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Abstract The rare-earth orthoferrites RFeO; (R, rare-
earth element) crystallize in an orthorhombic distorted
perovskite structure. RFeO3; compounds exhibit interesting
physical and chemical properties because of their ionic and
electronic defects. Polycrystalline nano-sized RFeO;
powders were synthesized by the sol-gel combustion
method. X-ray powder diffraction indicated that nano-
crystalline powders were single ReFeO3 phase, which are
agglomerated with average crystallite size of 60-90 nm
estimated with the Scherrer’s equation. Magnetic mea-
surements were carried out using a superconducting
quantum interference device magnetometer. The influence
on hysteresis curve of electronic structure of rare-earth
element was investigated for R = Y, La and Nd. Varied
magnetic behaviors were observed in these compounds,
which are believed to be associated with the different
interactions of Fe and rare earths.
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1 Introduction

The rare-earth orthoferrites have the general formula
RFeOj;, where R is a large rare-earth element ion, such as a
rare-earth or Y ion. They crystallize in a distorted perov-
skite structure with an orthorhombic unit cell. The unit cell
contains four equivalent iron ions, but the axes of the four
surrounding octahedra are slightly tilted with respect to
each other. RFeOj; is drawing considerable attention for its
applications in various fields, such as fuel cells, catalysts,
gas sensors, semiconductors, magnetic materials, and
magnetic resonance imaging (MRI) in biomedicine [1-4].
The remarkable properties of orthoferrites, such as high
domain-wall velocity and the existence of Bloch lines,
have significance for applications in magnetic field sensors
and magneto-optical data storage devices [5, 6]. Mean-
while, synthesis of nano-scaled materials is gaining tre-
mendous interest, since ultrafine powder usually exhibits
superior properties such as large surface area, higher
chemical reactivity, and better sinterability [7].

This family is characterized with interesting magnetic
properties. Its weak ferromagnetism was systematically
investigated in Ref. [8]. In this work, the influence of 4f
electrons of rare earth on the RFeO; orthoferrites was
initially investigated. The outside electron structure of Y>™,
Nd** and La®" is sp° however La, Nd and Y atoms
belong to different groups of transition elements (4f and 3d
respectively). As important rare earth ions, La®>" has no
electrons in 4f, Nd>* has 3 electrons in 4f. Thus, Magnetic
measurements were performed on the prepared YFeOjs,
LaFeO; and NdFeO; nanopowder.

Traditional high temperature solid-state reaction has
been used to prepare RFeO;, which requires rather high
sintering temperature (up to 1600 °C) and suffers from
incomplete reaction of the raw materials and easy
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formation of undesired phases (i.e., R3FesO;, which is
more favored by growth kinetics studies) [9, 10]. Attempts
to obtain RFeOj; ultrafine powders have recently been
performed by the polyol, sol-gel, heterobimetallic precur-
sor, sonochemical, hydrothermal and combustion methods,
etc. [4, 7, 11-14]. Compared with these wet chemical
methods, the sol-gel combustion synthesis of RFeO;
exhibits many advantages. The method uses inexpensive
precursor, and the experimental process is more simple and
easier to operate. The sol—gel combustion method involves
a rapid exothermic redox reaction between the metal
nitrates and an appropriate fuel, which is ignited at a
temperature much lower than the actual phase formation
temperature. Therefore, this approach is considered as an
attractive method to obtain single phase nanopowder.

In this work, we report the synthesis of nano-crystalline
RFeO; powder by the sol-gel combustion method. In
addition, the structure, morphology and magnetic proper-
ties of nano-crystalline RFeO3; were also investigated.

2 Experiments

Rare earth oxides R,O3; (99.99% purity), Fe(NOj3)s-
9H,0(99.99% purity) and citric acid (AR) were used
as raw materials. Firstly, the high-purity R,0; and
Fe(NO3)3-9H,O in the stoichiometric mole ratio of
R:Fe = 1:1 were accurately weighted out, respectively.
R,05 was dissolved in nitric acid and diluted with distilled
water. The concentration of the nitric acid is controlled at
about 40-50%. Fe(NO3)3-9H,O was also dissolved in dis-
tilled water and adequately mixed with the rare earth
nitrates. Citric acid was then added as a fuel to the above
solution containing R** and Fe®" to yield a citrate—nitrate
ratio of 1.0. After mixing, the final solutions were heated
and concentrated by slow evaporation at 85 °C under
continuous stirring using a magnetic agitator for several
hours. Then the yellowish transparent gels were obtained.
Subsequently, the gel was ignited by increasing the tem-
perature up to 250 °C. The dried gel burnt in a self-prop-
agating combustion manner and large volume of brown
fume evolved. Finally, a voluminous porous powder was
obtained and the powder was calcined at different tem-
peratures in air for 2 h. The experimental procedure is
shown as Fig. 1.

