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Abstract. Pr and Gd co-modified Bi0·95−x Prx Gd0·05 FeO3 (x = 0·00, 0·05, 0·10) (BPGFO) thin films on Pt(111)/
Ti/SiO2 /Si(100) substrates were prepared by a sol-gel together with spin coating technique. A detailed study of electrical and magnetic properties of these thin films is reported. X-ray diffraction analysis shows that, with an increase
in Pr content, the crystal structures of BPGFO thin films retain rhombohedral (R3c) symmetry accompanied by
structure distortion. Polarization-electric field hysteresis loops of these thin films demonstrate that the incorporation
of Pr and Gd into the Bi site of BiFeO3 thin film could enhance the ferroelectric performance. Compared to other
thin films, the optimal ferroelectric behaviours in Bi0·85 Pr0·1 Gd0·05 FeO3 thin film are ascribed to its large dielectric
constant, low dissipation factor and low leakage current density. Room temperature magnetization-magnetic field
curves of these thin films indicate that all the samples are of paramagnetic behaviours and the enhanced saturation
magnetic properties can be found.
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Introduction

In recent years, great attention has been paid to singlephase BiFeO3 (BFO) multiferroic materials crystallized in
the ABO3 -type perovskite structure with the R3c space group
at room temperature, which display the co-existence of spontaneous electric and magnetic ordering in the same phase
(Hill 2000; Fiebig et al 2002). The characteristics of BFO
multiferroic materials with attractive functionalities caused
by the interaction between electric polarization and magnetization promise some potential applications in advanced
magnetoelectric devices (Eerenstein et al 2006). However,
as promising as BFO multiferroic materials are, some drawbacks need to be overcome prior to real commercial applications. One problem is that the high leakage current in
BFO materials, mainly originating from various impurity
phases (Bi2 Fe4 O9 , Bi36 Fe24 O57 and Bi25 FeO40 ) as well as
oxygen vacancies, results in poor ferroelectric behaviour and
reliability of magnetoelectric devices (Munoz et al 1985;
Qi et al 2005; Kumar and Yadav 2006). The other question is that, even though BFO is a G-type-antiferromagnetic
(AFM) ordering, a weak FM component is observed owing to
canting of Fe3+ spins at room temperature (Smolenskii and
Chupis 1982; Hur et al 2004). As a result, it is necessary to
further improve both ferroelectric and magnetic properties of
BFO materials for the researchers. At present, it is wellestablished that an appropriate doping in BFO materials via
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partial ionic substitution to Bi1−x Ax FeO3 (A is a lanthanide
ion, rare earth metal) or to BiFe1−x Mx O3 (M is another 3d
transition metal) is a promising way for upgrading multiferroics properties (Lee et al 2006; Takeshi Kawae et al
2008).
Due to the isovalence of Gd3+ ions with respect to
3+
Bi ions together with adjacent ionic radius (Gd3+ :1·11 Å,
Bi3+ :1·17 Å), Gd ion doping is not expected to suppress the
oxygen vacancies in BFO materials. However, the suppression of oxygen vacancies is only a cause for the decrease
of the leakage current in BFO materials, the aforementioned
impurity phases are also responsible for the reduction of
leakage of current in BFO materials (Palkar et al 2004;
Zhang et al 2006). Gd ion doping is likely to suppress the
impurity phases that normally appear in BFO materials and
thus reduce the leakage of current that normally happens due
to the suppression of the mobile defects (such as ions of
Fe2+ , vacancy of O and Bi) (Yuan et al 2006). In addition,
it is also checked that the enhanced magnetization resulted
from the suppression of spatially modulated spin structure
that could be observed in Gd doped BFO materials (Naik and
Mahendiran 2009). On the other hand, it is known that
partial substitutions of Pr3+ at A site for Bi3+ ions of BFO
materials is also an effective way to enhance the multiferroic
properties of BFO materials (Yu et al 2008; Singh et al
2013). There are two reasons why enhanced multiferroic
properties of BFO materials were observed: (a) the substitution of Pr3+ for Bi3+ ions will prevent the creation of
defects, i.e. volatilization of Bi atoms owing to the strength
of Pr–O bond (753 ± 17 kJ/mol) being higher than that of
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Bi–O bond (343 ± 17 kJ/mol) (Dean 1999) and (b) Pr ion
doping will increase the degree of the distortion (1·126 Å for
Pr3+ in eight coordination, 1·17 Å for Bi3+ ) (Yu et al 2008),
resulting in a smaller bond angle of Fe–O–Fe and a significant magnetization As a result, it is fascinating to study
the effect of co-substitution of Pr and Gd on BFO materials
in order to have the combined advantages of Gd and Pr ion
dopants. In this paper, we report preparations of Pr and Gd
co-doped Bi0·95−x Prx Gd0·05 FeO3 (x = 0·00, 0·05, 0·10) thin
films on Pt(111)/Ti/SiO2/Si(100) substrates and their enhanced ferroelectric and magnetic properties.
