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Abstract Polycrystalline Bij_,Eu,FeO3; (x = 0.00-0.25)
ceramics were synthesized by the solid state reaction method
with the rapid liquid phase sintering process. The effects
of Eu substitution on the structure, and ferroelectric and
magnetic properties of BiFeO3; ceramics were investigated.
X-ray diffraction measurements reveal that the structure of
BiFeO3 was changed from rhombohedral to orthorhombic
and the impurity phases were decreased both due to Eu sub-
stitution. Raman spectra results also confirm that a structure
transition occurs in the Eu concentration range of 0.15-0.20.
The SEM investigation has suggested that the Eu substitu-
tion hinders the grain growth. Vibrating sample magnetome-
ter measurements indicate ferromagnetism in Eu-substituted
BiFeOj3 ceramics. It is found that the room temperature mag-
netic moment increases with increasing Eu concentration
due to the suppressed or broken cycloid spin structure. Fer-
roelectric measurements show that Eu substitution enhances
the polarization due to the significant decrease of the elec-
tric leakage of the samples. Therefore, the Eu-substituted
BiFeOs, or more complicated substituted BiFeO3 based on
Eu substitution, will have great potential for many practical
applications.

1 Introduction
Multiferroic materials are such a kind of material that pos-

sess simultaneously ferroelectric and ferromagnetic as well
as magnetoelectric properties, hence they will have many
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potential applications in the information storage, spintronic
devices, sensors, and so on areas [1, 2]. Among them,
BiFeO3 (BFO) with a rhombohedrally distorted perovskite
structure of R3c is the only known single phase material
which exhibits ferroelectric and antiferromagnetic orders at
room temperature and a coexistence of ferroelectric and an-
tiferromagnetic orders at ferroelectric Curie temperature 7¢
of ~830 °C and at the antiferromagnetic Néel temperature
T of ~370 °C [2, 3]. Such a material has been widely stud-
ied by many groups due to its importance in fundamental
research as well as in potential commercial applications.

However, there are still some drawbacks that need to be
overcome before BiFeO3 can be used in devices. For one, it
is difficult to gain a good polarization hysteresis (P-E) loop
and large remnant polarization (Pr) in BiFeO3 ceramics be-
cause its leakage current is high and its resistance is low
due to the fact that there are secondary phases and oxygen
vacancies in it [4—6]. For another, BiFeO3 with a G-type an-
tiferromagnetic spin structure, and a superimposed and cy-
cloidal modulation at a period of about 62 nm can lead to
superimposing on the antiferromagnetic ordering, and hence
can result in the cancellation of net magnetization [4, 5]. Its
very weak magnetization inhibits the observation of the lin-
ear magnetoelectric effect [4]. Therefore, considerable ef-
forts such as ion substitution have been made to improve the
room temperature multiferroic properties of BiFeO3; ceram-
ics. For example, attempts have been made to improve the
magnetic and ferroelectric properties of BiFeO3 by substi-
tuting the Bi-site with La, Nd atoms and the Fe-site with
Cr, Mn, and Ti atoms, etc. [1-11]. In this study, we report
the synthesis of BiFeO3 ceramics doped by Eu’* for partial
Bi3t. The effect of Eu substitution on the structural, fer-
roelectric and magnetic properties of BiFeO3 ceramics was
investigated.
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2 Experimental details

The polycrystalline ceramics samples of Bij_,Eu,FeO3
(x = 0.00,0.10,0.15,0.20, 0.25) were prepared using a
solid state reaction method with the rapid liquid phase sin-
tering process. High purity analytical powders of Bi;O3
(99.999 %), Eup03 (99.99 %), and Fe203 (99.99 %) were
used as starting materials. Those powders were carefully
weighed and in stoichiometric proportions (3 % bismuth ex-
cess to compensate the Bi loss) and ground thoroughly in
an agate mortar for 6 h using ethanol as a medium. The
mixed powders were dehydrated at 150 °C for 12 h and dry
pressed into small discs with 11 mm in diameter and 1.6 mm
in thickness at 16 MPa pressure. The disks were directly put
into a furnace, and then sintered at 850-880 °C with an ac-
curacy of £1 °C for 20 min. After that, they were taken out
of the furnace immediately and quenched subsequently to
room temperature. The polished flat surfaces of these sam-
ples were coated with silver paste and dried at 550 °C for
30 min before taking electrical measurements.

