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Abstract—The magnetic and resonance properties of the DyMn,05s—Mn;0, nanoparticle composite have
been experimentally investigated. Two magnetic transitions at temperatures of 7} = 65 K and 7, = 230 K have
been established; the 7 value differs from the temperatures of the transitions in the initial materials, which
has been attributed to the interparticle interactions. Temperature 7, corresponds to the DyMnOj5 impurity
phase (1 at %). Three microwave absorption peaks have been observed in the magnetic resonance spectrum,
which is explained within the model of a magnetically two-phase system. One resonance is attributed to
Mn,0,, and the other two peaks are attributed to an ensemble of highly anisotropic DyMn,Os particles with

a random distribution of anisotropy axes.
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INTRODUCTION

At present, compounds of the class of complex
oxide materials are being intensively studied [1]. Syn-
thesis of the composites based on various oxides makes
it possible to obtain both purely magnetic compounds
and the compounds belonging to the family of multi-
ferroics.

In addition, great interest is presented by nano-
and microcomposites [2]. This is due to the fact that,
in inhomogeneous media, which are the interfaces of
materials, the symmetry with respect to the inversion
of space and time is broken [3]. These conditions pre-
determine the coupling between the magnetic and
electric subsystems. One of these directions of devel-
opment is the creation of solid solutions of magnets
and ferroelectrics, for example, in the BiFeO;—
PbTi0; system [4]. In addition, to enhance the interfa-
cial bonding, structured composites can be created by
mixing different materials.

In this direction, the promising compounds are
manganites and spinel-structure oxides [5]. Noda
et al. [6] reported the results of magnetic neutron dif-
fraction study of the magnetic and ferroelectric prop-
erties of the RMn,Os (R =Y, Tb, Ho, Er, Tm) family
compounds. In these compounds, the colossal mag-
netoelectric effect is observed, which is attributed to
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the phase transition from the magnetic incommensu-
rate and weakly ferroelectric phase to the magnetic
commensurate and ferroelectric phases. This series
should be added with the DyMn,O5 compound [7], in
which a great change in the permittivity in a magnetic
field was found. This extraordinary effect is apparently
caused by the high sensitivity of the magnetic state in
the incommensurate phase to external factors.

Another interesting example is Mn;0, tetragonal
spinel. Magnetically, this compound is a noncollinear
antiferromagnet below 43 K; as the temperature drops
below 39 K, a transition to the incommensurate phase
occurs [8]. In this compound, the strong magnetodi-
electric effect was observed [9, 10] and attributed to
the strong spin—orbit coupling of Mn>* ions.

It is a common feature of the above-mentioned
compounds that they contain Mn magnetic ions with
different valences.

We decided to investigate how the magnetic prop-

erties of different multiferroic compounds change
when they are used to form a composite.

1. EXPERIMENTAL

Complex oxide samples were synthesized by the
solid-phase reaction technique. In the synthesis, stoi-
chiometric amounts of the R,0; and Mn,0; oxides of
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Fig. 1. (a) X-ray diffraction pattern of the composite in the
DyMn,05—Mn3;04 system. (b) Location of the peaks of
(1) DyMn,05—Mn;0y4, (2) DyMn,Os5 ([12], Fig. 1), and
(3) Mn;04 ([13], Fig. 3). Inset: size distribution function
of the particles.

special purity grade were used. The proposed reaction
scheme was
0.5(Dy,0; + 5Mn,0;) —» DyMn,05 + Mn;0,. (1)
The mixture was thoroughly ground, mechanically
activated in a planetary ball mill, and annealed in five
stages at (i) 600, (ii) 700, (iii) 800, (iv) 900, and
(v) 1000°C with a total time of 34 h. To improve the
homogeneity of the samples, intermediate grinding
was performed after each synthesis stage. The compo-
sition of the final products was controlled by X-ray
fluorescence (XRF). The synthesis of manganites was
described in more detail in [11].

