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Role of Pb(Zr0.52Ti0.48)O3 substitution in multiferroic properties of
polycrystalline BiFeO3 thin films
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Multiferroic materials are of considerable interest due to the intriguing science and application
potential. Effects of Pb(Zr0.52Ti0.48)O3 (PZT) modification on the structural, electrical, ferroelectric
domain structure and ferromagnetic properties of BiFeO3 (BFO) polycrystalline films were
investigated in detail. A morphotropic phase boundaries between rhombohedral perovskite (R3c) and
tetragonal (P4 mm) were found in the PZT modified BFO thin films. 2% and 5% PZT modified BFO
films exhibit uniform surface, larger domain size, fewer domain walls density, and lower electrical
conductivity comparing with the pure BFO film. The 2% and 5% PZT modified BFO thin films
show well saturated P-E hysteresis loops with improved remnant polarization close to 76.8 and
96.7 lC/cm2. The improved ferroelectric and dielectric properties of the PZT modified BFO films are
attributed to the modified phase structure and bond lengths of Bi-O, decreased concentration of
defects and defect dipole complexes, and different domain structures. The saturated magnetizations
under a magnetic field of 5 000 Oe at room temperature are 8.5, 11.4, and 14.3 emu/cm3 for the pure,
2% and 5% PZT modified BFO films, respectively. The elevated magnetic properties of PZT
modified BFO may be due to the distorted spin cycloid, varied canting angle of Fe-O-Fe bond via the
C 2011
Zr/Ti substitution, and suppressed spiral spin structure via Pb ions substitution of Bi ions. V
American Institute of Physics. [doi:10.1063/1.3668123]

I. INTRODUCTION

Magnetoelectric multiferroics simultaneously exhibit
ferroelectricity and ferromagnetism orders.1–3 Such materials
continue to attract great fundamental scientific interests in
recent years due to their potential applications in multifunctional devices, such as the data storage, magnetic filter, and
sensors.4,5 BiFeO3 (BFO) is the most promising magnetoelectric materials because its rhombohedrally distorted perovskite structure with high ferroelectric Curie temperature
TC of 1123 K and antiferromagnetic Néel temperature TN of
647 K.6 BFO films were reported a large spontaneous polarization (100 lC/cm2 along h111i polar direction) and weak
ferromagnetic properties among the single crystal, epitaxial
or polycrystalline thin films and even bulk ceramics.7–9
Considerable attempts have been made to enhance the
ferroelectric and ferromagnetic properties of the BFO, such
as via ion substitution A/B-sites or co-substituted. The substitutions could introduce “chemical pressure” into the perovskite crystal (ABO3) to vary the electronic and crystalline
structure and even magnetic properties. Ca, La, Sm, Tb, Gd,
and Nd ions partially substitute A-site bring the improvement of ferroelectricity and enhanced homogenization of
spin arrangement,10–15 while doping of Mn, Sc, Cr, Ti, and
Nb ions into B-site could eliminate oxygen vacancies,
a)
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decrease the leakage current, and change the overall magnetic spin structure.16–18 Furthermore, other ABO3 perovskite materials were also commonly introduced to form solid
solutions with BiFeO3. For example, the ferroelectric and
ferromagnetic properties were enhanced in PbTiO3, PbZrO3,
and BaTiO3 modified BiFeO3 ceramics and thin films.19–21
The insertion of other ABO3 perovskite into BFO not only
stabilizes the BFO perovskite phase but also forms a morphotropic phase boundary (MPB) with BFO due to their different crystal symmetries.
Core-shell BFO-Pb(Zr0.52Ti0.48)O3 (PZT) composite
films have been reported that high dose of insulating PZT
can increase the ferroelectricity and significantly enhance the
magnetization of BFO.22 However, the effects of small doses
of PZT modified BFO polycrystalline thin films have little
investigation. The structure distortion, leakage current, concentration of oxygen vacancies, Fe-O-Fe bond angle, Bi-O
bond lengths of BFO might be varied by PZT insertion.
Thus, high ferromagnetic and ferroelectric properties property should be achieved simultaneously through the PZT
modification in the BFO thin film. Here, we systematically
investigate the role of PZT on the crystalline structure, surface topography, domain structure, ferroelectric and magnetic behavior of the BiFeO3 films grown on Pt/TiO2/SiO2/Si
substrates using pulsed laser deposition (PLD). The overall
ferroelectric and magnetic properties have been studied for
PZT modified BFO thin films. Meanwhile, the deep insights
to the enhancement of ferroelectric and ferromagnetic characteristics are discussed in detail.
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II. EXPERIMENTAL

Lakeshore 736 vibrating sample magnetometer at room
temperature, respectively.