The structures of samples were studied by Bruke D8
X-ray diffraction (XRD) with Cu-K, radiation. Raman mea-
surements were carried out at room temperature using a
Renishaw inVia spectrometer, and the excitation source was
the 514.5 nm line of an Ar™ laser with 200 mW output. The
power of the laser spot on the sample was less than 20 mW
to prevent laser heating damages. The fracture surface of
the samples was carried out in a scanning electron micro-
scope (SEM). The magnetization of the samples was mea-
sured by a vibrating sample magnetometer integrated in a
magnetic property measurement system (MPMS, Quantum
Design). The ferroelectric properties of Bij_,Eu,FeO3 ce-
ramics were measured using a RT 6000 ferroelectric tester
and all the measurements were carried out at room tempera-
ture.

3 Results and discussion

The XRD patterns of Bij_,Eu,FeO3 ceramics at room tem-
perature are illustrated in Fig. 1. XRD peak intensity ratios
observed in the above XRD pattern suggest polycrystalline
behavior with good crystallinity. A rhombohedral perovskite
structure with the space group R3c can be indexed in the pat-
tern of the unsubstituted BiFeO3 [1, 3]. A small amount of
impurity phases such as BipFe4Og and BissFeOzy is also de-
tected in the unsubstituted BiFeO3 ceramics [1, 5]. It is also
found that the impurity phases in Bij_,Eu,FeO3 ceramics
decrease with increasing Eu content, and they almost dis-
appear when the Eu content increases up to x > 0.2. Based
on the XRD patterns with different Eu content samples, it
is found that the peaks within 26 of 20~25° and 30~35°
shift to a higher angle side when x is increased. This indi-
cates that Eu3t ions have entered into the BiFeO3 lattice
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Fig.1 XRD patterns of Bij_,Eu,FeO3 ceramics at room temperature

and substituted for Bit ions, which affected the structure
of the original crystals of BiFeO3. It is also found that a new
(111) peak in the vicinity of 26 & 27° appeared when the Eu
concentration increased to x = 0.15 and 0.20, respectively.
This is evidence of the structural transformation occurrence.
The lattice constants a, b, and ¢ of the Eu doped BiFeO3
samples are calculated by the JADE 5.0 program in order to
determine their structural features. The lattice parameters,
unit cell volume, and crystalline structure of Bij_,Eu,FeO3
ceramics are summarized in Table 1. In the present work,
the best fit to data is observed using the rhombohedral lat-
tice type for x = 0.00, 0.10, and 0.15 samples and with
the orthorhombic lattice type for x = 0.20 and 0.25 sam-
ples. Although the room temperature phase of BiFeOs is
known to be rhombohedral with the R3c space group, the
unit cell can also be described in a hexagonal frame of ref-
erence [4]. Therefore, in our work, the XRD patterns for
the samples with x = 0.00, 0.10, and 0.15 are indexed with
the space group R3c with a hexagonal unit cell. In Table 1,
the refined lattice crystal parameters are a = 5.57306 A,
c=13.86252 A for x = 0.00, which agree well with those
of the pure BiFeOs prepared by the solid state reaction
method [8], @ = 5.57132 A, ¢ = 13.86146 A for x = 0.10,
a=5.57122 A, ¢ =13.83894 A for x = 0.15, the parame-
ters of a = 5.36206 A, b = 5.60036 A, ¢ = 7.68350 A for
x = 0.20, and the ones of a = 5.37865 A, b = 5.58692 A,
¢ =7.75840 A for x = 0.25. It can be found that the values
of the parameters a and c decreased slightly with increasing
x from 0.00 to 0.15, which result in a slow reduction in vol-
ume. When x increases from 0.15 to 0.20, the volume shows
a big reduction indicating that the phase transition from the
rhombohedral to orthorhombic phase occurs in the Eu con-
centration range of 0.15-0.20. Such a transition probably re-
sulted from the smaller ionic radius of Eu3t (1.07 A) than
that of Bi*t (1.17 A) [3]; the change of the lattice constant
also confirms the substitution of Bi** by Eu’+.
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Table 1 The lattice parameters

and crystalline structure of Sample a (A) b (A) c (A) \%4 (A3 ) Crystalline structure
Bi|_,Eu,FeO3 ceramics
x =0.00 5.57306 5.57306 13.86252 372.87 Rhombohedral
x=0.10 5.57132 5.57132 13.86146 372.62 Rhombohedral
x=0.15 5.57122 5.57122 13.83894 371.99 Rhombohedral
x=0.20 5.36206 5.60036 7.68350 230.73 Orthorhombic
x=0.25 5.37865 5.58692 7.75840 233.14 Orthorhombic
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Fig. 2 Raman spectra of Bi;_,Eu,FeO3 samples

