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Electric conductivity of (Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramics obtained from nanopowders synthesized by
high-energy milling from respective oxides was studied in the frequency range 10 mHz ö1 GHz. At room temper-
atures the low-frequency conductivity was found to be dominated by the contribution from poor-conducting grain
boundaries, whereas the contribution in the range 1 kHz ö 1 MHz, due to the grain interior, was related by us
to the small polaron hopping. Moreover, the electron exchange between ferric and ferrous ions activated at higher
frequencies was found to be added to the conductivity above ≈ 1 MHz.
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1. Introduction

Bismuth ferrite BiFeO3 (BFO) is one of the most ex-
tensively studied multiferroic materials due to its antifer-
romagnetic and ferroelectric order at room temperature.
The application of BFO is, however, limited because of
weak magnetoelectric coupling characteristic of multi-
ferroics with large di�erence between the ferroelectric-
paraelectric transition temperatures (TC = 1100 K) and
the Néel temperature (TN = 640 K) [1]. The synthesis of
BFO-based multiferroics with a strong coupling between
spontaneous polarization and magnetization is still chal-
lenging for possible applications in transducers, resistive
switching elements, information storage, and spintron-
ics [2�6]. One of the methods used is to form solid solu-
tions with ABO3 perovskites and PbTiO3 (PT) has been
considered as the most promising candidate [7]. Interest-
ing results were reported by Zhu et al. who established
both the structural and the magnetic phase diagram of
(1-y)BiFeO3-yPbTiO3 system [8]. The authors reported
rhombohedral structure for y ≤ 0.20, orthorhombic sym-
metry for solutions with 0.20 ≤ y ≤ 0.28 and tetragonal
phase for y ≥ 0.31. Moreover, they pointed out that the
compositions with BiFeO3:PbTiO3 ratio around 50:50 fa-
vors a formation of chemically ordered microregions (with
superlattices of Fe3+ and Ti4+). La3+ doping was pro-
posed to improve the magnetoelectric e�ect in BiFeO3

by Paj¡k, Poªomska and Kaczmarek [9, 10] and by Sos-
nowska et al. [11]. The doping has been used to the
(1-y)BiFeO3-yPbTiO3 system a decade later [12�18].
The properties of La3+ doped (BiFeO3)0.5(PbTiO3)0.5

with lanthanum content 0 ≤ x ≤ 0.5 synthesized by
solid-state reaction technique were studied repeatedly
[14, 16�19] and the resulting T−x phase diagram points
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to a tetragonal symmetry with P4mm space group for
low La-content, whereas rhombohedral symmetry with
R3c space group was ascribed to the solution with x =
0.5. As the compounds of BFO with PbTiO3 exhibit
structural change from rhombohedral to tetragonal struc-
ture [8] and La3+ doping may turn the structure again
to the rhombohedral symmetry [1, 11], we prepared
(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 solid solutions (BLFO�
PT) with various La contents. The BLFO�PT nanopow-
ders were prepared by mechanochemical synthesis from
respective oxides since we considered the method, in the
case of compounds containing high volatile elements like
Pb and Bi, as superior in comparison with the solid-state
synthesis [20�22].
The results of the Raman spectroscopy studies of the

obtained nanopowders pointed to a change in the crystal-
lographic structure of the BLFO�PT solutions with La-
content between x = 0.16 and x = 0.20 [23]. Our dielec-
tric response studies revealed also relaxor-like behavior
below 300 K in ceramics prepared from the mechanosyn-
thesized nanopowders due to structural disorder, an
anomaly at ≈ 400 K related to oxygen vacancies and
only for solution with x = 0.50 the Curie point anomaly
at ≈ 500 K was observed [24]. Moreover, a coexistence
of ferromagnetic clusters and antiferromagnetic order as
well as spin glass behavior have been reported for the
samples. From the application point of view, one of the
important properties is the conductivity that should be
properly matched to the electric impedance of the sensor
or actuator circuits. Here we present the results of elec-
tric conductivity studies in wide frequency range from
10−2 Hz to 1 GHz of BLFO�PT solid solution. The
work was also aimed at �nding the relationship between
the La3+ content and the conductivity. The results of
the conductivity measurements allowed to determine the
structural transition at appropriate La3+ content and
were compared to that of the Raman studies.
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2. Experimental

