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A B S T R A C T

The article presents a comprehensive investigation of the crystal structure, impedance spectra, magnetic, mag-
netodielectric, and magnetoresistive properties of (1-x)CoFe2O4–xPbTiO3 composites with varying concentra-
tions (х = 0, 0.2, 0.4, and 0.6). The study also examines the effects of applying a uniaxial pressure of 1 GPa to the 
synthesized powders using Bridgman anvils. Our findings reveal that the synthesis of these composites results in 
the formation of an additional phase, lead hexaferrite PbFe12O19, which exhibits multiferroic properties. Addi-
tionally, the coherent scattering region of the components is significantly reduced after mechanical activation. 
Notably, the real part of the resistivity ρ′(ω) of nanostructured CoFe2O4 ceramics increases eightfold at T =
240 ◦C. The composites demonstrate significant magnetoresistance at room temperature, reaching up to 250 %. 
The study also reveals that the signs of the magnetodielectric MD(B) and magnetoresistive coefficient MR(B) vary 
with the frequency of the measuring field for certain concentrations. Using the first-order reversal curve (FORC) 
method, it was observed that after nanostructuring CoFe2O4 through mechanical activation, the interaction field 
Hu shifts from ± 0.6 kOe to ± 0.8 kOe, while the coercive field Hc increases from 1.05 kOe to 5 kOe. Moreover, 
the two-dimensional FORC maps of the composites show increased complexity, due to the formation of addi-
tional magnetic phases.

1. Introduction

Manipulating the physical properties of polycrystalline functional 
materials through external influences, such as uniaxial pressure and 
shear deformation, during preparation offers significant advantages. 
However, structural changes induced by these external factors are often 
unaddressed, leading to incomplete and unreliable interpretations of the 
results. In this study, we utilize a combination of intense uniaxial force 
and shear deformation as external factors to shape and modify the 
physical properties of materials. This approach, known as “top-down” 
nanostructuring, is widely used to investigate the effects of mechanical 
activation on the properties of functional materials [1].

In our prior investigation [2], we conducted a comprehensive anal-
ysis of the (1-x)CoFe2O4(CFO)–xPbTiO3(PTO) composite. CFO, an 

inverse spinel ferromagnetic material with semiconductor properties, 
has a magnetic phase transition temperature (Tm) ranging from 450 ◦C 
to 527 ◦C [3–6]. PTO, a classical ferroelectric, is a key component in 
various solid solutions [7,8].

Using X-ray diffraction and energy-dispersive analysis, we deter-
mined that during the synthesis of the (1-x)CFO–xPTO composite, Ti4+

ions in PbTiO3 are partially replaced by Fe3+ ions. This substitution 
results in a decrease in CFO concentration and the formation of an 
additional phase, lead hexaferrite (PbFe12O19, PFO), which exhibits 
both ferroelectric and magnetic properties [2,9]. Although the forma-
tion of PFO during the synthesis of the (1-x)CFO–xPTO composite has 
been observed, it has often been reported without detailed structural or 
property analysis in the literature [10,11].

In this work, we present the results of studying the structural 
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parameters, impedance spectra, magnetic, magnetoresistive, and mag-
netodielectric properties of pre-synthesized (1-x)CFO–xPTO composite 
samples with x = 0, 0.2, 0.4, and 0.6, which were nanostructured using 
the top-down method under a fixed pressure of 1 GPa. For comparison, 
the initial (non-nanostructured) samples were also investigated. In this 
study, the observed changes in physical properties are influenced not 
only by the presence of the PbTiO3 component but also by additional 
factors such as structural defects—including point defects and dis-
locations—that are generated during mechanical activation.

It is well known that point defects, such as vacancies and interstitials, 
play a significant role in charge transport processes, especially in 
semiconductor microelectronics [12]. Controlling the concentration of 
these defects is essential for manipulating the electrical, magnetic, and 
structural properties of materials. In previous studies on ferroelectric 
relaxors, we demonstrated the potential to control parameters such as 
the degree of long-range chemical order (s), phase transition tempera-
ture (Tc), and characteristic Debye temperature (Θ) using mechanical 
activation at room temperature [13,14].

The physical properties of the synthesized macroscopic compositions 
are significantly influenced by particle size, which can range from 
several nanometers to several micrometers due to size reduction during 
mechanical activation and depends on both the applied pressure and the 
specific material properties. Larger particle sizes are formed due to 
agglomeration, a phenomenon driven by charge accumulation on par-
ticle surfaces resulting from the direct piezoelectric effect. This effect 
generates electric charges on the particle surfaces, promoting their 
attraction and subsequent agglomeration. When materials are broken 
down into smaller particles (dispersed), the number of surface atoms 
with broken bonds increases, leading to a higher specific surface area, 
which influences the material’s physical properties. When particle sizes 
fall below 10 nm, quantum size effects become significant, altering the 
electronic and optical properties of the materials [15–20]. Therefore, 
investigating the impact of topological defects and particle size on the 
physical properties of functional materials is of both theoretical and 
practical importance.

The aim of this study is to examine the influence of topological de-
fects and particle sizes on the physical properties of the nanostructured 
(1-x)CFO–xPTO composite, including the additional PFO phase. Addi-
tionally, a comparative analysis was conducted to evaluate the physical 
properties of these nanostructured composites against their non- 
nanostructured (initial) forms.

