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Abstract. The laws governing the formation of residual stresses in copper oxide nanoparticles
in the process of their direct plasma-chemical synthesis in a low-pressure arc discharge plasma are
studied. Correlation dependences of the residual stress and the magnetization of nanoparticles on
the pressure of the gas mixture of 10% O, + 90% Ar are presented. The problems associated with
the bifurcation of the magnetization curves during cooling in zero (ZFC) and non-zero (FC)
magnetic field, non-equilibrium behavior, relaxation of magnetization and magnetic viscosity of the
obtained CuO nanoparticles are discussed.
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1. Introduction. The study and explanation of the magnetic properties of particles having
dimensions in the nanometer range is one of the key tasks in the physics of magnetic materials.
Currently, magnetic nanoparticles are widely used as active components of ferrofluids, magnetic
particle hyperthermia, information storage media, and also as means of drug delivery for biomedical
applications. Antiferromagnetic semiconductor compounds are relatively stable and are
characterized by the spatial localization of valence electrons. The paper [1] reports on detailed
studies of the magnetization of CuO nanoparticles with a nominal size of 37-6.6 nm. A decrease in
particle size is accompanied by the appearance of weak ferromagnetism, and a hysteresis loop.
However, the appearance of defects and, as a consequence, the presence of excess charge carriers
can lead to a fundamentally different fundamental feature, namely, the phase separation of the
system and the appearance of polaron magnetic states in the antiferromagnetic (AF) matrix [2-5]. In
this case, the orientation of each moment may change due to competing exchange interactions, for
example, near defects in the anion and cation sublattices, or as a result of an incompletely filled
coordination shell for surface ions. Thus, the appearance of defects is the main cause of the
appearance of ferromagnetism in an antiferromagnetic system, and the size factor is insignificant.

The magnetic properties of nanopowders formed by the plasma-arc method largely depend on

the residual stresses in the nanoparticles [6]. Therefore, the development of a method for predicting



the magnitude and sign of residual stresses in nanoparticles is of great theoretical and practical
interest. During plasma synthesis of nanoparticles in vacuum, thermal phenomena and residual
stresses play the most significant role in the formation of nanoparticles, since the sign and
magnitude of the stresses have a great influence on the amount of stored energy in the nanoparticle
[7]. These phenomena can be regulated by changing the energy of the condensable particles [8] and
get nanoparticles with desired physical properties. To predict the optimal stresses in nanoparticles,
both experimental and calculated methods for their determination are used. According to the papers
[9, 10], for any plasma synthesis process in vacuum, the main factors affecting the formation of
nanoparticles are the energy of the sprayed particles, the condensation temperature, and the residual
stresses. Moreover, thermal phenomena and residual stresses play the most significant role in the
formation of nanoparticles. Some papers [11, 12] are devoted to the development of methods for
determining residual stresses and studying the nature of their formation in structural materials under
the influence of various types of processing. An important area is the study of residual stresses in
nanoparticles of complex phase and nonstoichiometric composition. The appearance of stresses is
also due to the presence of impurities, foreign inclusions, and block boundaries. In view of the
above, it is very important to study the nature of thermal stresses arising in plasma-arc powders in
the process of their formation. Additional information on the nature of the paramagnetic or
frustrated long and short antiferromagnetic order can be provided by local experimental methods.

The purpose of this work is to study the correlation between the processes in the cathode spot
of a vacuum arc, the formation of CuO nanoparticles and their anomalous magnetic properties.

2. Experimental. The experimental setup and the dependence of powder properties on
spraying conditions are discussed in detail in [13-17]. Argon, which was fed through an evaporator,
was used as a plasma-forming gas, and created a base pressure in the chamber. To study the effect
of pressure, nanoparticle synthesis was carried out at a base pressure of 10, 60, 120, and 200 Pa.
Oxygen was used as the reaction gas. Synthesis of nanoparticles was studied at a flow rate for
oxygen of 10 vol.% of the plasma gas supply. Oxygen was supplied to the reactor in such a way as
to form a uniform shell around the plasma torch. The morphological composition of the samples
was studies on a JEOL JEM-2100 transmission electron microscope. The phase composition of the
samples was studied using an Advance D8 X-ray diffractometer in CuK, monochromatic radiation.
Quantitative structural-phase analysis of diffractograms was performed using Powder Cell 2.4 full-
profile analysis program. PDF4+ databases were used to identify X-ray spectra. X-ray methods are
widely used to determine the residual macrostresses [18-20], which are based on the measurement
of lattice deformation () under the action of residual macrostresses. The latter, as is well known,
lead to a uniform change in the interplanar spacing for the (HKL) planes from do to d, + 4d.