The obtained phases were controlled by X-ray dif-
fraction analysis on a Rigaku Miniflex 600 X-ray dif-
fractometer (CuK,, radiation). The size distributions of
crystallites were obtained on a CPS Disc centrifuge
(ModelDC 24000).

The magnetic characteristics were determined on
an MPMS-XL SQUID magnetometer in fields up to
4 MA/m. Electron magnetic resonance (EMR) spec-
tra were recorded on a Bruker E 500 CW EPR spec-
trometer at a working frequency of Wywr = 9.48 GHz.
The resonance measurements were performed in the
temperature range of 80—500 K.

Table 1. Identification of phases in the synthesized composite
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2. EXPERIMENTAL RESULTS
2.1. Structural Data

Figure 1 shows X-ray diffraction data for the syn-
thesized samples. It can be seen in Fig. 1b showing
reflection positions that the samples are a mixture of
two phases: DyMn,Os [12] and Mn;0, [13] (Table 1)
in a ratio of 51 : 49; i.e., indeed, we have a mixture of
oxides corresponding to formula (1).

The obtained lattice parameters of the oxides form-
ing the composite are given in Table 2 and are consis-
tent with the literature data.

The inset in Fig. 1 shows the size distribution func-
tion f{d) of crystallites. For the technique used to syn-
thesize the composite polycrystals, the distribution
clearly consists of two maxima, one of them at d, =
1.1 um and the other at d;, = 4.8 um. It can be seen
from the distribution curve that the particle size array
is mainly confined to the region of <8 um. The entire
range of particle (block) size distribution extends from
50 nm to 15 um (individual crystallites).

2.2. Magnetostatic Measurements

It is well-known [15] that, magnetically, DyMn,O,
single crystals exhibit antiferromagnetic ordering
below T =44 K and undergo transitions at 7= 18 and
8.4 K, which are related to incommensurate phases.
The literature data on the magnetic properties of these
nano- and microcomposites are very scarce. In the
synthesis of the nanocrystalline Mn;O, compound,
the accompanying Mn,0O; and/or Mn;Og phases
almost always arise [16]. Although their amount is
small, they can be in the mixture. Figure 2 shows the
magnetization (Fig. 2a) and specific heat (Fig. 2b)
data for individual components taken from the litera-
ture [9, 17, 18]. It can be seen that, at 7> 45 K, no fea-
tures are observed in the temperature dependences of
the magnetization and specific heat of the initial com-
pounds.

Figure 3 shows the temperature dependences of the
magnetization (M(7T)) measured in different magnetic
fields. It can be seen that the shape of the M(T) curve
strongly depends on the measuring field (curves /—4).
In fields of H < 0.8 MA/m, two features at tempera-
tures T;, ~ 65 K and T, ~ 230 K are observed, where
the magnetization decreases; they can be identified as
the ordering temperatures of the low- and high-tem-
perature magnetic phases. The transition at tempera-

Chemical formula Space group Data on phase detection DB card number
DyMn, 05 55 Pbam DD 01-072-1696
(Orthorhombic) (PDF-2/Release 2013 RDB)
Mn;0, 141-141/amd,choice-2 DD 01-071-6262
(Tetragonal) (PDF-2/Release 2013 RDB)
TECHNICAL PHYSICS Vol. 66 No. 4 2021
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Table 2. Lattice parameters of the magnetic phases in the composite

