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Single-phase Bi;_xEuyFeOs (0 <x < 0.3) multiferroic ceramics were prepared to study the effects of Eu sub-
stitution on their crystal structure and ferroelectromagnetic behavior. X-ray diffraction studies revealed a
sequence of the composition-driven structural phase transitions R3c — Pn2;a(occurs at x = 0.2). Magnetic
measurements revealed that Eu substitution can effectively induce the appearance of the spontaneous
magnetization, which was significantly enhanced upon the composition-driven transition from a rhom-
bohedral to an orthorhombic phase. The leakage current was found to be reduced on increased Eu
concentration. The electric hysteresis loops were obtained in the Bi;_xEuyFeOs3 ceramics, but the loops
were notreally saturated. The magnetoelectric coupling in Eu-doped BiFeO3; was estimated by the changes
in the dielectric constant with an external magnetic filed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Multiferroic materials exhibiting coexistence and simultane-
ous coupling of ferroelectricity and ferromagnetism have recently
attracted considerable attention due to their potential applications
and attractive physical phenomena [1-3]. As one of representa-
tive single-phase multiferroics, BiFeO3 (BFO) is known to be the
only material that is both ferroelectric (Tc ~1103K) and antifer-
romagnetic (Ty ~ 643 K) at room temperature, which makes it an
excellent possible candidate for practical application [4]. However,
itis difficult to obtain a good polarization hysteresis (P-E)loop and a
large remnant polarization (P;) in BFO, especially in the BFO ceram-
ics, due to the high leakage current and low resistance caused by
defects such as secondary phases and oxygen vacancies [5,6]. Fur-
thermore, BFO has a spiral spin structure with an incommensurate
spiral period of ~62 nm, which superimposes on the antiferromag-
netic ordering and results in the cancellation of net magnetization
[7].

Several research groups have tried A-site (Bi-site) substituting
by using rare-earth ions (RE) to modify the multiferroic prop-
erties of BFO in recent years [8-19]. Low-level substitutions of
rare-earth ions for bismuth have some interesting effects: (i) par-
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tial substitutions of rare-earth ions (e.g., La3*, Pr3*, or Sm3*) for
bismuth help in eliminating the secondary phase along with a struc-
tural phase transition improving ferroelectric properties of BFO.
(ii) The introduction of rare-earth cations in BFO seems to increase
the magnetocrystalline anisotropy, thus making the cycloidal spin
structure energetically unfavorable. Nalwa et al. [8] have reported
that Sm doping can enhance the formation of perovskitic Sm-doped
BFO phase and eliminate the impurity phase formation. Singh et al.
[9] and Kazhugasalamoorthy et al. [10] suggested that La3* substi-
tution for Bi3* eliminates impurity phases along with a structural
phase transition improving ferroelectric properties and also help
in improving the magnetic properties. Kazhugasalamoorthy et al.
[10] also reported that, for 20% and 30% La modification, the struc-
ture of BFO changes from rhombohedral to the orthorhombic and
tetragonal respectively. Liu et al. [11], in their investigations of
Ce-doped BFO thin films, reported a change in the crystal struc-
ture of the material which resulted in improved the ferroelectric,
fatigue and magnetic properties. Furthermore, measurements of
the dielectric constant as a function of magnetic field revealed
the presence of a linear magnetoelectric effect for Big g5Lag 15FeO3
[14], Bio_gproizFeO3 [15] and Bio.gDy0.2F603 [16], which was cho-
sen as representative, thus providing evidence of the possibility
of substitution-induced spin cycloid suppression. Moreover, direct
evidence of cycloid suppression in BFO was given via nuclear mag-
netic resonance measurements on La-substituted samples, which
showed that the modulated structure disappears at x=0.2, and its
destruction is correlated with the structural transition from the
rhombohedral (R3c) to an orthorhombic (C222) cell [17]. Later
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Fig. 1. (a) XRD patterns of the Bi;_yEu,FeO3 ceramics. (b and c) Observed (solid circles), calculated (solid line), and difference (solid line at the bottom) XRD patterns for
Bip.s5Eup15Fe03 (R3c mode) and BiggEup,FeOs (Pn2;a model) at room temperature. Bragg reflections are indicated by ticks.

investigations revealed that there is a strong dependence of the
magnetic response with the size of the dopant ion responsible of
the cycloidal coupling of spins suppression in BFO [18]. It was found
that the most effective way to induce spontaneous magnetization
in BFO should be related to the substitution with ions, possess-
ing a large difference in ionic radius with respect to that of Bi3*,
Indeed, for RE=Gd and Dy [19,20], which has the smaller ionic
radius, 15% doping is sufficient to induce a structure transition and
spontaneous magnetization in these systems.

