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Abstract

This paper presents the results of studying the structural features and physical properties of two-component composites (1-x)
PbFe ,0,,—xPbTiO;, obtained from pre-synthesized and mechanically activated powders. To control the physical properties
of composites, in addition to changing the dopant (PbTiO;) concentration within the range of 0.2-0.8 in steps of 0.2, the
method of mechanical activation (nanostructuring) was used. This method implies that the Bridgman anvils simultaneously
apply a compressive force to the powder placed between them and produce a shear deformation by rotating the lower anvil.
X-ray diffraction revealed a sharp decrease in the unit cell parameters of the dopant of the initial composition at x=0.4,
followed by a similarly sharp leap in the parameters of the hexagonal cell after mechanical activation. The dimensions of
the coherent scattering regions (D) of the PbFe,;,0,, component after mechanical activation decreased by more than a half,
while the dislocation density (p,) and the magnitude of microstrains (¢) increased by more than an order of magnitude. It
was found that the magnetic phase transition temperature of composites decreases by about 14 °C with increasing dopant
concentration, and the nanostructuring of composites leads to a further decrease in the transition temperature by another
12-36 °C, depending on the dopant concentration. The band gap E, of the nanostructured compositions increases by approxi-
mately 0.3 eV regardless of the dopant concentration. Using the impedance spectroscopy method, it has been discovered
that the dependence of the grain capacitance Cy(T) in the temperature range of 150-350 °C has a bell-shaped form, which
is explained in terms of Maxwell-Wagner polarization, where the relaxation is of the non-Debye type.

Keywords Composites - (1-x)PbFe,0,—xPbTiO; - Mechanical activation - Impedance spectroscopy - Band gap - FORC
analysis
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The recent increased interest in M-type hexaferrites, com-

monly designated in the literature as MFe,0,4 (M — Ba, Sr,
Pb, etc.), is primarily due to the fact that they are important
functional materials characterized by high values of satura-
tion magnetization, magnetocrystalline anisotropy, coerciv-
ity, and resistance to external degrading factors [1]. M-type
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materials to lead-free materials in products and devices, the
interest in studying PbFe,0,4 remains high due to its easy
synthesis [13-20].

To obtain hexaferrites and improve their physical proper-
ties, researchers employ various technological techniques
and methods. In [21, 22] the authors describe co-precip-
itation, crystallization, hydrothermal, and microemulsion
techniques, while in [23] the synthesis of nanostructures of
PbFe,,0,4 was conducted with the citrate precursor method.
However, this synthesis was accompanied by the formation
of an impurity phase, y-Fe,0;. In [24, 25], hexagonal struc-
ture PbFe,0,4 powders were synthesized using the sol—-gel
method. In [24], ceramics sintered from these powders at
room temperature exhibited significant spontaneous polari-
zation, demonstrating a clear ferroelectric hysteresis loop
with a residual polarization of P.~33.5 pC/cm?. In [17],
PbFe ,0,, nanoparticles were obtained with a simple depo-
sition method using various organic surfactants. Addition-
ally, PbFe,,0,,-TiO, nanocomposites were prepared using
the sol-gel method, and the influence of the deposition agent
on the morphology and particle size, as well as the mag-
netic and photocatalytic properties of the composition were
investigated. In [26], the changes in phase purity, morphol-
ogy, and magnetic properties of Ba,Pb; ,Fe ;0,4 (x=0, 0.2,
0.4, 0.6, 0.8, and 1) hexaferrite powders synthesized by the
sol—gel auto-combustion method were investigated depend-
ing on the annealing temperature (7,). The hexagonal phase
PbFe,0,q is formed directly as a result of the solid-state
reaction between a-Fe,O; and PbO during annealing of the
combustion product at 7,~900 °C.

The study [27] reports the synthesis of hexagonal ferrite
PbFe ;0,4 by thermal decomposition of nitrates dissolved
in ethylene glycol at 900 °C. The main advantages of this
method, according to the authors, are the possibility of crys-
tallization at low temperatures and the production of submi-
crometer particles.