2. Sample preparation and measuring equipment

For the solid-phase synthesis of CoFe2O4, the oxides CoO and Fe2O3 
(CoO ≥ 99.9 %, Fe2O3 ≥ 99.9 %, Sigma-Aldrich) were mixed in stoi-
chiometric proportions. The mixture was ground in an agate mortar with 
ethanol for 2 h and then placed in a closed platinum crucible. Synthesis 
was performed in a high-temperature furnace at 1000 ◦C for 4 h in the 
air. After cooling, the synthesized powder was ground again in the agate 
mortar for 1 h. X-ray diffraction (XRD) analysis confirmed the crystalline 
composition, with no impurity phases detected.

Lead titanate (PbTiO3, PTO) was synthesized using a solid-phase 
reaction. TiO2 and PbO (TiO2 ≥ 99.9 %, PbO ≥ 99.9 %, Sigma- 
Aldrich) were mixed in stoichiometric ratios, then ground in an agate 
mortar with ethanol for 1 h. The mixture was pressed into a tablet under 
200 MPa and placed in a closed platinum crucible. Synthesis was per-
formed in a high-temperature furnace at 900 ◦C for 2 h in an air atmo-
sphere. The furnace was then turned off, allowing the system to cool 
naturally to room temperature. The synthesized PTO was ground again 
in an agate mortar. Joint synthesis of CFO and PTO at various concen-
trations was performed at 900 ◦C for 4 h.

Phase analysis of the synthesized samples was performed using an X- 
ray diffractometer (D2 Phaser, Bruker, Germany) with Cu Kα radiation 
(λ1 = 1.5406 Å, λ2 = 1.5444 Å). The analysis utilized a step size of Δ2θ =
0.01◦ and data collection time of τ = 0.1 s, to identify the phases present 

in the samples. The microstructure of the samples was examined using a 
scanning electron microscope (LEO EVO 40 XVP; Carl Zeiss AG, Ger-
many). Magnetic properties were characterized at room temperature 
using a vibrating sample magnetometer (VSM, LakeShore 7404, USA). 
Magnetodielectric and magnetoresistive properties were measured in a 
constant magnetic induction field up to 2 T at room temperature, using a 
custom laboratory setup designed for these measurements. Impedance 
spectroscopy measurements were conducted from room temperature to 
700 K using a PARSTAT 4000 system (Princeton Applied Research, 
USA).

To apply both high pressure and shear strain, the pre-synthesized 
powder was placed between Bridgman anvils, with the lower anvil 
rotating at 12.56 radians per hour to induce shear deformation. A 
pressure of 1 GPa was applied to the anvils for all concentrations. To 
minimize errors from pressure gradients, only the central part of the 
sample was analyzed. This process was repeated eight times for each 
concentration, and the resulting samples were ground in an agate mortar 
for 30 min.

For electrophysical measurements, ceramic disks with a diameter of 
6 mm and a thickness of 1 mm were prepared by sintering the initial and 
nanostructured powders at 900 ◦C for 4 h. Colloidal silver paste was 
applied to the disk surfaces as electrodes and then heated at 750 ◦C for 
10 min. The density and porosity of the ceramic samples were deter-
mined by hydrostatic weighing and are shown in Table 1.

As shown in Table 1, the density of the (1-х)CFO–хPTO compositions 
changes non-monotonically following nanostructuring, while the 
porosity decreases significantly. The irregular variation in density may 
be attributed to the uncontrolled concentration of the PFO phase that 
forms during the composite synthesis. The unit cell volume of PFO at 
room temperature is 694.82 Å3, which is significantly larger than the 
unit cell volumes of CFO and PTO, reported as 588.61 Å3 [21] and 65.3 
Å3 [22], respectively. This difference in unit cell volume affects the 
overall density of the composite. The observed reduction in porosity 
following nanostructuring is likely due to the introduction of topological 
defects during mechanical activation. These defects reduce the activa-
tion energy required for diffusion processes during ceramic sintering, 
leading to decreased porosity.

3. Results and discussion

3.1. Microstructure

As shown in Fig. 1, the micrographs depict the 0.6CFO–0.4PTO 
powder in three stages: before mechanical activation (a), after me-
chanical activation (b), and after sintering to form the ceramic sample 
(c). Before mechanical activation, the powder particles are relatively 
uniform. After mechanical activation, these particles form conglomer-
ates of smaller, fused particles with isometric shapes. During the sub-
sequent sintering process, these conglomerates transform into larger 
crystallites with edge sizes reaching up to 5 μm. Fig. 1 highlights crys-
tallites corresponding to different phases: CFO (indicated by the middle 
arrow), PFO (indicated by the vertical arrow), and PTO (indicated by the 
lower horizontal arrow). In our previous study [2], energy-dispersive 

Table 1 
Density and porosity of (1-х)CFO–хPTO compositions before and after 
nanostructuring.

Composition Density (g/cm3) Porosity (%)

CFO 4.259 40.15
CFO (1 GPa) 5.108 16.44

0.8CFO-0.2PTO 5.116 25.34
0.8CFO-0.2PTO (1 GPa) 4.979 13.72

0.6CFO-0.4PTO 4.983 25.99
0.6CFO-0.4PTO (1 GPa) 4.957 21.16

0.4CFO-0.6PTO 5.372 27.50
0.4CFO-0.6PTO (1 GPa) 5.496 20.38
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X-ray analysis (EDX), attached to an electron microscope, was employed 
to determine the elemental concentrations and identify grains with 
similar shapes, providing detailed compositional information.

