nanoparticles possess a hexagonal wurtzite-type ZnO
structure, with a preferred (002) orientation and the
hexagonal c-axis as the preferred orientation. With
increasing concentration of the magnetic dopant,
additional peaks corresponding to the (100), (101), and
(102) orientations of the initial ZnO were observed. At the
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same time, an increase in the diffraction peak intensity was
observed, indicating an improvement in the crystalline
structure of the studied samples. No other peaks
corresponding to cobalt clusters or cobalt oxide were
detected, which indicates the substitution of Zn*" ions by
Co?" ions in the crystal lattice. For all investigated
samples, a slight shift in the angular position of the (002)
reflection was also observed, whereas the positions of the
other reflections remained unchanged with increasing
dopant concentration. For concentrations x < 4%, the peak
shifted toward lower 20 values, indicating that the
obtained quantum-sized structures are under uniform
strain. With further increase in cobalt concentration, the
(002) peak shifted in the opposite direction, indicating a
change in the nature of the strain. The obtained results, as
well as the close values of the ionic radii in tetrahedral
coordination (for example, 0.058 nm for Co?" ions and
0.06 nm for Zn** ions), provide additional confirmation of
the substitution of Zn?" ions by 3d Co?* ions in the crystal
lattice without a change in its crystal structure.

Morphological studies of the surface of the films, as
well as of the nanoparticles deposited on aluminum foil,
carried out using atomic force microscopy (AFM), are
presented in Fig. 4. In our studies, atomic force
microscopes manufactured by Anfatec, NT-MDT, and
Nanotec Electronica S.L. were used. In the majority of
experiments, the semi-contact mode was employed.

Cantilevers with a resonance frequency of about
150 kHz, a tip curvature radius of 10 nm, and an apex
angle of < 22° were used. On the surface of Zn;«CoxO
films (Fig. 4a), islands with heights up to 140 nm and a
root-mean-square roughness of R,s = 55 nm are observed.
Increasing the substrate temperature from 270 °C to
300°C reduces the height of the surface features to 80 nm
and the Rys to 30 nm. At the same time, an increase in the
partial pressure of oxygen leads to an increase in the root-
mean-square surface roughness. An increase in cobalt
concentration does not lead to a significant change in their
sizes.
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Fig. 4. AFM images of Zn;<CoxO: (a) 2D image of thin films, (b) 3D image of nanoparticles.

The AFM images of ZngogCo002O nanostructures
shown in Fig. 4b demonstrate a variation in the size
distribution of the nanoparticles without providing
detailed information about their shape and structure. The
particle sizes estimated from these AFM images range
from 20 to 80 nm.

Scanning electron microscopy (SEM) studies of
colloidal suspensions containing Zn;xCoxO nanoparticles
indicate the formation of a complex structure in which, in
addition to isolated nanoparticles, agglomerated
formations are also present, whose shape resembles
flowers (Fig. 5). These flower-like formations, in turn,
consist of nanosheets with a thickness of 5-10 nm and a
diameter of 20-50 nm. Similar results, namely the
formation of flower-like nanostructures, were obtained
during the synthesis of ZnMnO nanoparticles [15] and
zinc oxide nanostructures by chemical methods [23-25].

HV mag @B | HFW WD

130.00 kV| 25 000 x|5.97
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um|13.4 mm|ETD |1.48e-3 Pa
Fig. 5. SEM image of a colloidal suspension containing
ZnxCoxO nanocrystals obtained by laser ablation in
deionized water
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The optical properties of Zn;.«CoxO thin films were
studied on glass, quartz, and sapphire substrates. The
corresponding spectra were recorded without separating
the film from the substrate; therefore, a correction for the

412

substrate contribution was applied in the calculations.
Figure 6 shows the transmission spectra of Zn;.xCoxO thin
films deposited on a glass substrate. A characteristic
feature of these spectra is the appearance of the intrinsic
absorption edge only in samples with low x values < 0.04.

0.8 T T T T

Transmittance

450 500 550
Wavelength, nm
Fig. 6. Transmission spectrum of Zn;«CoxO thin films

deposited on a glass substrate by the ion—plasma method.