A well-known method that leads to multiferroic proper-
ties in compositions is the synthesis of two-phase compos-
ites of hexaferrites and ferroelectrics, which are character-
ized by strong magnetoelectric interactions [13, 28-30].

Various methods of producing thin films also hold a
significant place among the methods for obtaining hexafer-
rites. In the study [31], the thin polycrystalline PbFe ;0,4
films with high coercivity were grown on Si/SiO, substrates
using pulsed laser ablation deposition. The influence of
substrate temperature (550-775 °C) and oxygen pressure
(1.0-3.0 mbar) on magnetic properties was observed. Crys-
tallization of the thin PbFe,0,, films occurs in the tempera-
ture range of 600-750 °C, which is 100-150 °C lower than
that of SrFe ,0, and BaFe,0,, hexaferrites. It was found
that the films are isotropic with M /M, ratio of ~0.5, and the
saturation magnetization of the films reaches 280 emu/cm?,
which is a fairly high value.
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By using alternating targets of PbO and Fe,O; with the
laser ablation deposition method (ATLAD), the authors
in [32] obtained oriented hexaferrite PbFe;,0,9. This
configuration for film fabrication is notable because the
properties of the film can be controlled by varying the tar-
get composition and the number of laser shots from each
target during the deposition process. In another study [33],
the thin PbFe,,0,4 hexaferrite films with a high degree of
orientation in the perpendicular direction were fabricated
by pulsed laser ablation on a sapphire substrate surface at
700 °C and the oxygen partial pressure of 3.0 mbar. The
anisotropic nature of the films was demonstrated by the
residual magnetization ratio M /M =86% in the perpen-
dicular direction compared to 20% in the direction parallel
to the film plane. The coercive field value was 2.5 kOe and
the saturation magnetization was 165 emu/cm?>.

Thus, from the small number of literature sources cited
above, it is clear that the study of the same multiferroic
property of PbFe;,0,4 yields varying results, and these
depend on the technological methods and fabrication tech-
niques used.

The aim of this study was to investigate the structural,
optical, impedance, and magnetic properties of ceramic
composites (1-x)PbFe,0,,—xPbTiO;, synthesized by the
solid-state method, and to establish a "structure—property"
correlation between compositions at the nanostructural and
macroscopic scales. The selection of PbTiO; as the second
component is due to its Curie temperature (~ 7, =490 °C),
which is close to the magnetic phase transition temperature
of PbFe ,0,4, reported to be around 430 °C [34]. This
proximity of ferroelectric and magnetic phase transition
temperatures is significant for the indirect control of the
properties of the composite components.

2 Experimental procedures
2.1 Preparation of hexaferrite PbFe,,0,,

The starting oxides, PbO (>99.9%, particle size < 10 pm)
and Fe,05 (>99.9%, particle size <5 pm) from Sigma-
Aldrich, were mixed in stoichiometric proportions in
an agate mortar for 2 h with ethanol as a medium. The
mixture was then synthesized in a high-temperature fur-
nace at 1250 °C for 2 h in an air atmosphere. The heating
rate was 600 °C/h, and the cooling to room temperature
took 10 h. The resulting product was ground for 30 min
and analyzed for phase purity using an X-ray diffractom-
eter (D2 Phaser, Bruker, Germany) with Cu Ka radia-
tion (Ko, = 1.54060 A, Ka,=1.54443 A), at a step size
of A20=0.01° and a data collection time T=0.1 c. No
impurity phases were detected.
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2.2 Preparation of lead titanate PbTiO,

Lead titanate PbTiO; was also synthesized using the
solid-state reaction method. TiO, (TiO, >99.9%, particle
size < 150 nm) and PbO (>99.9%, particle size < 10 pm)
from Sigma-Aldrich were mixed in stoichiometric propor-
tions in an agate mortar with ethanol for 2 h. The synthesis
was performed in a high-temperature furnace within a closed
platinum crucible at 900 °C for 2 h in an air atmosphere. The
heating rate was 300 °C/h, and the cooling to room tempera-
ture took 8 h. The resulting PbTiO; powder was ground in an
agate mortar with ethanol along with the appropriate amount
of PbFe,,0,4 for 2 h. A joint synthesis of PbFe,,0,4 and
PbTiO; was then conducted at 900 °C for 4 h in an air atmos-
phere, followed by cooling to room temperature over 6 h.