Experimental

3.

Figure 1 shows the XRD patterns of Pr and Gd co-modified
Bi0·95−x Prx Gd0·05 FeO3 (x = 0·00, 0·05, 0·10) (BPGFO) thin
films grown on Pt(111)/Ti/SiO2/Si(100) substrates. All the
diffraction peaks are identified and indexed according to the
standard diffraction pattern data (Sosnowska et al 1996).
The XRD patterns indicate that these BPGFO thin films
are polycrystalline with a perovskite structure belonging to
the space group of R3c. The diffraction peaks from welldocumented impurity phases such as Bi2 Fe4 O9 (Fe-rich
phase) and Bi36 Fe24 O57 (Bi-rich phase) were not detected.
When magnifying the (110) diffraction peaks around 2θ =
32◦ (figure 1), it was observed that the (110) peak shifted
towards high diffraction angles gradually with increasing Pr
concentration. This phenomenon indicates that Pr doping
leads to some kind of structural distortion. The diffraction
peak shifting towards high diffraction angles is due to the
decrease of BPGFO lattice spacing. Both the ionic radius
of Gd3+ (1·11 Å) and that of Pr3+ (1·126 Å) are smaller
than that of Bi3+ (1·17 Å) (Yu et al 2008). And thus, the
decrease of BPGFO lattice spacing may be attributed to the
incorporation of Pr and Gd ions into the A-site of BFO
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Pr and Gd co-modified Bi0.95−x Prx Gd0·05 FeO3 (x = 0·00,
0·05, 0·10) (BPGFO) thin films on Pt(111)/Ti/SiO2/Si(100)
substrates were prepared by a sol-gel together with spin coating technique. Bismuth nitrate [Bi(NO3 )3 ·5H2 O] (Aldrich,
99·99%), ferric nitrate [Fe(NO3 )3 ·9H2 O] were used as the
raw materials. Gd(NO3 )3 ·6H2 O and Pr(NO3 )3 were used
as the dopants. 2-methoxyethanol (C3 H8 O2 ) and acetic
anhydride [(CH3 CO)2 O] were employed as the solvent and
dehydrating agent, respectively. During the preparation of
precursor solutions of Pr and Gd co-modified BPGFO thin
films, a fixed amount of bismuth nitrate and ferric nitrate
were firstly dissolved in 2-methoxyethanol (C3 H8 O2 ) under
constant stirring until fully dissolved, and then joined an
appropriate Gd(NO3 )3 ·6H2 O and Pr(NO3 )3 into the completely dissolved solutions with fixed molar ratios of metal
ions [n(Bi3+ ): n(Pr3+ ): n(Fe3+ ): n(Gd3+) = 0·95−x: x: 1: 0·05
(x = 0·00, 0·05, 0·10)]. It is worth noting that an excess of
5 wt% Bi was added to these solutions to compensate for some
unavoidable bismuth oxide loss during the follow-up thermal
treatment. Subsequently, a nominal amount of acetic anhydride [(CH3 CO)2 O] was joined into the above-mentioned
solutions for dehydrating and appropriate quantity of
2-methoxyethanol was replenished into the formed hybrid
solutions to adjust the Fe3+ ions concentration to expected
0·3 mol/L. Subjected to full stirring and 24 h aging, the Pr
and Gd co-modified Bi0·95−x Prx Gd0·05 FeO3 (x = 0·00, 0·05,
0·10) precursor solutions were successfully made.
Prior to preparing the BPGFO thin films, the Pt(111)/
Ti/SiO2 /Si(100) substrates were cleaned by ultra-sonication
in acetone and alcohol and dried with nitrogen gas. And
then, the BPGFO precursor solutions were spin-coated on
the cleaned Pt(111)/Ti/SiO2/Si(100) substrates at a rate of
3300 rpm for 15 s. The wet films were preheated over a hotplate at 350 ◦ C for 5 min, followed by a pyrolysis process at
500 ◦ C for 5 min. The coating and thermal treatment process
was repeated twelve times and then these films were annealed
at 600 ◦ C for 20 min in air by a rapid thermal annealing
process for full crystallization. Finally, the thickness of
resultant films was around 230 nm.
