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In this research, the structural, electrodynamic, and magnetodielectric properties of composite ceramic materials
based on lead ferroniobate Pb(FeosNbgs)O; have been studied. The experimentally obtained temperature and
frequency dependences of the dielectric constant indicate the presence of a low-temperature polar state, large
values of the dielectric constant in the microwave range, and high electrical conductivity of the materials studied.
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1. Introduction

Materials with simultaneous magnetic and electrical or-
dering (multiferroics) are promising for use in modern mi-
croelectronics and microwave electronics [1]. The connec-
tion between the magnetic and electrical subsystem allows
controlling the corresponding properties of these materials
using external electric and magnetic fields. The number
of compounds exhibiting the properties of multiferroics at
temperatures close to room temperature is considered to be
insufficient since in most cases electrical ordering at high
temperatures is incompatible with magnetic [2].

Composites based on lead ferroniobate Pb(Feg sNbg 5)O;3
(PFN) belong to the widely known and best studied
multiferroics with phase transition temperatures correspond-
ing to electric and magnetic ordering Tc = (356 +5)K
and Ty = (150 £ 10) K. Due to the equal content of tri-
and pentavalent ions in PFN, a stable structure of the
ABOs perovskite type is formed with anti-ferromagnetic
and ferroelectric properties, for which BOg octahedrons
containing, respectively, Fe’* and Nb>* are responsible.

At room temperature, PFN possesses only ferroelectric
properties [3]; however, high polarization values in this ma-
terial are of practical interest when creating new materials
for microwave converters and composite magnetoelectric
materials [2,4].

In composite structures, magnetoelectric (ME) effects
arise as a result of a combination of magnetostriction in the
magnetic phase and the piezoelectric effect in the ferroelec-
tric phase. In this case, the efficiency of ME interactions in
composite structures can be increased by selecting magnetic
materials with a large piezomagnetic coefficient and high
saturation magnetization, as well as electrical materials with
a high piezomodule and low dielectric losses. Thus, it

is necessary to study the electrodynamic characteristics of
PFN ceramics in the microwave range, as well as the
development and study of new composite magnetoelectric
materials based on it.

The presented work is dedicated to studying the tempera-
ture dependence of the dielectric constant and the tangent of
the loss angle for ceramic samples of PFN and a composite
material based on it in the high-frequency and microwave
ranges.

2. Experimental

All samples were obtained by the solid-phase reaction
method using high-purity starting components (laboratory
reagent grade/reagent grade). The oxides Fe,O3; and
Nb,Os were preliminarily thermally treated at a temperature
of 1273 K. In order to obtain polycrystalline PFN samples,
two different methods were used: two-stage (using the
B-precursor FeNbOy, described in detail in [3]) and direct
synthesis from the starting components.

During the direct synthesis, the starting components were
mixed according to the reaction equation:

4PbO + Fe; O3 + Nb,O5 — 4Pb(FeO~5Nb0.5)O3.

To prevent the formation of pyrochlore phases and
reduce the conductivity of the PFN ceramics, a 1%-mass
fraction of lithium carbonate Li,CO3; was introduced into
the resulting mixture. The resulting mixture then was used
to form cylindrical specimens with a diameter of 14 mm
and a thickness of 1—2mm at a pressure of 100 MPa and
temperature of 1123 K for 4 h.
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In order to obtain a composite magnetoelectric material,
copper ferromanganite CuMnFeO4 (CMF) synthesized by
the technology described in detail in [5], as well as PFN
samples obtained by a two-stage method were used. The
starting compounds were mixed in equal weight proportions
0.5PFN +0.5CMF in an agate mortar for 30min., then
pressed at a pressure of 200 MPa, and sintered at a
temperature of 673 K during the time of 2 h.

The phase composition control and the study of the ob-
tained samples crystal structure were conducted by electron
microscopy and X-ray structural analysis methods. X-ray
diffraction patterns were obtained with the help of DRON-3
diffractometer (CuK, radiation) at room temperature with
an angle step of 0.01° in the angle range 10 < 20 < 80°.
To obtain electron microscopic images and study the
elemental composition of compounds, the JEOL JSM-6510
scanning electron microscope at an accelerating voltage
of 15.0kV without preliminary sample preparation was
applied.

