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Structural, optical, magnetic, ferroelectric,
and piezoelectric properties of (Pb,Ba)(Ti,Fe)O3

perovskites: a macroscopic and nanoscale
properties approach

F. M. Pontes,*a A. J. Chiquito,b W. B. Bastos,c Marcelo A. Pereira-da-Silvade and
E. Longocf

Single-phase Pb0.50Ba0.50Ti1�xFexO3 (PBTF) polycrystalline thin films with different Fe doping contents

were prepared on Pt/Ti/SiO2/Si substrates using a chemical solution deposition method. The effects of

doping on their structural, optical, magnetic, and electrical properties were studied via a multi-technique

approach on different scales. A structural phase transition from tetragonal to pseudocubic was observed

when the Fe content increased, resulting in tetragonality reduction of the thin films. Another con-

sequence of the Fe content increase was the decrease in the optical band gap energy, probably induced by

localized states within the forbidden gap of the PBTF thin films associated with structural disorder. The Fe

addition also resulted in a gradual modification of the domain structure, as clearly observed by piezoresponse

force microscopy. Two processes, a weakened distortion of the TiO6 sublattice and a decreased ferroelectric

and piezoelectric response, were identified. At the macroscopic level, the ferroelectric properties of the films

decreased with increasing Fe content, in good agreement with the nanoscale piezoresponse force

microscopy data. Finally, a long-range magnetic order to ferromagnetism evolved by increasing the Fe

doping content from x = 0.0 to 0.10.

Introduction

In recent years, researchers have been conducting useful
research on the ABO3 perovskite family. Due to the new ferro-
electric and ferromagnetic properties that some ABO3 perovskite-
family members simultaneously exhibit after doping, a renewed
interest has been devoted to Bi-based solid solutions.1–3 Alter-
natively, the best known example of the doped ABO3 perovskite-
family is the PbTiO3 prototype of classical ferroelectrics, which
can be engineered to fit a wide range of applications. This occurs
when a partial, or even complete replacement of the Pb atom
(A-dodecahedral atomic site) by specific dopants, such as Ca, Sr,

Ba, La, and Co, and/or replacement of the Ti atom (B-octahedral
atomic site) by Zr, Fe, Cu, Sc, Ni, and Mn, occurs.4–9 In light of
this compositional engineering research, the prediction of
material properties from the chemical composition is a primary
goal of materials science for the development of new high-tech
devices; therefore, it is expected that the doped ABO3-based
solid solution (compositional engineering) displays remarkably
different structures, and electronic and electrical properties,
either in nanoscale or microscopic dimensions. Hence, chemical
doping/substitution is viewed as a challenge for compositional
engineering, for tailoring specific properties (optical, magnetic,
sensors, catalysts, solar cells, dielectric, ferroelectric, piezoelectric,
pyroelectric, etc.) of the ABO3-based perovskite family.10–14 For
example, Fuflyigin et al.15 studied the electro-optic effect in
PbxBa1�xTiO3 (PBT) thin films. The PBT thin films were shown
to be transparent over a wider wavelength range (350–2000 nm),
which offers the possibility for using them as light-controlling
devices. Lee et al.16 realized fundamental research on structural
transformation in PbxBa1�xTiO3 (PBT) nanoparticles. Recently,
Tyablikov et al. reported a novel perovskite compound
(Pb2.4Ba2.6Fe2Sc2TiO13) with an ordered arrangement of different
B-cations along the {110} perovskite planes, synthesized using a
citrate-based route.17 Brehm et al., reported some physical and
electronic properties of hypothetical PbTiO3-based oxysulfides,
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PbTiO3�xSx, by first principles calculations.18 The theoretical
analysis indicates that the compounds should be considered
as candidates for solar bulk photovoltaic material. As reported by
Zhao et al., Co-doped PbTiO3 thin films showed reduced
ferroelectricity accompanied by enhanced ferromagnetism.19

Ren et al. reported ferroelectric and ferromagnetic properties
for Pb(Ti1�xFex)O3 nanoparticles prepared by hydrothermal
synthesis.20 In addition, Bai et al. reported the preparation of
highly (100)-oriented Pb(Zr0.5Ti0.5)O3 thin films with different
Fe doping concentrations, and observed that the dielectric
constant of the 1% Fe-doped PZT sample was significantly
higher than that of the 2% Fe-doped sample.21 Furthermore,
it has been exhaustively reported that chemical doping/
substitution of foreign elements into a perovskite structure
can lead to the formation of various local defects in the host
lattice. Remarkably, the presence of defects, such as dislocations
and vacancies (oxygen and cation) can directly influence the
magnetic or ferroelectric polarization response at the nanoscale
level, including domain wall dynamics, nucleation, etc. In parti-
cular, one of the most important methods of investigating the
electric polarization process at the nanoscale level is piezo-
response force microscopy (PFM).22–26 Ferrarelli et al.27