Therefore
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The voltage drop across the discharge gap was measured with a pointer device. Magnetic
measurements were performed on an MPMS-XL5 magnetometer in the range of magnetic fields up
to 60 kOe.

3. Results and discussion. Figures 1 shows the high-resolution transmission electron
microscopy images of the obtained nanoparticles. As follows from the results, the obtained powders
are strongly agglomerated spherical particles. Particle sizes range from 5 to 20 nm.

The obtained nanoparticles are characterized by high surface energy, which is compensated
by their significant aggregation, which causes a significant decrease in the specific surface. Since
during the synthesis of nanoparticles in a plasma-chemical reactor, chemical processes always take
place, the particle morphology becomes complicated, particles of different chemical composition
are formed, mutual diffusion of nanoparticles in the condensed phase, and at a sufficiently high
temperature several processes occur simultaneously with the formation of a strong bond between
the nanoparticles. With the predominance of layer-by-layer growth of nanoparticles due to the
adsorption of atoms and diffusion processes during atomic mass transfer at the interface.




Figure 1. TEM images of CuO nanoparticles obtained at a gas mixture pressure of 10 vol.% O, +
90% Ar a) 10 Pa b) 60 Pa c) 120 Pa d) 200 Pa. Cathode temperature 300 K.

Figure 2 shows X-ray diffraction patterns of the obtained nanoparticles for values of 26 in the
range from 30 to 80 deg. On the diffractogram of nanoparticles on the background of the X-ray
amorphous phase, one can distinguish reflexes (data JCPDS, No. 05-0667) corresponding to the
cuprite structure of Cu,0O, space group Pn3m, reflections corresponding to the monoclinic structure
of CuO (data JCPDS, No. 45-0937), with lattice parameters a = 4.691 A, b = 3.432 A, ¢ =5.138 A.
There are also reflections with the values 20 35.915 °, 44.189 °, 58.396 °, 64.210 °, which
apparently correspond to the transition tetragonally distorted cubic crystal lattice of CuO, space
group 141 / amd. Two diffraction peaks at 2@ 43.3 ° and 50.4 ° correspond to the (111) and (200)
planes of the face-centered cubic lattice Cu (data JCPDS, no. 04-0836). The presence of unreacted
copper nanoparticles is indirectly confirmed by the results of TEM studies. We can see some
particles with the color of dark grey. The proportion of CuO relative to other phases, calculated
from the most intense lines of the diffraction pattern, is 92% (For pressure 10 Pa). A further
increase in the pressure of the gas mixture, according to the diffraction pattern presented, leads to a
monotonic increase in the proportion of CuO to 95% (For pressure 60 Pa). No other crystal
structures were found. With increasing pressure of the gas mixture, the crystallinity of the
nanoparticles decreases. The increase in the share of the X-ray amorphous phase with increasing
pressure of the gas mixture is associated with a feature of plasma-chemical synthesis, in which the
nanoparticles obtained are saturated with oxygen under thermodynamically non-equilibrium
conditions, with a violation of stoichiometry, high residual stresses and a defective crystal structure
[21].
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Figure 2. XRD pattern of nanoparticles produced at the different pressure of the gas mixture
10 vol.% O, + 90% Ar.