The crystal structures of Pr and Gd co-modified BPGFO
thin films were investigated by the θ −2θ method of XRD
with a CuKα1 (λ = 0·15406 nm) source at 40 kV and 30 mA
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using a multi-purpose XRD system (D/MAX-RB). For
electrical measurements, a gold thin film was coated on the
surface of these samples with an area of 5·25 ×10−5 cm−2
using a shadow mask and then sintered at 550 ◦ C for 15 min
in an N2 atmosphere. The ferroelectric hysteresis loops
together with leakage current behaviours of these thin
films were obtained using a ferroelectric tester (Radiant
Technologies, RT66A). The dielectric constant and the dissipation factor were measured using an HP4294A impedance
analyzer. A vibrating sample magnetometer (VSM) was
employed to measure the magnetic properties. All the measurements were performed at room temperature.
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Figure 1. X-ray diffraction patterns of the Bi0·95−x Prx Gd0·05
FeO3 (x = 0·00, 0·05, 0·10) thin films grown on Pt(111)/Ti/SiO2 /
Si(100) substrates.
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materials. In addition, with an increase of Pr doping concentration in Bi0·95−x Prx Gd0·05 FeO3 , the intensity of (104)
diffraction peaks were found to gradually decrease.
Figure 2 shows the ferroelectric behaviour of Pr and Gd
co-modified BPGFO thin films as a function of electric
field. For the Gd co-modified Bi0·95 Gd0·05 FeO3 (x = 0·00)
thin films, a ferroelectric hysteresis loop is observed
with saturation polarization of 5·8 μC/cm2 . With an
increased concentration of Pr in Pr and Gd co-modified
Bi0·95−x Prx Gd0·05 FeO3 (x = 0·05), the saturation polarization
value increases to 6·03 μC/cm2 . When the substitution of
a Bi site by Pr ion with a concentration of 0·10, the saturation polarization value in the Pr and Gd co-modified
Bi0·95−x Prx Gd0·05 FeO3 thin film increases to 7·36 μC/cm2 .
Consequently, the incorporation of Pr ions into the Bi site of
the BFO thin film is noticeably attributed to the improvement
of ferroelectric performance of pure BFO thin films. Compared to the saturation polarization value of Bi0·95 Gd0·05 FeO3
thin film, the enhanced saturation polarization values in
Bi0·90 Pr0·05 Gd0·05 FeO3 , Bi0·85 Pr0·1 Gd0·05 FeO3 thin films are
probably ascribed to their low leakage current density
(figure 4).
Figure 3 shows the variation of dielectric constant (εr )
and dissipation factor (tan δ) as a function of applied frequency for the Pr and Gd co-modified BPGFO thin films
measured at room temperature. In the low frequency range,
both εr and tan δ have very high values. With an increase
of applied frequency, εr together with tan δ for all the
thin films gradually decrease and then they are nearly
constant at high frequencies. This decrease in the dielectric
constant in the frequency range is likely caused by space
charge polarization or Maxwell Wagner type interfacial
polarization (Okatan et al 2010). The decrease in tan δ
correlates with the corresponding changes in the electrical
resistivity. At a fixed frequency, εr of Bi0·85 Pr0·1 Gd0·05 FeO3
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thin films is the largest, which is beneficial to its optimal saturation polarization values (online 2Pr), shown in
figure 2. On the other hand, at a fixed frequency, tan δ
of the Bi0·85 Pr0·1 Gd0·05 FeO3 thin films is also the least.
Consequently, the largest dielectric constant value of the
Bi0·85 Pr0·1 Gd0·05 FeO3 thin films coincides with its least dissipation factor. Higher dissipation factors generally represent
large leakage current due to higher conductivity. A decrease
in the value of dissipation factor for Pr and Gd co-modified
BPGFO thin films suggests that Pr substitution is helpful in
reducing the leakage current. Consequently, the ferroelectric material with the largest dielectric constant together with
the least dissipation factors is advantageous for any device
application.