Raman spectroscopy is a powerful tool to probe the struc-
tural and vibrational property of a material [2, 13]. Room
temperature Raman spectra of Bij_yEu,FeO3; samples in
the range of 100-400 cm™! are shown in Fig. 2. In the
present study, four fundamental Raman modes can be seen
in the spectrum of an unsubstituted BiFeO3 sample; the
first three peaks located at 135, 165, and 213 cm~! are Al
modes, recorded as A1-1, A1-2, A1-3, respectively. And the
remaining peak located at 261 cm ™! is the E mode [14-16].
The mode frequencies are in good agreement with other re-
ports [7, 14, 15]. The intensity of A;-1 and A;-2 modes is
strong, while the intensity of the A;-3 mode and E mode is
relatively weak. Since Raman scattering spectra are sensi-
tive to atomic displacements, the evolvement of Raman nor-
mal modes with an increasing Eu content can provide valu-
able information about ionic substitution, phase transitions,
and electric polarization [7, 16]. The polarization of BiFeO3
generally originates from the stereochemical activity of the
Bi ion lone pair electron that is mainly responsible for the
change in both Bi—O covalent bonds. The four characteristic
modes, i.e., A;-1, A1-2, A;-3, and E are believed to be re-
sponsible for the polarization of the BiFeO3 samples. It can
be seen from Fig. 2 that when x increases from 0.00 to 0.15,
the Ai-1, A1-2, and A(-3 modes shifted to higher mode
frequencies; the mode intensity had a continuous and slow
change. These displacements indicate that the Eu atom sub-
stitutes Bi into the BiFeOj5 site. In the Bi;_,Eu,FeO3 sam-
ples, with the replacement of Eu®* for Bi**, a part of Bi-O

bonds were replaced by Eu—-O bonds and the stereochemi-
cal activity of the Bi lone electron pair was changed. The
Eu®* ion with smaller size and lighter mass replaced for the
Bi** ion may cause a decline of the stereochemical activity
of the Bi lone electron pair and change the Bi—O bonds, and
then affect the polarization of the samples [3, 12]. And the
presence of the A-site ion disorder commonly brings a con-
tinuous and slow change for mode intensity [12]. When x in-
creases from 0.15 to 0.20, the most important feature in the
Raman spectra is the peaks of A1-2 and A;-3 modes almost
vanishes. It also can be seen that the Aj-1 mode severely
broadens and shifted to lower mode frequencies, while the
E mode shifted to higher mode frequencies and its inten-
sity increased. The reduced phonon modes and the changes
in characteristic peaks suggest that a phase transition hap-
pened when the Eu concentration increased to the range of
0.15-0.25 [7]. This is consistent with the XRD results.

Figure 3 shows the fracture surface SEM images of
Bij_Eu,FeO3 samples. It can be seen that the unsubsti-
tuted BiFeO3 sample mainly consists of large grains with
spherical pores inside the grains, which appeared to grow
abnormally or discontinuously. The morphologies show that
the grain size became small and surface density became
large with increasing the Eu content for the Bij_,Eu, FeO3
system. The decrease in grain size may be attributed to the
difference in the ionic radius of Bi** and Eu’* and variation
in bond strength [17, 18].

To investigate the magnetic properties of Bij_yEu,FeO3
ceramics, magnetic measurements are performed. Figure 4
shows the magnetization hysteresis (M—H) loops of
Bij_yEu,FeO3 ceramics at room temperature. The M-H
loops of the pure BiFeO3 ceramics showed insignificant
magnetization with almost no spontaneous magnetization.
However, the loops for the x = 0.10, 0.20, and 0.25 samples
showed clear magnetic characteristics. The partly enlarged
M-H loop for the unsubstituted BiFeO3 ceramics (x = 0.00)
is presented in the inset (a) in Fig. 4, where a nonzero but
small remnant magnetization (Mr) of 7.2 x 104 emu/g, to-
gether with a coercive field (Hc) of 0.5 kOe is achieved.
Such a small remnant magnetization in the unsubstituted
samples might come from a small amount of other impu-
rity phases, such as Fe oxides [10]. The insert (b) of Fig. 4
shows the partly enlarged hysteresis loops of Eu-substituted
BiFeO3, where the values of saturation magnetization (Ms)
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Fig. 3 SEM images of
Bij_Eu,FeO3 samples
(a) x =0, (b) x =0.10,
(¢) x =0.15, and (d) x =0.25