The polycrystalline pure, 2% and 5% PZT modified
BiFeO3 (in short of BFO, PZT2%BFO and PZT5%BFO,
respectively) thin films were grown on (111) Pt/TiO2/SiO2/Si
substrates via PLD at 550  C in 50 mTorr of oxygen. The targets were synthesized by standard solid-state reaction using
high purity Bi2O3, Fe2O3 (Aldrich, > 99.9%) and PZT with
10% excess Bi2O3 and PbO to compensate evaporation of Bi
and Pb during sintering and laser deposition. The laser ablation was carried out with a typical fluence of 2 J cm2 using a
KrF excimer laser (wavelength of 248 nm). Following the
deposition, the films were cooled to room temperature in
1 atm O2 atmosphere to ensure oxygen equilibrium in the
films at a cooling rate of about 5  C min1.
The phase and crystalline structure of the films were
identified via x-ray diffraction (XRD) using Cu Ka radiation on a Shimadzu XRD-7000 diffractometer. The Raman
microspectra were recorded on a Renishaw inVia spectrometer with a 514.5 nm argon ion laser at room temperature.
The surface morphology and piezoelectric properties of the
PZT modified BFO films were examined by piezoresponse
force microscopy (PFM, Asylum Research MFP-3 DTM) by
Pt/Ir-coated Si tips (spring constant of 2 N/m, resonance
frequency of 70 kHz, and the size of the probing tip radius
is about 15 nm). The thickness of the thin films was determined to be about 150 nm by a surface profile (Alpha-step
IQ, KLA-Tencor) and cross-sectional images using field
emission scanning electron microscopy (FESEM, Hitachi
S4300). Pt top electrodes of diameter of 100 lm were sputtered on the surface of the films through a metal shadow
mask. Dielectric constant and loss tangent factor of the
films were recorded using a precision impedance analyzer
(Wayne Kerr Electronics 6500B Series) at zero bias
voltage. The ferroelectric and magnetic properties were
determined using a Radiant Precision Workstation and a
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III. RESULTS AND DISCUSSION

