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Abstract: BiFeO; (BFO) is a promising multiferroic material due to its high ferroelectric and
antiferromagnetic ordering temperatures. Substituting partially Bi by Rare-Earth (RE) seem to be
one way to enhance magnetization of BFO. In this study, crystal structure and magnetic properties
for Biy«Eu,FeO3; compounds are presented. When the Eu content was below 5% (x < 0.05), no
significant improvement in magnetic properties was observed. However, when x < 0.20,
ferromagnetism was induced. More particularly, at x = 0.20, the compounds experienced a
drastically structural transition that governs also their optical properties.
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1. Introduction

BiFeO; (BFO) is a promising multiferroic material because of its high ferroelectric (about 1100 K)
and antiferromagnetic (about 650 K) ordering temperatures, much above room temperature. There are
many reports on the magnetization enhancement of BiFeO; bulks, thin films, and nanoparticles, due to
Bi-site substitution by selected trivalent rare-earth and divalent ions, or Fe-site substitution by
transition metal ions. Liu et al. [1] suggested that the reason for higher magnetization after substitution
of Eu®" is the presence of the rare-earth orthoferrite impurity phase. Additionally, in certain cases, as
reported by Qian et al. [2] for Dy*" substitution, there is a large decrease in the particle size after
substitution and this could be the reason for increased magnetization after substitution. Thakuria and
Joy have shown that the ferromagnetic moment of the nanoparticles could be enhanced up to 3 times
by the substitution of Bi by Ho. (However, the reported magnetization is still found only at quite high
field, i.e. 6 T). From another aspect, it was found that the Curie temperature enhanced by 20 K if Bi
was substituted by La [3].
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BFO has a rhombohedrally distorted perovskite-type crystal structure with lattice parameters of
anex = 5.571 A and chex = 13.868 A at room temperature. The BFO unit cell can be described both
hexagonal and pseudo-cubic. The pseudo-cubic representation of these rhombohedral cell parameters
iS acuvic = 3.963 A. The space group is determined as R3c with six formula units per hexagonal unit cell
or two formula units per pseudo-cubic unit cell [4]. In this structure, the pseudo-cubic [111]. is
equivalent to hexagonal [001], [5]. According to A. Lahmar et al. [6], the reflections are indexed
according to a pseudocubic, the lines (110) and (-110) observed in pure BFO are overlapped and
shifted for all doped films. All other compositions are characterized by higher ferroelectric
polarization but almost no magnetization. As reported by Zhenxiang Cheng et al., the Bi,4LaFeOs (x
=0, 0.1, 0.2 and 0.3) system were made by traditional solid state reaction. While for x = 0.1, the
structure of BFO was maintained, for x = 0.2 the sample showed a change to C222 orthorhombic
symmetry. With increasing La doping levels in BFO up to 30%, the system symmetry transformed to
P4mm [7]. The magnetic moment of the samples was greatly improved with increasing La doping
content in BFO. But all the samples crystallized in a rhombohedral distorted perovskite structure for
Big.o—«Lag1PrFeOs (x = 0, 0.1 and 0.2) ceramics. Some extra peaks of BiFe,Oq and BissFe,0, were
also observed. The H. and M, increase (1.7% and 3.5% respectively) with an increase in Pr doping [8].
According to S. Pattanayak et al. [7], for Sm-doped BFO systems, the lattice symmetry is
rhombohedral (R3c) (for x < 0.15) to orthorhombic for x = 0.25. With increasing Sm-content of Sm-
doped BFO, the position of peak shifts toward the higher angle region. The remnant magnetization
increases with increase of Sm content. The magnetization in Sm-doped BFO should be related to an
antisymmetric exchange mechanism [7]. For the Eu-doped BFO ceramics, Xingquan Zhang et al.
showed that the structure had changed from rhombohedral to orthorhombic when Eu concentration
was increased to 20% [9].