Compound a, A b, A ¢, A Alpha, deg Beta, deg | Gamma, deg v, A3
DyMn, 05 [12] 7.377 8.523 5.702 90.000000 90.000000 90.000000 358.5
Mn;0, [14] 5.759 5.759 9.456 90.000000 90.000000 90.000000 313.68

ture T, is sharp, while the transition at temperature 7,
is diffuse and occupies the region of 7> 50 K. As the
measuring field increases, the temperature range of
the transition increases and, in a measuring field of
H =8 MA/m, a high-temperature transition is no lon-
ger visible. Thus, the M(T) curve is a sum of several
terms and the high-temperature phase is more
strongly affected by the external magnetic field. For
the low-temperature phase, temperatures 7, of the
transition were found to be 63, 65, 68, and 76 K in
magnetic fields of H = 40, 400, 800, and 4000 kA/m,
respectively. The shape of the field dependences of the
magnetization (M(H)) strongly depends on the mea-
suring temperature. At the liquid helium temperature
(Fig. 4) in fields of H <200 kA/m, a hysteresis loop is
observed, but there is no saturation to a field of H =
4 MA/m (inset in Fig. 4). As the temperature increases
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Fig. 2. Temperature dependences of (a) magnetization and
(b) specific heat. Curves / and 2 correspond to the poly-
crystalline DyMn,05 and Mn3;0,4 compounds, respec-
tively. (a, b) Curves 7 are taken from [17] and [ 18], respec-
tively. (a, b) Curves 2 are taken from [9].
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to 7= 65 K, a weak hysteresis is still observed (curve /
in Fig. 4); at temperatures of 7> 70 K, the M(H)
curves are hysteresis-free (curve 2, Fig. 4). However,
up to room temperatures, the magnetization does not
saturate with an increase in the field to 4 MA/m; the
M(H) curves have a slight slope, which decreases with
increasing temperature. Temperature 7, determines
the region of existence of the hysteresis from above,
while temperature 7T, in no way manifests itself in the
field dependences.

2.3. Magnetic Resonance

The magnetic resonance measurements can yield
additional data for understanding the behavior of the
magnetic phases in the synthesized composite. The
resonance absorption was measured in the tempera-
ture range of 7= 80 — 450 K. Figure 5 shows a typical
resonance absorption spectrum at 7' = 300 K. The
obtained experimental resonance curve (open sym-
bols) has a complex shape. We approximated this
curve by a sum of components of the Lorentzian
absorption line derivatives (curves /—3); the best fit is
shown in Fig. 5 (curve 4). It can be seen that the result
obtained is quite well. For all three lines from Fig. 5,
Fig. 6a shows the temperature dependences of the res-
onance fields H,. Note that line / tends to a decrease in
the resonance field with increasing temperature. Line 2
shows a weak temperature dependence of H,, with a
slight increase with increasing temperature. Line 3
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Fig. 3. Temperature dependences of magnetization of the
DyMn;,05—Mn3;0,4 composite. H= (1) 0.04, (2) 0.4, (3) 0.8,
and (4 4 MA/m.
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Fig. 4. Field dependences of magnetization at (7, 2) T= 20
and 70 K. Inset: magnetization loop at 7= 4.2 K obtained
in fields of up to H =4 MA/m.

shows the strongest temperature dependence of the
resonance field.

The behavior of the linewidths (AH,,) (Fig. 6b) is
characterized by the fact that the width of line 2
monotonically decreases with increasing temperature,
while the AH,, value for lines 7 and 3 have a minimum
in the temperature dependence. In this case, line 7 in
the range of 7"> 200 K shows a noticeable increase in
the AH,, value. The temperature dependences of the
intensities J calculated as areas under the correspond-
ing absorption lines [19] are presented in Fig. 6c.
Here, there is a noticeable increase in the intensity of
line 7 at temperatures of 7> 250 K.

3. RESULTS AND DISCUSSION

It follows from the above data that, for the
DyMn,0O5 and Mn;0, single crystals, the transition
temperatures fall into approximately the same tem-
perature range of 40—50 K. If we assume that the syn-
thesized composite is a simple mixture of these com-
pounds, then the modification of the magnetic prop-
erties will mainly be due to the interaction of grains
across their interfaces. This manifests itself as the
absence of features in the temperature dependence of
the magnetization at temperatures below the ordering
temperatures of the initial materials. When the particle
size changes, the Curie temperature changes as well,
but it still cannot be higher than that of the bulk mate-
rial [20]. In our case, the transition temperature
increased by about 15 K, which is indicative of the
activation of an additional mechanism. It can be
assumed that a mechanism is the interaction across
the interface between neighboring particles, since both
the coordination number of magnetic ions and the
exchange between neighboring particles can change.

