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Abstract In this work, Bi;_ Er,FeO; (x = 0.05-0.25)
nanoparticles were prepared by sol-gel method. X-ray
diffraction and Raman analysis show that the structure of
Er-doped BiFeOj; changes from rhombohedral lattice to
orthorhombic one by increasing x. The remnant magne-
tization of the Bi;_,Er,FeO; is significantly higher than
those in BiFeO; doped with non-magnetically rare-earth
and it increases with increasing Er concentration. The
enhanced magnetization was attributed to the suppres-
sion of the cycloidal spin structure by Er’ " substitution
and the ferromagnetic interaction between Fe* and Er*™
ions. The variation of the magnetization with temperature
is also discussed.
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Introduction

Multiferroic materials, especially those exhibiting
ferroelectricity and ferromagnetism simultaneously,
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have been widely studied in recent years, due to their
potential applications in data storage, spin valves,
sensors, spintronics, microelectronic devices, etc.
(Scott 2007; Allibe et al. 2012; Giang et al. 2012;
Bhushan et al. 2012; Ramesh and Spaldin 2007). The
interaction between the electric and magnetic subsys-
tems can manifest itself as the giant magnetoelectric
(ME) effect and the effect of mutual influence of the
polarization and magnetization (Hur et al. 2009).
Among all known multiferroics materials, BiFeO; is
the most promising for room temperature ME appli-
cations, as it possesses high ferroelectric Curie
temperature (Tc ~ 1103 K) and high G-type antifer-
romagnetic Neel temperature (T ~ 643 K) (Wang
et al. 2003; Seshadri and Hill 2001). Superimposed on
this antiferromagnetic ordering there is a cycloidal
modulation with a wavelength of 62 nm. Conse-
quently, its remnant magnetization and potential ME
effect both vanish macroscopically, leading to a weak
quadratic ME behavior rather than a strong linear ME
behavior (Lebeugle et al. 2008).

Although BiFeO; has been extensively studied in
recent years, some difficulties have limited its develop-
ment. One of them is how to derive ferromagnetism in
the canted G-type antiferromagnetic order with the
space-modulated spin structure (Yuan et al. 2000).
Recently, doping BiFeO; with a foreign atom at either A
or B site of the BiFeOj lattice has been shown to play an
important role in improving its ferromagnetism. For
example, substituting Bi** with rare-earth elements,
such as G&*", Sm**, Dy**, etc., resulted in remarkable
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improvement of the ferroelectricity and ferromagnetism
of BiFeOs;, which could possibly lead to enhanced ME
effect (Guo et al. 2010; Khomchenko et al. 2010;
Prashanthi et al. 2010). Minor attention has been paid to
Er-doped BiFeOs. Unlike other rare-earth cations, Er*
ion is magnetically active and its coupling with Fe’ " ion
can lead to the giant impact on the magnetization of
BiFeO; even in the slight doping concentration.

Various wet chemical routes have been used to
prepare BiFeO; nanostructures, such as hydrothermal
synthesis, mechanochemical synthesis, sol—gel
method, solid state reaction method, and others (Tan
et al. 2012; Szafraniak et al. 2007; Wu et al. 2010; Xie
et al. 2008). It is thought that the sol-gel method will
be the very effective and controllable chemical route
for future nanomaterial preparation. It has many
advantages such as low cost, easy operation for
doping, cleanliness, flexibility.

As there are few works devoted to the study of
ferromagnetic properties of Er-substituted BiFeOs, in
this paper we prepared Er-doped BiFeO3 nanoparticles
by the sol-gel method. The crystal structures, mor-
phologies, and magnetic properties were investigated
in detail.

Experiments
Materials

All chemicals reagents were of analytical grade and
used without further purification. Fe(NOj3);-9H,0
(99.999 %), Er(NO3)3-9H,0(99.999 %), and Bi(NO3)3-
S5H,O (99.999 %) were purchased from J&K.
2-Methoxyethanol (>99.0 %), acetic acid (99.5 %),
and citric acid (99.5 %) were purchased from Tianjin
chemical reagent 3 factory, China.

Sample preparation

Bi,_,Er,FeOs; (x = 0.05, 0.1, 0.15, 0.2, and 0.25)
nanoparticles were prepared by sol-gel method. For
example, the BijgsErg0sFeO3 nanoparticles were pre-
pared. First Bi(NO3)3-5H,0 (1 g) and Er(NO3)3-9H,0
(0.4807 g) were mixed in acetic acid (20 mL) under
constant magnetic stirring for 2 h. Then Fe(NOj);-
9H,0 (0.8378 g), 2-methoxyethanol (20 mL), and citric
acid (0.5 g) were added to the solution. After continuous
stirring for 2 h, the solution was aged for 1 day, dried
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at 80 °C for 48 h, and grinded into powders. At last,
the powders were sintered for 2 h in air at 800 °C. A
series of samples of Er-doped BiFeO; nanoparticles
(Bi;_,Er,FeO3) with x = 0.10, 0.15, 0.20, and 0.25
were prepared by adopting the same procedure as
mentioned above.

