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Abstract
The multiferroic (ferroelectric–ferromagnetic) composites (PFN–ferrite) based on ferroelectromagnetic  PbFe1/2Nb1/2O3 
powder and ferrite powder (zinc–nickel ferrite,  NiZnFeO4) were obtained in the presented study. The ceramic PFN–ferrite 
composites consisted of 90% powder PFN material and 10% powder  NiZnFeO4 ferrite. The ceramic powders were synthesized 
by the classical technological method using powder calcination, while densification of the composite powders (sintering) 
was carried by two different methods: (1) free sintering method (FS) and (2) spark plasma sintering (SPS). The composite 
PFN–ferrite samples were thermally tested, including DC electrical conductivity and dielectric properties. Besides, XRD, 
SEM, EDS (energy-dispersive spectrometry) and ferroelectric properties (hysteresis loop) of the composite samples were 
tested at room temperature. At the work, a comparison was made for the results measured for PFN–ferrite composite sam-
ples obtained by two methods. The X-ray examination of multiferroic ceramic composites confirmed the occurrence of the 
strong diffraction peaks derived from ferroelectric (PFN) matrix of composite as well as weak peaks induced by the ferrite 
component. At the same time, the studies showed the absence of other undesired phases. The results presented in this work 
revealed that the ceramic composite obtained by two different technological sintering methods (free sintering method and 
spark plasma sintering technique) can be the promising materials for functional applications, for example, in sensors for 
magnetic and electric fields.

Keywords Multiferroics · Ferroelectric–ferromagnetic composites · PFN ceramics · Ferrites

1 Introduction

Multiferroic materials (including multiferroic ceramic com-
posites) exhibit at least two types of ferroic properties. In the 
case of ferroelectromagnetics, the magnetic phase exhibits 
magnetostrictive properties, whereas the electric one shows 
ferroelectric and/or piezoelectric properties [1–7]. Combin-
ing these types of materials into one (also to form a com-
posite) allows changing the magnetic properties by apply-
ing an external electric field, or vice versa, changing the 
electrical properties with a magnetic field. An important 
issue in this type of applications is to obtain the greatest 
coupling coefficient of these two phases the so-called mag-
netoelectric coupling, on which the functional application of 

the materials depends [8–11]. According to the classifica-
tion, made by D. Khomsky, the mutliferroic materials can 
be divided into multiferroics of type-I (with weak magneto-
electric coupling) and type-II (strong coupling of the mag-
netic and electric subsystems) [12]. Piezoelectric materials 
[13, 14] and ceramic composites with multiferroic properties 
are very promising materials for functional applications in 
modern microelectronics, for example, as sensors, actua-
tors, piezotransducers, microwave and read/write devices, 
multiferroic memories, and multi-layer ceramic capacitors 
(MLCC) [15–19].

Many works appeared in the recent time on the prepara-
tion and properties of multiferroic composites [20–24] and 
multiferroic solid solutions [25, 26]. Also, in many works, 
the authors present the results of research on ceramic mate-
rials obtained in spark plasma sintering (SPS) technology, 
whose electrophysical properties are much better than for 
ceramic samples obtained in other technologies [27–30]. 
However, not all materials achieve satisfactory results 
of their final properties. This work is aimed to obtain 
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ferroelectromagnetic ceramic composites using the SPS 
sintering method and compare the test results with those 
obtained for ceramic materials prepared by classical method.

The study presents the properties of multiferroic compos-
ites based on PFN material and ferrite  NiZnFeO4. The com-
posites were obtained via Spark Plasma Sintering method 
and classical technology.  PbFe1/2Nb1/2O3 (PFN) material 
which represents ferroelectromagnetic properties, has a 
perovskite-type structure with a general formula of  ABO3, 
where Pb ions locates in the A positions, while Fe and Nb 
ions randomly occupy B positions [31–38]. The magnetic 
properties were provided by nickel–zinc soft ferrite with 
the chemical composition of NiZnFeO4. The percentage 
of individual components in the composite was as follows: 
PFN—90%; ferrite—10%.