Elemental analysis of some crystallites revealed the formation of 
solid solutions in addition to hexaferrite, with compositions ranging 
from PbFe0.42Ti0.86O3.35 to PbFe0.52Ti0.95O3.68 and from PbCo1.55-

Fe9.46Ti1.21O19.16 to PbCo1.69Fe8.24Ti1.26O17.57 [2]. The component 
indices in these formulas depend on the concentration of PTO and can 
vary even within a single ceramic sample. The Bragg peaks corre-
sponding to these compositions were not detected in the X-ray diffrac-
tion patterns, likely due to their low concentration and, consequently, 
insufficient diffraction intensity. For the remaining composite powders, 
no significant differences were observed in the micrographs, and thus, 
they are not presented here.

3.2. X-ray diffraction analysis

Fig. 2 displays the X-ray diffraction patterns of the (1-х) 
CoFe2O4–хPbTiO3 compositions with x = 0.0, 0.2, 0.4, and 0.6, both 
before and after nanostructuring. The patterns show the changes in 
phase and structural features due to nanostructuring. X-ray phase 
analysis of the compositions was performed using the Powder Cell 2.3 
software package [23]. The Pseudo-Voigt 1 function, a standard peak 
shape function, was employed to approximate the diffraction peaks. The 
unit cell parameters were refined using the Rietveld method by adjusting 
atomic coordinates, site occupancies, and Debye-Waller isotropic 

thermal factors [24,25]. The original X-ray diffraction patterns and the 
corresponding Rietveld refinement fitting results are provided in Ap-
pendix A.

A characteristic feature of the diffraction patterns for nanostructured 
compositions is the broadening of the diffraction profiles and an 
increased diffuse scattering background. This broadening indicates a 
reduction in crystallite size and the presence of microstrain or structural 
disorder. In Fig. 2(b), noticeable shifts of the Bragg peaks along the 
diffraction angle axis (2θ) are observed in the magnified section. These 
shifts are attributed to the formation of additional phases during com-
posite synthesis and the presence of topological defects. However, the 
shifts do not follow a strict monotonic trend because the compositions 
exist in various metastable states, influenced by varying concentrations 
of structural defects and additional phases. For compositions with х ∕=
0.0, peaks corresponding to CFO (space group Fd3m), PTO (space group 
P4mm), and PFO (space group P63/mmc, PDF # 41–1373) are observed 
[9].

Fig. 3 shows the dependence of the unit cell parameters of CFO, PTO, 
and PFO before and after nanostructuring.

As observed in Fig. 3(a), the unit cell parameter a of CFO increases 
with increasing x, while a* decreases regardless of x. For PTO, the unit 
cell parameter c decreases as x increases, while the parameter a initially 
increases with x up to 0.4 and then decreases. The concentration point x 
= 0.4 is particularly noteworthy because, at this point, the minimum of 
a* and the maximum of a are observed. The parameter c* shows a 
consistent increase throughout the entire concentration range. 
Comparing the parameters c and c*, the maximum change in c across the 
concentration range is Δ = 0.016 Å, while the maximum change in c* is 
Δ* = 0.0016 Å. The lattice parameter c* increases after mechanical 
activation, which can be attributed to the topological defects generated 
during the nanostructuring process.

The change in the unit cell parameter a of PFO at the extreme con-
centration x = 0.6 is Δа = 0.045 Å, and after nanostructuring, the change 
at the same point is Δа* = 0.12 Å. Meanwhile, the change in parameter 
c* is negligible and falls within the margin of measurement error. 
Therefore, it can be concluded that under mechanical activation, the 
PFO unit cell expands in a plane perpendicular to the 6th-order sym-
metry axis.

The Williamson-Hall method is commonly used to estimate particle 
sizes in X-ray diffraction analysis. However, due to the overlap of 
diffraction profiles from various components in our compositions, this 
method is not applicable. To determine the sizes of coherent scattering 
regions (D), we use the Debye-Scherrer formula for the selected 
direction: 

D=
kλ

βhkl cos θ
(1) 

where k is a shape factor, λ is the wavelength of X-ray radiation, βhkl is 
the full width at half maximum (FWHM) of the diffraction peak, and θ is 
the Bragg angle. It should be noted that the particle sizes estimated as D 
represent only the average sizes in the direction perpendicular to the hkl 
plane. In complex compositions, overlapping diffraction peaks of CFO 

Fig. 1. Electron micrographs showing the synthesized powder (a), the mechanically activated powder (b), and the sintered ceramic sample of 0.6CFO–0.4PTO (c).

Fig. 2. Diffraction patterns of the compositions (1-х)CoFe2O4–хPbTiO3 before 
and after mechanical activation (a) and their magnified sections (b).
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with those of PTO and PFO complicate the analysis. Therefore, the 
estimation of D for CFO, PTO, and PFO was performed using single non- 
overlapping peaks: (220) for CFO, (101) for PTO, and (114) for PFO.