2.3 Nanostructuring and characterization

For nanostructuring the pre-synthesized powder of (1-x)
PbFe,0,y—xPbTiOj;, the Bridgman anvils were employed
as previously described in our works [35-37]. This method
involves applying simultaneous compressive force using
the Bridgman anvils to the powder placed between them,
coupled with a shear deformation created by the rotation of
the bottom anvil to introduce structural defects. For ceramic
sintering, compressed tablets with a diameter of 11 mm were
held in a furnace at 1100 °C for 2 h. For electrophysical stud-
ies, colloidal silver paste was applied to the ceramic disks
and fired in a furnace for 15 min at 750 °C. Optical absorp-
tion spectra at room temperature were studied on a Shimadzu
UV-2600 dual-beam spectrophotometer. Magnetic hysteresis
loops were analyzed using a vibrating sample magnetometer
(VSM, LakeShore 7404, USA) at room temperature. A high-
temperature attachment was used to investigate the tempera-
ture dependence of magnetization. Impedance spectroscopy
was studied using a PARSTAT 4000 impedance analyzer
(Princeton Applied Research, USA) at high temperatures.
Scanning electron micrographs were obtained using a micro-
scope (Carl Zeiss EVO 40, Germany).

3 Results and discussion
3.1 Microstructure

Before nanostructuring, the samples exhibit well-defined
crystallite facets corresponding to both the hexaferrite
PbFe ;0,4 and the ferroelectric PbTiO5. Depending on
the concentration of x, the compositions show a range of
grain sizes within certain intervals, which is presented as
a histogram in the Supplementary Materials. After the
mechanical activation, all samples exhibit a loose sur-
face consisting of a collection of small, agglomerated

nanoparticles (see Fig. 1). This agglomeration is due to
the direct piezoelectric effect that occurs when pressure is
applied to the macroscopic crystallites and leads to their
crushes.

3.2 X-ray diffraction analysis

X-ray diffraction patterns of ceramic samples before and
after nanostructuring are shown in Fig. 2(a), while the
concentration dependence of the lattice parameters for the
tetragonal and hexagonal phases of the composites is pre-
sented in Fig. 3. The refinement of the lattice parameters of
the composite components was performed using the Rietveld
method with the Powder Cell 2.3 software package [38].
The diffraction patterns are characterized by the broaden-
ing of Bragg profiles and their shift along the 20 axis (see
Fig. 2(b)). This is particularly noticeable for nanostructured
compositions. PbTiO; has a tetragonal crystal system with
the space group symmetry P4mm (ICSD Collection Code
1610), while PbFe,,0,4 has a hexagonal crystal system with
the space group symmetry P6,/mmc (ICSD Collection Code
16,156). After nanostructuring, the symmetry of the com-
posite components was preserved.

With changing x, the lattice parameter a of PbTiO,
slightly decreases, while the parameter ¢ increases at x=0.4
(see Fig. 3(a)). At this point, a sharp decrease in a* and c*
is observed, followed by some minor changes as x increases
further. The situation is different for the hexagonal com-
ponent of the composite. Here, a sharp leap in the lattice
parameters a and c is observed at x=0.2. The mechanical
activation of the composite at the pressure of 1 GPa does
not lead to any significant changes in the hexagonal lattice
parameters a* and c* (see Fig. 3(b)), and their changes with
increasing concentration x are non-monotonic. This indi-
cates that the structural sensitivity of PbFe,0q is strong at
x=0.2, while the sensitivity to topological defects of the fer-
roelectric component of the composite is more pronounced
atx=0.4.

However, at different mechanical activation pressures, a
high sensitivity to topological defects at different concentra-
tions may be revealed, since mechanical activation is accom-
panied by ballistic diffusion processes leading to the absorp-
tion of "weaker grains" (more defective) by less defective
"healthy grains." The predominance of the concentration of
point defects over the concentration of linear defects also
depends on the pressure of mechanical activation.