T
400

With the incorporation of cobalt ions into the ZnO
lattice and an increase in their concentration, the
fundamental absorption edge shifts toward the long-
wavelength region of the spectrum. A similar behavior of
the band gap width has been observed for Zn;_CoxO films
obtained by various methods [26-28]. This band-gap
behavior is due to the influence of the s,p—d exchange
interaction, which leads to negative and positive shifts of
the conduction and valence band edges, respectively,
resulting in a corresponding decrease in the band gap
width [29].

At the same time, as the cobalt concentration
increases, an additional absorption mechanism becomes
increasingly significant, spanning the wavelength range
from 500 to 750 nm. For samples with cobalt content up
to 6%, a fine structure of additional absorption is observed
in the long-wavelength region of the spectrum, with bands
at 568, 616, and 660 nm. These three absorption peaks are
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explained in terms of d-d transitions in tetrahedrally
coordinated Co** ions. In particular, the absorption peaks _ rbulk , ™PR% (1 1 1.8e2
Els - Eg +— - (1)

are attributed to the following transitions: *As(F) — 2E(G), 2er? \mg ' mp)  4meeer
4As(F) — “Tu(P), and *Ax(F) — 2A.(G).

A similar behavior of the absorption edge with ~ wherer is the radius of the nanoparticles, EZ*'¥ is the band
increasing cobalt concentration is also observed for Zn. gap of the bulk crystal, m; and mj, are the effective masses
xCoxO nanoparticles (Fig. 7). In addition to the short- of the electron and hole, respectively, e is the electron
wavelength shift of the spectrum caused by the quantum charge, ¢ is the relative dielectric permittivity, and &, is
size effect, a decrease in the band gap width with the vacuum permittivity.
increasing content of Co*" ions is observed, which is due Using the values me = 0.21, m, = 0.8 and £ = 8.3 as
to the manifestation of the s,p—d exchange interaction. As for bulk ZnO, and by substituting the experimentally
in the case of thin films, a fine structure in the absorption determined energy shift AE = 0.64 eV, the average radius

spectrum in the long-wavelength region is observed for  of the nanoparticles (1) is estimated as R = 18 nm. These

Zn;xCoxO nanocrystals with x < 0.06, with absorption  values are in good agreement with the data obtained from
bands at wavelengths of 565 nm and 654 nm (Fig. 8). This SEM studies.

structure is associated with d—d transitions of Co?" ions Photoluminescence spectroscopy is a sensitive, non-
located in a tetragonal crystal field and corresponds to the destructive method for studying the optical properties of
transitions: *A1(F) — 2A1(G) and *Ax(F) — 2E(G). semiconductors and investigating both intrinsic and
extrinsic defects. It provides information about the energy
0.8 . . . states of impurities and defects even at very low
! Z0o5eC 0,0 NP ) concentrations, which is extremely important for
corl 2T N0, 0 NPs v | understanding the influence of structural defects on the

3 3 T NwC0,50 Mim properties of semiconductor nanostructures.
"-,;-, The optical properties during the transition from bulk
gosL . crystals to quasi-two-dimensional structures are largely
g determined by the fabrication conditions (temperature,
% 0 substrate type, annealing temperatures, pressure, etc.).
@ These same factors also affect the photoluminescence
2 spectra of quantum-sized structures, especially in the
04t - visible region. This is because, in this region, the emission
bands are governed by defects and impurities present both

in the bulk and on the surface.

0.3 35'0 4[']0 45'0 The photoluminescence excitation was performed
Wavelength, nm using a He-Cd laser with a wavelength of A = 325 nm and

Fig.7. Transmission spectra of Zn;.«CoxO nanocrystals anommal power of 10 mW. .

obtained by pulsed laser ablation in liquid: Flgu?e 9 shows the 'photolumlnescence spectra of Zn;.
1—x=0022—x=0.04 3 — thin film with x = 0.02. xCoxO thin films deposited on glass and quartz substrates.
’ ’ At room temperature, all samples exhibit four emission
bands in the 2.0-3.4 eV energy range. The first band in the
ultraviolet region of the spectrum (at A = 386 nm) is due
to excitonic transitions near the fundamental absorption
1 edge [32]. With increasing cobalt concentration, the
maximum of this band undergoes a red shift, which is
caused by the exchange interaction between the d-
electrons of impurity ions and the s- and p-carriers of the
corresponding bands and is in good agreement with the
1 results of transmission-spectroscopy studies.