The synthesis of BLFO�PT samples with various La
content x = 0, 0.10, 0.16, 0.18, 0.20, 0,22, 0.25, 0.28,
0.30, 0.32, 0.35, and 0.50 was carried out in a SPEX
8000 Mixer Mill for 48 h at room temperature in air. The
milling time was optimized using XRD patterns for var-
ious times. Figure 1 shows an example of XRD patterns
(X'Pert-PANalytical di�ractometer, Cu Kα radiation) of
the mixture of Bi2O3, Fe2O3, PbO and TiO2 powders
after various times of milling. One can observe that af-
ter 48 h of milling di�raction peaks corresponding to the
perovskite tetragonal structure of BLFO�PT appear and
remain unchanged with elongation of the time of milling.
The starting oxides Bi2O3 (99.975% Alfa Aesar), La2O3

(99.99% Aldrich), Fe2O3 (99.9% Aldrich), PbO (99.9%
Aldrich) and TiO2 (≥ 99% Aldrich) were weighted in
stoichiometric ratios and the weight ratio of the stainless
steel balls to the oxides was 2:1. The as-milled powders
were heat treated at 973 K for 0.5 h in air. The av-
erage crystallite sizes of (Bi1−xLaxFeO3)0.5(PbTiO3)0.5
samples estimated from half-width of the most intensive
(110) peak (Scherrer eq., Panalytical High Score pro-
gram) amounted to 15, 19, 26, 27, and 28 nm for x = 0.0,
0.1, 0.2, 0.3 and 0.5, respectively.
The samples in form of pellets ≈ 1 mm thick and 8 mm

in diameter were obtained after pressing the nanopowder
under 800 MPa and for electric measurements the sam-
ples were covered with gold sputtered electrodes. The
ac conductivity of the samples was measured using an

Alpha-A High Performance Frequency Analyzer (Novo-
control GmbH) in the frequency range 10−2 Hz ö 1 MHz
and temperatures from 125 K to 525 K and at room tem-
perature using a E4991A RF Impedance/Material Ana-
lyzer Agilent for higher frequencies up to 1 GHz.

Fig. 1. XRD patterns of Bi2O3, Fe2O3, PbO and TiO2

mixture after various times of milling.

3. Results and discussion

Figure 2 shows temperature variation of
the conductivity σ′ at various frequencies for
(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramic samples with
various La content.

Fig. 2. Temperature variation of electric conductivity for (Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramics at frequencies of
1Hz, 1.58Hz, 2.51Hz, 3.98Hz, 6.31Hz, 10Hz, 15.8Hz, 25.1Hz. . . 100 kHz, 158 kHz, 251 kHz, 398 kHz, 631 kHz, 1MHz.

As indicated by the white vertical line in Fig. 2, La
doping a�ects the low-frequency dispersion of σ′ in the
vicinity of room temperature. Figure 3 shows frequency
dependences of the conductivity and dielectric permittiv-
ity for samples in the La-content range where the changes
in the Raman spectra have been observed [23]. It should
be noted that the conductivity σ′ measured at a given
frequency f and temperature T contains a frequency in-
dependent contribution σ′dc and a contribution σ′ac which
depends on the frequency f :σ′(T, f) = σ′dc(T )+σ

′
ac(T, f).

The �rst term is related to the drift mobility of the charge
carriers, whereas the heterogeneity of the sample deter-
mines the σ′ac(T, f) behavior [25�27]. The heterogeneity

of BFLO�PT ceramics is rather complex and we have to
consider that as consisting of highly-conducting grains
separated by grain boundaries with high electric resistiv-
ity [27].
Defects as oxygen vacancies apparent in the perovskite

lattice ( O2− + h⇔ O− and O− + h⇔ O) as well
as defects created by La3+ substitution at the place of
divalent A ions (La3+ + e ⇔ A2+), Fe3+ substitution
at the tetravalent B ion (Fe3+ + h ⇔ B4+) are piled
up at the grain boundaries [28]. Moreover, in our case
we have to take into account various valence of Fe ions
(Fe3+ + h ⇔ Fe4+) [29]. In the text above, vacancy is
denoted as empty square, hole as h and electron as e.
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Fig. 3. Frequency dependences of the con-
ductivity σ′ and dielectric losses (tanδ) of
(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramic samples
with various x at room temperature.