Figure 1(a) shows the XRD spectra of only pure and PZTmodified BFO thin films grown on Pt/TiO2/SiO2/Si substrates.
The pure BFO film exhibits a polycrystalline perovskite structure with rhombohedral (R) R3c symmetry23 and free of impurity such as Bi2Fe4O9. However, the PZT modified BFO thin
film shows coexistence of rhombohedral (R, R3c) and tetragonal (T, P4 mm) symmetry, since 110 reflections are split into
110 R and 110 T. The rhombohedral distortion is reduced toward the tetragonal structure with increasing PZT concentration deduced from the broadened peaks in the vicinity of
2h ¼ 32.34 [shown in the inset of Fig. 1(a)], where the full
width at half maximum for the peak (110) were increased
from 0.606 for BFO to 0.667 and 0.672 for PZT2% and
PZT5%BFO, respectively. The out-of-plane lattice parameters
calculated from the XRD result are aBFO ¼ 3.955 Å,
aPZT2%BFO ¼ 3.964 Å and aPZT5%BFO ¼ 3.974 Å. The increased
lattice parameters via PZT substitution originated from that the
radius of Zr4þ (0.72 Å) and Ti4þ (0.68 Å) being larger than
that of the Fe3þ (0.64 Å) and the radius of Pb2þ (1.49 Å) being
greater than that of the Bi3þ (1.30 Å). The lattice parameters
calculated from the diffraction data indicate that the tetragonalities ðc=a  1Þ are 3.1% of PZT2%BFO and 3.56% of
PZT5%BFO films. The increased in tetragonality may be
attributed to the fact that the shorter bond lengths for the first
Ti(Fe)-O (1.67 Å) in PZT modified BFO as compared to that
for the first Fe-O (1.953 Å) in pure BFO.24 Meanwhile, the
longer bond lengths for the first Pb-O (2.449 Å) in PZT modified BFO than Bi-O (2.361 Å) in pure BFO.25 Figure 1(b)
shows a typical FESEM cross-sectional images of the PZT 2%
modified BFO thin film. The thickness of the films is estimated
to be 150 nm, corresponding to the surface profile results.
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FIG. 1. (Color online) (a) XRD spectra of the
pure, PZT2% and PZT5%BFO thin films with
inset of magnified patterns showing diffraction
in the vicinity of 2h ¼ 32.34 ; (b) typical crosssectional FESEM images of PZT2%BFO film;
(c) Raman spectra of pure, PZT2% and
PZT5%BFO thin films with inset of magnified
patterns showing composition dependent shift in
the wave number between 200 to 240 cm1; (d)
the peak intensity ratio I620/I154 and
220 cm1 line peak position vs PZT atomic percent. Solid lines are guides for eyes.
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Raman spectra analysis for the structure of the modified
films was performed to gain some insight into how the BFO
symmetry changes. Raman spectra in unpolarized configuration of the three samples are shown in Fig. 1(c). The Raman
active-modes for the rhombohedral pure BFO with R3c symmetry are summarized using the irreducible representation
CRaman;R3c ¼ 4A1 þ 9E.26 Two sharp bands are visible
around 140 and 170 cm1 in PZT modified BFO films, but
the intensity is much larger than that of pure BFO while the
intensity of peak at 170 cm1 increases with the concentration of PZT. This difference reflects the presence of regions
with different symmetries in the film, with coexisting tetragonal and rhombohedral according to the average structure of
the films characterized by XRD. Thus, the selection rules
for the Raman active-modes of the PZT modified BFO
films could be described as CRaman;P4mm ¼ 3A1 þ B1 þ 4E.23
Raman spectra between 120 and 250 cm1 are attributed to
Bi-O vibrations,25 because the Bi ions substituted by Pb
ions have changed the number of longer Bi-O bonds that
produce this band. The positive shift in the vibration mode
(A1) situated at 220 cm1 (shown in the inset of Fig. 1(c)
and Fig. 1(d) position shift) is sensitive to the concentration
of PZT, leading to some stiffening of the Bi-O bonds and
increase dispersion in Bi-O bond lengths.27 Two wide
bands appear at around 480 and 620 cm1 in the PZT modi2.0