The results are presented in Table 2, which shows that nano-
structuring by mechanical activation significantly decreases the D values 
for all composite components, as expected. As shown in Table 3, the D 
value of CFO before mechanical activation reaches its maximum at a 

concentration of x = 0.6. After mechanical activation, D increases 
monotonically with increasing x, but remains significantly smaller than 
the values observed before mechanical activation. Before mechanical 
activation, the D values of the PTO and PFO components were nearly 
constant. After mechanical activation, the maximum D values for these 
components are observed at x = 0.4. At this concentration (x = 0.4), the 
microdeformation values ζ are minimal for nearly all components. 
Microdeformations were calculated using the formula: 

ζ=
βhkl cos θ

4
(2) 

where βhkl is the width at half maximum of the Bragg profile and θ is the 
diffraction angle.

The results presented in Table 2 show that nanostructuring leads to 
an increase in microdeformations by one to two orders of magnitude, 
depending on the composition concentration.

Next, the dislocation densities, ρD, representing topological defects, 

Fig. 3. Dependence of the lattice parameters for CoFe2O4 – (a), PbTiO3 – (b), PbFe12O19 – (c). Parameters after mechanical activation are indicated with an asterisk.

Table 2 
Sizes of coherent scattering regions D for (1-x)CFO–xPTO components.

Composition - 
pressure

D, nm ζ

х 
=

0.0

х =
0.2

х 
=

0.4

х =
0.6

х =
0.0

х =
0.2

х =
0.4

х =
0.6

CFO 56 54.3 43 64.7 4.8 
×

10− 4

5 ×
10− 4

4.8 
×

10− 5

7.2 
×

10− 4

CFO - 1 GPa 6.8 15 18 26 2.1 
×

10− 3

1.7 
×

10− 3

1.4 
×

10− 3

1.2 
×

10− 3

PTO – 39 37 39 – 7 ×
10− 4

4.8 
×

10− 4

9.6 
×

10− 4

PTO - 1 GPa – 6.5 20 9.8 – 7.6 
×

10− 4

9.6 
×

10− 4

2.5 
×

10− 3

PFO – 52 49 49 – 7.2 
×

10− 4

3.3 
×

10− 4

4 ×
10− 4

PFO - 1 GPa – 9.4 26 15.7 – 2.2 
×

10− 3

1.3 
×

10− 3

1.7 
×

10− 3

Table 3 
Dislocation densities (ρD) of composite components before and after mechanical 
activation.

Composition - pressure ρD, cm− 2

х = 0.0 х = 0.2 х = 0.4 х = 0.6

CFO 9.6 × 1010 1.0 × 1011 1.6 × 1011 7.2 × 1010

CFO - 1 GPa 6.5 × 1012 1.3 × 1012 9.3 × 1011 4.4 × 1011

PTO – 2.0 × 1011 2.2 × 1011 2.0 × 1011

PTO - 1 GPa – 7.1 × 1012 7.5 × 1011 3.1 × 1012

PFO – 1.1 × 1011 1.2 × 1011 1.2 × 1011

PFO - 1 GPa – 3.4 × 1012 4.4 × 1011 1.1 × 1012
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were calculated from the D values using the formula: 

ρD =3nD− 2 (3) 

where n = 1, under the assumption that grain boundaries form a three- 
dimensional dislocation network [26]. The results are summarized in 
Table 3.

As shown in Table 3, the dislocation densities ρD of each component 
are relatively consistent, showing only minor variations. The sizes of D 
are similarly consistent across different components, with only slight 
differences that can be considered negligible. After nanostructuring, as 
expected, the value of D decreases, while the dislocation density ρD in-
creases across all concentrations.

3.3. Impedance spectroscopy

Impedance spectroscopy, a relaxation method, is widely used to 
analyze the behavior of parameters in nonlinear electrical circuit ele-
ments under external influences [27,28]. These parameters include 
resistance Rgb, Rg as well as capacitance Cgb and Cg, which represent the 
grain boundaries and grain volume of samples, respectively. These 
samples typically behave as ceramic capacitors, and temperature often 
serves as an external influence.

For a more accurate comparative analysis, we used resistivity values, 
denoted as ρ*, instead of the complex impedance Z*: 

ρ* = ρ′- jρʺ                                                                                     (4)

where ρ′ represents the active component, ρʺ represents the reactive 
component of specific resistance, with j being the imaginary unit. Since 
clear dependencies for all compositions were observed only in the 
temperature range of 150–220 ◦C, we limited our analysis to this specific 
range.

Figs. 4 and 5 show the dependencies of ρ″(ω), ρ′(ω) and ρ″(ρ′) for (1-x) 
CoFe2O4–xPbTiO3. Within the frequency range of 104–107 Hz, the ρ′(f) 
dependencies of CFO converge into a single line as the temperature in-
creases. Meanwhile, ρ″(ω) is suppressed, showing weak relaxation 
behavior characterized by two maxima (Fig. 4(a′)). The low-frequency 
maximum corresponds to grain boundary conductivity, while the 
high-frequency maximum corresponds to grain volume conductivity.

Nanostructured CFO is characterized by a decrease in ρ′(ω) with 
increasing temperature, starting from approximately 102 Hz, and the 
graphs merge into a single line at approximately 106 Hz (see Fig. 4(b)). 
Beyond this frequency, only the constant component of the measuring 
field actively influences charge transport [29,30]. Each resistivity curve 
in Nyquist coordinates (see Fig. 4(a″)) comprises two arcs, representing 
the contributions from grain boundaries and grain volumes. Although 
the effects due to grain boundaries and volumes are not explicitly 
highlighted in Fig. 4(b′) and 4(bʺ), they become apparent when each 
curve is considered individually and will be discussed in detail for each 
composition in Fig. 7.