reported a systematic decrease in piezoelectric response for
Ba1�xDyxTi1�xScxO3 ceramics with increasing x. Recently,
Yang et al.28 reported extensively on the role of defects
on the ferroelectric domain nucleation and growth process,
using PFM-based experimental studies. In addition, PFM
was extensively used by Gobeljic et al.29 to study the evolution
of the piezoelectric response and local hysteresis loops for
0.93Bi0.5Na0.5TiO3–0.07BaTiO3 and 0.92Bi0.5Na0.5TiO3–0.06BaTiO3–
0.02K0.5Na0.5NbO3 composites. Recently, Yu et al. investigated
the ferroelectric domain evolution of tetragonal Pb(ZrxTi1�x)O3 thin
films on SrTiO3(100) substrates by PFM.30

Therefore, in this study, we systematically investigated the
influence of the Fe doping concentration on the structural,
microstructural, dielectric, ferroelectric, magnetic, and optical
properties of (Pb0.50Ba0.50)(Ti1�xFex)O3 (PBTF) thin films
synthesized using the polymeric precursor method. In particular,
PFM was carried out to investigate in detail both the domain
structure evolution and the local ferroelectric polarization
switching behavior as a function of the sample composition.
Finally, we compared the nanoscale measurements carried out
by PFM with the macroscopic polarization experimental data.

Experimental procedure

Barium acetate [Ba(C2H3O2)2], lead acetate trihydrate
[Pb(CH3CO2)2�3H2O], iron nitrate [Fe(NO3)3�9H2O], and titanium
isopropoxide Ti[OCH(CH3)2]4 were used as precursor materials
for Ba, Pb, Fe, and Ti, respectively. Initially, Ti[OCH(CH3)2]4 was
dissolved in a mixture of deionized water and citric acid at 80 1C
under magnetic stirring. Separately, [Fe(NO3)3�9H2O] was also
dissolved in a mixture of deionized water and citric acid at 80 1C
under magnetic stirring. The Ti–citrate and Fe–citrate solutions
were mixed at a stoichiometric ratio to produce a Ti1�xFex

solution at 80 1C under constant stirring. Then, lead acetate
trihydrate was dissolved in deionized water and added drop-by-
drop under constant stirring to the Ti1�xFex solution to produce
a Pb–Fe–Ti complex solution. After homogenization, barium
acetate was slowly added under constant stirring, resulting in a
clear Pb–Ba–Ti–Fe complex solution. In addition, a small
amount of citric acid was added to increase the stability of
the polymeric network structure. Finally, 40 wt% of ethylene
glycol monomer was added (based on the final product) to the
(Pb0.50Ba0.50)(Ti1�xFex)O3 complex solution. The solution was
stirred constantly at 90 1C until a transparent and stable color-
less, light-yellow, yellow, and light-brown precursor complex
solution was obtained for x = 0.0, 1.0, 5.0, and 10.0 mol% Fe
doping, respectively. These solutions were somewhat viscous,
but without visible phase separation. The precursor solution was
deposited on the Pt/Ti/SiO2/Si and quartz substrates by spin
coating at 6000 rpm for 20 s using a spinner (spin-coater KW-4B,
Chemat Technology) and a syringe filter to avoid particulate
contamination.

After spin coating, the samples were pre-heated at 200 1C
for 10 min on a hot plate to remove the residual solvent. Then,
the thin films were annealed layer by layer at 400 1C for 4 h,
and 700 1C for 2 h (heating rate of 5 1C min�1) under air to
remove residual organic components and crystallize the sample,
respectively. The thin films were prepared by repeating the
deposition and pyrolysis/crystallization cycles.

The phase structures of the (Pb0.50Ba0.50)(Ti1�xFex)O3 samples
were identified using a Rigaku MiniFlex600 X-ray diffractometer
(XRD, CuKa radiation, l = 1.54056 Å). The thickness of the thin
films was measured using a field-emission scanning electron
microscope (FE-SEM, FEG-VP Zeiss Supra 35) with a secondary
electron lens detector on a freshly fractured film/substrate cross-
section. The optical transmittance of the (Pb0.50Ba0.50)(Ti1�xFex)O3

thin films was recorded in the 200–1100 nm wavelength range
using a Perkin Elmer Lambda 1050 spectrophotometer.