Although several experiments were performed on Bi; _yRExFeO3
multiferroic compounds in recent years, minor attention has been
paid to Eu-substituted BFO [21-25]. Compared with Bi3* ion
(radius=1.17 A), Eu3* ion (1.07 A) possesses a much smaller radius
[26], which indicates that substitution of Eu3* for Bi3* in BFO would
cause a more significant structural distortion and suppress of spin
cycloid in BFO effectively and therefore improve the magnetic prop-
erties of BFO. However, existing papers focus on certain physical
characteristics of some Eu-containing samples and do not give a
clear understanding of what is going on with the crystal structure,
ferroelectric and magnetic properties of the solid solutions upon
Eu substitution. Moreover, the reported phase relations of the sys-
tem are not consistent with each other. A solution limitation was
found near 10% mol for Eu-doped BFO nanoparticles [21], how-
ever, Troyanchuk et al. [22] reported a transition of rhombohedral
(R3c) to orthorhombic (Pnma) for 20% mol doping percentage of
Eu in BFO. A structural transformation from rhombohedral to tri-
clinic has also been revealed in this system by Reddy et al. [23].
In the present work, we prepared single-phase multiferroic of Eu-
substituted Bi;_yEuxFeO3 (x=0, 0.1, 0.15, 0.2, and 0.3) samples and
investigated the influence of the Eu substitution on the crystal
structure, and multiferroic properties of BFO ceramic systemati-
cally.

2. Experimental

Polycrystalline Bi;_xEuxFeOs; (x=0, 0.1, 0.15, 0.2, and 0.3) samples were pre-
pared by the rapid liquid phase sintering method [27]. High purity powders of Bi, O3,
Eu, 03, and Fe, 03 were used as starting materials. After weighing and ball milling,
the mixed powders were dry pressed into small discs with a diameter of ~8 mm and
thickness of ~1 mm. The discs were dehydrated at 150 °C for 12 hin a vacuum cham-

ber before being sintered at a relatively high temperature for a short time of 20 min.
The optimized synthesized temperatures were 850°C, 850°C, 865°C, 865°C and
870°C for x=0, 0.1, 0.15, 0.2 and 0.3, respectively. Crystallographic structure anal-
ysis was performed by X-ray diffraction (XRD) using a Bede D' XRD diffractometer
with Ni filtered Cu K, (A =0.15406 nm) radiation. XRD data were collected at slow
scan with a 20 step size of 0.02° and at a scan rate of one step every 6s. Simulation of
crystal structure based on the measured XRD data was performed using a Rietveld
crystal structure refinement software (FULLPROF 2000). The ferroelectric hysteresis
loops and leakage currents of the samples were measured using a Precision Premier
Workstation (Radiant Technology, USA). For the measurements of electrical prop-
erties, the disks (6 mm diameter, 0.4-0.5mm thick) were carefully polished and
Ag electrodes were applied on both surfaces to form metal-insulator-metal capaci-
tors. The polarization hysteresis (P-E) loops were acquired at a frequency of 100 Hz.
Dielectric measurements were carried out in the frequency range (100 Hz-1 MHz)
using an impedance analyzer (HP 4194 A). Magnetic properties of the samples were
obtained using the physical properties measurement system (PPMS) of Quantum
Design. Magnetization curves were obtained at 300K in an applied magnetic field
range of £3.98 x 106 A/m.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of Bi;_yEuxFeOs3 samples. It
can be seen that all the samples exhibit single-phase characteris-
tics with no trace of other impurity phases (e.g., Eu,03, Bi;Fe40g,
etc.) The diffraction peaks in the patterns of x<0.15 samples
characterize a polycrystalline rhombohedrally distorted perovskite
structure, and the doubly split peaks of BFO overlap partially to
form a broadened peak in the 26 ranges of 38-40° and 51-53°
with increasing the Eu concentration. For the compounds with
0.2 <x<0.3, it is obvious that the XRD patterns are close to that
of orthorhombic EuFeO3 [28] suggesting a structural phase transi-
tion at x=0.2. In order to further analyze such transformation, the
measured XRD patterns of Bi;_yEuxFeO3 samples were analyzed
with Rietveld refinement program. The best fits to the measured
data are observed using rhombohedral lattice type with R3c space
group for x <0.15 samples and with orthorhombic lattice type with
Pn2qa space group for x> 0.2 samples. The typical fitted results
of BiggsEug 15FeO3 and BiggEug,FeO3 are shown in Fig. 1(b) and
(c), respectively, in which the simulated XRD patterns agree well
with the measured XRD patterns. The crystal structure parame-
ters derived from the Rietveld refinement program are listed in
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Table 1

The crystal symmetry and unit cell parameters of the Bi;_yEu,FeO3; samples obtained by Rietveld refinement of the XRD patterns.