2  Experimental

2.1  Technology process

The main component of the multiferroic composite material 
was  PbFe1/2Nb1/2O3 (PFN). The PFN ceramic powder was 
prepared by the two-stage columbite method [39] wherein 
the starting oxides were PbO (99.99%, POCH),  Nb2O5 
(99.9%, Sigma-Aldrich) and  Fe2O3 (99.9%, POCH). In the 
first step, the  FeNbO4 component was synthesized from a 
mixture of the oxides:  Fe2O3 and  Nb2O5 at following con-
ditions: T = 1000 °C, t = 4 h, while, in the second step, a 
mixture of the  FeNbO4 and PbO powders were calcined at 
following conditions: T = 800 °C, t = 3 h. In the technologi-
cal process, the ceramic powders were milled in a planetary 
mill FRITSCH Pulverisette 6 for 24 h in ethanol using zir-
conium balls.

In the case of the ferrite material  (Ni0.64Zn0.36Fe2O4), 
starting oxides NiO (99.99%, Aldrich), ZnO (99.99%, 
POCH) and  Fe2O3 (99.98%, Sigma-Aldrich) were milled 
under the same conditions. The ferrite powder was obtained 
by calcination at 1000 °C for 4 h.

To obtain the ferroelectric–ferromagnetic material, the 
ceramic PFN powder was mixed with ferrite powder in the 
weight ratio of 9:1 (planetary mill, wet method in ethanol, 
for 8 h) and calcined at 900 °C for 2 h. The ceramic compos-
ites were obtained by the (1) free sintering method (FS) and 
(2) spark plasma sintering (SPS) methods. In the first one,
the ceramic sample densification was carried out at 1050 °C
for 2 h (CMc sample). In the case of the spark plasma sinter-
ing method, the ceramic sample was treated at TSPS = 800 °C
for tSPS = 3 min under applied pressure pSPS = 50 MPa (SPSc
sample).

The final steps of the technological process of the PFN–F 
ceramic composites were grinding, polishing, removing 

mechanical stresses (annealing) and next putting silver paste 
electrodes on the both composite sample surfaces.

2.2  Investigations

In the first method, the temperature synthesis of the PFN–F 
ceramic powder was appointed on the basis of differential 
thermal analysis DTA (TG) tests using a Q-1500D deriva-
tograph (not presented here).

The XRD test of the composite powder was carried out 
at room temperature on a diffractometer by Phillips (PANa-
lytical, Phillips X’Pert Pro). The X-ray diffraction patterns 
were recorded over the range of 2θ = 10–65° in step-scan 
mode: 0.05 degrees and 4 s/step and the copper radiation 
CuKα was used. The SEM patterns of the composite sam-
ples were carried out by a scanning electron microscope 
JSM-7100F TTL LV (Jeol Ltd., Tokyo, Japan). For SEM 
and EDS tests, the samples were coated with gold to provide 
electrical conductivity and avoid charging effects. The tem-
perature dielectric measurements were made on a capacity 
bridge LCR Meter (Quad Tech 1929 Precision LCR Meter, 
Quad Tech, Inc. Maynard, USA), in the temperature range 
of 20–180 °C (heating rate of 1.0°/min, frequency range 
of 0.02–100 kHz). The temperature measurements of DC 
electric conductivity were made using a Keithley 6517B 
electrometer (Keithley Instruments, Cleveland, OH, USA), 
in the temperature range of 20–400 °C (a heating cycle). The 
hysteresis (P–E) loops were recorded at room temperature 
using a Sawyer–Tower circuit and a high-voltage amplifier 
(Matsusada Inc. HEOPS-5B6 precision, Matsusada Pre-
cision Inc., Kusatsu, Japan) at 1 Hz [40]. The data were 
stored on a computer disc using an A/D, D/A transducer card 
(National Instruments Corporation, Austin, TX, USA) and 
the LabView computer program.

The magnetic properties were obtained using a SQUID 
magnetometer (MPMS XL-7 Quantum Design) in the tem-
perature range of − 271 to 27 °C (magnetic field to 7 T) 
and a magnetic Faraday scale in the temperature range of 
27–600 °C.

3  Results and discussion

The X-ray diffraction patterns of PFN–F material are dis-
played in Fig. 1. In the case of CMc sample (Fig. 1a), the 
analysis showed the occurrence of the strong peaks derived 
from PFN ferroelectric matrix of composite sample as 
well as week peaks coming from the ferrite component 
 (Ni0.64Zn0.36Fe2O4). The best fit to the diffraction peaks of 
PFN component was obtained for JCPDS card no. 01-076-
6488 pattern (tetragonal perovskite structure, P4mm space 
group) [41]. In the case of the ferrite component, the dif-
fraction pattern shows a typical cubic spinel phase—JCPDS 
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card no. 01-077-9717 (Fd-3 m) [42]. The XRD test at room 
temperature has not shown the presence of foreign phases.