A LabRAM HR Evolution micro-Raman spectrometer from
Horiba Scientific was used to perform the Raman measurements,
while the thin films were maintained at room temperature.
The 532 nm line of the Nd:YAG laser beam was focused using a
100� objective, generating an intensity of 0.9 mW on the sample.

To measure the electrical properties, circular Au electrodes
were prepared by evaporation through a shadow mask with
a 4.9 � 10�2 mm2 dot area to obtain an array of capacitors.
The deposition was carried out under vacuum (10�6 Torr).
Ferroelectric and dielectric properties were measured at room
temperature using a Precision Premier II system from Radiant
Technology (using standard bipolar signal at 2 kHz) and an
Agilent 4294A Precision Impedance Analyzer, respectively.

The topography, polarization pattern of ferroelectric domain
structures, and local hysteresis loops were investigated at the
nanoscale level on ferroelectric thin films using a commercial
AFM (MultiMode Nanoscope V, Bruker), modified to be used as
a PFM. The system was equipped with a lock-in amplifier
(SR850, Stanford) and a function generator (33220A, Agilent).
During the PFM measurements, the conductive probe was
electrically grounded and an external voltage was applied to
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the bottom Pt electrode operated with a driving amplitude of
1 V (RMS). The magnetic properties were measured at tempera-
tures of 300 K and 10 K, using a vibrating sample magneto-
meter (MPMS3-SQUID-VSM, Quantum Design).

Results and discussion

The XRD patterns of the undoped PBT and doped PBTF thin
films on Si/SiO2/Ti/Pt and quartz substrates are shown
in Fig. 1(a) and (b), respectively. All thin films showed a
well-crystallized perovskite phase with no preferred orienta-
tions, suggesting a polycrystalline structure after calcination
at 700 1C. The undoped PBT thin films clearly revealed splitting
of (001)/(100), (101)/(110), and (002)/(200) peaks, confirming
the tetragonal structural phase, as shown in Fig. 1(a). Never-
theless, for Fe contents above 1.0 mol%, splitting of the
(001)/(100), (101)/(110), and (002)/(200) peaks rapidly decreased
and disappeared (below the detection limit of the instrument),
suggesting that the tetragonal structural phase became
unstable. Thus, the tetragonal instability caused by the Fe ions
dissolved in the TiO6 octahedral structure substituting for Ti

ions, produce less distorted TiO6 octahedral units, which play
an important role in ferroelectric properties such as hysteresis
loops, phase transition temperatures, and piezoelectric
responses. From the XRD patterns, the lattice parameters
a and c were estimated as a function of the different Fe-doped
concentrations (Fig. 1(c)). Fig. 1(c) shows that the tetragonality of
the thin films decreased significantly with increasing Fe doping,
indicating a gradual structural phase transition from tetragonal to
cubic at room temperature. Also, Verma31 and Ganegoda,32 have
established similar tetragonality parameters for this system.

Raman spectroscopy was carried out to provide additional
information, since this method is very sensitive to both varia-
tions of local bonding and short- and medium-length range
symmetry breaking. Raman spectra of the undoped PBT and
doped PBTF thin films are shown in Fig. 1(d). The spectrum of
the undoped PBT thin films presents the typical signature
of a tetragonal perovskite ferroelectric phase, which is also in
good agreement with the prototypical ferroelectric PbTiO3.33

In particular, for the undoped PBT films, the E(1TO) phonon
mode, also known as the soft mode, originates from the A ions
(A = Pb, Ba) vibrating against the BO6 (B = Ti, Fe) octahedral
structure. The presence of this E(1TO) phonon mode implies a

Fig. 1 XRD spectra for the Pb0.50Ba0.50Ti1�xFexO3 thin films grown on (a) Si/SiO2/Ti/Pt and (b) quartz substrates. (c) Composition-dependent lattice
constants (a, c, and c/a) for the thin films on Si/SiO2/Ti/Pt substrates. (d) Raman spectra of the Pb0.50Ba0.50Ti1�xFexO3 thin films grown on Si/SiO2/Ti/Pt.
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strongly locally-distorted structure, corresponding to the tetra-
gonal ferroelectric structural phase. According to Freire et al.,
the locally distorted structure is driven by the mismatch
between O and Ti atoms at the B-octahedral site of the ABO3