Figure 4 shows the I–V characteristics of Au/Pr and
Gd co-modified BPGFO thin films/Pt capacitors annealed
at 550 ◦ C for 15 min in an N2 atmosphere and measured
at room temperature. The leakage current density of all
the capacitors increases rapidly with an increase in the
initially applied electric field. The leakage current densities of Au/Bi0·95 Gd0·05 FeO3 /Pt, Au/Bi0·9 Pr0·05 Gd0·05 FeO3 /Pt,
Au/Bi0·85 Pr0·10 Gd0·05 FeO3 /Pt, capacitor at the maximum
applied field 350 kV/cm are about 9·38 × 10−5 , 1·75 ×
10−6 , 5·97 × 10−7 A/cm2 , respectively. It is well known
that a mixed-valence state of Fe2+/3+ exists in the pure
BFO materials due to the presence of oxygen and Bi
vacancies. Electron transfer probably takes place between
these ions and thus pure BFO presents higher conductivity. Gd3+ ions and Pr3+ co-substitution at Bi-site lead to
the suppression in Bi-volatilization and the oxygen vacancies. As a result, the Pr and Gd co-modified BPGFO thin
film exhibits a lower leakage current density. The lower
leakage current density brings about lower dielectric loss
values in Pr and Gd co-modified BPGFO thin films as shown
in figure 3. The lower dielectric loss at a low frequency of
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Figure 2. Electric hysteresis loops of Bi0·95−x Prx Gd0·05 FeO3
(x = 0·00, 0·05, 0·10) thin films grown on Pt(111)/Ti/SiO2 /
Si(100) substrates.

Figure 3. Dielectric constant (εr ) and dissipation factor (tan δ)
in dependence of frequency for the Bi0·95−x Prx Gd0·05 FeO3
(x = 0·00, 0·05, 0·10) thin films grown on Pt(111)/Ti/SiO2 /Si(100)
substrates.
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2005). In our study, because of the incorporation of Pr and
Gd ions into the A-site of BFO materials and with an increase of Pr doping concentration in Bi0·95−x Prx Gd0·05 FeO3
(x = 0·00, 0·05, 0·10) thin films, the structural distortion originated from decreases in lattice spacing. Consequently, it is
reasonable that the improved magnetic properties BPGFO
thin films could be obtained in figure 5. For the merit of codoping in BFO thin film, the enhanced saturation magnetization values are also found in the other Co–Pr substituted thin
films (Neeraj Panwar et al 2012).
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Figure 4. I–V characteristics of the Bi0·95−x Prx Gd0·05 FeO3
(x = 0·00, 0·05, 0·10) thin films grown on Pt(111)/Ti/SiO2 /
Si(100) substrates.
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In summary, the Pr and Gd co-modified Bi0·95−x Prx Gd0·05
FeO3 (x = 0·00, 0·05, 0·10) thin films grown on Pt(111)/
Ti/SiO2 /Si(100) substrates were synthesized by a sol-gel
together with a spin-coating method and their structures
and properties were studied. When varying the substitution of a Bi site by Pr ions in Bi0·95−x Prx Gd0·05 FeO3
(x = 0 ·00, 0·05, 0·10) thin films, the structural distortion and
an enhanced ferroelectric polarization at room temperature
could be found. In addition, with an increase in Pr content,
the dielectric constant increases, whereas both leakage current density and the dielectric loss decrease. The enhanced
saturation magnetic properties are also observed for the Pr
and Gd co-modified Bi0·95−x Prx Gd0·05 FeO3 (x = 0·00, 0·05,
0·10) thin films with an increase in Pr content.
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Figure 5. Magnetization variation with applied magnetic field
of the Bi0.95−x Prx Gd0·05 FeO3 (x = 0, 0·05, 0·10) thin films on
Pt(111)/Ti/SiO2 /Si(100) substrates at room temperature.

BiFeO3 thin films at room temperature reflects their lower
leakage currents (Yun et al 2004).
Room temperature magnetization–magnetic field (M–H)
curves of Pr and Gd co-modified BPGFO thin films measured with magnetic field of 10 kOe are shown in figure 5.
Owing to the remanant magnetization (M r ) and coercive
field (H c ) nearly being equal to zero, all the BPGFO thin
film samples show weak hysteresis loops representing paramagnetic behaviour. With an increase of Pr doping content
in Bi0·95−x Prx Gd0·05 FeO3 thin film, an enhanced saturation
magnetization is observed in figure 5. It is well-established
that the spin cycloid of BFO, with latent magnetization
locked within the cycloid, is related to its R3c structure, substituents can perturbate its spiral spin structure and, if it is
destructed, the magnetization tends to increase (Wang et al
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