Characterization

The crystalline phases of the samples were determined
by X-ray diffraction (XRD, Bruker D§ ADVANCE)
with Cu K, radiation (A = 1.54 1&) and Raman
scattering spectra (JY-HR800) using an Ar" laser
(514.5 nm) as the excitation line. The microstructural
properties of the samples were investigated by trans-
mission electron microscopy (TEM) and high-resolu-
tion transmission electron microscopy (HRTEM, FEI
Tecnai F30). Variable-temperature magnetization
measurements under a magnetic field of 1,000 Oe
and under both zero-field-cooled (ZFC) and field-
cooled (FC) conditions were carried out using a
Quantum Design SQUID MPMS XL-7 from 300 K
down to 5 K. The dc hysteresis loops were collected
using the same SQUID in magnetic field from 50,000
to —50,000 Oe at 5 and 300 K, respectively.

Results and discussion

The XRD patterns of all the samples in Fig. 1 reveal
that all the peaks correspond to the reflections from
(012), (104), (110), (006), (202), (024), (1116), (122),
(018), and (214)/(300) planes of rhombohedral BiFe-
O3, which are consistent with the standard reported
values (JCPDS File No. 86-1518). XRD peak intensity
ratios observed in above XRD patterns suggest
polycrystalline behavior with good crystallinity. The
average crystallite size of 10 % Er-doped BiFeO;
sample estimated from XRD pattern by means of the
Scherrer equation is 100 nm. With increasing Er
concentration, two features should be noted in Fig. 1.
(1) The intensity of some Bi;_,Er,FeO; diffraction
peaks, that is, (006) and (018), become weak and tend
to disappear. Although minor BiysFeOy4y could be
detected, BiysFeOyq is not ferromagnetic in nature at
room temperature and thus so contributes little to the
ferromagnetic properties observed in the Er-doped
BiFeOj3; samples. (2) The peak splitting behavior in the
samples decreases gradually. From the magnified
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XRD patterns in the vicinity of 20 around 32° (inset
Fig. 1), we find that the separated (104) and (110)
diffraction peaks tend to merge into a single broad
peak with the Er concentration increasing and the
peaks have a tendency to shift toward higher 26 value.
This result indicates that the rhombohedral structure is
distorted by Er substitution, suggesting a structural
phase transition at x = 0.2, which has also been
observed in other rare-earth doped BiFeO5 ceramics
(Liu et al. 2010). The phase transition from rhombo-
hedral to orthorhombic symmetry is attributed to the
structural distortion resulting from the incorporation
of Er ions into the lattice of BiFeQOj3, because the ionic
radius of Er is smaller than that of Bi.

The structural phase change in Bi;_Er,FeO; was
also investigated by the Raman measurements. Fig-
ure 2 shows the measured Raman scattering spectra of
Bi,_,Er,FeO; (x = 0.05, 0.10, 0.15, 0.20, 0.25)
nanoparticles sintered at 800 °C for 2 h in air. These
mode frequencies were assigned according to the
irreducible representation: I' = 4A; + 9E, which is
used to describe the Raman active modes of rhombo-
hedral R3¢ BiFeO; single crystal (Yuan et al. 2007).
For BiFeO; nanoparticles with rhombohedral
R3c symmetry, there are 11 normal modes, including
A;—1,A—2, and A1—3 modes with strong scattering
intensities at 140, 172, and 220 cm™ !, respectively.
The subsequent six peaks at 278, 339, 370, 474, 530,
and 610 cm ™! can be assigned as E—2, E—3, E—4,
E—5, E—6, and E—7 modes, respectively. The peak
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Fig. 1 XRD patterns of Bi;_,Er,FeO3 (x = 0.05, 0.10, 0.15,
0.20, 0.25) nanoparticles sintered at 800 °C for 2 h. Asterisks
Bi,sFeOy and open square ErFeOs. Inset the magnified XRD
patterns in the vicinity of 20 around 32°

at 425 cm™ " that can be assigned as A;—4 mode is too
weak to be detected in our BiggsErggsFeO5; sample
and peak at 113 cm™' that can be assigned as E—1
mode is overlapped with 140 cm™' mode. However,
with the increasing of Er doping concentration to 0.10,
E—1, A;—1, A1—2, and A1—3 modes governed by
Bi—O covalent bonds are red shift indicating that the Er
ions are entering into the Bi-sites of BiFeO3;. When the
Er concentration is increasing to 0.15, the E—1, A;—
1, A;—2 and A;—3 modes are nearly disappearing,
indicating that the phase transition occurs at this
concentration. Moreover, a new peak at 310 cm~!is
observed, which may result from ErFeO; phase in the
compounds. Such peaks have also been reported to
existin RFeO3 (R = Gd, Dy, Nd, and Ho) (Gupta et al.
2002; Singh et al. 2008; Wu et al. 2009).