Phase identification was checked by powder X-ray
diffraction (XRD, D/Max-2550 V, Rigaku, Japan) using
Cu Ko radiation and nickel as the filter. The average grain
sizes of the powder were estimated following the Scher-
rer’s equation. The magnetic measurements of the sam-
ples were performed on a superconducting quantum
interference device magnetometer (Quantum design,
PPMS-9).
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Fig. 1 Flowchart of preparing RFeO; by the sol-gel combustion
method

3 Results and discussion
3.1 Nanocrystalline powders synthesis

The rare-earth orthoferrites RFeO3; nanocrystalline pow-
ders, such as YFeOs;, NdFeOs, LaFeO; etc. were success-
fully synthesized with the sol-gel combustion method [15,
16], XRD measurement indicates that the synthesized
powder is single phase of orthoferrite. The XRD patterns of
RFeO; are shown in Fig. 2. The crystallite size of the
heat-treated powders was calculated according to the X-ray
line-broadening method, using the Scherrer’s equation:
D = 0.894/Bcosf, where D is the crystallite size; / is the
X-ray wavelength (0.15405 nm for Cu Ka); B is the cor-
rected FWHM of the diffraction peak; and 6 corresponds to
the diffraction angle. The average crystallite size was cal-
culated to be about 30-40 and 60-90 nm for as-burnt
powder. The rare-earth orthoferrites RFeO5; nanocrystalline
powders can be obtained through calcining at 600-900 °C,
the SEM morphology of the YFeO; powder calcined at
800 °C is shown as Fig. 3.

Generally, the sol-gel combustion often uses fuel, such
as citric acid, amino acid, carbamide and hydrazine com-
pound. Amino acid and hydrazine compound is relatively
expensive, and the chelate and complex ability of car-
bamide to metallic cations is weak. Moreover, the com-
bustion temperature of carbamide is up to 1,600 °C, which

@ Springer
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Fig. 2 XRD pattern of RFeO3 nanocrystalline powder. a YFeOs;.
b LaFeOs;. ¢ NdFeO;

is unhelpful to obtain ultrafine powder with good disper-

sion. Surprisingly, citric acid is a kind of polycarboxylic
acid, having low price, strong chelate ability and moderate
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Fig. 3 The SEM morphology of the YFeO; powder calcined at
800 °C

combustion temperature, which is a good choice as fuel for
preparation of RFeO;. The sol-gel is sophisticated tech-
nique and requires stringent drying conditions and expen-
sive alkoxide precursors [17]. What is more significant is
that the calcination temperature for RFeOj is rather low by
this sol-gel combustion method, since the phase of RFeO3
can be directly formed in the as-burnt powder. Generally,
the other methods in related references require calcination
temperature up to 800 °C to form the desired ReFeOj;
phase.

During the self-propagating combustion process, citric
acid acts as the fuel for the combustion process and is
oxidized by the nitrates, a large amount of brown fume
evolving. The stoichiometric combustion reaction is:

3R(NO3); + 3Fe(NO3); + 5C¢HgOy
= 3RFeO; + 30CO; + 20H,0 + 9N,

3.2 Magnetic property

The elementary cell of RFeO; orthoferrites consists of four
formulae ABOj; with atoms distributed in positions such as
the ones shown in Fig. 4. The structure can be visualized as
a three-dimensional network of strings of FeOg octahedra.
The orthoferrite RFeO; crystallizes in a distorted perov-
skite structure with an orthorhombic unit cell. The distor-
tion from the ideal cubic perovskite is mainly in the
position of the R ions, where the Fe* " ions are present in an
essentially octahedral environment. In orthoferrite RFeOs,
the six-coordinated iron octahedra have been slightly tilted,
lowering the symmetry to orthorhombic. The magnetic
moments of iron and rare earth atoms as well as the
interactions between them are the source of the magnetic
properties of these orthoferrites. Rare earth and iron atoms
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Fig. 4 ABO; Orthorhombic distortion of crystal structure

belong to different groups of transition elements (4f and 3d
respectively) with different magnetic moment values. It is
common to divide all the interactions into the R—R, the Fe—
Fe and the Fe-R ones, each one generally consisting of
isotropic, antisymmetric and anisotropic symmetric super-
exchanges. A well-known feature of orthoferrites is the
strong anisotropy of various origins, which depends
essentially on the rare-earth atoms of compounds. The
antisymmetric component of the super-exchange interac-
tion manifests itself as the non-colinear magnetic structures
of various types which are characteristic for this family of
compounds. The room-temperature magnetic hystereses of
these compounds (YFeO3, LaFeO3; and NdFeOj3) are shown
in Fig. 5.