It seems that Eu doping could effectively improve the structural and magnetic properties of BFO
compound. Thus, in this study, we investigate the influence of Eu** doping concentration on structural
and magnetic properties of BFO ceramics.

2. Experiment

The Biy<EuFeO; ceramics (with x = 0; 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.15, and 0.2) were
fabricated by a traditional solid state reaction. The starting materials were Bi,Os, Eu,0O3 and Fe;QO,, all
with purity of 99,9%. The oxide materials were ground, pressed in to pellets and then sintered twice at
500°C and 855 °C for 5 h, separately.

The structural analysis was performed by X-ray diffraction (XRD) with Cu K, radiation. The
surface morphology of the sintered pellets was examined by a Scanning Electron Microscope (SEM-
JEOL- JSM5410LV). Raman scattering spectra were measured by Labram HR800 at room
temperature. The magnetic measurements were performed by a Quantum Design Superconducting
Quantum Interference Device (SQUID) system under magnetic field (H) from O up to 0.5 T under a
range of temperatures (T) from 350 K down to 5 K.

3. Results and discussion

X-ray diffraction patterns of all the Bi, «Eu,FeOs bulk samples are investigated. Figure 1 shows the
XRD patterns for samples with x = 0.0; 0.05; 0.10; 0.15 and 0.20. It can be seen that all the samples
are single phase, except for the sample with x = 0.05 (other impurity phase Bi,Fe,Oq4 exhibited). When
x <0.15, samples characterize a polycrystalline rhombohedral structure with R3¢ space group. For the
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sample with x = 0.20, it is obvious that the XRD pattern is orthorhombic lattice type with Pnma space
group EuFeOs; [10], suggesting a structural phase transition at x = 20%.

Intensity (a.u.)

0

Fig. 1. X-ray diffraction patterns for the Bi; Eu,FeO3 bulk samples (x =5, 10, 15, 20%).

The typical parameters are shown in Table 1. The lattice constants decrease with increasing Eu
concentration. The structural change of these compounds is also clearly in the Raman spectra that will
be discussed later.

Table 1. Structural parameters for Bi; ,Eu,FeO; ceramics

X Structure Space group A (A) b (A) c(A) Volume (A% D (nm)
x=0.00 Rhombohedral R3c 5.574 5574 13.854 372.71 27
x=0.05 Rhombohedral R3c 5.569 5,569  13.828 371.44 15
x=0.10 Rhombohedral R3c 5.560 5,560 13.792 369.28 15
x=0.15 Rhombohedral R3c 5.553 5,553 13.761 367.522 14
x=0.20 Orthorhombic  Pnma 5.622 7.799 5441 238.51 16

b)x=0.10

¢) x = 0.20

Fig. 2. SEM images for Bi,Eu,FeO; bulk samples: a) x = 0; b) x = 0.10; ¢) x = 0.20.
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SEM images for Bi;Eu,FeO3 ceramic samples (with x = 0.0; 0.10 and 0.20) show in Fig. 2. When
increasing the Eu concentration, the sample’s surface seems to be smoother and the particle size is
smaller.

Fig. 3 shows the Raman spectra for the undoped BFO and the Bi,.4Eu,FeO; ceramics. According
to group theory, the undoped BFO should have the rhombohedral R3c structure with thirteen
oscillation modes, which are 4A; + 9E [11-20].