The lattice parameter is slightly less than the standard value (a = 4.6927), which is most likely
due to the peculiarities of condensation under reduced pressure. Deformation in particles can be the
result of capillary forces, with the largest contribution to the rms displacement is made by static
displacements due to the non-uniform nature of deformation in small particles. The lack of
completeness of the process of formation of the crystal lattice and, accordingly, an increased
concentration of non-equilibrium vacancies due to the abrupt nature of crystallization; the impact of
additional surface pressure due to the large contribution of surface energy to the total free energy of
small particles, while structural deformations may be non-uniform in particle size. The
microstructural characteristics and parameters of the unit cell were determined using the full-profile
X-ray analysis using the Rietveld method [22]. Features of the shape of the peaks of the x-ray
indicated the presence in the nanoparticles of two fractions differing in size of crystallites. This
conclusion was made on the basis of the fact that, with a large integral width, the diffraction
maxima had abnormally sharp peaks. Such a complex shape could be explained only by the
superposition of two peaks significantly differing in width. Therefore, with a full-profile
refinement, two fractions with different crystallite sizes and different percentages were introduced
into the model.

Figure 3 presents the results of a study of XRD pattern using PowderCell 2.4.

The dependence of residual stresses on the pressure of the gas mixture is shown. It should be

noted that studies have been conducted of the effect of pressure on the magnitude of the residual
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stresses of the nanoparticles in a wider range, and only the most significant results are presented in
this graph. For example, when the pressure of a gas mixture of 1 Pa and below, the resulting
nanoparticles have a very large scatter. To obtain nanoparticles in the pressure range above 200 Pa,
in order to maintain a steady arc discharge, it is necessary to increase the voltage, which leads to a
transition from a diffuse plasma column to a classical “arched” column, cathode spot bindings and
their grouping appear, which leads to splashing of the cathode in the form of large drops.

Figure 3 shows the dependence of the voltage U on the discharge gap d on the pressure of the
gas mixture p in the chamber of the plasma-chemical reactor (interelectrode distance d has not

changed).
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Figure 3. The dependence of the residual stresses of nanoparticles calculated from X-ray
diffraction patterns on the pressure of the gas mixture (black line). The dependence of the voltage
on the discharge gap of an arc plasma generator with a copper cathode d on the pressure p of a gas
mixture based on argon in a plasma-chemical reactor (red squares) and an approximating curve (red
line) calculated from the similarity theory [23].

As can be seen from the figure, the behavior of all the curves is similar: a gradual decrease in
the voltage to the inflection point and then an increase up to the maximum value of the pressure of
the gas mixture. The behavior of the voltage function curves at the discharge gap is similar in
appearance to the dependences of the residual stress in nanoparticles. It should be noted that the
measurement of the voltage across the discharge gap in the pressure range of the gas mixture from
10 Pa to 50 Pa showed an insignificant effect of pressure on plasma and current transfer processes.

However, when the pressure of the gas mixture exceeds 50 Pa and up to 200 Pa, there is almost



complete agreement between the behavior of the U(pd) curves and the prediction of the similarity
theory.

Since Cu,O and Cu are weakly diamagnetic and their concentration, according to XRD
studies, is insignificant in comparison with CuO, the main contribution to the magnetization is
made by the CuO nanoparticles. These differences in residual stresses are also manifested in the
nature of the magnetic behavior of CuO nanoparticles. Figure 4 shows the dependence of the
magnetic moment M(H) for nanoparticles obtained at different pressures of the gas mixture.
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Figure 4 M(H) dependence for nanoparticles obtained at different residual stresses (a).

Dependence of Mg(H) CuO nanoparticles on the pressure of the gas mixture (b).

Based on the observed behavior of CuO nanoparticles, it can be concluded that the magnetic
properties of the system under study are related to the magnitude of the residual stresses in the
nanoparticles, which, in turn, is related to the processes in the cathode spot of a vacuum arc. Figure
4b shows the dependence of the saturation magnetization of CuO nanoparticles on the pressure of
the gas mixture.