A comparison of the real part (ρ′(ω)) at T = 150 ◦C, used as a refer-
ence point, shows that after nanostructuring, this parameter increases by 
more than eight times. This suggests the potential for targeted control of 

Fig. 4. Impedance spectroscopy of CFO before (a, a’, a’’) and after (b, b’, b’’) mechanical activation, as well as 0.8CFO–0.2PTO before (c, c’, c’’) and after (d, d’, d’’) 
mechanical activation.
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ρ′(ω), indicating that appropriate mechanical activation pressures 
should be selected to achieve the desired effects.

Both 0.8CFO–0.2PTO compositions, before and after 

nanostructuring, exhibit similar graph behaviors: a decline in ρ′(ω) 
beginning in the range of 102 − 103, with the curves merging into a 
single line at approximately 106 Hz (see Fig. 4(c, d)). The plots of ρʺ(ω) 

Fig. 5. Impedance spectroscopy of 0.6CFO–0.4PTO before (a, a’, a’’) and after (b, b’, b’’) mechanical activation, as well as 0.4CFO–0.6PTO before (c, c’, c’’) and after 
(d, d’, d’’) mechanical activation.

Fig. 6. Temperature dependencies of ln(τm) for (1-x)CFO–xPTO compositions: x = 0.0, 0.2, 0.4, 0.6 (a) for initial samples, (b) for nanostructured samples.
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display two maxima, with the second one being less pronounced (Fig. 4
(c′, d′)). The graphs in Nyquist coordinates (Fig. 4(cʺ, dʺ)) show a slight 
decrease in the real part of the resistivity after nanostructuring.

With a further increase in the concentration of PbTiO3, as shown in 
Fig. 5(a, b, c, d), the onset of the decline in the real part of impedance, 
ρ′(ω), shifts to lower frequencies, and no wide plateau is observed. The 
decline begins in the frequency range of 10–100 Hz, and the curves 
merge into a single line at approximately 104 Hz. Beyond this frequency 
range, the transport properties are primarily influenced by the DC 
component of the measuring field [29,30]. The maxima of the imaginary 
part, ρʺ(ω), also shift to lower frequencies, and the dependencies exhibit 
an almost symmetrical shape (Fig. 5(a′, b′, c′, d′)). Although the effects 
caused by the grain boundaries and volumetric parts of individual 
phases are not distinguished in the Nyquist plots ρʺ(ρ′) (see Fig. 5(a’’, b’’, 
d’’)), they become apparent when examined separately in other graphs. 
The centers of the arcs are located above the real part of the impedance 
axis, ρ′(ω), indicating that the relaxation observed in these compositions 
is a non-Debye and thermally activated process. A comparison of the ρ′ 
data for mechanically activated compositions reveals that the value at 

the reference point increases with increasing x (see Figs. 5 and 6).
Next, we determined the activation energy Ea of each composition 

based on experimental data. The relaxation time τm corresponding to the 
maximum peak was calculated using the Arrhenius equation: 

τm = τ0 exp (Ea / kBT) (5) 

where τ0 is the pre-exponential factor, Ea is the activation energy, kB is 
the Boltzmann constant, and T is the absolute temperature in Kelvin.

In Fig. 6, kinks are observed in the plots of ln(τm) versus inverse 
temperature (1/T), which separate the temperature intervals where 
either the grain boundaries or the bulk parts of the grains predominantly 
influence charge transport. Mechanical activation slightly increases the 
activation energy associated with the grain boundaries. This increase 
can be attributed to the heightened scattering of charge carriers at 
amorphous grain boundaries, which are thicker and more irregular than 
those in non-mechanically activated compositions. The plateau 
observed in the high-temperature region reflects the conductivity of the 
bulk crystallite regions [31,32]. After nanostructuring, this plateau de-
creases and shifts to higher temperatures and lower frequencies. This 

Fig. 7. Experimental and theoretical curves, along with the corresponding equivalent circuits for the initial compositions: CFO (a), 0.8CFO–0.2PTO (b), 
0.6CFO–0.4PTO (c), 0.4CFO–0.6PTO (d); and the corresponding nanostructured compositions: (a′), (b′), (c′), (d′).
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trend is consistent with the behavior of ρʺ(ω) as illustrated in Fig. 5(a, b, 
c, d).

The dissipative properties related to charge transfer in poly-
crystalline materials depend on the parameters of the grain boundaries 
and the bulk volume of the crystallites. These parameters are deter-
mined using models known as equivalent circuits. Such parameters 
include the resistance (Rg, Rgb) and capacitance (Сg, Cgb) of the crys-
tallite volumes and their boundaries.

To perform a quantitative analysis of the impedance for each sample, 
we used the EIS Spectrum Analyzer software. The equivalent circuits for 
the samples, both before and after nanostructuring, were selected as 
shown in the insets of Fig. 7. Notably, the equivalent circuits for all 
compositions remained consistent throughout the analysis. A tempera-
ture of T = 240 ◦C was chosen for the comparative analysis because it is 
outside the range of phase transitions in the initial components, allowing 
for optimal differentiation of resistance contributions in the Zʺ(Z′) graph. 
These graphs effectively distinguish the contributions of resistance from 
the grain boundaries and the bulk grain regions. The experimental 
curves obtained indicate the presence of two or more relaxation pro-
cesses. Notably, the Rel values of the electrodes, which exhibit ohmic 
resistance, were not considered in our analysis.