Fig.4 Magnetization hysteresis
(M-H) loops of Bij_,Eu,FeO3
ceramics at 7 = 300 K. The
inset (a) shows the partly
enlarged M—H loop for
unsubstituted samples. The inset
(b) shows the partly enlarged
M-H loops for Eu-substituted
samples

Magnetic Moment (emu/g)

for x = 0.10, 0.20, and 0.25 samples are about 0.24, 0.37,
and 0.55 emu/g, and the values of Mr are 0.033, 0.065, and
0.094 emu/g, respectively. This means that the increases in
the values of Ms and Mr with increasing x from 0.00 to 0.25
are likely due to the Eu substitution for Bi, which can sup-
press and even destruct the space modulated cycloidal spin
structure, and, hence can release the locked magnetization.
The room temperature ferroelectric hysteresis loop for
Bi;_,Eu,FeOs3 ceramics is shown in Fig. 5. The loop seems
to be unsaturated behavior because of a higher leakage cur-
rent and partial reversal of polarization. Owing to the low
breakdown fields, the maximum applied electric field for un-
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substituted BiFeO3 is about 10 kV/cm. The maximum ap-
plied electric field for Eu-substituted BiFeOs is about 40
kV/cm. The value of remnant polarization (2Pr) for the pure
BiFeO3 samples is about 0.27 uC/cm?, while the values of
remnant polarization (2Pr) for x = 0.10, 0.15, 0.20, and 0.25
samples are about 0.66 uC/cm?, 1.06 uC/cm?2, 2.78 uC/cm?,
and 1.94 uC/cm?, respectively. It is obvious that Eu substi-
tution can increase the ferroelectricity of BiFeOs3. And the
remnant polarization can be enhanced when the Eu content
increases from 0.00 to 0.20, but decreased when the Eu con-
tent increases from 0.20 to 0.25. It is believed that A site
substitution can improve the ferroelectric behavior due to
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Fig. 5 Ferroelectric hysteresis
(P-E) loops of Bij_,Eu,FeO3 34
ceramics at room temperature
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the decrease of the leakage current. Based on the results of
XRD and Raman measurements, it can be seen that the sub-
stitution of Eu for Bi could decrease the impurity phases,
change the Bi—O covalent bonds, and strengthen the dis-
tortion resulting in the decrease of leakage current density
and the enhancement of ferroelectric behavior of BiFeOs.
Therefore, the remnant polarization increases with increas-
ing the Eu content from 0.00 to 0.20. Further increase in the
Eu content (x = 0.20-0.25) would result in a unit cell vol-
ume contraction because the ionic radius of Eu* is smaller
than that of Bi3T [3]. And the free volume available for the
displacement of Fe>T ions in the Fe-O oxygen octahedral
becomes smaller and this would lead to a decrease in polar-
ization. Therefore, the remnant polarization value decreases
when the Eu content increases from 0.20 to 0.25.

4 Conclusions

Polycrystalline samples of Bij_Eu,FeO3 (x = 0-0.25) ce-
ramics were synthesized by the solid state reaction method
with the rapid liquid phase sintering process. The effects of
Eu substitution in the BiFeO3 on its structural, ferroelectric,
and magnetic behaviors were investigated.

(1) XRD and Raman spectra reveal that a structure transi-
tion occurs when the Eu concentration is in the range of
0.15-0.20. The substitution of Eu for Bi can hinder the
formation of impurity phases and at the same time influ-
ence the Bi—O bonds in the Bi;_,Eu,FeO3 samples.
SEM morphologies show that the introduction of Eu can
hinder the grain growth.

Magnetic measurements indicate that the magnetization
hysteresis loops of Eu-substituted samples have a satu-
rated character. It is found that the substitution of Eu for

2

3)

s B e I B e s e e e S s m e
10 0 10 20 30 40

Applied Field (KV/cm)

50

Bi can dramatically improve the saturation magnetiza-
tion and remnant magnetization.

(4) Ferroelectric measurements show that the remnant po-
larization for the Bij_,Eu,FeO3 samples increases with
increasing the Eu content from 0.00 to 0.20, while
decreases with increasing the Eu content from 0.20
to 0.25.
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