In order to analyze the temperature dependences of the
PFN dielectric constant ¢ in the frequency range from 20
to 300kHz, thin (up to 1 mm) cylindrical samples were
placed in a measuring flat-capacitor type cell with silver
clamping electrodes of 14 mm diameter.

The value of the capacitor with the test sample and the
loss tangent were measured using an Aktakom AM-3028
RLC analyzer. The dielectric constant was calculated using
the formula of the flat capacitor.

The electrodynamic characteristics of the samples in the
centimeter range of electromagnetic waves were investigated
by the resonance method at a frequency of 9.163 GHz. The
values of the permittivity and magnetic permeability were
obtained from the shift of the resonant frequency and the
change in the Q-factor of a rectangular resonator [6]. In the
microwave frequency range of 8—40 GHz, the transmission
and reflection coefficients were measured using the method
of partial filling of a rectangular waveguide [6).

3. Results and discussion

Phase composition X-ray analysis was applied for all
stages of samples synthesis. Fig. 1 shows the X-ray
diffraction patterns of the precursor and two synthesized
PFN samples. The X-ray diffraction pattern of the FeNbOy4
precursor (Fig. 1,a) is in good agreement with the known
data [3,7].

Referring to the study of PFN and CMF samples
diffraction patterns, it indicates a high degree of obtained
compounds crystallinity and their single-phase composition
(Fig. 2,a and b). Ferromanganite CMF corresponds to
a cubic crystal structure (space group Fd—3m) with unit
cell parameters a =b =c = 8.40 A. The data of qualitative
X-ray phase analysis showed that the initial phases (PFN
and CMF, respectively) form the synthesized composite
without changing the symmetry of the samples crystal
lattice, and the intensity of the diffraction maxima cor-
responds to the volume fraction of the heterogeneous
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Figure 1. X-ray diffraction patterns of a) the precursor FeNbOs,
and PFN ceramics synthesized by b) one- and ¢) two-stage
methods.
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Figure 2. X-ray diffraction patterns of samples: a) PFN, b) ferro-
manganite CMF, and ¢) composite material 0.5PFN + 0.5CMF.

system components (Fig. 2,¢). Thus, the X-ray diffraction
pattern of the composite material with the composition
0.5PFN + 0.5CMF (Fig. 2,¢) at diffraction angles of 22, 32,
39, 45, 51, and 57° shows a strictly defined sequence of
maxima related to the compound of the PFN composition
(Fig. 2,a). At the same time, the X-ray diffraction pattern
of the 0.5PFN + 0.5CMF composite (Fig. 2, ¢) at diffraction
angles of 30, 36, 43, 54, and 57° shows a strict set
of maxima belonging to the CMF sample (Fig. 2,b).
It should be also noted that the X-ray diffraction patterns
of the synthesized initial components PFN and CMF for
the composite material 0.5PFN + 0.5CMF do not contain
impurity phases.

Further comprehensive study included obtaining electron
microscopic images of PFN ceramics and composite ma-
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Figure 3. Electron microscopic images of the crystal structure and elemental analysis spectra of PFN (a,¢) and composite material
0.5PFN + 0.5CMF (b, d), respectively. For c-diagram: / — NbMz; 2 — OKa; 3 — FeLl; 4 — FeLa; 5 — PbMz; 6 — NbLI; 7 — NbLa
PbM3-N; 8 — PbMa; 9 — PbMb; 10 — PbMr; 11 — PbM3-0O; 12 — PbM2-N; 13 — FeKesc; 14 — FeKa; 15 — FeKb; 16 — PbLI
For d-diagram: / — NbMz; 2 — OKa; 3 — MnlLl; 4 — Fell; 5 — MnLa; 6 — FeLa; 7 — Cull; § — CulLa; 9 — PbMz; 10 — NbLl;
11 — NbLa PbM3-N; 12 — PbMa; I3 — PbMb; 14 — PbMr; 15 — PbM3-O; 16 — PbM2-N; 17 — MnKesc; 18 — FeKesc;
19 — MnKa; 20 — FeKa; 21 — MnKb; 22 — FeKb; 23 — CuKa; 24 — CuKb; 25 — PbLL
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Figure 4. Temperature dependence of dielectric constant and loss tangent for a) PFN sample and ») composite material 0.5PFN + 0.5CMF