In the Raman spectra of our BFO samples, one can observe three peaks as of A;-1 (LO), A;-2
(LO) and A;-3 (LO) in the low frequency region, at 136.9 cm™; 172.1 cm™ and 221.7 cm™,
respectively and eight vertical E (TO) in the higher frequency region at 261.4 cm™; 274.4 cm™; 346.2
cm?; 369.2 cm™; 434.1 cm™; 474.9 cm™; 519.8 cm™ and 620.6 cm™ (Refer Fig. 3 and Table 2). From
Fig. 3 one can see that with increasing the Eu concentrations (from 0.00 to 0.15), the oscillation
mode intensity decreases and the peak shift, namely the vertical As- 1; A;-2; A;-3; 261.4; 274.4; 369.2
and 519.8 cm™ shift towards to higher frequencies, while 620.6 cm™ peak shifts towards to lower
frequencies (Table 2). For x = 0.2, Raman spectrum completely changes in spectral appearance with
new peaks at 223.2 cm™; 288.9 cm™; 400.6 cm™; 489.9 cm™ and 601.6 cm™.The A;-1, A;-2 and A;-3
oscillation modes in BFO are supposed to be related to inter-covalent Bi - O [15,17,18]. When the
Eu®* ions replace the Bi** ions, the percentage of covalent linkages Bi - O will decrease, leading to a
decreasing in the peak intensity increases as the concentration of Eu changed. Additionally, the
distortion network as well as defects in the crystal lattice of the doped samples can also cause some
decrease in the peak intensity.
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Fig. 3. The Raman spectra for the Bi, Eu,FeO3 ceramics.

We know that the Raman scattering frequency is very sensitive to the movement of atoms, i.e. it
strongly depends on local factors such as constant ionic strength and volume. If k is the force constant
and M is the atomic mass, the oscillation frequency is proportional to (k/M)"? [12, 20]. Since the
radius of the Eu** ion (1.066 A) is approximately equal to the radius of Bi** ion (1.17 A), the force
constant is not changed much when Eu® ion replaces the Bi** ion. However, the atomic mass of Eu
(151.96 g/mol) is quite small that of the Bi (208.98 g/mol), thus, replacing Bi** ion by ion Eu**, which
is lighter, will lead to an increase of the oscillation mode frequency as observed.
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Table 2. Raman frequencies of the undoped BFO and Bi;Eu,FeO; compounds.

A-1 A-2 Aq-3 E E E E E E E E

(cm®  cm?® (em?Y) @em?d (em?) @emd) (em? (em?) (emb  (em?) (cm?)
0.00 136.9 1721 221.7 2614 2744 346.2 369.2 4341 4749 519.8 620.6
0.05 139.1 1721 2255 260.7 2744 3440 369.2 4350 4754 5220 622.1

X

0.10 1430 1728 2339 2622 2752 - 3753 - 4754 5251 613.0
0.15 1422 1735 2347 - 2775 - 389.8 - 4747 525.8 599.2
0.20 = = 2232 - 288.9 - 4006 - 489.9 - 601.6

Magnetization versus magnetic field taken at 300 K for all the samples is shown in Fig. 4a. It is
seen that there is no significant improvement in magnetic properties when Eu®* concentration is less
than 5% at, i.e. the samples are paramagnetic at room temperature.
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Fig. 4. Magnetization versus magnetic field taken at 300 K for (a) the Bi,.Eu,FeO3 samples (x = 0,05, 0,10,
0.15, 0.20), and (b) for the BiygEug,FeO3 ceramic and thin film. The inset of Fig. 4(a) shows paramagnetic
behavior of Eu-doped BFO with the Eu content below 0.05.

When the Eu concentration increases above 5%, all the samples show ferromagnetic behavior.
Now, there has been almost no report of room temperature ferromagnetism in Rare-Earth-doped BFO
ceramics. Even if the magnetic moment is one order smaller to that of films with the same
concentrations (x = 0.20) (see Fig. 4b), the ferromagnetism in Eu-doped BFO ceramics is significant.
Thin films should be a way to enhance the magnetic moment due to taking advantage of nano-
structured magnetism and/or better texture/orientation that help magnetization along easy axis.

4. Conclusion

We have doped Eu** for Bi in BFO ceramics. It is shown that Eu doping can induce room
temperature into BFO ceramics of the Eu content is greater than 5%. More particularly, at 20% of
doping, the Eu-doped BFO compounds have gone through a drastically structural transition that
governs strongly their optical behaviors. There is an important relationship between structural,
magnetic, and optical properties in Eu-doped BFO ceramics. Our results may help to find an
appropriate dopant concentration for different purposes of applications.
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