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a b s t r a c t

Results of an influence of the technological conditions on ferroelectric and magnetic properties of the
PbFe1/2Nb1/2O3 ceramics (PFN) are presented. Synthesizing of the PFN material was made by a chemical
solution precipitation method and sintering (compacting) by a free sintering method. Temperatures of
dehydratization, burning of an organic phase and crystallization of an amorphous powder were deter-
eywords:
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mart materials

mined by the thermal analysis (TA) method.
The structure of PFN ceramics examined by X-ray diffraction was found to be perovskite-like.

Microstructural examinations, the electric conductivity and tests of the ferroelectric and magnetic prop-
erties were performed. The magnetic susceptibility measurements have shown that the samples show
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. Introduction

The ferroic is a general term covering ferromagnetics (FM),
erroelectrics (FE), ferroelastics (FES) and ferrotoroidies. Materi-
ls showing at least two out of four possible ordered states are
alled multiferroics [1,2]. Biferroic PbFe1/2Nb1/2O3 (PFN) belongs
o a group of the multiferroics, in which there is simultaneous
rdering of an electric subsystem (at T < TCE ≈ 114 ◦C) and a mag-
etic subsystem (at T < TN ≈ −130 ◦C) in the specified temperature
anges [3,4]. PFN has a structure of the perovskite type with general
ormula A(B′B′′)O3, where ions of iron and niobium substitute for
ctahedral B′ and B′′ positions at random, whereas lead is placed in
ositions A.

A mutual influence of the magnetic and electric subsystem in
erroelectromagnetics causes that the PFN ceramics becomes an
nteresting material for a production of multifunctional intelligent
lements, namely those which react strongly to different types of
xternal stimuli [5,6].

Microelectrical engineering developing at a great speed imposes
igher and higher requirements for properties of the functional
eramics produced for different elements and electronic compo-
ents [7–10]. The extreme values of parameters and their time and
emperature stability depend on both a chemical composition of

he ceramics and a production process. The optimum values of the
lectric, magnetic, mechanical and thermal parameters and their
ime stability depend, among others, on chemical homogeneity and
he ceramic microstructure.
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n at high temperature (TN1) and it is followed by an antiferromagnetic like
TN2). It has been shown that in the technological process used the optimum
ealed by the ceramics sintered at 1050 ◦C for 2 h.

© 2010 Elsevier B.V. All rights reserved.

In the case of the ferroelectromagnetic PFN ceramics there are a
lot of special powder synthesizing techniques such as a molten salt
synthesis, a reaction sintering, columbite, sol–gel, co-precipitation
method and others [11,12]. Each of these methods has both disad-
vantages and advantages but they require an application of specific
technological conditions and accuracy of the process performance.

The sol–gel method and its numerous variations are the meth-
ods which enable to obtain a powder of the optimum parameters.
Use of those methods in the PFN synthesizing technology ensures
to obtain high purity of the products and enables to conduct the
synthesis at a significantly lower temperature and it results in a
decrease in evaporation of the components and facilitates preser-
vation of the stoichiometric composition.

A chemical solution precipitation method is one of the varia-
tions of the sol–gel method. It provides for convenient and effective
conditions of the ceramic powder synthesizing. It is based on the
reactions in solutions of precursors—organic or inorganic metal
salts of high purity. Organic metal salts (acetates, alcoholates) or
inorganic compounds (e.g. nitrates, metal hydroxides) can be the
initial materials to prepare the chemical solution.

Looking for the optimum PFN synthesis method and a technol-
ogy of the solution precipitation, using the ferric citrate as the main
precursor, is presented in this work. An influence of the sinter-
ing temperature on basic properties of the PFN ceramics has been
examined as well.
2. Experimental details

The PbFe1/2Nb1/2O3 ceramics was obtained as a result of the chemical
method of the solution precipitation using the following precursors: ferric cit-
rate monohydrate C6H5FeO7·H2O (Fluka) pure p.a., lead (II) acetate trihydrate
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EDS Noran Vantage system, dielectric measurements were performed on a capac-
ity bridge of a QuadTech 1920 Precision LCR Meter type, with a heating rate of
0.5◦/min, at different frequency of the measurement field (from 100 Hz to 20 kHz)
and the hysteresis loop with use of a high voltage feeder of a Matsusada Precision
ig. 1. The PFN ceramics powder obtained by the solution precipitation method: (a
nd e) the solvent vaporization as a result of the IR lamp effect on the solution, (f) t

ACS) Pb(CH3COO)2·3H2O (POCh) pure p.a. and niobium (V) ethoxide Nb(OC2H5)5

Aldrich) 99.95%. The solution precipitation method is a variation of the PFN sol–gel
ynthesizing.