Fig. 8 shows the temperature dependencies of the parameters of the 
equivalent circuits. The resistances of the bulk, Rg, and grain bound-
aries, Rgb, decrease exponentially with increasing temperature for all 
compositions. This decrease is attributed to the scattering of charge 
carriers at grain boundaries, defects, and the thermal vibrations of the 
crystal lattice.

Comparing Rgb and Rg at the fixed temperature of T = 180 ◦C, 
showed that for concentrations x = 0.0 and 0.6, Rgb is less than Rg. 
However, after nanostructuring, Rgb exceeds Rg for all compositions. 
This shift is due to intensified diffusion processes during the sintering of 

ceramics after mechanical activation, which increases the thickness of 
the amorphous layer. This increase is caused by the migration of 
nonequilibrium defects to the grain surfaces [31,32].

The capacitance of each composition, denoted as Cg (or CPEg when 
considering the constant phase element), increases with rising temper-
ature. Depending on the value of x, the capacitance reaches its 
maximum within the temperature range of T = 150–300 ◦C. The in-
crease in Сg and Cgb (CPEg) is due to the increased mobility of charge 
carriers trapped in defects within the crystal lattice, including at grain 
boundaries, as well as the thermal expansion of the grain volume. 
Maxwell-Wagner polarization begins at temperatures above T = 150 ◦C. 
Since the bulk of the grains is less defective than the amorphous grain 
boundaries, the maxima in the Cgb(Т) dependence for the grain 
boundaries appear at higher temperatures.

It is important to note that CPE is a frequency-dependent parameter. 
Its impedance is given by: 

ZCPE =A− 1(jω)− n (6) 

where A is the proportionality coefficient, and n is the exponential 
parameter indicating the phase deviation, with 0 ≤ |n| ≤ 1. When n is an 
integer, the CPE element represents classical elements with lumped 
parameters such as capacitance (C), resistance (R) and inductance (L) 
[33].

3.4. Magnetic properties

A common method for studying the magnetic properties of materials 
is to construct the primary magnetic hysteresis loop M(H) (see Fig. 9(а- 
d) and Fig. 10(a-d)) and calculate integral parameters such as coercive 
force (Hc), remanent magnetization (Mr), and saturation magnetization 

Fig. 8. Temperature dependencies of the parameters of the equivalent circuits before nanostructuring (а, b, c, d) and after nanostructuring (a′, b′, c′, d′).
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(Ms). However, in heterogeneous or multi-phase magnetic materials, the 
M(H) loop represents an overall property, which can obscure the con-
tributions of individual phases. Therefore, it is important to explore 
other methods to clarify these contributions.

The FORC (First Order Reversal Curves) method, based on the Pre-
isach model [34], has recently been widely used to study the properties 
of magnetic materials and composites.

The Preisach model describes a magnetic material as a network of 
small, independently acting, and parallel-connected domains. The 
magnetic behavior of the material is characterized by a combination of 
simple hysteresis loops, known as hysterons. Any hysteresis loop con-
taining multiple magnetic phases can be represented as a set of hyster-
ons with various Preisach distribution functions, denoted as P(Hа, Hb). 
The Preisach function, P(Ha, Hb), depends on the switching field Ha 
(often the coercive force in bistable loops) and the interaction field Hb 
(which determines the position of the hysteron in the diagram).

FORC diagrams can reveal the distribution of coercive forces and 
magnetic interactions in compositions with different magnetic phases 
[35–37]. Therefore, they are useful for identifying magnetic phases. 
Additionally, this method is effective for investigating the ‘internal’ 
magnetic structure of single-phase compositions [38].

In this study, measurement results were processed using the VARI-
FORC program [39], and the FORC diagram was constructed using the 
following steps: 1. The sample was magnetized to saturation at a satu-
ration field Hs of approximately 17 kOe. 2. Next, the external magnetic 
field was reduced to a reversible field Ha = Hs - ΔH × n, where ΔH varied 
for each curve, and n represents the curve number. 3. Finally, the 
magnetic field was increased back to the saturation field Hs. The optimal 
step ΔH used to shift Ha was determined for each composition and is 
shown in each figure.

Fig. 9(b) shows a single step of the FORC curve, while Fig. 9(a′, b′, c′, 
d′) and 10(a′, b′, c′, d′) display 100 FORC curves for each composition. 
The next step involved converting the coordinates from Ha and Hb to Hc 
= (Hb- Ha)/2 and Hu = (Hb + Ha)/2. This coordinate transformation was 
originally developed by Mayergoyz [40]. The FORC distribution is 
represented as a mixed second derivative of the magnetization: 

ρ(Hu,Hc)= − ∂2M(Hu,Hc)
/

∂Hu∂Hc (7) 

where Hu represents the distribution of interaction fields within spin 
ensembles, and Hc represents the distribution of switching fields in local 
magnetization regions.