Shifts of some diffraction peaks can be attributed to vari-
ous types of structural defects, such as interstitial defects,
vacancies, etc. These defects are characteristic of the planes
with certain Miller indices and depend on the type of a crys-
tal lattice [39]. During mechanical activation, the number of
such defects increases.

@ Springer
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Fig. 1 SEM images of the pow-
der samples, illustrating that the
crystallites differ in morphol-
ogy and habit before (left) and
after (right) nanostructuring.
(a), (@) — PbFe ,0,4; (b), (b")
— 0.8PbFe,0,4-0.2PbTiO3; (¢),
(c") = 0.6PbFe;,0,4-0.4PbTiO5;
(d), (d") — 0.4PbFe ,0,4-
0.6PbTiO;; (e), (e) —
0.2PbFe,0,4-0.8PbTiO;

Figure 4 shows the concentration dependences of the
sizes of the coherent scattering regions (D) of the compos-

ite components.

To estimate the D value, we selected the non-overlapping
peaks (114) of PbFe,,0,4 and (001) of PbTiO;. The calcu-
lation was performed using the classical Debye—Scherrer

formula:

@ Springer

D= (k-2)/(Bcosb) ey

where k is the dimensionless particle shape coeffi-
cient (Scherrer constant=0.94); 1 is the wavelength of
the X-rays; f is the full width at half maximum (FWHM)
of the reflection in radians; and 0 is the diffraction angle
(Bragg angle).
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Fig.2 X-ray diffraction patterns of initial and nanostructured composites (1-x)PbFe;,0,,—xPbTiO; (a) and selected angular interval (b)
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Fig.4 Dependencies of D of the 236
composite components on the
concentration x and the pressure
of mechanical activation
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Table 1 Dislocation density (p;,) and microstrain (¢) values for (1-x)
PbFe,0,9 — xPbTiO;

x 0.2 0.4 0.6 0.8
ppX 10%/m? (PTO) 5.67 5.77 5.48 5.43
ex1073 1.5 1.5 1.5 1.5
ppX 101 /m? (PFO) 8.36 7.04 4.81 7.78
ex10™ 5.9 5.4 45 5.7
ppx 10/m? (PFO) 1GPa 3.52 3.17 2.79 4.64
ex1073-1GPa 1.1 1.1 14 1.0

From the figure, it can be seen that D of both compo-
nents depends on the concentration x, with D of PbTiO;
having a minimum value at x=0.4. The behavior of D for
PbFe,,0,, before and after mechanical activation is similar;
however, after mechanical activation, this value decreases by
more than a half. Due to the weak intensities and blurring
of reflection peaks from planes with Miller indices (001),
the D value of PbTiOj; after mechanical activation could
not be reliably measured, so these values are not given here.
Based on the experimental D data, the dislocation density
for four concentrations was calculated (see Table 1) using
the formula:

pD = 3nD™? )

with n=1, assuming that the three-dimensional dislo-
cation network coincides with the grain boundaries [40].
Microstrains were calculated using the formula:

€= (p cos 0)/4 3)
where f is the FWHM.

@ Springer
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As it is seen in the table, the dislocation density of
PbFe,,0,4 and the microstrain values increase by more than
an order of magnitude after mechanical activation.

3.3 Ferromagnetic properties

Integral parameters obtained from magnetic hysteresis loops
in the presence of two or more phases with different mag-
netic states do not provide complete and reliable informa-
tion about the magnetic domain structure, particle sizes, and
interactions between them. The interpretation of the true
magnetic state is also complicated in complex composi-
tions—composites with more than one additional non-mag-
netic phase, where the spatial distribution of such phases can
be random. Some additional difficulties in interpretation are
also caused by the presence of topological defects introduced
artificially in magnetic structures, as in our case.