Pb(CH3COO)2·3H2O weighed out with allowance was dissolved in the CH3COOH
cetic acid. Then, Nb(OC2H5)5 was weighed out and ethylene glycol with 2-
ethoxyethanol was added. The distilled water was added to the third component

n the PFN technology (that is ferric citrate C6H5FeO7·H2O), and then the solution
as heated. The acetic acid (80%) was added to the solution to increase effectiveness

f dissolving and it was brought to boiling while stirring intensively. All the compo-
ent solutions prepared in the above way were mixed, heated in the heating jacket.
fter mixing the substance changes into a turbid solution, in which the precipitation
rocess takes place. After adding the acetylacetone the solution is orange-red. The
istilled water was added for the hydrolysis to take place, and the process proceeded
apidly. The solution was dried under an IR lamp in order to vaporize the solvent
nd to obtain PFN in a form of a powder.

The synthesis process of the PbFe1/2Nb1/2O3 material carried out by the solution
recipitation method is presented in Fig. 1.

The powder was stirred after complete drying, and then it was subjected to
aking (calcination) to remove organic parts. A calcination temperature of the PFN
aterial organic parts was selected on basis of a thermal analysis (DTA and TG) on
Q-1500D derivatograph (with Paulik–Paulik–Erdey system) in the temperature

ange of 20–1000 ◦C. Two exothermal peaks (at the temperatures about 280 ◦C and
bout 370 ◦C) are observed on the DTA curves before the calcination of the organic
arts (Fig. 2a). These peaks are connected with evaporation of the water residues
nd a decomposition of the organic parts, which is accompanied by the TG mass loss
4.11%). No further peaks and the mass loss are observed in the DTA and TG curves
bove 410 ◦C. After the calcination process of the organic parts (Fig. 2b) no peaks
riginating from the changes taking place in the material are found.

The following conditions of calcination to remove organic parts on basis of
hermal analysis were qualified: the calcination temperature Tw1 = 600 ◦C, the calci-
ation time tw = 3 h.

After removal of the organic part the PFN powder was stirred, and then it was
ressed into compacts (in the steel matrix by the cold uniaxial pressing ∼100 MPa)
nd they were free sintered (FS) in the Al2O3 bed for 2 h at temperatures Ts = 1000 ◦C
PFN1), 1050 ◦C (PFN2) and 1100 ◦C (PFN3). Free sintering was conducted in the

lectric chamber furnace of a Termod KS-1350 type, where atmospheric pressure
as the sintering medium. An adjustable temperature control ensured its linear

ncrease and good stability (a furnace temperature measurement error was ±0.3%).
The X-ray examinations were made on a polycrystalline diffractometer of the

hillips firm with a Cu lamp and a graphite monochromator. The microstructure
xaminations were made by a SEM scanning microscope HITACHI S-4700 with
solution with beginning of the precipitation, (b and c) the precipitation process, (d
powder formed.
Fig. 2. DTA and TG of a PFN powders (a) before and (b) after removal of organic
parts.
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Fig. 3. X-ray diffraction pattern for the PFN powders (a) after removing of organic part
(PFN3).

Fig. 4. The SEM images of the PFN powder used to obtain the PFN ceramics.

Fig. 5. An influence of the sintering temperature on the microstructure of the PFN cerami
(PFN3).
s and (b) after sintering at temperatures 1000 ◦C (PFN1), 1050 ◦C (PFN2), 1100 ◦C

Inc. HEOPS-5B6 type. The DC measurements were carried out with the use of the
Cahn magnetic balance in the temperature range of −270 ◦C to 75 ◦C.

The percentage content of the Pf perovskite phase was calculated from the
following relationship:

Pf = I1 1 0 100
I1 1 0 + I2 2 2

[%]. (1)

where I1 1 0 and I2 2 2 are intensities of the (1 1 0) perovskite and (2 2 2) pyrochlore
diffraction lines.