perovskite.34 Accordingly, the suppression of this local dis-
tortion by chemical doping/substitution results in a phonon
mode shift toward lower wavenumbers with increasing Fe
content. A similar phonon mode behavior was reported for
polycrystalline NdFeO3–PbTiO3 thin films by Zhao et al.4 By
increasing the Fe content, a progressive decrease of the ‘‘soft
mode’’ occurs, leading to its complete disappearance for
x Z 5.0 mol%; this clearly suggests a paraelectric–ferroelectric
phase transition at room temperature. In addition, by increas-
ing the Fe doping content, there is a marked shift in the
A1(3TO) mode towards lower wavenumbers; this mode corre-
sponds to the movement of B-site ions from the oxygen
octahedral cage (BO6). Freire and Katiyar reported that
the A1(3TO) mode was associated with vibrations along the
spontaneous polarization vector in the prototype ferroelectric
PbTiO3.34 This indicates that the distortion of the oxygen
octahedral cages for the doped PBTF thin films is weakened
as the Fe concentration increases. Therefore, Ti ions should
occupy most of the symmetrical positions in the octahedral
oxygen cage of the perovskite crystal structure, i.e., an off-center
to on-center transformation process. In addition, a close
inspection of the Raman spectrum showed that the phonon
intensity decreased and the line widths became broader with
increasing Fe content; i.e., disorder phenomena will broaden
the Raman modes.35 However, in the paraelectric state (for
x Z 5.0 mol%), the persistence of Raman-active modes is due
to the well-known breaking of selection rules, induced by an
inherent lattice disorder, caused by the following: (i) the
presence of defects, such as oxygen vacancies; (ii) short and
medium-range cationic distortions due to Fe/Ti substitution;
(iii) nano- and micro-scale chemical heterogeneity. Although
the XRD-based experimental studies suggested the presence of
an apparent cubic-like perovskite structure at room tempera-
ture for high-doping compositions (Fe 4 1.0% mol), Raman
studies clearly indicate the presence of a pseudocubic-like
perovskite paraelectric phase.

The optical properties of the undoped PBT and doped PBTF
thin films with different Fe contents deposited on quartz sub-
strates were investigated by recording the transmission response
between 200 and 1100 nm (Fig. 2(a)). The Pb0.50Ba0.50Ti1�xFexO3

film thickness was 260, 240, 240, and 280 nm for x = 0.0, 0.01,
0.05, and 0.10, respectively. Our experimental results for the Fe
doping show a red shift of the optical absorption edge, indicating
a decrease of the band gap energy. In addition, the band gap
energies of the thin films were estimated using Tauc’s law:36,37

ahn = A(hn � Eg)n (1)

where n is a constant that characterizes the different types of
transitions (n = 1/2, 3/2, 2, or 3 for allowed direct, forbidden
direct, allowed indirect, and forbidden indirect, respectively);
h is the Planck constant; n is the photon frequency; hn is the
incident photon energy; a is the absorption coefficient; A is a

constant and Eg is the band gap energy value. Thus, a plot of
(ahn)n versus incident photon energy (hn) yields the band gap
(Eg) value. As shown in Fig. 2(b), the correlation between (ahn)2

and (hn) varies linearly in the high-energy region of the absorp-
tion edge, which is consistent with a direct band gap. Based on
this process, the band gap energy values were estimated by
extrapolating the linear portion of the plot correlating (ahn)2

and (hn) to (ahn)2 = 0, as shown by the dotted lines in Fig. 2(b).
The band gap energies for the Pb0.50Ba0.50Ti1�xFexO3 thin films
were 3.59, 3.55, 3.43, and 3.12 eV when x = 0.0, 0.01, 0.05, and
0.10, respectively. The PBTF band gap energies decreased with
increasing Fe doping content (inset of Fig. 2(b)). This is a direct
consequence of the band structure (electronic states density)
modification from the undoped PBT to the doped PBTF thin
films. According to electronic-structure calculations by first-
principles methods, the band gap energy of the undoped PBT
sample is determined by the difference between the conduction
band (CB), containing mainly Ti 3d orbitals, and the valence
band (VB), containing mainly O 2p orbitals. Therefore, the

Fig. 2 (a) Optical transmission spectra for the PBT-0, PBTF-1, PBTF-5 and
PBTF-10 films on quartz substrates, and (b) (ahn)2 versus (hn) for the thin
films on quartz substrates. The optical band gap energy Eg was obtained by
extrapolation of the linear region for (ahn)2 = 0. The inset of (b) show the
variation of band gap energies with increasing Fe doping content.
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presence of impurity states due to oxygen vacancies V��O
� �

and
Fe 3d doping plays an important role in the formation of the
band structure; when combined, these two factors lead to the
introduction of localized energy bands in the original band gap
of the undoped PBT sample. These localized states induced by
Fe doping are expected to form deep and/or shallow levels,
therefore playing a crucial role in lowering the band gap energy.
Perovskites can exhibit semiconducting or metallic character,
depending on the presence of defects (mainly oxygen vacancies)
or doping. Oxygen vacancies act as donor centers, resulting in
n-type semiconductors with the Fermi level near the bottom of
the CB. Fig. 3 shows a representation of the electronic configu-
ration of the undoped PBT and doped PBTF thin films in the
presence of doping or vacancies. There is a band gap narrowing
in both cases, but we believe that the Fe-doped samples should
present a lower band gap due to the contribution of the Fe
orbitals to both VB and CB. A similar optical band gap behavior
was reported by Yang et al. for Ba(Ti1�xNix)O3 thin films.37

A strong dependency of the optical band gap with the Ti/Ni
ratio was revealed. Several researchers have observed a decrease
in the optical band gap by increasing the transition metal
doping.38–40 In addition, there is an approximately linear
correlation between the band gap energy and the Fe doping
concentration (inset of Fig. 2(b)), similar to that observed for
classical semiconductor alloys.41

In order to study the role of Fe content in the modification of
the ferroelectric properties of the undoped PBT and doped
PBTF thin films, macroscopic ferroelectric hysteresis loops
were recorded at room temperature using a metal–ferroelectric–
metal configuration. The thicknesses of the Pb0.50Ba0.50Ti1�xFexO3

films were 300, 260, 260, and 260 nm for x = 0.0, 0.01, 0.05, and
0.10, respectively. The macroscopic hysteresis loops shown in Fig. 4
indicate a tendency toward the non-ferroelectric (paraelectric) state
with increasing Fe content; the Pr values decreased significantly as
the Fe concentration increased from x = 0.0 to 0.10. At x = 0.0, 0.01,
0.05, and 0.10, Pr was 16.2, 9.5, 1.8, and 0.8 mC cm�2, respectively.
This behavior may be attributed to the following: (i) the phase
transition tendency from tetragonal to pseudocubic at room
temperature; (ii) the small level of lattice distortion that

weakened the electric polarization vector; (iii) when the Fe
doping level is lower than 0.05, the acceptor-type Fe doping
substitution for B-site ions in the lattice should result in a

Fig. 3 (a) Simplified band diagram for the PBT thin films. The band gap
was estimated using Tauc’s law. Band gap narrowing due to Fe doping and
the presence of vacancies is represented in panels (b) and (c), respectively.

Fig. 4 Typical hysteresis loops for the Pb0.50Ba0.50Ti1�xFexO3 thin films on
Si/SiO2/Ti/Pt substrates measured at room temperature.

Fig. 5 Frequency dependence of the (a) dielectric permittivity, and
(b) dielectric loss for the Pb0.50Ba0.50Ti1�xFex thin films.
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significant increase in defect concentration, composed mainly
of extrinsic oxygen vacancies, which in turn, results in a
significant decrease in the Pr values (V��O pins the domain
wall motion).

Fig. 5(a) and (b) show the frequency dependence of the
dielectric permittivity and dielectric loss, ranging from 102 to
107 Hz, for the undoped PBT and doped PBTF thin films,
measured at room temperature. All thin films showed a gradual
decrease in the dielectric permittivity for higher frequencies.
The same behavior has been reported for some ferroelectric
perovskite thin films.42,43 The results also show that the dielectric
permittivity response decreases significantly, as the Fe doping
level increases. The dielectric permittivity and dielectric loss
values measured at a frequency of 100 kHz were 499, 319, 279,
219 and 0.045, 0.033, 0.027 and 0.024 for the x = 0.0, 0.01, 0.05
and 0.10 thin films, respectively. It is commonly known that the
dielectric permittivity of ferroelectric perovskite thin films is
strongly affected by various factors, such as grain size, crystal-
linity, microstructure, defects (oxygen and metal vacancies),
and composition. A possible explanation for the dielectric
permittivity decrease with increasing Fe doping concentration
may be attributed to: (i) the intrinsic oxygen vacancies that
normally occur in the ABO3–d perovskite-family structure
(eqn (2)), and (ii) when the doping ion contains a lower valence

than that of the ion at the B-site, extrinsic oxygen vacancies
with positive charges occur (eqn (3)).

O�O $ V��O þ 2e0 þ 1=2O2ðgÞ (2)

2Fe�Ti $ 2Fe
0
Ti þ V��O þ 1=2O2ðgÞ (3)

In this approach, the extrinsic oxygen vacancies of the doped
PBTF films may exceed the intrinsic ones, due to a higher Fe
concentration in the perovskite phase structure; hence, the
excess of extrinsic oxygen vacancies can have a negative effect
on the dielectric properties. In contrast, when Fe3+ substitutes

for Ti4+, Fe
0
Ti extrinsic defects behave as electron acceptors in

the perovskite structure and they can effectively reduce the
dielectric loss.