fied BFO films, may be which is ascribed to the Jahn-Teller
distortions of the FeO6 (and perhaps Zr/TiO6) octahedra.25
The intensity of Fig. 1(d) indicates the integrated intensity
of the most intense peak in the spectra of the films at
154 cm1 with regard to the band appearing at 620 cm1
plotted as a function of PZT concentration x. Octahedral
distortions are the greatest for the PZT5%BFO film while
the Bi-O vibration is the most intense in pure BFO film,
which could be because the hydization between Bi and O
ions was enhanced via Pb insertion and further indicates
that the PZT substitution could induce structure phase transition in BFO film.
Figures 2(a)–2(c) show the AFM images of the pure,
PZT2% and PZT5%BFO thin films, respectively. It can be
seen that the grain sizes are of the order of 100, 200, and
240 nm and root-mean-square (RMS) roughness are 10.88,
9.81, and 7.31 nm, respectively, for the pure, PZT2% and
PZT5%BFO thin films. This behavior indicates the crystallite structure of the films with clearly resolved morphological
features and that PZT can induce a smoother morphology as
well as increase the grain size. This might be mainly caused
by a rise in crystallization temperature due to the chemical
bond strength of Ti-O and Zr-O since the melting temperature of TiO2 (1750  C) and ZrO2 (2677  C) are higher than
that of Fe2O3 (1570  C).28
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FIG. 2. (Color online) (a), (b), and (c) AFM images (2  2 lm2), (d), (e), and (f) out-of-plane piezoresponse (OP-PFM) amplitude images, and (g), (h), and (i)
OP-PFM phase images of pure, PZT2% and PZT5%BFO thin films, respectively. Yellow (bright) and purple (dark) on the piezoresponse image correspond to
negative (downward) and positive (upward) domains, respectively.
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The piezoresponse images present a much more complex variation of contrast that reflects the arrangement of
domains in the ferroelectric films. The out-of-plane (OP)
PFM amplitude images of the pure, PZT2% and PZT5%BFO
films are shown in Figs. 2(d)–2(f). The piezoelectrically
inactive regions (corresponding to the 71 and 109 ferroelastic domain walls) in the amplitude images predict that the
PZT modified BFO films have larger piezoelectricity property than that of pure BFO film. Figures 2(g)–2(i) showed
the OP-PFM phase images. The majority of the domains of
the PZT2% and PZT5%BFO films are oriented with polarization upward (dark purple), and only small portion of
domains exhibits polarization oriented downward (corresponding to smaller concentration of the 180 domain walls),
and the ratio for dark to bright area is 9.5:0.5 and 7.5:2.5,
respectively. In contrast, the BFO phase image shows a ratio
close to 4.5:5.5 for upward and downward polarized
domains. The increased ration between dark and bright area
indicate that the PZT substitutions could be enhanced the domain uniform and enhanced the self-poling effect with
increasing the PZT concentration, which could be attributed
to the introduced PZT change the BFO structure and further
impact on the charge compensation.29 A lower volume density of 180 domain walls than that of the BFO film exist in
the PZT modified BFO thin films. It is believed that the characteristics of the domain structures and domain walls directly
affect the ferroelectric switching behavior.30 Energy of the
domain walls is proportional to the density of domain
walls,31 thus the domain switching behavior should be varied
due to introducing the PZT substitution. Conductivity of certain domain walls of the BFO is much higher than that of
domains themselves, and the ferroelectric domain walls in
BFO are inherently dynamic electronic concudtors.6,32
Therefore, the PZT substitution should be expected to influ-

120

ence electronic phenomena, such as the electron transport
and magnetization,32 which were confirmed by following experimental results.
Figure 3(a) shows the ferroelectric polarization versus
electric field (P-E) curves of the films measured at 1 kHz.
The P-E loops of the films show well-defined saturation and
good symmetrical rectangular shapes. The BFO film shows
a remnant polarization, Pr, to be as high as 61.3 lC/cm2
while that of the PZT2% and PZT5%BFO films are 76.8 and
96.7 lC/cm2, respectively. However, there is a slight imprint
effect for pure BFO film shifts to the negative field corresponds to a preferred polarization “down” state and PZT2%
and PZT5%BFO shift to the positive field corresponds to the
“up” state, which is may be explained by the stress induced
by the film/Pt lattice mismatch or clamping, domain pinning
induced by grain boundaries, oxygen vacancies (VO ), Bi
000
00
vacancies (VBi
), Pb vacancies (VPb
) and the defect complex
000
 0
[ðVBi  VO Þ ], or an internal bias caused by the accumulation of free charges at the interface between the films and
the non-switching thin layer.33 Bi ions displacement effects
significantly to the spontaneous polarization of BFO while
the polarization will be decreased when more Bi vacancies
000
) are formed.34 Introducing Pb ions into the Bi site will
(VBi
recover the oxygen vacancies from the Bi evaporation since
bond energy of Pb-O bond (3.9 eV) is higher than that of BiO bond (1.7 eV). Meanwhile, Pb substitution can form defect
000
 VO Þ0 defect dipole
dipole complex ðPb0Bi  VO Þ or ðVBi
complexes, which could act as pinning points for domain
wall motion. The enhanced ferroelectric properties of the
PZT modified film are coincident with the increased rattling
space of the oxygen octahedron due to larger Pb2þ ions35
and the domain structures as shown in Fig. 2. The reduced
coercive field of the PZT modified BFO films may be partially ascribed to the increased tetragonalities from the
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rhombohedral symmetry, the compositions around the MPB,
and higher concentration of defect dipole complexes.
Figure 3(b) shows the leakage current density (J) as a
function of applied electric field (E) of all films. The BFO
film displays a leakage current density of 2.29  103 A/cm2
at 300 kV/cm, while the PZT2%BFO and PZT5%BFO films
exhibit lower leakage current density of 6.83  104 and
3.68  106 A/cm2 at 300 kV/cm, respectively. Note that the
leakage current density in PZT5%BFO film decreases by
nearly two orders of magnitude comparing with that of
PZT2%BFO film. The bigger grain size, lower RMS of
PZT5%BFO films and greater reduced oxygen vacancies
could be attributed to the reduced leakage current.
Fe ions often show mixed-valance Fe2þ/3þ state in BFO
due to introduction of oxygen vacancies (VO ). At a low oxygen partial pressure, the change in the oxidation state will
lead to formation of oxygen vacancies according to equation
in Kröger-Vink Notation (1),