3. Results and discussion

The X-ray diffraction of the PFN material powders after removal
of the organic part is presented in Fig. 3a. The X-ray diffractions
for the PFN ceramics (for different sintering temperatures) are

presented in Fig. 3b. It can be observed that a perovskite struc-
ture of the PFN material is formed completely after the sintering
process (ceramic compacting). At room temperature this mate-
rial is characterized by a tetragonal structure with a small amount
of a pyrochlore phase. For PFN1 Pf = 95.02%, for PFN2 Pf = 96.20%

cs sintered at the temperature of (a) 1000 ◦C (PFN1), (b) 1050 ◦C (PFN2), (c) 1100 ◦C
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Table 1
The PbFe1/2Nb1/2O3 ceramics parameters obtained by the solution precipitation
method.

PbFe1/2Nb1/2O3 PFN1 PFN2 PFN3

Temperature sintering 1000 ◦C 1050 ◦C 1100 ◦C

�exp (g/cm3) 7.47 7.60 7.31
�exp/�theor × 100 (%) 88.3 89.9 86.4
�DC at Tr (� m) 8.85 × 107 7.24 × 108 1.64 × 107

a (Å) 4.0207 4.0231 4.0228
c (Å) 4.0145 4.0205 4.0102
V (Å) 64.90 65.07 64.90
�DC at Tm (� m) 1.02 × 107 4.50 × 107 1.16 × 106

Ea at I (eV) 0.35 0.33 0.40
Ea at II (eV) 0.72 0.92 0.14
Ea at III (eV) 0.94 0.80 1.09
Tm (◦C) 90 91.5 92.8
εr 1690.00 1650 1850
(tan ı)Tr 0.047 0.040 0.080
εm 5110 5600 7240
(tan ı)Tm 0.137 0.083 0.122

T
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εm/εr 3.02 3.40 3.91
˛ 1.64 1.62 1.69

heoretical density (�theor) value of PFN is ∼8.457 g/cm3.

hereas for PFN3 Pf = 94.88%. The specimen sintered at 1050 ◦C con-
ains the lowest amount of the foreign non-perovskite pyrochlore
hase.

SEM images of the PFN material powder from which the ceramic
pecimens have been obtained are presented in Fig. 4. The PFN pow-
er consists of fine elements joined into bigger agglomerates. The
ptimum sintering conditions are shown by specimen PFN2 (the
intering temperature 1050 ◦C and time 2 h), what is exhibited by
correctly formed grain of the microstructure visible in the SEM

mages of the specimen fracture (Fig. 5b). This PFN ceramic sample
hows the largest apparent density (Table 1). The sintering temper-
ture of 1000 ◦C and the sintering time of 2 h do not provide for good
onditions for grain formation (Fig. 5a), whereas higher sintering
emperature 1100 ◦C causes excessive grain growth (Fig. 5c).
The PFN ceramics obtained by the conventional methods has
igh electric conductivity (low values of resistivity) [13,14]. In
he case of the solution precipitation technology resistivity val-
es are within a range from 1.64 × 107 � m to 7.24 × 108 � m. The
FN2 ceramics sintered at 1050 ◦C shows the highest values of the

ig. 7. An influence of the sintering temperature on temperature dependences of electr
recipitation method (v = 1 kHz). Inside the ε (T) diagrams for the PFN ceramics at frequ
Fig. 6. An influence of the sintering temperature on the ln �DC(1/T) temperature
relationships for the PFN ceramics.

direct current resistivity at room temperature and at the Curie tem-
perature (Table 1). The temperature courses of the direct current
conductivity logarithm of the PFN specimens −ln �DC(1/T) in the
area of the phase transition show characteristic changes (Fig. 6),
what is manifested by a change of the Ea activation energy value (I
in the ferroelectric phase and II in the paraelectric phase). A sub-
sequent change of the activation energy value is observed in the
paraelectric phase (III) at a higher temperature.

The PFN ceramics obtained by the solution precipitation method
has relatively favourable dielectric parameters (Table 1). The tem-

perature courses of electric permittivity are presented in Fig. 7. An
increase in the sintering temperature of the PFN ceramics does not
move a phase transition temperature significantly. It causes, how-
ever, an increase in the maximum value of the electric permittivity.
A decrease in the diffusion of the phase transition is also observed.

ic permittivity ε on temperature T for the PFN ceramics obtained by the solution
ency v = 100 Hz − 20 kHz (a cooling cycle).
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Fig. 8. The plots of ln (1/ε − 1/εm) vs. ln (T − Tm) for the PFN ceramics at temperatures
higher than Tm.