Figure 5 shows the integral hysteresis loops before and
after nanostructuring (see Fig. 5(a) and Fig. 5(b)), along
with the corresponding parameters calculated from them.
To calculate M, for all concentrations, we constructed the
dependencies M(1/H?) and extrapolated them to the inter-
section with the magnetization axis M (see Fig. 5(c) and
Fig. 5(d)) to obtain the corresponding values.

The dependencies of the coercive field H, and remanent
magnetization M, on the concentration x of the starting and
nanostructured compositions, as well as the spontaneous
magnetization M, and the squareness ratio M /M, are pre-
sented in Fig. 5(e) and Fig. 5(f), respectively. As can be
seen from the figures, they exhibit non-monotonic behavior,
which is attributed to the domain structure and the inhomo-
geneous distribution of magnetization and local anisotropy
in the samples.
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Fig.5 Concentration dependence of the magnetic parameters of the composites before and after nanostructuring at the pressure of 1 GPa

However, many questions arising from the interpreta-
tion of results can be addressed using the FORC analysis
(First Order Reversal Curves), which is based on measur-
ing partial hysteresis loops [41].

Typically, at the beginning of the FORC diagram meas-
urement, the sample is brought to magnetic saturation H,.
The next step is to reduce the field to H, and then increase
it until saturation due to the steps of the H, field. This
process is repeated multiple times for various H, values.
In our case, we performed 100 cycles. The FORC distribu-
tion is defined as:

0*M(H,, H,)

4
0H,0H, @

p(Ha’ Hb) ==
where M(H,, H,) is the magnetization measured at the point
(H,, Hy).

In Fig. 6(a), this point is marked with a red cross.

Next, we transition from coordinates H, and H,, to
H.=(H,-H,)/2 and H,=(H,+ H,)/2. However, it is not
always possible to achieve magnetization saturation using
commonly available laboratory magnetometers, and in

@ Springer
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Fig.6 A series of the FORC diagrams and two-dimensional representations of the distribution of coercive field and interaction field for the com-

posites (1-x)PbFe;,0,9 — xPbTiO; before and after mechanical activation

such cases, the FORC analysis deals with unsaturated par-
tial hysteresis loops. Figure 6(a’, @', b', "', ¢', ¢'", d', d'",
e', e'"") shows the FORC diagrams and two-dimensional
representations of the distribution of the coercive field
and the interaction field for five concentrations of (1-x)
PbFe ,0,y—xPbTiO;. The measurement results were pro-
cessed using the VARIFORC program [42].

As seen in Figs. 6(a, b, d, e), with increasing PbTiO;
concentration, the areas of the FORC diagrams and the coer-
cive field H,, change non-monotonically. An exception is
the concentration x=0.4 (see Fig. 6(c)) which is character-
ized by a minimum value of H,_. The two-dimensional plots
of the coercive field and interaction field distribution are
shown in Figs. 6(a’, o', ¢', d', €'), and, except for the con-
centration x = 0.4, they represent diagrams of single-domain
non-interacting particles with ridges shifted downward along
the interaction field axis H,,. The diagram for x=0.4 corre-
sponds to a multi-domain structure.

@ Springer

Nanostructuring of the compositions, except for the com-
position with x=0.8, resulted in the narrower FORC dia-
grams (see Fig. 6(a”, b”, ¢”,d”, e”)), and the two-dimen-
sional images are similar to the diagrams of multi-domain
structures. It should be noted that during nanostructuring
by mechanical activation, in addition to the saturation of the
compositions with structural defects, there is also particle
dispersion.

The spread of particle sizes during mechanical activation
is multimodal in its nature, and the H, values of the magnet-
ized regions vary accordingly. The influence of stresses and
grain size on the hysteresis parameters and the ambiguity of
their results were indicated earlier in [43, 44].

3.4 Temperature dependence of magnetization

The stability of the structure and magnetic properties under
various external influences are crucial factors determining
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the practical applicability of functional materials. It was of
interest to study the behavior of the magnetization M of the
composites (1-x)PbFe;,0,4—xPbTiO; at high temperatures
and to clarify the role of the dopant and structural defects
during the magnetic phase transition of the composites.