2þ 0

Null ¼ 2Bi
þ5O
(1)
Bi þ 2 Fe
O þ VO :
Fe3þ
Thus, the BFO often shows a large leakage current density.
By introducing Pb2þ, Zr4þ, and Ti4þ into BFO, the valance
fluctuation of Fe2þ/3þ can be compensated by the electrons
from the donor dopants instead of oxygen vacancies according to following defect chemistry as shown in Eqs. (2)–(4),

þ Zr4þ Fe3þ þ 6O
O;
0



2þ
Ti4þ ) 2Bi
þ Ti4þ Fe3þ þ 6O
Bi þ Fe
O;
Fe3þ



0
Pb2þ ) PbBi3þ þ Zr=Ti4þ 3þ þ 3O
O:

2þ
Zr4þ ) 2Bi
Bi þ Fe

0

Fe3þ

Fe

(2)
(3)
(4)

The leakage current density is reduced due to reduction in
the concentration of oxygen vacancies caused by doping
high valance Ti and Zr, and the Pb ions substitution for Bi in
BFO.
Figure 3(c) illustrates the frequency dependence of the
dielectric constant, e, and dielectric loss, tand, of the pure
and PZT2% and PZT5%BFO films measured at room temperature. It is found that the PZT modified BFO films
presents an intense drop in the dielectric constant in the low
frequency region between 100 and 1 000 Hz. This decrease is
possibly caused by space charge polarization or MaxwellWagner type interfacial polarization.36 PZT substitution may
decrease tand, in particular in the lower frequency range due
to the enhanced resistivity of the PZT modified BFO films.
The PZT-BFO films have higher  than BFO, which could
arise from the larger grain size in the PZT-BFO films due to
size effect.37
Figure 3(d) reveals the current-time characteristics of
the pure, PZT2% and PZT5%BFO films measured under
þ5 V bias applied to the bottom Pt electrode. It is clear that
the leakage current of the BFO stabilizes after about
50 millisecond whereas the current relaxation for the PZT
2% and PZT5% BFO film is very slow, and stabilizes after
about 200 and 400 millisecond. The longer time taken to stabilize leakage current for PZT modified BFO thin films may
probably be due to the more complicated carriers transfer
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and domain dynamics dependence, such as polarization
bound charges at the surfaces of the ferroelectric layer, free
charge carriers in the conducting electrodes, larger domain
structures, and smaller concentration of domain walls.38 As
the PZT concentration is increased, the leakage current is
reduced by nearly two orders of magnitude, which is
ascribed to the higher resistivity of PZT and lower oxygen
vacancy density and the contribution of defect-dipole
complexes.
Figure 4 shows the magnetization hysteresis loops (M-H)
of the pure, PZT2% and PZT5%BFO films when a maximum
magnetic field of 5000 Oe is applied in-plane to the substrate
surface at room temperature. The saturated magnetization
(Ms) of the pure and PZT2% and PZT5%BFO films is 8.5,
11.4, and 14.3 emu/cm3, respectively. The partly zoomed in
M-H curves (show in the inset of Fig. 4) exhibit the remanent
magnetization (Mr) of 1.04, 2.42, and 4.28 emu/cm3, suggesting a weak ferromagnetic nature of the films. Compared with
pure BFO film, increases in magnetization in the PZT modified films are observed. The increases in the magnetization of
the PZT modified thin films might be due to several origins:
i) Pb2þ ions doping in the Bi3þ sites can suppress the spiral
spin structure of the BFO, and permit a canting of the antiferromagnetic sublattices to produce the weak ferromagnetism;12
ii) Zr4þ insertion in the antiferromagnetic ordering of the
Fe3þ sites, which introduce a chemical pressure making the “Fe-O-Fe-O-Fe-” bonds to “-Fe-O-Zr-O-Fe-,” and change the
average Fe-O-Fe bond angle, then enhance the ordering
between Fe3þ and Zr4þ and improve the magnetization
value;39 iii) substitution of the Fe site with nonmagnetic Ti4þ
reduce the oxygen vacancies and the magnetization partially
originated probably from the coexistence of Fe2þ and Fe3þ
ions (2Fe3þ þ 2OXo ¼ 2Fe2þ þ Vo þ O2 "), and produces a
large local structural distortion18 caused by the existence of
Fe2þ; and iv) the destroyed spin cycloid order originate from
the Zr/Ti ions substation of Fe ions and Bi instituted by Pb
ions.
IV. CONCLUSION