Fig. 9. Hysteresis loops, FORC diagrams, and two-dimensional distribution maps for different conditions: (a), (a’), (a’’) – x = 0.0; (b), (b’), (b’’) – x = 0.0, 1 GPa; (c), 
(c’), (c’’) – x = 0.2; (d), (d’), (d’’) – x = 0.2, 1 GPa.
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Fig. 9(а-d and а′-d′) and 10(а-d and а′-d′) depict classic hysteresis 
loops and FORC curves for four concentrations, both before and after 
nanostructuring. Two-dimensional distribution maps of the FORC dia-
grams for the same compositions are shown in Fig. 9(аʺ-dʺ) and 10(аʺ- 
dʺ).

The macrodomain CoFe2O4 (as shown in Fig. 9(аʺ)) is characterized 
by the FORC diagram with a switching field Hc = 1.05 kOe and an 
interaction field Hu = ± 0.6 kOe, which exhibits two humps symmetri-
cally positioned relative to the zero line. This distribution of humps 
indicates the presence of magnetostatic interactions. For the macro-
domain 0.8CoFe2O4–0.2PbTiO3 (as shown in Fig. 9(cʺ)), a stretched 
region along Hu = ± 0.8 kOe is observed, with the center of the hump at 
Hc = 1.05 kOe. Notably, at х = 0.2, the formation of the PFO hexaferrite 
occurs, resulting in the sample comprising at least three phases. Two of 
these phases exhibit magnetic properties, while the third phase is PTO 
ferroelectric. However, due to the small amount of PFO at х = 0.2 and 
the presence of Fe3+ ions in two phases, a clear separation of these 
phases is not observed in the FORC diagrams.

However, the contour of the FORC diagram reveals a slightly larger 
dispersion of Hc, indicating the appearance of a second magnetic phase 

with a lower coercive field than that of CFO. The observed increase in Hc 
(centered at approximately 5 kOe) due to nanostructuring, as shown in 
Fig. 9(bʺ, dʺ), can be attributed to the dispersion and size effects, 
observed during the mechanical activation of ferromagnetic composi-
tions between Bridgman anvils [41,42]. The larger dispersion of coer-
cive fields is likely due to two factors: a) the defective structure of 
mesoscopic-scale particles, which hinders the movement of domain 
walls and the rotation of magnetic moment vectors; and b) the formation 
of non-interacting single-domain particles during mechanical activation. 
The influence of stresses and grain size on hysteresis parameters and the 
ambiguity of their results have been previously discussed [43,44]. The 
behavior of non-interacting single-domain particles in FORC diagrams 
can be understood through the Preisach-Néel model [34,45].

A characteristic feature of the nanostructured samples resulting from 
mechanical activation is the presence of negative valleys in the field 
range Hc = 2–8 kOe (as seen in Fig. 9(bʺ, dʺ) and Fig. 10(bʺ, dʺ)). Ac-
cording to Ref. [37], this negative region corresponds to FORCs with a 
reversible field Hr, that is close to the coercive force Hс, where Hb is 
slightly larger than Ha. In this region, ∂M/∂Hb decreases with decreasing 
Ha, leading to a negative value of ρ(Ha, Hb).

Fig. 10. Hysteresis loops, FORC diagrams, and two-dimensional distribution maps for different conditions: (a), (a’), (a’’) – x = 0.4; (b), (b’), (b’’) – x = 0.4, 1 GPa; (c), 
(c’), (c’’) – x = 0.6; (d), (d’), (d’’) – x = 0.6, 1 GPa.
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Nanostructuring of CFO by mechanical force led to an increase in the 
area of the hysteresis loop (see Fig. 9(bʺ)) and the formation of the FORC 
diagram with an intense horizontal ridge centered at Hc = 4.75 kOe. 
Along the axis of the interaction field Hu, the center of the ridge is shifted 
downward but remains higher than its position before mechanical 
activation. This FORC diagram corresponds to a nanostructured multi-
domain structure. However, the crystal structure after mechanical 
activation is characterized by mechanical stresses induced by topologi-
cal defects generated during the process. For each magnetic phase, there 
is a critical particle size at which the formation of magnetic domains 
becomes energetically unfavorable, causing the particles to become 
single-domain. In this state, changes in magnetization occur through the 
coherent rotation of spins, leading to an increase in the coercive force. A 
comparative analysis of particle size D and magnetic measurements in-
dicates that a decrease in D results in an increase in the coercive field Hc. 
Additionally, structural defects contribute to the growth of Hc.

3.5. Magnetodielectric and magnetoresistive properties

Magnetodielectric and magnetoresistive effects are among the 
intriguing phenomena observed in multiferroics. The magnetodielectric 
effect involves a change in the dielectric constant caused by the 

influence of a magnetic field on the ferroelectric component of the 
crystal lattice. Additionally, the influence of an electric field on 
magnetization can also be observed in these materials. When the mag-
netic and ferroelectric sublattices are not directly coupled within a 
composite material, the interaction between them can only occur indi-
rectly. In composites, such effects often result from phenomena like 
magnetostriction or electrostriction. In our case, the CFO component 
exhibits negative magnetostriction, meaning it contracts in the presence 
of a magnetic field. Meanwhile, PTO, although ferroelastic, undergoes 
significant spontaneous deformation. Therefore, we do not expect any 
barriers to observing an indirect magnetic effect on the PTO component.