Sample Space group a(A) b (A) c(A) Volume (A3 per primitive cell)
BiFeO3 R3c 5.5797 5.5797 13.8593 368.24
BipgEupFeOs3 R3c 5.5712 5.5712 13.8194 367.78
Big.gsEug 15FeO3 R3c 5.5624 5.5624 13.7593 366.62
BipgEup,FeOs Pn21a 5.6223 7.7788 5.4195 238.14
Big7Eug3FeOs3 Pn21a 5.6331 7.7949 5.4277 238.92

Table 1. Taking into account that the Pn2;a space group is non-
centrosymmetric and allows polar ionic displacements along the
(010) direction [19], we can conclude that Eu substitution induce
a polar-to-polar R3¢ — Pn2;a structural phase transition at x=0.2
in Bi;_yxEuxFeO3 compounds. Therefore, coexistence of ferroelec-
tric polarization and net magnetization can be expected within
these compounds. The structure transformation from rhombohe-
dral phase (R3c) to orthorhombic phase (Pn2;a) induced by Eu
substitution can be attributed to the size effect. It is known that the
ferroelectric distortion of BFO is mainly caused by the hybridiza-
tion of Bi 6s and O 2s/2p orbitals. The R3c structure of BFO can
be regarded as evolving from the ideal cubic perovskite struc-
ture Pm3m with two types of distortions. One is the ferroelectric
distortion along the [11 1] axis of the cubic perovskite structure,
resulting in Pm3m — R3m. The other is a relative rotation of two
oxygen octahedra in the opposite direction around [11 1], result-
ing in Pm3m — R3c. Compared with Bi3* ion (radius=1.17 A), Eu3*
jon (1.07 A) possesses a much smaller radius. As the smaller, less
polarizable Eu3* substitutes for Bi3* ions, the tolerance factor (t)
decrease:

__Ra+Ro
V2(Rg +Ro)’

where Ry, Rg, and Rg are the ionic radii of the A, B, and O sites.
When the tolerance factor is smaller than unity, the Fe-O bonds are
under compression and the Bi3*/Eu3*-0 bonds are under tension.
The oxygen octahedra then tend to rotate cooperatively to alleviate
the lattice stress [29] and the relative rotation angle of the two
oxygen octahedra around the polarization [11 1] axis in the R3¢
unit cell for the samples increases with substitution of Eu for Bi in
BFO. As Eu concentration increases, the induced distortions make
the rhombohedral phase unstable and consequently stabilize the
orthorhombic phase, shrinking lattice parameters as well as the
overall volume of the unit cell.

Fig. 2(a) shows the room temperature P-E hysteresis loops of
Bi;_xEuxFeO3 ceramics. For pure BFO sample, a very weak polariza-
tion of 0.2 C/cm? was observed under an applied field of 10 kV/cm.
Although all the Eu-doped samples exhibited improved polariza-
tion, the P-E loops of the Eu-doped BFO samples do not show
saturated hysteresis loops as obtained previously in the epitaxial
films [30] and single crystals [31]. The contributions to the appar-
ent ferroelectric loop possibly arise from the leakage contributions.

Fig. 2. (a) Ferroelectric hysteresis (P-E) loops for Bi;_xEuyFeO3 ceramics at room
temperature. (b) Leakage current as a function of applied electrical field in
Biy_xEuyFeO3 ceramics.

Previous studies on polycrystalline BFO ceramics have shown sim-
ilar ferroelectric hysteresis loops [32,33] as in the present work.
In the presence of conducting phases, to suppress the leakage and
thus to extract the intrinsic ferroelectric behavior of BFO, low tem-
perature measurements will be needed. To get more insight into
the electrical properties, we carried out the leakage measurements
on these samples which are shown in Fig. 2(b). For the case of
BFO ceramic, the leakage current increases as the electric field
increases before it breaks down at about 7 kV/cm. The relatively
higher leakage of BFO is known to be attributed to the presence
of charged oxygen vacancies, compensating electronic charge car-
riers, mixed valences of Fe (Fe2* and Fe3*). Moreover, large grain
boundary area coupled with higher space charge density is also
likely to result in higher leakage in BFO ceramics [34,35]. Previ-
ous works [30] revealed that doping of lanthanides can suppress
the formation of oxygen vacancies in BFO ceramics and films, sup-
pressing the leakage current of BFO. Indeed, doping of Eu can reduce
the leakage current of BFO and the leakage current density of
the Eu-doped ceramics is lowered two to four orders of magni-
tude in comparison with pure BFO ceramics. However, although
the leakage current density is reduced still it was not possible to
apply high electric fields for Eu-substituted BFO samples at room
temperature. It can also be found that the leakage current does
not decrease monotonically with the increase of the Eu content,
which could be attributed to the reason that the microstructure of
Big gEug»FeO3 and Big 7Eug 3FeO3 ceramics is not as homogeneous
as that of BiggEugFeO3 ceramic. To conclusively understand the
role of defects in conduction in BFO, comprehensive impedance
spectroscopy studies are needed to investigate these issues and will
be part of further work.