Figure 7 shows the temperature dependence of the mag-
netization for five concentrations of the initial compositions
and the compositions after mechanical activation. As seen
in Fig. 7(a), the magnetic phase transition of PbFe,0q
starts at about 623 K (350 °C) and completes at T=683 K
(410 °C), which is 20 K lower than the Néel temperature Ty
found in [34]. For clarity, the regions marking the start and
completion of the magnetic phase transition are indicated
by ellipses in Fig. 6.

As the concentration x increases, the temperatures at
which the phase transition starts and finishes shift down-
ward. Despite the fact that the coercive force of the com-
posites increases with higher x concentrations, except for
x=0.4, the temperatures at which phase transitions start and
finish shift to the left.

For nanostructured compositions, the coercive force H,
decreases (see Fig. 6(a”, b”, c”,d”, e”)), the phase transi-
tions start and finish at lower temperatures (see Fig. 7(a")),
and the M(T) dependencies exhibit a more gradual slope.
These compositions also have lower magnetization values.
Here, the particle sizes and their structural state play a sig-
nificant role, as they are smaller and more defective com-
pared to the initial compositions.

3.5 Optical properties

Many fundamental parameters of solids, including the band
gap E,, are structurally sensitive. Therefore, it was of interest

[\
)

Phase
trasition
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N
1

1——x=0.0
|——x=0.2
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=

x=04

S59——x=06

—>—x=028

0 - 1
300 400 500 600 700

Temperature, K

to study the influence of structural defects on the E, of the
composites (1-x)PbFe,,0,,—xPbTiO;. Based on the diffuse
reflectance R(\), we obtained absorption spectra. For their
analysis, the Kubelka—Munk function, which is proportional
to the ratio of the absorption coefficient a and the scatter-
ing coefficient s of an infinitely thick opaque sample, was
used [45].

F(R) = (1-=R?/2R=a/s )

To estimate the band gap, we used the equation proposed
by Tauc, Davis, and Mott [46—49]:

(hve)'/" = A(hv - E,) (6)

where /4 is the Planck’s constant, v is the frequency, and
A is the proportionality coefficient, n = 1/2 for allowed direct
transitions and n=2 for allowed indirect transitions. The
graphs of the dependence of (E:F(R_))* on hv using the
Kubelka—Munk function (hv:F (Rm))2 for the compositions
are shown in Fig. 8. The tangent drawn to the intersec-
tion with the energy axis gives E,. As can be seen from
the Fig. 8, the E ¢ of all concentrations after the mechanical
activation increased significantly. By changing the band gap
in this way, we can control the charge transport properties
of the compositions.

3.6 Impedance spectroscopy

Impedance spectroscopy, one of the relaxation methods, has
been used to analyze the parameter behavior of nonlinear
elements in electrical circuits of crystalline bodies. The non-
linear elements of the electrical circuit, which include the
samples studied in this work, are nonlinear capacitors. In this
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Fig.7 Temperature dependencies of the magnetization of (1-x)PbFe ,0,9 — xPbTiO; before (a) and after (a’) nanostructuring. The ellipsoids cor-

respond to the start and completion of phase transitions

@ Springer
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Fig. 8 Dependence of the function (E-F (Rm)).2 on the energy E of the initial (a, b, ¢, d, e, f) and mechanically activated (a’, b’, ¢/, d’, €', f') sam-

ples (1-x)PbFe,0,9 — xPbTiO,

case, the controlled parameters are the capacitances Cgb, Cg
as well as the resistances Ry, and R, of the grain bounda-
ries and grain volumes of the samples, which determine the
charge transport properties of the materials.

Figure 9 shows the frequency dependencies of the real
and imaginary parts of the complex impedance Z* and
the Cole—Cole plots Z”(Z') for various temperatures. The
Z'(w) dependencies of all compositions show three dis-
tinct regions: the first region is frequency-independent and
depends only on temperature; the second region depends on

@ Springer

both frequency and temperature; and the third region begins
at the point where all lines merge into a straight line (see
Fig. 9(a, b, c, d, e)). To the right of this point, the charge
transport properties are mainly due to the constant compo-
nent of electrical conductivity. Note that this division of
the Z'(w) dependence into regions is conditional, and the
boundaries of these regions depend on both the concentra-
tion x and the density of topological defects.