The emission band with a maximum at 426 nm is most
0.60 L Zn,,Co,0NPs i likely associated with transitions between radiative defect
states and the valence band [33]. An unambiguous
interpretation of the emission band in the blue region
0.55 350 4(')0 450 5(')0 550 660 6;30 7(')0 (A = 443 nm) of the spectrum is rather difficult. The
authors of [34] observed such a band for ZnO nanodisks

Fig. 8. Transmission spectrum of Zn;CoxO nanocrystals obtained by the hydrothermal method and attribute it to

in the long-wavelength region corresponding to d—d electronic transitions from ionized oxygen vacancy levels
transitions. to the valence band. At the same time, this wavelength

range also includes an emission band associated with

Using the effective mass approximation, we analyzed surfape de.fects .in zinc ogide [35]- The authors o.f [36] .aI.ld

the absorption spectrum of Zn;<CoxO nanocrystals. The [37] identify this band with transitions between interstitial

determined energy shift is in good agreement with the zinc (Zn;) and the valence band. Another group of authors

analytical approximation obtained in [30,31] for the Is [38] e}ssoc@t.eS this blue emission band with transitions
excitonic states of nanocrystals with an average radius: from interstitial cobalt levels to the valence band.

0.80 T T T T T T T T

-

1

x =0.04 d - d transitions

Transmittance, arb.un.

Wavelength, nm
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Fig. 9. Photoluminescence spectra of Zn;.«CoxO thin films

at room temperature:

1-x=0.02;2-x=0.04; 3 —x=0.06.

20 22

It should be noted that a slight red shift of this band
(from 443 nm to 448 nm) with increasing Co content may
support this interpretation. The emission band with a
maximum at 538 nm can be unambiguously attributed to
transitions from ionized oxygen vacancies (Vo) to the
valence band [39].

A similar behavior is also observed in the
photoluminescence spectra of Zn;xCoxO nanoparticles
(Fig. 10). Four emission bands with maxima at
wavelengths of 390 nm, 414 nm, 503 nm, and 540 nm are
distinguished in the spectra. The shortest-wavelength
emission band in the spectrum is due to excitonic
transitions at the fundamental absorption edge. With
increasing cobalt content, this band undergoes a slight red
shift, in good agreement with results from optical
absorption spectra.

T T T T T T T T T T T
LT i
=
=
s | i
<
£
172] - —~
=
e
=

NPs Zn, _Co O
i T=300K 1
1 L 1 L 1 L 1 L 1 L 1
350 400 450 500 550 600
Wavelength, nm
Fig. 10. Photoluminescence spectra of Zn;xCoxO

nanocrystals obtained by PLAL at T =300 K:
1-x=0;2-x=0.02,3-x=0.04

The other bands observed in the photoluminescence
spectra are associated with impurities and defects within
the nanoparticles. The emission band in the violet-blue
region of the spectrum (centered at 414 nm) can be
interpreted as transitions from radiative defect states
associated with interstitial zinc (Zn;) or zinc vacancies
(Vza) formed at the surface to the valence band [33].
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As in the case of thin films, the interpretation of the
emission band in the blue region of the spectrum is the
most complex. As mentioned above, the authors of [36]
attribute this band to transitions between interstitial zinc
(Zn) levels and the valence band. Studies of ZnO
nanoparticles obtained by the hydrothermal method [34]
demonstrate an emission band in this wavelength range
and associate it with electronic transitions from ionized
oxygen vacancy levels to the valence band. At the same
time, this wavelength range also includes an emission
band related to transitions from interstitial cobalt levels to
the valence band, as reported in [38].

An additional argument in favor of this interpretation
is a slight shift of the band maximum (from 502 nm to 506
nm) with increasing cobalt concentration. The emission
band with a maximum at 540 nm can, as in the case of thin
films, be unambiguously attributed to the presence of
oxygen vacancies, i.e., transitions from ionized oxygen
vacancies (Vo) to the valence band [39].