BFO is known to be antiferromagnetic with a G-type magnetic
structure. Since the spin order in BFO ceramic is spatially modu-
lated, it has no macroscopic magnetization at room temperature
[7]. The magnetization hysteresis (M-H) loops of Bij_yEuyFeOs3
samples are shown in Fig. 3. It is evident that the antiferromag-
netic nature in BFO evolves into weak ferromagnetism with a small
remnant magnetization (M;) in Eu-doped BFO samples. The mea-

Fig. 3. Field dependences of the magnetization obtained for Bi;_yEuyFeOs3 (x=0,
0.15, 0.2 and 0.3) samples at room temperature.
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Fig. 4. (a) Frequency dependence of the dielectric constant for the Bi;_yEuyFeOs3
samples at room temperature; (b) Frequency dependence of the dielectric loss
for the Bi;_yEuyFeO3; samples at room temperature. The inset shows the magnetic
field-induced change in dielectric constant of BiggsEup15Fe0s and BigpgEug;FeO3
measured at room temperature.

sured M; values as a function of x were also shown in the inset
of Fig. 3. A step-like increase in M; is observed and the M; val-
ues of Bij_yEuxFeO3; with x < 0.15 are significantly less than that of
Big gEug 2 FeOs. These results are in accordance with the change in
the crystal structure caused by Eu doping and indicate the weak
ferromagnetism obtained in Bi;_yEuxFeO3 should be related to an
antisymmetric exchange mechanism [36], and the substitution-
induced suppression of the spiral spin modulation should be its
prime cause [18,37]. For the Eu-doped BFO samples, when x <0.15,
the Eu substitution can only suppress but cannot destruct the spin
cycloid, leading to limited increase of M; value. However, when
x>0.20, the Eu substitution results in structural phase transition
wherein the spin cycloid might be destructed and homogeneous
spin structure formed, so that the latent magnetization locked
within the cycloid might be released and significant increased M;
value is observed.

Fig. 4(a) and (b) illustrates the frequency (f) dependences of
relative dielectric constant & and dielectric loss (tand) for the
Bi;_xEuxFeO3; samples. All samples display a decreasing trend in
¢ and tan § with increasing f from 1000 Hz to 1 MHz. The observa-
tion has been explained by the phenomenon of dipole relaxation
wherein at low frequencies the dipoles are able to follow the fre-
quency of the applied field. Eu-doped BFO possesses a larger ¢ from
75 for pure BFO to 158 for Big g5Eug.15Fe03 at 3 kHz. To examine pos-
sible magnetoelectric coupling in Bi;_xEuxFeOs3, we investigated
the magnetic field dependence of dielectric constant. The variation
of the dielectric constant as a function of the magnetic field was
defined as the following formula:

e(H) - €(0)
£(0)

where MD (%) is magnetodielectric coefficient, e (H) and £ (0) are the
dielectric constants at applied magnetic field and zero field, respec-
tively. The room temperature values of MD for BiggsEug 15FeO3
and BiggEug;FeO3 measured at 3kHz under varying magnetic

MD = 1)

fields are shown in the inset of Fig. 4(b). The dielectric con-
stant decreases with increasing field; the values of MD effect
are —1.4% and —-2.2% for BiggsEug15FeO3; and BiggEug,FeOs3 at
AH=7.96 x 105 A/m, respectively. Similar phenomena were also
observed in Dy doped BFO [16]. Palkar et al. pointed out that such
behavior originates from the coupling between the magnetic and
ferroelectric domain [38]. In multiferroics, when a magnetic field is
applied, the materials will be strained. Due to the coupling between
the magnetic and ferroelectric domain, the strain will induce stress
and then generate an electric field on the ferroelectric domain. As
a result, the dielectric behavior will be modified.

4. Conclusions

In conclusion, single-phase Bi;_yEuxFeO3 ceramics with vary-
ing x from O to 0.3 were prepared by rapid liquid phase sintering
method. We have studied the influence of Eu doping on the crys-
tal structure, the magnetic and ferroelectric behavior of the BFO.
X-ray diffraction studies revealed phase transition from rhombohe-
dral (R3c) to orthorhombic (Pn21a) at substitution of 20% mol of Eu.
It was found that the phase transition destructs the spin cycloid of
BFO, and therefore, releases the locked magnetization and results in
significantly improved magnetic properties. It was also found that
the doping of Eu can effectively reduce the leakage current den-
sity of BFO and improve the ferroelectric properties. The change in
the dielectric constant with applied magnetic field suggests that
magnetoelectric coupling exists in these compounds.
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