Fig. 6 shows the room temperature dielectric permittivity of
the thin films, measured at 100 kHz, as a function of the
applied voltage. For the undoped PBT thin films the curves
are butterfly-shaped, indicating the presence of a switchable
domain structure (ferroelectric domains). For the doped PBTF
thin films, it is clear that the hysteretic behavior is remarkably
reduced upon addition of Fe; this result suggests tetragonal
ferroelectric phase instability, associated with a weakened or
suppressed short- and long-range ferroelectric dipolar ordering,

Fig. 6 Typical dielectric permittivity versus applied voltage curves at 100 kHz for the Pb0.50Ba0.50Ti1�xFexO3 thin films with x = 0.0, 0.01, 0.05, and 0.10.
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due to tetragonal structural frustration (lower level of lattice
distortion). In addition, when x = 0.10, the lattice distortion
level is very small and the curves are superimposed, exhibiting
a non-ferroelectric behavior. Therefore, these results are in good
agreement with the interpretation of both Raman and XRD
results. Although, the overall results suggest non-ferroelectric
behavior as the Fe content is further increased, we cannot
exclude the possibility of weak ferroelectricity associated with
the existence of small polar nanoregions, due to compositional
disorder.

For this purpose, the PFM44–47 technique provides some
insight into the domain structure modifications observed
during chemical doping/substitution at the nanoscale level.
Fig. 7 shows both surface topography and out-of-plane (OP-PFM)
piezoresponse images of the films with different Fe content.
The investigation of the surface topography revealed that the
average grain size gradually decreased with increasing Fe
content, as shown in Fig. 7(a)–(d). In addition, as the Fe content
increased from 0 to 10 mol% the average grain size decreased

from 115 to 55 nm. The piezoelectric performance as a function
of the Fe content is shown in Fig. 7(e)–(h). Out-of-plane piezo-
response images of the surface of the x = 0.0 and 0.01 thin films
revealed highly contrasted PFM images, as shown in Fig. 7(e)
and (f), respectively. These contrasts are a clear signature
of a ferroelectric domain structure oriented along different
directions, i.e., the dark regions represent domains with down-
ward polarization vectors, while the bright regions represent
domains with upward polarization vectors. Dark or bright
regions of intermediate intensity correspond to other orienta-
tions. Hence, this suggests a polycrystalline nature, where the
domain structures are randomly oriented. In addition, the
featured sizes in surface topography and the magnitude of
the piezoresponse image are comparable, suggesting that most

Fig. 7 (a–d) Topography and (e–h) out-of-plane PFM images of the
Pb0.50Ba0.50Ti1�xFexO3 thin films for x = 0.0, 0.01, 0.05, and 0.10. The
bar in the topography and PFM images represents 500 nm. The scan sizes
are 2 mm � 2 mm.

Fig. 8 Square pattern ‘‘writing’’ for the Pb0.50Ba0.50Ti1�xFexO3 thin films
with a DC voltage of �12 V (2 � 2 mm2): (a) x = 0.0, (b) x = 0.01, (c) x = 0.05,
and (d) x = 0.10. The bar in the PFM images represents 1 mm.

Fig. 9 Piezoresponse variation histogram for the Pb0.50Ba0.50Ti1�xFexO3

thin films after poling with �12 V. It consists of three distributions: domains
with positive, negative, and zero piezoresponses.
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of the domain structures are limited by the grain size of the
thin films.

A further increase of the Fe content to x = 0.05 and 0.10
significantly influences the domain structure, as shown in
Fig. 7(g) and (h), respectively. Weak domain structures are also
observed, as indicated by the low-signal piezoresponse images
(regions with nearly zero piezoresponse). This confirms the weak
or even suppressed piezo/ferroelectricity behavior, accompanied
by a ferroelectric–paraelectric phase transition at room tempera-
ture. These experimental observations are completely consistent
with the substitution of Ti ions for Fe ions (XRD and Raman
experimental data). Substitution of Ti ions with Fe ions decreases
the off-center displacement of the Ti ions inside the octahedral
oxygen cage; this weakens the interaction between short- and long-
range electric dipolar moments and produces a weak or suppressed
piezo/ferroelectricity behavior, accompanied by ferroelectric–
paraelectric phase transition at room temperature, as confirmed
by the Raman and XRD results. Sun et al.42 reported similar
results for Bi1�xSmxFeO3 thin films (x = 0.0, 0.05, 0.10, and 0.15)
grown on Si/SiO2/Ti/Pt substrates using a sol–gel method.