Fig. 5. Magnetic resonance spectrum. Open symbols show
the experiment. (/—3) Decomposition into component
lines. (4) Sum of the components. 7= 300 K.

It was previously established [21] that, at the tran-
sition to the nanoscale, DyMn,Os particles ~7 nm in
size in a porous silicon matrix exhibit the superpara-
magnetic behavior with a blocking temperature
around 14 K. In nanorods [22] with a ratio of D/Lg¢= 2
(Dis the rod diameter and Lgis the rod length) at Lg=
46, 84, and 212 nm, the temperatures of the transition
to the antiferromagnetic state are 7y = 42, 42, and 50 K.
In addition, it was found that the saturation magneti-
zation and the coercivity decrease with increasing Lg
value. For Mn;0, nanoparticles [23] 15—25 nm in
size, the temperature of the transition to the magneti-
cally ordered state does not change. In our case, the
particle size is d > 1 pm, so that the size spread does
not affect the magnetic properties. It is well-known
that, with an increase in the size of small particles, at
certain critical size d,, the magnetization saturates,
e.g., for metallic cobalt particles, the size is d. ~ 0.15 um
[24]; for the La,/;Sr; sMnO; manganite particles, this
size is 0.2 um [25]. Here, the main effect is the sup-
pression of low-temperature transitions due to the spin
disordering on the nanoparticle surface. However,
ordering temperature 7, for the synthesized
DyMn,05s—Mn;0, composite, being a magnetic tran-
sition temperature for none of the initial components,
nevertheless correlates with the mode softening tem-
perature in the infrared range for the rare-earth
RMn,05 compounds due to the spin—phonon cou-
pling [26]. The authors interpreted this result as a
manifestation of local lattice distortions, which is
important for the occurrence of the ferroelectric
polarization and the magnetoelectric effect.

The high-temperature transition at 7, is not
explained by the presence of only DyMn,0Os and
Mn;0, particles. In addition, note the weak magneti-
zation at temperatures of 7> 60 K and the strong mag-

TECHNICAL PHYSICS  Vol. 66
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netic field dependence as compared with the low-tem-
perature phases. There is, apparently, a small amount
of one more phase, which is masked by the main
phases. If we relate to the high-temperature transition
temperature (7, ~ 230 K), then the transition tem-
perature of the disordered rare-earth RE, _ ,B,MnO;
manganites (where B is a divalent alkaline-earth ele-
ment) falls into this region, where the spin-glass-like
state can be implemented [27]. In these compounds,
disordering of manganese ions can occur due to the
incorporation of B?* ions, which leads to the forma-
tion of Mn** ions. However, in the case of small parti-
cles, the mixed valence of manganese is induced by the
oxygen nonstoichiometry. As was shown in [28], the
formation of a rare-earth manganite can occur
according to the scheme

DyMn,O; = DyMnO; + (1/3)Mn,0, + (2/3)0. (2)

This reaction explains the experimental ratio
between the DyMn,0s and Mn;0, phases in the final
product.

If we assume that the composite is a mixture of two
magnetic substances, DyMn,05; and Mn;0,, with an
impurity of some third phase, then the question of
identifying the peaks in the microwave absorption
spectrum (Fig. 5) arises. It is well-known that the
microwave radiation power absorbed at the resonance
is determined by the relation [29]

P = (0" h)/2, (3)

where o is the resonance frequency, %" is the imagi-
nary part of the magnetic susceptibility tensor, and 4 is
the amplitude of the magnetic field of microwave radi-
ation.