It should also be noted that another feature observed
in all the investigated photoluminescence spectra of
nanostructures. The emission bands corresponding to the
visible wavelength range are asymmetric. This behavior is
due to defect states at the surface and in the bulk of the
investigated diluted magnetic oxide semiconductor
Zn;xCoxO nanoparticles.

One of the most convenient and highly sensitive
methods for obtaining information on the charge state,
spatial ~distribution, and interactions of magnetic
impurities with the semiconductor matrix is electron
paramagnetic resonance (EPR).

Electron paramagnetic resonance spectra in the X-
band were recorded on a Bruker Elexsys 580 FT/CW
spectrometer (9.3 GHz, 100 kHz magnetic field
modulation, 0.05 mT modulation amplitude).
Temperature-dependent EPR  measurements  were
performed over 100-350 K using a Bruker ER4131VT
cryogenic system with Bruker Elexsys software.

Figure 11 shows the temperature dependence of the
electron paramagnetic resonance spectra of Zng96C00.040
thin films. For all investigated Zn;«CoxO films with a
concentration x < 0.1, the EPR spectra are characterized
by a broad asymmetric line of Dyson shape and are
satisfactorily described by a Lorentzian-type curve with a
Dyson term [40, 41]. A decrease in temperature reduces
the intensity of the resonance line and increases its
linewidth. Such behavior is characteristic of ferromagnetic
materials [42]. At temperatures close to ferromagnetic
ordering, a transformation of the spectra is observed,
caused by a further splitting of the broad asymmetric band
into two Dyson lines.

Direct information about the magnetic states can be
obtained from the temperature dependence of the integral
intensity of the electron paramagnetic resonance
spectrum. The integral intensity is proportional to the spin
susceptibility of the paramagnetic centers participating in
the resonance.

Figure 12 shows the temperature dependence of the
inverse integral intensity of the ferromagnetic resonance
signal in a ZnooCooO film. The intensity was
determined from the first derivative of the absorption line
transformed to a Lorentzian type [43,44].
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Fig. 11. Temperature dependence of the electron paramagnetic resonance spectra of Zno.06C00.040 thin films.
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Fig. 12. Temperature dependence of the inverse EPR
signal intensity for Zng.06C00.040 thin films.

For the analysis of the temperature dependence of the
integral intensity, which is proportional to the magnetic
susceptibility, we used the Curie—Weiss law. The linear
increase of with temperature is consistent with the Curie—
Weiss law:

(ot~ %0)"(T) = (T-f¢w)/C @)
where C is the Curie constant, which depends on the type
of material, B¢y is the paramagnetic Curie temperature,
and Y, is the temperature-independent magnetic
susceptibility of the diamagnetic matrix and other Pauli-
type paramagnetic contributions.

Linear extrapolation of the high-temperature region of
the inverse integral intensity enabled the determination of
the Curie—Weiss temperature for the investigated samples.
It amounts to T, = 148.6 K for Zng.96C00.04O films. The
positive  Curie-Weiss temperature unambiguously
indicates ferromagnetic ordering in the studied films.

The magnetic properties were also investigated using
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the electron paramagnetic resonance method for
Zn;xCoxO nanoparticles (x < 0.06) obtained by pulsed
laser ablation in liquid. Figure 13 shows the temperature
dependences of the EPR spectra for ZngggCoo0.0
nanoparticles. As in the case of Zn;xCoxO thin films, a
decrease in temperature leads to a broadening of the line
and an increase in its asymmetry. At the same time, the
shape of the resonance line is more satisfactorily described
by a Lorentzian profile. Such behavior of the resonance
line indicates ferromagnetic ordering in the studied
nanostructures.