Fig. 9. An influence of the sintering temperature on the temperature dependences
of the dielectric loss angle tangent tan ı on temperature T for the PFN ceramics
obtained by the solution precipitation method (v = 1 kHz).

Fig. 10. Influence of the temperature sintering on the hysteresis loops of the PFN
ceramics.
mpounds 504 (2010) 508–513

The characteristic feature of the PFN material is lack of presence
of a frequency displacement of the phase transition temperature,
which is so characteristic for relaxors (the diagrams inside Fig. 7).

Plots of ln (1/ε − 1/εm) vs. ln (T − Tm) for PFN ceramics are illus-
trated in Fig. 8 and linear fitting was performed. The calculated
values of the ˛ parameter being a degree of the phase transition
diffusion are presented in Table 1. The ceramic samples sintered at
1050 ◦C show the lowest degree of the diffusion from the group of
the PFN ceramics.

The PFN ceramics obtained by the solution precipitation
method, in which the ferric citrate (C5H5FeO7·H2O) was used as a
basic precursor, shows relatively low dielectric losses (Fig. 9) com-
paring to the PFN ceramics obtained by other technologies e.g.:
sintering of simple oxides in the solid phase [15], a one stage syn-
thesizing method [16] or in a case of the PFN ceramics production by

the sol–gel method with use of the ferric nitrate (Fe(NO3)3·3H2O)
[17] or the ferric oxalate (FeC2O4·3H2O). The PFN ceramics sintered
at 1050 ◦C for 2 h shows the lowest values of the dielectric losses
both at room temperature and the phase transition temperature.

Fig. 11. Influence of the temperature sintering on the magnetic mass susceptibility
(�� ) and inverse mass susceptibility (1/�� ) of PFN (a) PFN1, (b) PFN2, (c) PFN3.
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Electric hystersis loops of the PFN ceramics obtained at room
emperature are presented in Fig. 10. The specimens sintered at
ower temperatures (PFN1 and PFN2) show saturation of the hys-
eresis loop and similar values of the EC coercion field (0.51 kV/mm
nd 0.46 kV/mm, respectively) and the Pr residual polarization
3.20 �C/cm2 and 3.88 �C/cm2, respectively).

Apart from the ferroelectric properties, the PFN ceramics has
lso magnetic properties. Temperature diagrams of magnetic sus-
eptibility � and an inverse of magnetic susceptibility 1/� for the
FN ceramics are presented in Fig. 11. A small peak (TN1) below
110 ◦C and a second peak more visible (TN2), at temperature about
265 ◦C are observed on the � (T) courses. The anomalies observed

n the diagrams are connected with occurrence of phase transitions
n the magnetic material. Similar results of magnetic examinations
re presented in work [18], where the magnetic measurements
howed an antiferromagnetic transition at temperatures TN1 due
o the superexchange interactions mediated by Fe–O–Fe and an
dditional antiferromagnetic type transition at TN2.

It is observed (Fig. 11) that values of magnetic suscepti-
ility decrease with an increase in the PFN ceramics sinter-

ng temperature, but the character of curves � (T) does not
hange.

. Conclusions

The PbFe1/2Nb1/2O3 material obtained by the solution precipi-
ation method shows an advantageous set of dielectric, magnetic
nd ferroelectric parameters. This kind of the ceramics has rela-
ively low electric conductivity besides low dielectric losses and
igh values of electric permittivity. The magnetic measurements
how that the PFN ceramic samples undergo two antiferromagnetic

ransitions: at a high temperature (TN1) and at a low temperature
TN2).

The performed technological tests of an influence of the techno-
ogical process on the dielectric properties and electric conductivity
f the PFN ceramics have shown that the optimum sintering tem-

[
[
[
[

mpounds 504 (2010) 508–513 513

perature is 1050 ◦C during 2 h. The specimens obtained in those
technological conditions show the optimum parameters in the PFN
ceramics group analyzed.

Occurrence of both magnetic and ferroelectric properties in the
PFN material (biferroics) widens application possibilities compar-
ing to materials of ferroic properties.
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