In the case of SPSc sample (Fig. 1b), the XRD patterns 
showed strong peaks attributed to two main phases of the 
PFN–F composite, i.e., PFN (JCPDS card no. 01-076-6488) 
and ferrite  Ni0.64Zn0.36Fe2O4 (JCPDS card no. 01-077-9717). 
However, the analysis also showed the presence of foreign 
phases (to a small extent), i.e., the  Pb2Fe4O21 phase (JCPDS 
card no. 00-050-0445) [43] and unreacted Pb (JCPDS card 
no. 00-0004-0686) [44].

The microstructural SEM images of PFN–F material 
obtained by conventional method and SPS technology are 
presented in Fig. 2. In the first and second technologies, 
the fracture microstructure of the sample shows a high 
degree of sintering. The ceramic grains are strongly grown 
together to form a monolithic structure. In Fig. 3, the SEM 
images made in the BSE technique (backscattered) are pre-
sented, which are equivalent to the microstructural images 
presented in Fig. 2. The BSE mode detects the secondary 

electrons mixed with a variable fraction of the BSE back-
scattered electrons what is well visible for PFN–F com-
posites. The test results showed that the grains of the mag-
netic component (ferrite) are surrounded by grains of the 
ferroelectric component (PFN). In the case of SPS (SPSc 
sample) sample, the ferrite grains grow more slowly (sig-
nificantly smaller grains of the ferrite component—dark 
grains) than in the case of a sample obtained in conven-
tional technology (CMc sample). In the SPSc sample, the 
ferrite grains are clearly smaller—but there are both fine 
and large ferrite grains in the microstructure, and they are 
distributed in the structure in an uneven manner (Fig. 4). 
As for the matrix of composite samples (ferroelectric PFN 
material—light ceramic grains), the grain size is similar 
for both technologies.

The temperature tests for the dielectric permittivity 
showed that the composite CMc sample has high values of 
ε both at room temperature and at the phase transition tem-
perature (Fig. 5a).

Fig. 1  X-ray diffraction patterns 
of the multicomponent PFN–F 
composite materials: a CMs, 
b SPSc
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Fig. 2  SEM images of the microstructure of fracture of the PFN–F samples: CMc sample (a) and SPSc sample (b), at the standard SB mode

Fig. 3  BSE images of the microstructure of fracture of the PFN–F samples: CMc sample (a) and SPSc sample (b)

Fig. 4  SEM images of the microstructure of fracture of the SPSc sample: a at the standard SB mode, (b) at the BSE technique (× 5000).
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The phase transition (from the ferroelectric phase to 
the paraelectic phase) takes place in a narrow temperature 
range. With the measuring field frequency increase (20 Hz to 
100 kHz), the phase transition temperature (TC where there 
is εmax) slightly shifts towards lower temperatures.

In the case of SPS technology, a significant reduction 
in the dielectric permittivity value (Fig. 5b) of the PFN–F 
composite sample is observed. The phase transition occurs at 
a lower temperature and in a much wider temperature range.

The diffuse phase transition occurring in ceramic mate-
rials with perovskite structure depends on various factors, 
for example, chemical composition fluctuations or cation 

crystallographic site disordering, leading to a microscopic 
heterogeneity in the composition (are formed microareas as 
the centers of new phase with different local Curie points) as 
well as the heterogeneous defect distribution and mechani-
cal stress in the ceramic grains [45]. Lowering the value of 
electric permittivity and increasing diffuse phase transition 
of the PFN–F composite obtained in the SPS method may 
be associated with too fast dynamics of the ongoing process, 
which causes the heterogeneity of defect distribution and 
mechanical stress in the ceramic grains. Such a phenomenon 
also requires the optimization of technological conditions 
during SPS process.

Fig. 5  The ε(T) temperature relationships for multicomponent PFN–F composites: CMc sample (a) and SPSc sample (b)

Fig. 6  Temperature dependences of the tanδ for the multicomponent PFN–F composites: CMc sample (a) and SPSc sample (b)
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The temperature dependence of tanδ(T) for composite 
PFN–F samples is shown in Fig. 6.

At room temperature, the ceramic sample obtained by 
SPS has lower dielectric loss.