In Fig. 9(a', ', ¢', d', €'), the Z”(w) dependencies are
shown representing bell-shaped and slightly asymmetric



Structure, electrophysical, optical, and magnetic properties of composites. ..

Page 110f 14 879

40 12 - 12
(a) 10 (a) 10 (a") ....... A
30 3 8{x=0 > 8
§/20 = 6 =~ 6
N Ny Ny R ©
10 2 2| £
I 0 i ) X 0 ‘z. AR 5 AR
10° 10" 10* 10®° 10* 10° 10° 10° 10" 10 10° 10* 10° 10° 5 10 15 20 25 30 35 40
Frequency (Hz) Frequency (Hz) Z' (o
100 ey 30 areney 30 )
%0 (b) )
201, =
3 601 ok 0.2
N 40 Koo
20
1)) S S . e
10° 10' 10 10° 10* 10° 10° 10° 10" 10 10° 10* 10° 10°
Frequency (Hz Frequency (Hz 7' (o
600 quency (Hz) 250 quency (Hz) 250 © 210
(©) 2004 (¢) T Fa:
@400 3150 x=0.4
N 500 & 100
50
0 ‘ ) 0 =
10° 10" 10 10° 10* 10° 10° 10° 10" 10 10 10* 10°
Frequency (Hz) Frequency (Hz)
5000 ey @ 2000 quency (
|—— d
4000 Jre— 1500 ( ())6
23000 2 A=U.
é e —— _\8,1000 )
N 2000 N L
1000 500 %
0 : ' 0 — Al\.....f‘. J ) L
10° 10' 10 10° 10* 10° 10° 10° 10" 10 10 10* 10° 10° 0 1000 2000 3000 4000 5000
Frequency (Hz) Frequency (Hz) Z' (o
3000 ey 1000 ey 1000 ©
— \l "
(e) 800 (e) T 4 \ 800 (e
2000 . = ‘ .
N 000 N 400 N
200
0 : 0 - 0 BARG R B A B
10° 10! 10% 10® 10* 10° 10° 10° 10" 10 10® 10* 10° 10° 0 1000 2000 3000
Frequency (Hz) Frequency (Hz) Z' (o)

Fig.9 Frequency dependence of the real Z'(w), imaginary Z”(w) parts, as well as Cole—Cole plots of the impedance spectra of samples (1-x)
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curves, characteristic of relaxor behavior. The shift of
the maxima is non-monotonic, and no distinct arcs cor-
responding to different phases, boundaries, and bulk grain
regions are observed. Additionally, the Cole—Cole plots
in Fig. 9(a”, b”, ¢”,d”, e”) do not highlight ferroelectric
and magnetic phases or anomalies corresponding to the
resistances of grain boundaries and volumes. The centers
of the arcs are located above the Z'(w) axis, indicating
that the observed relaxation in these compositions is of
the non-Debye type.

Using the experimental data for the relaxation time 7,
we calculated the activation energies E, of the compositions
using the Arrhenius equation:

T, = 19eXp(E,/kgT) 7

where 7, is the pre-exponential factor, E, is the activation
energy, kg is Boltzmann’s constant, and T is the absolute
temperature.

As seen in Fig. 10(a), the plots of In(t,,) versus inverse
temperature for concentrations x=0.0 and 0.2, show
kinks at about~316 °C. The straight lines to the right of
this temperature with energies of 0.36 and 0.49 eV cor-
respond to the grain boundaries, while to the left they
correspond to the bulk grains. For other concentrations
(see Fig. 10(b)), the number of kinks with correspond-
ing activation energies is higher, which may be due to

@ Springer
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the increased concentration of the second phase in the
composites, i.e., increased contributions to the conduc-
tivity from the boundaries and bulk grains of PbTiO;.
The straight lines with energies of 0.27, 0.38, 0.48 and
0.49 eV also correspond to the grain boundaries of com-
posites of corresponding concentrations. Energies of 0.76
and 0.86 eV correspond to bulk conductivity. The kinks
observed to the left at 394 °C is close to 410 °C, as found
earlier, and is most likely attributable to the magnetic com-
ponent of the composite.