The crystalline structure of the 10 % Er-doped
BiFeOj3; nanoparticles without stored in air is further
examined by transmission electron microscopy and
high-resolution transmission electron microscopy, as
shown in Fig. 3. The average crystalline size is larger
than the crystalline size obtained by the Scherrer
equation from XRD patterns of 10 % Er-doped
BiFeOj3;. Such phenomenon has also been observed
in other reported works and can be ascribed to the
agglomeration of the particles (Selbach et al. 2007).
We therefore conclude that the crystallite size found
by the Scherrer equation is a reasonable estimate for
the particle size. The rhombohedral perovskite struc-
ture of the 10 % Er-doped BiFeO; nanoparticles is

/\w/\‘*‘*’\,‘i{lﬁ“

M
Nt 2015
e NP

Intensity (a. u.)

A-1A2 A-3 E2 E-3 E-4 E-5 E-6 E-7

T T T T T T T T
100 200 300 400 500 600 700
Wavenumbers (cm 1)

Fig. 2 Raman spectra of Bi;_,Er,FeO; (x = 0.05, 0.10, 0.15,
0.20, 0.25) nanoparticles sintered at 800 °C for 2 h and the
active modes (arrows)
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confirmed by HRTEM (Fig. 3b), where the lattice
space is measured to be 0.278 nm along the (110)
plane and 0.396 nm along the (012) plane, consistent
with those reported for BiFeO; nanoparticles (Du et al.
2012; Park et al. 2007).

The room temperature magnetization (M-
H) loops of all samples measured with the maxi-
mum magnetic field of 50 kOe are shown in Fig. 4a.
In contrast to pure BiFeO; nanoparticles, which
exhibit a linear magnetic field dependence on the
magnetization, the Er-doped samples exhibit a
hysteresis M—H behavior as expected. It can be
seen that remnant magnetization (M,) increases with
the increase of Er content. This suggests that Er
doping enhances the magnetic properties of BiFeOj;
nanoparticles.

The magnetization hysteresis (M—-H) loops of
Bi,_,Er,FeO; samples at 5 K are shown in Fig. 4b.
The M, values of samples are increasing with the
increasing of x (0.05 < x < 0.20) and the M, values of
Bi,_Er,FeO; with x < 0.15 are significantly less than
that of BiggErg,FeOs. For the Er-doped BiFeO;
samples, when x < 0.15, the Er substitution can only
suppress but cannot destruct the spin cycloid, leading
to small and limited increase of M, value. These results
are in accordance with other reports (Zhang et al. 2010;
Li et al. 2013). However, when x > 0.20, the Er
substitution results in structural phase transition

. 5

Fig. 3 TEM (a) and HRTEM (b) images of BigoEr oFeO; nanoparticles left without stored in air
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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. When the Er concentration is x = 0.25, the
M, value is decreasing. This could be because of the
fact that with increase in Er concentration, formation
of ErFeO; is taking place. Usually orthoferrites are
antiferromagnetic exhibiting very small spontaneous
magnetization because of weak ferromagnetism (Ei-
bschutz et al. 1967; Tsymbal et al. 2007).

The magnetic moments of rare-earth ions are
aligned by exchange coupling with the transition
metal (TM) subsystem (f—d exchange interaction),
which results in a significant contribution to the low-
temperature magnetic properties, as shown in Fig. 4b.
The f—d exchange in a weak ferromagnetic phase of
perovskite-type compounds is usually negative, i.e.,
the rare-earth magnetic moments are aligned antipar-
allel with respect to a ferromagnetic component
associated with the TM magnetic sublattice, yielding
negative magnetization at lowest temperatures, when
the magnetic contribution of the rare-earth ions
exceeds the ferromagnetic component of the TM
sublattice (Khomchenko et al. 2008, 2009). Howeyver,
in the case of Bi;_,Er,FeO; samples, a sharp increase
in the magnetization observed with decreasing tem-
perature suggests a positive f—d coupling.




J Nanopart Res (2013) 15:1969

Page 5 of 7

a

3 1]
g 0 — X= 0.05
= -/

-2 '/

-3

4 4

-5

-6 . . . . . . . .