105
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© ——240
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270
285
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——300
T —315
330
345
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2000 3(;00 4(;00 50‘00 66‘00 70‘00

Magnetic induction, 104 T
Fig. 13. Temperature dependence
paramagnetic  resonance spectra

nanoparticles.

of the electron
of Zno.ggCO()‘on

Table 2 presents the temperature dependences of the
ferromagnetic resonance parameters of ZngggCog 020
nanoparticles: the linewidth , the resonance field , and the
signal amplitude. The amplitude depends linearly on
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temperature, whereas the temperature behavior of and is
more complex. In general, both ferromagnetic resonance

characteristics

demonstrate temperature dependences

typical for nanoparticles with magnetic ordering [45].

Table 2.
Parameters of the EPR spectra of Zn9gCo00.020
nanoparticles
TK) | Bp(mD) | A g

300 64.94 322.13 5.578 2.084456
290 73.5 319.55 5.533 2.101286
270 76.53 325.535 | 5.47555 | 2.062654
250 74.9 322.25 5.314 2.08368
230 78.69 320.045 | 4.97485 | 2.098036
210 80.31 317.845 | 4.71485 | 2.112558
190 76.2 320.2 4.26225 | 2.09702
170 68.38 316.99 4.0065 | 2.118256
150 61.52 320.42 3.6601 | 2.095581
130 32.72 313.54 3.013 2.141564
110 91.963 | 316.4815 | 3.0171 | 2.121659
90 59.11 299.045 2.3198 | 2.245368
80 34.85 311.875 | 2.02085 | 2.152997
70 55 301.1 1.7925 | 2.230043

The mechanism responsible for the observed
ferromagnetism in the studied quantum-sized structures
has not yet been clearly established, and its origin remains
a matter of debate. At present, several theories exist
regarding the manifestation of ferromagnetic ordering in
wide-bandgap diluted magnetic semiconductors. One of
the recently proposed models for explaining the
emergence of ferromagnetic ordering in oxide DMSs is
the bound magnetic polaron model [46,47].

The magnetic (ferromagnetic) behavior observed in
Zn;xCoxO quantum-sized structures is interpreted within
the framework of the aforementioned bound magnetic
polaron model. An additional argument in favor of this
model is provided by the presence of oxygen vacancies in
the studied thin films and nanostructures, as revealed by
photoluminescence and EPR studies.

Conclusions

Structural studies of Zn;xCoxO thin films and

nanocrystals carried out using X-ray diffraction indicate
the formation of quantum-sized structures of oxide diluted
magnetic semiconductors with a wurtzite structure and a
preferred orientation along the (002) direction of the
hexagonal c-axis.

The formation of a complex structure of Zn;<CoxO
nanoparticles obtained by pulsed laser ablation in liquid
has been established, in which, in addition to isolated
nanoparticles, agglomerated formations are also present,
whose shape resembles flowers and which consist of
nanosheets with a thickness of 5-10 nm and a diameter of
20-50 nm.

Optical spectroscopy methods have revealed features
in the absorption spectra of Zn;«CoxO films and
nanoparticles at the fundamental absorption edge, arising
from the s,p—d exchange interaction. In the long-
wavelength region of absorption of Zn;«CoxO thin films
and nanocrystals, a fine absorption structure has been
observed, which is identified within the framework of the
model of intracenter d—d transitions of 3d Co?" ions.

Photoluminescence spectroscopy studies of thin films
and nanoparticles have enabled the identification of
interstitial zinc, oxygen vacancies, and other impurities
and defects, not only in the bulk but also on the surfaces
of the investigated samples.

Electron paramagnetic
confirmed ferromagnetic ordering in Zn;xCoxO thin films
and allowed determination of the Curie temperature,
which is T,=148.6 K. A ferromagnetic behavior has also
been established for Zn;<CoxO nanoparticles (x < 0.06)
obtained by pulsed laser ablation in liquid. One of the most
probable mechanisms for the origin of ferromagnetic
ordering is the bound magnetic polaron model.
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Irop Cromsipuyk!, Osner Kysuk!, Ipeneym Credpantok?, Onecst Jlanbkis!,
Awngpiii ITonosuu!, Auapiit Crosspuayk!
CTpyKTYypHIi, ONTUYHI TA MAarHITHI JOCJIII?KEHHSI TOHKHX IUIIBOK
Ta HAaHOYACTHHOK ZnCoO, 0TpUMAaHUX METOAO0M IMITYJIbCHOI
JIa3epPHOI a0 il