In order to investigate localized polarization switching
behaviors for the undoped PBT and doped PBTF thin films, a

Fig. 10 Local piezoresponse hysteresis loops for the Pb0.50Ba0.50Ti1�xFexO3

thin films from an individual grain for x = 0.0, 0.01, 0.05, and 0.10.

Fig. 11 Schematic illustration of the electric dipole and polarization switching evolution process for the PBTF thin films, depending on the Fe
concentration (x), where the effects of the B-site displacement and strength of long- and short-range electric dipole interactions on the electric field are
key factors.
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DC bias was applied to the conducting PFM-tip probe while
scanning the desired area. Local poling (‘‘writing’’) was achieved
on a square-shaped region (2 mm � 2 mm, solid blue line) by
alternately applying a DC voltage of �12 V (black contrast) and
+12 V (bright contrast) to the conductive PFM-tip, corresponding
to downward and upward polarization stable states, respectively.
This approach is illustrated in Fig. 8. After applying a DC voltage
of �12 V (dark contrast) and then +12 V (bright contrast), strong
domain patterns are clearly visible on the PFM images shown in
Fig. 8(a) and (b); this indicates that the local polarization vector
direction can be switched, therefore showing that both x = 0.0
and 0.01 thin films support ferroelectric behavior at room
temperature, as depicted in Fig. 8(a) and (b), respectively. On
the other hand, the ‘‘writing’’ pattern is significantly modified
for the x = 0.05 and 0.10 thin films (Fig. 8(c) and (d), respec-
tively). It should be noted that both thin films show low contrast
after applying a voltage of �12 V (dark contrast) and then +12 V
(bright contrast), indicating that the polarization of the films is
irreversible under the applied electric voltages (non-switchable
polarization). This can be attributed to a deterioration of the

tetragonal ferroelectric structural phase, accompanied by
domain wall pinning, as the amount of Fe increased at room
temperature. To further investigate the piezoelectric properties,
we carried out a statistical analysis of the domain distribution,
represented by standard histograms, known as piezohistograms.
Fig. 9 shows the piezohistogram of the Pb0.50Ba0.50Ti1�xFexO3

thin films with different compositions, acquired from the
piezoresponse images after the poled state represented in
Fig. 8. For the x = 0.0 and 0.01 films, the piezohistogram
response revealed a typical well-developed butterfly-like
shape, corresponding to a large relative population of positive
(upward) and negative (downward) domains. As the Fe content
increased, the difference between positive domains and nega-
tive peak positions decreased, and overlapping peaks for
x = 0.05 and 0.10 were observed; the domain population
decreased noticeably towards the absence of two opposite
stable states, indicating an irreversible process. These results
are in good agreement with those shown in Fig. 6. However, we
observed that when x = 0.0 and 0.01, the maximum intensity of
positive and negative domain distributions was asymmetrical.
It has been reported that this asymmetry phenomenon is a
result of self-polarization effects, work function differences
between the PFM-tip and the bottom electrodes, space-charge
effects, and oxygen vacancy defects (V�O or V��O ).22,42,48–51

In addition, other typical signatures of reversible domain
switching are the local piezoelectric hysteresis loops measured
on a single grain. As shown in Fig. 10, the local piezoelectric
hysteresis loops decrease significantly with increasing Fe con-
tent. In addition, the undoped PBT thin films show a well-
defined and saturated piezoelectric hysteresis loop, suggesting
a high tetragonal distortion at the nanoscale level. When x =
0.01, the doped PBTF thin films also show a local piezoelectric
hysteresis loop, which is further evidence supporting the ferro-
electric behavior of the films, but their piezoelectric response
was weak, due to the reduced tetragonal distortion. On the
other hand, by increasing the Fe content to x = 0.05, the
piezoelectric response decayed significantly, producing slimmer
hysteresis loops. This can be attributed to a much lower tetragonal
distortion (c/a ratio), which weakens the short and long-range
electric dipole displacement (polarization) of the Ti atoms inside
the oxygen octahedral cage, as revealed by the XRD and Raman
measurements. Fig. 11 shows a diagram where the electric
polarization evolution of the thin films evidenced a weakened
distortion of the TiO6 sublattice and displacement along the polar
axis (polarization) when the Fe content increased. For the
undoped PBT thin films, the tetragonal structure, which is favored
regarding long-range interactions, presents an alignment of
all the dipoles. As the Fe content increases, the tetragonality
decreases, thus leading to a negative effect on the displacement
along the polar axis (B-site), which decreases the electric polariza-
tion, due to an insufficient number of electric dipoles.