However, the partial substitution of the Ti4+ ions in PbTiO3 with 
Fe3+ ions results in the formation of a third phase, a hexaferrite, which is 
multiferroic. In this phase, the magnetodielectric effect can be signifi-
cantly enhanced. This substantial effect may be attributed to factors 
such as magnetoresistance, the accumulation of charges at in-
homogeneities, or interlayer polarization known as Maxwell-Wagner 
polarization [46]. In such cases, the magnetodielectric (MD) effect is 
considered to arise from an extrinsic mechanism.

If the dipole moment within a ferroelectric material changes under 
the influence of a magnetic field, it leads to a change in polarization that 
can be detected by observing the ferroelectric hysteresis loop P(E). This 

Fig. 11. Dependencies of MD(B) and MR(B) for (1-х)CFO-хPTO compositions: Initial compositions are shown as а(0.0), a′(0.0), b(0.2), b′(0.2), e(0.4), e′(0.4), f(0.6), f′ 
(0.6); nanostructured compositions are shown as (c(0.0), c′(0.0), d(0.2), d′(0.2), g(0.4), g′(0.4), h(0.6), h′(0.6)). Concentrations x are indicated in parentheses. 
Figures corresponding to nanostructured compositions are highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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indicates an internal source of magnetodielectric (MD) coupling [47]. 
However, after closely monitoring the ferroelectric hysteresis loop P(E) 
with a magnetic induction change up to 2 T, no significant alteration in 
the loop’s shape was observed. This suggests that the MD effect in our 
case is not due to internal coupling but is instead attributed to magne-
toresistance and Maxwell-Wagner polarization. To measure the mag-
netodielectric MD(B) and magnetoresistive MR(B) coefficients, we used 
the following well-established formulas: 

MD(B)= (έ (B) − έ (0)) / έ (0) (8) 

MR(B)= (ρʹ(B) − ρʹ(0)) / ρʹ(0) (9) 

where ε′ and ρ′ denote the real parts of the dielectric constant and re-
sistivity, respectively.

Fig. 11 shows the dependence of the MD(B) and MR(B) coefficients 
on the magnetic induction B, with the magnetic induction vectors B and 
the electric field strength E arranged orthogonally. A characteristic 
feature of the MD(B) dependencies for all compositions is that, at 
measuring field frequencies of 200 and 1000 kHz, the behavior is nearly 
linear, with a positive deviation observed at the end of the magnetic 
field range at 1 MHz. At these frequencies, the MD(B) coefficients do not 
exceed 4 %. In contrast, at a frequency of 500 kHz, the MD(B) values are 
negative and exhibit a variation of 12–18 %, depending on the con-
centration x. Importantly, all graphs are nearly symmetrical relative to 
the zero lines, indicating minimal hysteresis.

The sign of MR(B), as shown in Fig. 11, depends on the frequency of 
the measuring field. At frequencies of 200 kHz and 500 kHz, MR(B) is 
positive and exhibits a parabolic dependence. At 1 MHz, however, MR 
(B) becomes negative, with some compositions demonstrating a nearly 
linear dependence. This trend is consistent for both initial and nano-
structured compositions. The positive MR(B) coefficients range from 
150 % to 225 %, depending on the concentration x, while the negative 
MR(B) remains approximately 75 %, regardless of x.

As shown in Fig. 11, (1-х)CFO–хPTO exhibits colossal magnetore-
sistance. As the magnetic field increases, the orientation of the sponta-
neous magnetization vector Ms changes, which affects spin-orbital 
interactions and crystal lattice parameters. This results in changes to 
the unit cell parameters of CFO, causing deformations in the crystal 
lattices of PTO and PFO.

The work done during magnetostrictive deformation of the sample 
corresponds to changes in the crystal field energies and spin-orbital in-
teractions. Magnetostriction in CFO induces deformations in the crystal 
lattices of PTO and PFO, leading to increased scattering of charge car-
riers due to lattice vibrations. The coefficient MR(B) shows a broader 
range of variation compared to МD(В), and their signs depend on the 
frequency of the measuring field.

4. Conclusion

This study provides a comprehensive understanding of how physical 
properties in pre-synthesized (1-х)CFO–хPTO composites can be 
manipulated by adjusting and nanostructuring component concentra-
tions. By employing a top-down approach with uniaxial pressure using 
Bridgman anvils, we have effectively controlled these properties. The 
impedance formalism revealed that conductivity relaxation in (1-х) 
CFO–хPTO composites deviates from Debye behavior, primarily due to 
Maxwell-Wagner polarization effects. Both before and after nano-
structuring, the parameters Rg and Rgb of equivalent circuits showed 
classical temperature dependence, with Rgb consistently being greater 
than Rg in all nanostructured samples. The increase in capacitance (Сg 
and Cgb) with temperature is attributed to the enhanced mobility of 
charge carriers trapped in crystal lattice defects and the thermal 
expansion of the grain volume. The observed maxima are associated 
with Maxwell-Wagner polarization. Using FORC analysis, we demon-
strated that the magnetic properties of (1-х)CFO–хPTO composites 

represented integral characteristics that enable the separation of con-
tributions from each magnetic phase. The characteristics of these mag-
netic phases were found to depend on the size of the coherent scattering 
region D. The magnetoresistive coefficient MR(B), showed a variation in 
the range of 150–250 %, depending on concentration x. The magneto-
dielectric effect was attributed to magnetostriction and interfacial po-
larization. Notably, adjusting the frequency of the measuring field 
allowed for the modification of the signs of both MR(B) and MD(B), 
demonstrating the dynamic control over these properties.
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