! IIpozobuywxuii deporcasnuii nedazoziunuii ynicepcumem imeni leana @panxa, Jpozobuy, Yipaina, i.stolyarchuk@dspu.edu.ua
2)Kewyscokuti ynicepcumem, XKewuye, [lonvwa

Tonki mniBku Ta HaHOCTPYKTYpH ZnixCoxO i3 BMicToM koOanbTy mo 10% Oynum oTpuMaHi METOIOM
iMIyJIbCHOT J1a3epHoi abiswii. [IpoBeneni CTpYKTypHi JOCHIIPKEHHS METOIOM X -IPOMEHEBO1 TU(paKIii cBiT4aTh
IO BCi OTpHMMaHi 3pa3KH KpPUCTAII3YIOTBCS B TeKCArOHAJIBbHIA KPHUCTANIYHIN CTPYKTypl THITy BIOPIHTY 3
HepeBaKHOIO opieHTali€ero B3aoBxk mwiomuau (002). YKoaHux iHIKX MiKiB, 110 BIAMOBIAAIOTH KJIacTepaM KOOanbTy
a00 okcHuIy K0OalbTy, HE BUSBICHO. ATOMHA CHIIOBa Mikpockotris (ACM) Ta ckaHyro4a eJIeKTpOHHA MiKPOCKOTIis
(CEM) BuKOpHCTOBYBanach Uil XapaKTEPUCTUKH OTPUMAHUX 3pasKiB. SIK JUI1 TOHKHMX IUTIBOK TaK 1 JUIsL
HaHOYACTHHOK Zn|xCoxO 301bIIeHHs KOHIIEHTpAIIIi JIETYI0U0i JOMIIIKA KOOAJIbTy MPHU3BOAUTH A0 3MCHIICHHS
IIMPHUHH 3a00pOHEHOI 30HHM, IO 3yMOBJIEHO IPOsiBOM S,p—d OOMIHHMX B3aeMOJiil. Y JOBroXBWILOBIH 00macTi
CIIEKTpa CIOCTEPIracThCs JJOJATKOBE IIOTJIMHAHHSI, sike 3ymoBieHe d—d mepexojaMu B TeTpaeApUYHO
kooparHoBaHuX ioHax Co%". V cmekTpax (oTomoMiHecHeHIIi 6yI0 BUSABIEHO YOTUPH CMYTY BHIPOMiHIOBAHHS,
SIKi IHTEpIPETYIOThCSl SKCUTOHHUMHU MepexojaMy IMOoOaHu3y Kpar (yHAZaMEHTAJIbHOTO IMOTVIMHAHHS, a TaKOXK
HAsBHICTIO MI>KBY3JIOBOTO IIHHKY, BAaKaHCI/ KHCHIO Ta 1HIIMMH JOMIIIKaMHU Ta Ae(eKTaMu He TIJIbKH B 00'eMi, ane
H Ha MOBEPXHIX IOCHIIKyBaHUX 3paskiB. IIpoBemeHi HOCIIDKEHHS CIEKTPIB €IEKTPOHHOTO IapaMarHiTHOTO
pe30oHaHCy MiATBepAWIH (epoMarHiTHe BIIOPSIIKYBaHHS B TOHKMX IUIIBKax Ta HaHodacTHHKax ZnixCoxO 3a
KiMHaTHOT Temmeparypu. OgHEM 3 HaiOLIBII WMOBIPHMX MEXaHi3MiB BHHHKHEHHS (epOMarHiTHOTO
BIOPSIIKYBaHHS € MOZEINB 3B's13aHOI0 MarHiTHOTO ITOJISIPOHA.

Kurouosi cinoBa: ZnCoO, MarHiTopo3uMHEHUH HamiBIPOBIAHUK, IMIyJbCHA Jla3epHa abiAlis B PiIUHAX
PLAL, ToHKa mTiBKa, HAHOYACTHHKA, OTITUYHE MMOTJIMHAHHS, (POTOTFOMIHECTICHIIIS, SNICKTPOHHUH MapaMarHiTHUH
PE30HAaHC.
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