When studying the resonance properties of the
composite systems with the weak interparticle cou-
pling, assuming the linewidth of an individual particle
to be extremely narrow, one can use the approach
developed to describe inhomogeneous systems, in
particular, polycrystalline samples [30]:

X' (o H)
= (M, j j §H — H.(c,0,¢)]sin 0d0d¢}/4.
Here, H, is the resonance field of a particle, M, is
the saturation magnetization, 8(x) is the Dirac delta

function, and the integration is made over the total
solid angle.

C))

It follows from a comparison of the resonance
fields in our experiment with the literature data for
Mn;0, nanoparticles [31] that line 2 in Fig. 5 falls into
the field range typical of Mn;0, nanoparticles and can
be identified as corresponding to this compound.
Since we deal with an ensemble of particles with the
averaged parameters, the fine structure does not man-
ifest itself. The data of [32] allow one to conclude that
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Fig. 6. Temperature dependences of the parameters of the
resonance curves. (a) Resonance field, (b) magnetic reso-
nance linewidths, and (c) intensities of the absorption
lines. The curves are numbered according to the lines in
Fig. 5.

the magnetic resonance is mainly determined by the
subsystem of Mn?" ions.

The resonance from the possible DyMnO; phase
should not be observed for two reasons. First, since
manganese is included in the trivalent state, it has a
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significant initial splitting [29] and the resonance
absorption at a microwave frequency of Oywr =
9.48 GHz is improbable. Nevertheless, in the disor-
dered ceramic systems of the La, _ ,Sr,Mn, _ ,Zn O;
type, the magnetic resonance from superparamagnetic
particles in the paramagnetic phase from ferromagnet-
ically correlated spins was observed [33]. Second, the
amount of this phase should be no more than 1 at %,
which is certainly insufficient for a signal comparable
in intensity with the signals of other phases (Fig. 6¢).

For the DyMn,0O5 compound (the orthorhombic
symmetry), we should note the high magnetic anisot-
ropy with the easy magnetization direction along the b
axis [34]. As is known [35], in polycrystalline systems
(crystallites have the uniaxial magnetic anisotropy),
the magnetic resonance spectrum depends on the
ratio between Zeeman energy £, and magnetic anisot-
ropy energy E,. If the magnetic anisotropy energy sig-
nificantly exceeds the Zeeman energy, then the spec-
trum has a complex form and, as a rule, consists of two
peaks. In [35], based on Eq. (4), the shape of the res-
onance absorption spectrum of an ensemble of parti-
cles with a random distribution of the anisotropy axes
was numerically calculated as a function of the energy
ratio E,/E,. One of the peaks is determined by the
fraction of particles with the predominant direction of
the external magnetic field along the easy axis, and the
other is determined by the fraction of particles with the
external magnetic field directed along the hard axis.
According to the calculated data, the intensity of the
microwave absorption peaks is pumped over upon
temperature variation. In our case, we have a qualita-
tive agreement between the results of such a calcula-
tion and the experiment.

4. CONCLUSIONS

In this study, it was established that a system of
bound particles is formed in the DyMn,0s—Mn;0,
composite synthesized for the first time. This mani-
fests itself in the difference between the magnetic
properties of the composite and initial materials.

—It was found that, at low temperatures, the mag-
netic behavior cannot be described by algebraic sum-
mation of curves of the initial materials; in addition,
the temperature of the transition to the disordered
state increases (7'~ 65 K). Oxygen nonstoichiometry
causes a small admixture of a magnetic phase (pre-
sumably, DyMnQO;) with an ordering temperature of
T~ 230 K.

—The magnetic resonance data clearly indicate the
presence of an ensemble of Mn;0, particles.

—For the DyMn,O; phase, the absorption spec-
trum is related to the magnetic resonance in an ensem-
ble of strongly anisotropic particles with a random dis-
tribution of the anisotropy axes.

PATRIN et al.

In this last case, questions about the value of the
magnetic anisotropy in grains and the interparticle
coupling at the grain boundaries remain open.
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