The mechanism of the occurrence of residual stresses can be interpreted as follows. Suppose
that the forming part of a nanoparticle consists of a large number of clusters, each of which is freely
deformed due to the physicochemical processes occurring in it. These deformations are called initial
[11]. In real conditions, due to the interaction of the clusters with each other, the initial deformation
is constrained; leads to stress. Such stresses (without taking into account thermal stresses) are called
crystallization. With further deformation of the system as a result of removing all external
influences in the nanoparticle, stresses remain that are residual. The change in energy (pressure in
the vacuum chamber) during the deposition (condensation) of nanoparticles leads to thermal
expansion of the “nanoparticle-substrate” system. However, due to the presence of a base, different
chemical composition (therefore, structure and properties) of the nanoparticle and substrate, as well

as a possible temperature gradient over the cross section, thermal expansion is constrained, i.e. there
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are tensions. After the end of the nanoparticle formation process on the substrate, the latter is cooled
to ambient temperature, which causes stresses associated with the temperature gradient.

The non-stoichiometric composition of the nanoparticles and the presence of several phases
have a significant effect on the magnitude of the residual stresses, and this is confirmed by both
calculated and experimental data. In particular, for nanoparticles based on copper oxide, the
magnitude of compressive stresses increases with decreasing oxygen content in the oxide.

In Figure 5 shows the temperature dependences of the magnetic moment M(T) of the obtained
CuO nanoparticles during cooling in the field and without the field (ZFC and FC, field 100 Oe) for

different pressures of the gas mixture.
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Figure 5 FC and ZFC temperature dependences of the magnetization of nanoparticles obtained at

different pressures of the gas mixture in an external field of 100 Oe.

In Figure 5, it can be seen that for as the temperature decreases, the magnetization first
decreases and then increases, revealing a clear minimum.

Despite the fact that in ferromagnetic materials, peaks on the ZFC-susceptibility curves
should not be observed, however, the disorder inherent in nanoparticles (especially in the near-
surface regions) usually leads to disruption of magnetic coupling and the formation of states like
spin glass, magnetic clustering in combination with superparamagnetism [24]. The residual stress in
the nanoparticles manifests itself in a significant divergence of the M(T) curves of the ZFC and FC
modes, with a clear dependence of the magnitude of the divergence on the residual stress.

Residual stresses can lead to rupture or strengthening of the exchange bonds between the

nearest magnetic ions and the violation or the occurrence of long-range magnetic order. In NiO
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nanoparticles, an increase in susceptibility was observed with decreasing temperature in the region
T < Ty, Which was associated with the appearance of paramagnetic Ni** ions [25]. However, it was
shown in [26] that the presence of Ni** ions plays a minimal role in the formation of the magnetic
properties of NiO nanoparticles and does not explain the anomalous magnetic properties of
nanoparticles.

Figure 6 presents the results of the study of the time dependence of the residual magnetization
for nanoparticles obtained at different pressures of the gas mixture.
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Figure 6. The time dependence of the residual magnetization for nanoparticles obtained at

different pressures of the gas mixture.

The data obtained indicate that the ferromagnetic component of all nanoparticles, which
appears due to the nonequilibrium state of nanoparticles, is most likely associated with residual
stresses in nanoparticles. Any irregularity increases internal energy. The magnetic energy of
materials consists of exchange energy, anisotropy energy, magnetoelastic and magnetostatic
energies. Changes in these contributions can markedly change the ground magnetic state [27].
When residual stresses appear in the nanoparticles, the degree of symmetry for the surface spins of
Cu?* also changes. In a nonequilibrium state, the arrangement of ions both on the surface and in the

volume of crystallites becomes not strictly periodic. A local decrease in symmetry leads to an



increase in the magnetic anisotropy energy. Internal elastic stresses due to lattice distortions and an
increase in the volume of the unit cell affect the magnetoelastic energy and the change in the
exchange energy. The magnetic order in CuO is determined by the competition of various types of
magnetic interactions.

Thus, the influence of the technological parameters of nanoparticle synthesis on residual
stresses was studied, a correlation was established between the dependence of the magnitude of
residual stresses in nanoparticles calculated from XRD pattern, the magnetization of nanoparticles
on the pressure of the gas mixture and the dependence of the voltage on the discharge gap of the arc
plasma generator on the parameter pd, which indicates a single mechanism for the synthesis of
nanoparticles in a low pressure arc discharge for a cooled cathode. The observation of the relaxation
of the magnetization and magnetic viscosity of the obtained nanoparticles is similar to the behavior
demonstrated by other systems of ferromagnetic nanoparticles.
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