-40000 -20000 0 20000 40000

H (Oe)

M (emu/g)

T T T T T T
-40000 -20000 0 20000 40000

H (Oe)

Fig. 4 M-H curves for Bi,_,Er,FeO; (x = 0.05, 0.10, 0.15,
0.20, 0.25) nanoparticles a at room temperature; b at 5 K

The enhanced ferromagnetic properties should be
attributed to the substitution-induced suppression of the
spiral spin modulation, which results from the fact that
the radius of Er* T is smaller than that of Bi*™, leading to a
larger distortion of lattice. Especially when the structure
is changed from rhombohedral to orthorhombic symme-
try, as revealed with the above XRD analysis, the spin
cycloid of Er'™ will be destroyed, and therefore the latent
magnetization locked within the cycloid might be
released, resulting in the enhanced macroscopic magne-
tization as observed. Further, the enhanced ferromagne-
tism of Er’ "-doped BiFeOs nanoparticles may be similar
to that of Eu**-doped nanoparticles. Using the first-
principle calculations, we found that the magnetically
active Er’" ions coupled with Fe>™ ions can produce
enhanced magnetism. Our ab initio calculations are
performed using the accurate full potential projector
augmented wave method, as implemented in the Vienna

ab initio simulation package (VASP). They are based on
the density functional theory with the generalized
gradient approximation (GGA). The on-site Coulomb
interaction is included in the GGA +U approach with
U=6.0¢eV and J = 1.0 eV for Fe 3d electrons. The
fully relaxed crystal structure, which shows a R3c
rhombohedral symmetry. In the mean time, antiferro-
magnetic configuration is the ground state, with
0.1569 eV/f.u. lower than the ferromagnetic one. For
the effect of Er doping, we build up a 2 x 2 x 2
supercell, with 80 atoms therein. One of Bi atoms is
replaced by Er, which corresponds to 6.25 % doping. The
on-site  Coulomb interaction is included in the
GGA + U approach with U = 6.0 eV and J = 1.0 eV
for Er 4f electrons. It is found that Er*™ relaxes close to
three Fe®" ions and a ferromagnetic coupling between
Er'" and three Fe*™ is observed, leading to a pure
magnetic moment of the system which is 9.4 pB. Since
the effective magnetic moment of Er (9.4 uB) is larger
than that of Eu (6 puB) (Liu et al. 2009), we propose that
Er-doped BiFeO; nanoparticles can cause a greater
magnetic enhancement.

The magnetization behavior as a function of temper-
ature for all Bi; _,Er,FeO3 samples at 1,000 Oe is shown
in Fig. 5. For x = 0.25 at 5 K, the magnitude of Er
moments is larger than that of Fe cations, and a
ferromagnetic-like situation as revealed by ZFC curves
as shown in Fig. 5 can occur. However, the moments of
Er ions decrease with the increasing temperature, which
accounts for the monotonical drop in magnetization up
to 50 K. From 50 to 100 K, the ferromagnetism of Fe
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Fig. 5 ZFC/FC curves of Bi,_,Er,FeOs (x = 0.05, 0.10, 0.15,
0.20, 0.25) nanoparticles from 5 to 300 K with applied field
1,000 Oe
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sublattice becomes prominent and ZFC curve tends to
increases. Above 175 K, the magnetization becomes
almost unchanged. Under a field larger than the local
field that is suffered by the Er sublattice and produced by
the Fe sublattice, the moments of Er will drive to be
parallel to that of Fe, which results in the magnetization
behavior as shown by the 1,000 Oe FC curve in Fig. 5.
With the Er** concentration decrease from 10 %, the
mentioned ferromagnetic interaction between the Er* "
and Fe** sublattices is neglected, and the Er sublattices
can be considered as paramagnetic, i.e., the moments of
Er’" are aligned along the applied field. The macro-
scopic magnetization increases slowly as the tempera-
ture is decreasing to about 50 K, and then sharply rises
up with further decreasing temperature.

Conclusion

A simple sol-gel method was used to synthesize
Bi;_,Er,FeO; (x = 0.05, 0.10, 0.15, 0.20, 0.25) nano-
particles. The crystalline structure of BiFeO5; changes
from rhombohedral lattice to orthorhombic one by
doping Er’*. The improved ferromagnetic ordering of
doped BiFeO; nanoparticles may be due to the
substitution-induced suppression of the spiral spin
modulation and the larger lattice distortion.
The temperature dependence of magnetization for
Bi,_,Er,FeO; is explained by the magnetic coupling
between Er and Fe moments. The enhanced ferromag-
netic moment of Er'"-doped BiFeO; may make the
materials applicable in fabricating multifunctional
nanodevices at room temperature.
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