Figure 11(a, b, c, d, €) shows one experimental and theo-
retical Z”(Z') curve obtained at T=150 °C, along with the
equivalent circuits derived using the EIS Spectrum Analyzer
software package.

As shown in Fig. 11(a’), a noticeable kink is observed on
the temperature dependence of the bulk grain resistance R,
around 150 °C, which is attributed to the discharge of charge
accumulated at the grain boundaries. The grain boundary
resistance Ry, also decreases with increasing temperature.
From Fig. 11(a) it is evident that PbFe,,0,4 is a highly con-
ductive composition with bulk resistance of less than 30
ohms at 150 °C (see the small semicircle). The electrode
resistances R, have insignificant values, so they are not
considered here. As the concentration of the ferroelectric
component increases, the Z' of the composite increases, and
the bulk and boundary components of the impedance are no
longer distinguishable. The behavior of R, and C, for the
remaining three compositions is similar (see Fig. 11 (b', ¢,
d,e).

The bell-shaped maximum of C, (CPE,) in the tempera-
ture range 7= 150-250 °C is due to Maxwell-Wagner polar-
ization, and its further increase can be associated with the
increased mobility of charge carriers trapped at the crystal

@ Springer

lattice defects of the composite and the thermal expansion
of the grain volume.

4 Conclusion

In this work, the structural state and physical properties of
composites obtained from pre-synthesized and nanostruc-
tured powders and ceramics of (1-x)PbFe ,0,,—xPbTiO;
have been studied. A comparative analysis of the physical
properties of the initial compositions and those enriched
with structural defects during the "top-down" nanostructur-
ing process has been conducted. It was found that for the
PbTiO; component of the initial composition, a concentra-
tion point at x=0.4 was observed, characterized by a mini-
mum in D values and a sharp decrease in the unit cell param-
eters a* and c¢* of the mechanically activated compositions.

For the PbFe,0,4 component of a non-mechanically acti-
vated composition, a sharp leap in the unit cell parameters
a and c is observed at x=0.2, and D reaches a maximum
at x=0.6 and decreases by more than a half after mechani-
cal activation. Depending on x, the values of the disloca-
tion density pj, of the initial compositions of the PbFe ,0,4
components exhibit a scatter in the range (4.8-8.3) x 1014/
m?, and after mechanical activation, the pp values increase
by more than an order of magnitude and are in the range
(2.7-4.8) x 10"/m>.

Using the FORC analysis method, the nature of the coer-
cive field H, and the interaction field dispersion depending
on the concentration x and mechanical activation pressure
have been studied. The magnetic phase transition tempera-
ture of composites depends significantly on the concentra-
tion x and the structural state, and it shifts to the left on
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Fig. 11 Experimental and theoretical Z”(Z') curves obtained at 7=150 °C and the equivalent circuits for the compositions (1-x)PbFe,04—

xPbTiO,

the temperature scale after nanostructuring. Based on the
study of the fundamental optical absorption edge of the com-
posites, the Eg values have been calculated, and it has been
found that nanostructuring of composites using the "top-
down" method leads to an increase in E, by approximately
0.3eV.

The study of the relaxation properties of composites using
impedance spectroscopy shows that with increasing x, the
real part of the impedance Z'(w) increases, and the temper-
ature dependence of C, exhibits a bell-shaped interval at
T=(150-350) °C, due to the Maxwell-Wagner relaxation.

Thus, it was shown that there is a correlated rela-
tionship between the concentration of structural defects
formed during the mechanical activation of the (1-x)
PbFe;,0,y—xPbTiO; composites and the concentrations

of dopants on the one hand, and the parameters of the
physical properties of the compositions on the other hand.
The "top-down" nanostructuring method can be applied
to vary the target physical properties of the composites
within a wide range.
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