The motion of the charges in external electric �eld E re-
sults in a space charge polarization accumulated at the

grain boundaries. When the frequency f of E increases
the charge hopping between the ions/vacancies of di�er-
ent valence cannot follow the ac �eld and the dielectric
permittivity ε′ decreases. The grain boundary e�ect is
predominant at low frequencies [27] and for BLFO�PT
ceramics one can observe the contribution from 10−2 Hz
to ≈ 1 kHz at room temperature (Fig. 3). At higher fre-
quencies the conductivity is mainly due to the interior
of the grains with a structural disorder and the σ′ac (f)
values in the frequency range from ≈ 1 kHz to ≈ 1 MHz
at room temperature are nearly proportional to the fre-
quency f . It should be observed that the energy lev-
els of electrons and holes in the material are localized
on speci�c atoms/vacancies which can appear in di�er-
ent valence states, therefore we would like to consider
thermally activated motion of electrons and holes to ad-
jacent sites as small polaron hopping [28, 29]. An in-
crease in the conductivity at higher frequencies may be
related to a contribution of another process for instance
Fe3+ + e → Fe2+ electron hopping enhanced by the in-
crease in the frequency of applied electric �eld.

Fig. 4. ac conductivity of (Bi1−xLaxFeO3)0.5 (PbTiO3)0.5 ceramics at various temperatures.

Frequency dependences of the conductivity at various
temperatures are shown in Fig. 4. One can observe that
above ≈ 400 K the conductivity attains a plateau at low
frequencies, which points to the fact that the space charge
polarization is e�ective at high temperatures and low fre-
quencies. Temperature variation of the dc conductivity
σ′(1 Hz) of (Bi1−xLaxFeO3)0.5(PbTiO3)0.5 above 450 K
can be described by the Arrhenius law with activation
energies 1.23, 1.18, 0.98, 1.47 and 1.41 eV for ceramics
with x = 0, 0.1, 0.2, 0.3 and 0.5, respectively.

The low-frequency ac conductivity of
(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramics was found
to be dependent on the lanthanum content as shown in
Fig. 5a with minimum σ′ac values at the concentration
x = 0.18.

Similar dependence on La content was found also in the
dielectric losses measured at low frequencies for BFLO�
PT ceramic samples. Dielectric loss factor (tanδ), a mea-
sure of electric energy dissipated in the dielectric system,
shows minimum for La3+ ion content x = 0.18 as shown
in Fig. 5b. In the low-frequency region the dielectric

Fig. 5. Room temperature electric conductivity σ′ at
frequencies of 0.01 Hz, 1 Hz and 1 kHz (a) and dielec-
tric losses at 1 kHz for (Bi1−xLaxFeO3)0.5(PbTiO3)0.5
ceramic samples with various x.

losses are related to space charge polarization piled up at
the low-conducting grain boundaries.

4. Conclusions

(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 solid solutions ob-
tained by solid state reaction have been studied by
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many authors at the aim to improve the magneto-
electric coupling in BiFeO3 based compounds. To
provide a proper stoichiometry in the compounds
containing volatile elements as Pb and Bi we syn-
thesized (Bi1xLaxFeO3)0.5(PbTiO3)0.5 nanopowders by
high-energy milling of respective oxides and studied ac
electric conductivity of the ceramics prepared from the
nanopowders in frequency range 10 mHz ö 1 GHz. The
conductivity was found to be determined by the het-
erogeneity of the ceramics consisting of poor-conducting
grain boundaries and the grain interiors with sub-
stitutional disorder (La3+ cations in the A-sites and
Fe3+ in the B-sites of the perovskite lattice). At
room temperatures the conductivity at low frequencies
(10 mHz ö 1 kHz) was found to be dominated by the
contribution from the grain boundaries, whereas the at
higher frequencies the contribution from the grain inte-
rior was found to be the most important. The conductiv-
ity in the frequency range 1 kHz ö 1 MHz was related by
us to small polaron hopping. The e�ect of La3+ doping is
the most apparent one as an increase in the low-frequency
dispersion in the conductivity. In the vicinity of room
temperature the conductivity at 1 Hz increases by about
of two orders of magnitude for BLFO�PT ceramics with
the highest contents of La3+ in comparison with that of
BLFO�PT samples. Moreover, the substitutional disor-
der due to the substitution of La3+ ions contributes to
the high-frequency conductivity in BLFO-PT ceramics.
The low-frequency electric conductivity, as

well as the low-frequency dielectric losses of
(Bi1−xLaxFeO3)0.5(PbTiO3)0.5 ceramics were found
to exhibit minimum at x = 0.18 (Figs. 4 and 5) i.e. in
the vicinity of the La3+ concentrations at which we have
observed considerable changes in the Raman spectra.
The results allow us to assume a morphotropic phase
boundary in the vicinity of x = 0.18, or even to expect a
coexistence of the tetragonal and rhombohedral phases
in the La concentration range ≈ 0.16 ≤ x ≤≈ 0.32.
It should be observed that the material exhibits also
ferroelastic properties and structural changes in the
interior of the grains modify also the properties of the
grain boundaries.
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