As the temperature rises, the dielectric losses increase 
continuously. In the both samples obtained with two differ-
ent technologies, low dielectric loss is observed up to about 
100 °C. Above the phase transition, the increase in dielectric 
loss takes place in a rapid manner, which is associated with 
an increase in electrical conductivity at high temperatures.

The test for temperature dependence of electrical con-
ductivity (Fig. 7) shows that the samples have similar curve 
shapes lnσDC(1000/T). The slightly lower electrical conduc-
tivity, throughout the entire measurement area, is obtained 
in the sample synthesized in SPS technology. The activation 
energies Ea were calculated for the low- and high-tempera-
ture regions, and the values are given in Table 1.

The ferroelectric hysteresis loops of ceramic composite 
samples obtained at RT and at maximum external electric 
field ± 3.0 kV/mm are shown in Fig. 8. In the case of the 
CMc composite obtained with classical technology, the hys-
teresis loop is pulled out, with a non-standard shape. The 
coercive field EC is 0.92 kV/mm, while the remnant polari-
zation Pr is 20.67 μC/cm2. In the case of the CMc sample, 
the hysteresis loop shows a similar shape to the results pre-
sented in [23] with a similar residual polarization value and 
a slightly higher coercive field value.

The composite sample obtained in SPS technology has 
a ferroelectric hysteresis loop without saturation that is a 
characteristic of a material with losses. It shows lower values 
of the remnant polarization Pr (11.9 μC/cm2) and the larger 
coercive field EC (1.89 kV/mm). The Ec value for the SPSc 
sample is similar to the value of coercive fields in ceramic 
samples with a larger amount of ferrite component [23].

The temperature dependence of magnetization M(T), 
in the external 0.1 T magnetic field, of the CMc and SPSc 
composite samples is presented in Fig. 9. The temperature 
magnetic tests of the PFN–F composite confirmed that at 
room temperature it exhibits magnetic properties, too. In 
the CMc sample, the higher magnetization values occur, 
as compared to those in SPSc sample. As the temperature 
increases, the magnetization decreases monotonically and 
reaches 5.07 emu/g at room temperature. In the case of the 
SPSc sample, the magnetization decrease with temperature 
is not monotonical, but there is a maximum value of M, at 
T = − 102 °C). At room temperature, in SPSc sample, the 
magnetization is equal to M = 6.21 emu/g.

Fig. 7  The lnσDC(1000/T) dependences of the PFN–F composites

Table 1  Values of the parameters of the PFN–F composite samples

1 For v = 1 kHz, RT room temperature

CMc SPSc

ρDC at RT (Ωm) 6.72 × 108 3.03 × 108

EAct in I (eV) 0.63 0.58
EAct in II (eV) 0.92 0.93
TC (°C)1 98 86
εr at RT1 2950 1628
εmax at TC

1 17,670 2224
tanδ at RT1 0.063 0.016
tanδ at TC

1 0.076 0.078
Pr (μC/cm2) at RT 20.67 6.38/11.9
Ec (kV/mm) at RT 0.92 1.57/1.89
M (emu/g) at RT 5.07 6.21

Fig. 8  Hysteresis P–E loops for the PFN–F composites (1 Hz, RT)
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The magnetic hysteresis loops made at RT are typical for 
ferromagnetic soft materials and the saturation is reached at 
relatively low magnetic fields.

4  Conclusions

In this work, the ceramic composites PFN–F were obtained 
by the classical sintering and SPS methods. The X-ray analy-
sis showed the occurrence of the strong peaks derived from 
PFN ferroelectric matrix as well as week peaks coming 
from the ferrite component without the presence of foreign 
phases. The tests showed that, at room temperature, the com-
posites exhibit ferroelectric and magnetic properties. The 
composite sample obtained by the SPS technique not only 
has lower dielectric loss, but also significantly lower values 
of the dielectric permittivity, with a highly fuzzy phase tran-
sition. According to the latest research, the ceramic materi-
als obtained by SPS are characterized by the most optimal 

properties than the samples fabricated by other technological 
methods.

The results of this work, however, showed that the appro-
priate selection of all process parameters and sintering con-
ditions during SPS technology is crucial to prepare the com-
posite with good properties. Conducting the technology in 
standard conditions for all materials does not improve the 
physical properties of the PFN–F composite. This requires 
further research aimed at the optimization of SPS technol-
ogy process for composite ceramic samples.

Open Access This article is licensed under a Creative Commons Attri-
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