To further characterize the samples, we measured the
magnetic properties of powder samples with the same compo-
sition, as shown in Fig. 12(a). As observed in Fig. 12(a), the M–H
curves reveal only linear correlations for the samples with Fe
content of x = 0.01 and 0.05. This indicates either missing or

Fig. 12 (a) Room temperature M–H magnetic hysteresis loops for the
Pb0.50Ba0.50Ti1�xFexO3 samples investigated with different Fe contents,
and (b) M–H magnetic hysteresis loops for the samples with x = 0.10 at
10 and 300 K. The inset shows a magnification around the origin.
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low, long-range magnetically ordered state interactions between
the Fe3+ spins, i.e., a purely paramagnetic behavior. However, for
the sample with x = 0.10, the M–H curve shows a typical S-shaped
hysteresis loop, indicating some long-range magnetically
ordered states (ferromagnetic interactions) at room temperature.
Ferromagnetic properties have been reported as well for the
Fe-doped PbTiO3 and Pb0.7Sr0.3Fe0.012Ti0.988O3 samples prepared
using different techniques.6,52,53 In addition, Fig. 12(b) shows a
narrow magnetic loop, measured at 10 K, for the sample where
x = 0.10, with a coercive field of 300 Oe, characteristic of a
magnetically soft material. The magnetic signal response
increased significantly with decreasing temperature, due to the
thermal fluctuation suppression of the magnetic dipoles. In
addition, magnetic hysteresis loop patterns clearly demonstrate
no signs of saturation, even for a field as high as 70 000 Oe
(7 Tesla), which indicates that the ferromagnetic interactions are
weak even at low temperature, thus leading to the weak ferro-
magnetic nature of the sample.

Our results show that a reduction in the ferroelectric proper-
ties associated with the presence of Fe coincides with the
appearance of a magnetic response, indicating the existence
of a long-range magnetic ordering. Therefore, for the doped
PBTF system, the magnitude of the off-centered ions inside the
octahedral oxygen cage, which is a key factor for the electric
polarization, decreased towards a centrosymmetric perovskite
structure, resulting in a reduction and/or disappearance of the
electric dipoles, thus affecting the magneto-electric coupling, as
schematically illustrated in Fig. 13.

Conclusions

Several Pb0.50Ba0.50Ti1�xFexO3 polycrystalline thin films (x = 0.0,
0.01, 0.05, and 0.10) were prepared on Pt(111)/Ti/SiO2/Si and
quartz substrates using a chemical solution deposition
method. Through a multi-technique approach, we showed both

Fig. 13 Schematic illustration of the long-range magnetic order evolution process versus long-range electric polarization order evolution process for
the PBTF samples, depending on the Fe concentration (mol%), showing that the polarization and magnetization behaviors evolve in opposite directions.
In this case, the key factor is the B-cation displacement and magnetic cation amount, providing a path for magneto-electric field coupling in multiferroic
materials. The inset show the TiO6 octahedral distortion.
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a weakened distortion of the TiO6 sublattice and a decrease of
the ferroelectric and piezoelectric responses. Notwithstanding,
XRD analysis revealed an average cubic-type structural phase
for the composition above x = 0.01; the presence of Raman-
active modes after the phase transition at room temperature
indicated a short-range structural disorder. Therefore, the thin
films showed a tetragonal to pseudocubic-type structural phase
transition when the Fe content increased. The optical band gap
was also affected by the increase of the Fe content: it decreased
from 3.59 to 3.12 eV, which was probably due to the inclusion of
localized states in the forbidden band energy. Fe addition also
induced variations at different scales, causing a gradual
modification of the domain structure, as clearly observed on the
PFM results. For low Fe doping compositions, the PFM images
revealed both localized piezoelectric contrast and domain
switching, in accordance with the macroscopic investigations.

Moreover, well-saturated, local piezo-hysteresis loops on a
single grain were observed for the undoped PBT thin films,
while they were almost suppressed in the Fe-doped samples
due to the absence of short and long-range polar ordering.
Finally, a phase transition from paramagnetic to ferromagnetic
with increasing Fe content was observed. Therefore, our results
suggest that short and long-range structural order–disorder
effects, caused when a Fe ion replaced a Ti ion inside the
octahedral oxygen cage, play an important role in reducing the
tetragonal distortion; in addition, the piezo/ferroelectric
response is expected to disappear, as opposed to the long-
range magnetic order that increases progressively.
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