at 10kHz.
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Figure 5. Frequency dependence of permittivity € and loss tangent tan§ at temperature T, = 300K and T, = 600K, for samples (a, b)

PFN and composite material (c, d), respectively.

terial samples with a magnification of %2000 (Fig. 3,a
and b) as well an elemental analysis of the obtained
samples conduction. According to electron microscopy data,
the crystallite size of PFN ceramics is 5—8um. In the
composite material, CMF particles with a size of 1-3 um
are evenly located between crystallites of lead ferroniobate.
Elemental analysis data (Fig. 3,c and d) confirm the mass
fractions of elements for the stoichiometric composition of
PFN and CMF compounds and composite material with a
molar ratio of 0.5.

The temperature dependence of the dielectric constant
and the loss tangent (Fig. 4,a) was used to determine
the temperature of lead ferroniobate transition from the
ferroelectric to the paraelectric phase. i.e., the Curie point
(Te = 370K). At this temperature, a pronounced maximum
of € is observed.

The maximum permittivity at 490 K can be explained by
the R3m—Cm—Pm-—3m structural transition described in
detail in [8]. In the samples of the composite material,
the maximum &(T) corresponding to the Curie point
PFN is blurred due to large losses (Fig. 4,b). As the
temperature rises above T = 550K, the increase in the
dielectric constant and losses due to thermal polarization
is observed.

4 ®@usuka TBEpporo Tena, 2021, Tom 63, Boin. 11

The frequency dependences of ¢ and tand for the
samples under study at a temperature | = 300K < T¢ and
Tp = 600K > T¢ are shown in Fig. 5. The measurements
were carried out in the range of 0.5-300kHz with a
frequency step of 500 Hz.

The dispersion of the permittivity corresponds to the
polar state of the lead ferroniobate crystals at a temper-
ature below the ferroelectric—paraelectric phase transition
(Fig. 5,a). At a frequency of f ~ 1.5kHz, a relaxation
maximum of dielectric losses is observed. The absence of
the ¢/ maximum at the same frequencies is explained by
the high electrical conductivity of the PFN. No relaxation
maxima are observed at T, = 600K > Tc.

The magnetodielectric effect (MDE) at a temperature of
T = 300K in a composite material was measured according
to the planar capacitor scheme in a transverse external
magnetic field yoH = 0.2 T:

Lo— el tg Sy — tgd
sl /80.100%’ ML — 8o ~ 8%

MD =
£ tg do

- 100%,

where ¢/, and tgdy are the values of the dielectric constant
and the tangent of the loss angle in an external magnetic
field, and &y and tgdy — without magnetic field (Fig. 6).
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Figure 6. The frequency dependence of the MDE for the real
(MD) and imaginary (ML) parts of the permittivity.

Studies of the synthesized samples in (20—300) Hz
frequency range at various temperatures allow determin-
ing the temperature of the second-order phase transi-
tion. Thus, the temperature dependence of the dielectric
constant and the tangent of the dielectric loss angle
(Fig. 4,a) was used to determine the transition temperature
(ferroelectric—paraelectric) of the PFN sample. However,
the experimentally obtained data follow that at f ~ 25kHz,
a minimum of the magnetodielectric coefficient is observed
and disappears, with a further increase in frequency, caused
by an increase in electrical conductivity in the composite
material (an increase in dielectric losses in a given frequency
region, Fig. 5). High values of electrical conductivity in
the test material mask the maximum dielectric constant
corresponding to the ferroelectric and phase transition. The
authors of this article suggest that the observed decrease in
the magnetodielectric effect with increasing frequency is not
associated with resonance phenomena.