In summary, structural characterization by means of
x-ray diffraction and Raman spectra analysis revealed the existence of a MPB region between tetragonal and
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rhombohedral symmetries in the multiferroic 2% and
5%PZT modified BFO films on the (111) Pt/TiO2/SiO2/Si
substrate prepared by the pulsed laser deposition system.
The PZT modified BFO films exhibit a pure and polycrystalline phase with uniform surface morphologies. The ferromagnetic properties are enhanced by effects, such as Pb ions
suppressing the spiral spin structure, Zr, Ti ions introduced
chemical pressure changing the Fe-O-Fe bond angle, or even
substituents causeing destruction of a cycloidal spin structure. The ferroelectric properties are affected by the different
nanoscale domain structure for the films. The leakage current
of the PZT2%BFO and PZT5%BFO films decreases by
about one and two orders of magnitude at high electric filed
in comparison with that of the pure BFO film. The PZT
modified BFO films also have higher dielectric constant and
lower dielectric loss than BFO. As a result, a better coupling
between ferroelectric and ferromagnetic ordering has been
obtained by introducing PZT into BFO system.
ACKNOWLEDGMENTS

This work was performed under the financial support
from the National University of Singapore.
1

M. Bibes and A. Barthelemy, Nat. Mater. 7, 425 (2008).
J. F. Scott, Nat. Mater. 6, 256 (2007).
3
R. Ramesh and N. A. Spaldin, Nat. Mater. 6, 21 (2007).
4
Y. Yamasaki, S. Miyasaka, Y. Kaneko, J. P. He, T. Arima, and Y. Tokura,
Phys. Rev. Lett. 96, 207204 (2006).
5
T. Zhao, A. Scholl, F. Zavaliche, K. Lee, M. Barry, A. Doran, M. P. Cruz,
Y. H. Chu, C. Ederer, N. A. Spaldin, R. R. Das, D. M. Kim, S. H. Baek,
C. B. Eom, and R. Ramesh, Nat. Mater. 5, 823 (2006).
6
G. Catalan and J. F. Scott, Adv. Mater. 21, 2463 (2009).
7
J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale, B. Liu,
D. Viehland, V. Vaithyanathan, D. G. Schlom, U. V. Waghmare, N. A.
Spaldin, K. M. Rabe, M. Wuttig, and R. Ramesh, Science 299, 1719 (2003).
8
J. Li, J. Wang, M. Wuttig, R. Ramesh, N. Wang, B. Ruette, A. Pyatakov,
A. Zvezdin, and D. Viehland, Appl. Phys. Lett. 84, 5261 (2004).
9
D. Lebeugle, D. Colson, A. Forget, and M. Viret, Appl. Phys. Lett. 91,
022907 (2007).
10
D. Kothari, V. R. Reddy, A. Gupta, V. Sathe, A. Banerjee, S. M. Gupta,
and A. M. Awasthi, Appl. Phys. Lett. 91, 202505 (2007).
11
S. K. Singh, N. Menou, H. Funakubo, K. Maruyama, and H. Ishiwara,
Appl. Phys. Lett. 90, 242914 (2007).
12
V. A. Khomchenko, D. A. Kiselev, J. M. Vieira, A. L. Kholkin, M. A. Sá,
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