The magnetization versus magnetic field (M-H) curve
of YFeO3 nanopowder displays obvious rectangular hys-
teretic loop, and the saturation magnetization (M) reaches
0.15 emu/g and coercive field H. is about 40 kOe.
Although the RFeOj; orthoferrites are canted antiferro-
magnets, YFeO3 exhibits ferromagnetic behavior, which
maybe due to special outside ionic structure of Y>T (3d).
In LaFeO3; nanopowder, there is a hysteresis loop at room
temperature with a spontaneous magnetization. The shape
of the hysteresis loop is also characteristic of weak ferro-
magnetism. However, even a field of 20 kOe does not
saturate the magnetization curve, and the magnetization
still has a tendency to increase, which is characteristic of
the mainly anti-ferromagnetic ordering of the spins in the
nanoparticles. The coercive field is about 137 Oe and the

spontaneous magnetization is about 0.10 emu/g. The
spontaneous magnetization is directly estimated by
extrapolating the linear part of M(H) to H = 0 Oe [18].
The M-H curve of NdFeO; nanopowder is also shown in
Fig. 5, the maximum field applied is 20 kQOe, too. Different
from YFeO; and LaFeOs;, the shape of the hysteresis loop
of NdFeO; nanopowder exhibits typical characteristic of
anti-ferromagnetism, the magnetization still has an identi-
cal tendency to increase even at a field of 20 kOe.

In addition, the saturation magnetization (M) of RFeOj3
is no more than 0.30 emu/g in this work. It is obviously
lower than those in the earlier references [19-21], in which
the saturation magnetization of YFeO; LaFeO; and
NdFeOj; are all more than 1 emu/g. However, the coer-
civity of RFeOj; in this work is similar with those in the
earlier references. It maybe originated from the nanosized
effect of RFeO; powder because the average sizes in earlier
references are all more than 200 nm. Nanocrystalline
RFeO5 exhibits high coercivity and low saturation mag-
netization in reference [20].

The RFeO; family shows various interesting magnetic
coupling, due to different 4f electrons distribution of rare
earth element and the interaction between Fe ions and rare
earth element. Generally, the magnetic moments of iron
and rare earth atoms as well as the interactions between
them are the source of the magnetic properties of RFeOs;.
The magnetic superexchange interactions between the Fe
ions result in collinear anti-ferromagnetic spin order which
contributes to the anti-ferromagntic coupling along a par-
ticular crystallographic direction. However, low symmetry
of the distorted orthorhombic perovskite-type structure
leads to the tilt of FeOg octahedra. Consequently, a canted
spin order is also formed in the Fe lattice, which gives rise
to weak ferromagnetism along another crystallographic
direction [22, 23]. The FeOg octahedra can be tilted to
different degree depending on the size of the rare-earth
cation, leading to different net magnetic moment [24].

As discussed above, typical ferromagnetic coupling is
observed in YFeOs. However, the coercivity and remnant
magnetization are small for LaFeO3 and NdFeO;. So their
magnetic behaviors were investigated in more detail. The
magnetization versus temperature M (T) in 100 Oe field
with zero-field-cooled (ZFC) and field-cooled (FC) modes
for LaFeO5; and NdFeO; are shown in Fig. 6. NdFeO; has
two magnetic sublattices, and the Fe sublattice is antifer-
romagnetism, while the magnetic moments of Nd ions have
negative temperature coefficient. Below 35 K, the magni-
tude of Nd moments is larger than that of Fe cations, and
ferromagnetic-like situation which is revealed by ZFC
curve as shown in Fig. 6a may occur. However, moments
of Nd decreases with the increasing temperature, which
induces the drop in magnetization up to 35 K. Thereafter,
the antiferromagnetism of Fe sublattice becomes prominent

@ Springer
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Fig. 6 Temperature dependence of the magnetization after ZFC and FC measured at 100 Oe. a NdFeOs;. b LaFeO;

[25]. The behavior of LaFeO; is different from that
NdFeO;, The magnetization in FC curve decreases con-
tinuously with increasing temperature, and a cusp in the
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ZFC curve is observed around 38 K. These characteristics
are interpreted as the evidence of magnetic frustration or

glassy behavior [26].
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4 Conclusions

The polycrystalline nano-sized RFeO5; powders were syn-
thesized by the gel combustion method, and the average
crystallite size is 60-90 nm. Nanocrystalline RFeO3
exhibits high coercivity and low saturation magnetization
due to the nanosized effect. As anti-ferromagntic materials,
some RFeO; orthoferrites exhibit weak ferromagnetism
due to the empty of 4f electrons. Maybe the empty of 4f
electrons in R*>" ions is also a main reason of anti-ferro-
magnetism in RFeO; orthoferrites exhibiting weak ferro-
magnetism, which needs further investigation and research
in the future.
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