PFN ceramics is characterized by a fairly uniform grain
structure (Fig. 3,a), consisting of crystallites in the form
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of polyhedrons with an average size of ~ 5—8um. In the
study of a thin section of the object surface by the SEM
method, the presence of inclusions of an impurity phase
(~ 0.3vo0l.%) Fe,O3 was revealed. Apparently, the presence
of impurities in the sample is the reason for the appearance
of spontaneous magnetization at room temperature. The
most probable model for ceramics based on PFN seems to
be a model, in which the magnetoelectric effect is associated
with a shift in the magnetic field of the ferro—paraelectric
phase transition temperature [9].

Since the values of the dielectric constant and losses in the
materials under study strongly depend on the frequency, it
is necessary to analyze their electrodynamic characteristics
in the microwave range of electromagnetic waves, which
will allow drawing a conclusion about the possible practical
application of such materials.

The shift of the resonance frequency and the change in
the Q-factor of the resonator during the study of the samples
electrodynamic characteristics in the centimetre range of
electromagnetic waves are shown in Fig. 7.

The resonance frequencies and Q-factors of a rect-
angular resonator with a sample of small dimensions
(I x 1 x 2mm) at the maximum of the electric and mag-
netic fields were investigated. For a series of 10 samples
of PFN ceramics, the dielectric constant is € = 59.8 + 8.2.
Similar measurements were conducted for samples of fer-
romanganite € =4.7+ 1.1, u =1.44+0.2 and composite
material € =36.7+5.1, p=1.1£0.1. The dielectric
constant corresponds to a two-component statistical mixture
and can be calculated using the formula:

e:A+MN+?;,A:

where v; end v, are volume fractions of the composite
material components.

In the frequency range of 8—40GHz, the transmission
and reflection coefficients were obtained for samples of the

[Bvr — ey + (3v, — Dey],

-

-13

iR
~

|
—
W

L
o

L
=

R
9165
Frequency, MHz

—18

9155

9160 9170

Figure 7. Resonance curves for empty resonator (R), PFN (P), CMF (F) samples and composite material (C) at the maximum of

the a) electric and b) magnetic fields.
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Figure 8. Transmittance and reflectance of a rectangular
waveguide with a material sample of 0.5PFN + 0.5CMF.

composite material 10mm long, 1 mm thick and height
corresponding to the section of the X, Ku, K, and Ka
waveguides of the subbands (Fig. 8).

The sample under study appears to be a dielectric
resonator in the measuring line.  The resonances at
frequencies f = 12.4 and 12.6 GHz result from the sample
length, multiple of A1/2. The reflection maxima in the
rest of the range correlate well with the transmission
minima. In addition, from the frequency dependences of
transmission and reflection, it can be concluded that there
is a small relative change in the material impedance in the
investigated range.

4. Conclusions

When synthesized in an oxygen atmosphere, single-
phase samples with a high degree of crystallinity can be
obtained by two-stage annealing. In this case, the sintering
temperature of the precursor and lead oxide should not
exceed 1143 K. Studies of the obtained samples in the low-
frequency region of 20Hz < f < 300kHz at various tem-
peratures make it possible to determine the second-order
phase transition temperature Tc ~ 370K. At temperatures
below the Curie point Tc¢, the PFN exhibits maximum
dielectric losses at a frequency of f ~ 1.5kHz. High
values of electrical conductivity in the composite material
mask the maximum of dielectric constant corresponding
to ferroelectric and phase transitions. The combination
of ferroelectric and ferromagnetic phases in the composite
material 0.5PFN 4 0.5CMF leads to the appearance of ag-
gregated properties [2] (values of permittivity and magnetic
permeability), as well as new properties and effects (change
in the complex dielectric constant in the external magnetic
field).

In the investigated composite material, the resonant
nature of the magnetodielectric effect was revealed, which
is due to its Maxwell—Wagner mechanism of occurrence.
The experimental data obtained in this work indicate high
values of lead ferroniobate ceramics dielectric constant in
the frequency range 8§ < f < 40GHz.
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