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Abstract

Nanocrystalline orthoferrite powders were synthesised at low temperatures by employing an aqueous sol—gel process. Colloidal sols and water
re-dispersible gels of orthoferrite precursors were prepared by room-temperature processing of inexpensive metal salts. The average diameter (Z,,)
of the precursor particles was in the size range from 4 to 7 nm; the diameters had a narrow size distribution. Water re-dispersible translucent gel
monoliths were obtained by concentrating the aqueous sols followed by drying them under reduced pressure (102 Torr) at room temperature. The
sol—gel transition was found to be completely reversible. Nanocrystalline fine powders of orthoferrites of general formula, LnFeO; (Ln=La, Sm,
Gd, Dy, Er, Yb and Y) having a crystallite size of about 25 nm were prepared by heating the gel precursors at 650-700 °C in air. Powder X-ray
diffraction and thermogravimetry, respectively, were employed to identify perovskite phase formation and delineate thermal events that lead to gel
to crystallite conversion. Magnetic measurements were carried out on the resultant powders at room temperature and down to 40 K. Nanocrystalline

orthoferrite powders exhibited weak ferromagnetic behaviour, and reduced magnetic moments.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The rare earth orthoferrites crystallise in the perovskite struc-
ture and find applications in various areas such as solid oxide
fuel cells, sensors and catalysis.' Fine powders of orthofer-
rites are desirable for these applications which can be pre-
pared by coprecipitation,® by the oxalate,’ citrate,® and sol-gel
process’ and by other methods.!®!! The chemical methods
offer advantages such as low-temperature oxide formation, high
surface area, small particle size, exact cation-stoichiometry
and phase purity.'>'4 Wet-chemical methods are promising to
produce nanoparticles having discrete sizes and narrow size-
distribution.

Among these, the sol—gel process is attractive since the pro-
cess parameters can be varied to produce oxide powders possess-
ing arange of desirable properties. Normally, metal alkoxides or
heterometal alkoxides are dissolved in an organic solvent such
as alcohol and hydrolysed under controlled conditions to pro-
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duce a sol. Itis essential that the hydrolysis and the condensation
steps lead to bonding between two or more dissimilar metal ions
via oxo or hydroxo bridging groups. This molecular level cation
mixing is retained during the course of the sol—gel transition
as well as on heating the gel resulting in the formation of the
corresponding metal oxide at low temperatures.

However, metal alkoxides and organic solvents are expen-
sive making the process suitable only for speciality applications,
small-scale preparations and exploratory work. The moisture
sensitivity of metal alkoxides, the recovery of organic sol-
vents for reuse, handling and environmental issues make the
all-alkoxide sol—gel process less attractive for large scale appli-
cations. In addition, the low solubility of rare earth alkox-
ides in alcohols, and the need for producing single source
Ln(IIT)-Fe(III) precursors make the metal-organic approach rel-
atively process intensive.

In this paper we report a novel all-inorganic aqueous sol—gel
process to produce nanocrystalline orthoferrite powders at low
temperatures. The process described can be easily scaled up
making the process commercially viable. In addition, the mag-
netic properties of these nanosized powders have also been
surveyed and the results are presented.
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2. Experimental
2.1. Sol-gel synthesis of orthoferrite precursors

A 200 mL quantity of 0.2 M aqueous solution of lanthanum
nitrate, La(NO3)3-9H,0 (99.99%, Aldrich) was mixed with
200 mL of 0.2M iron(IIl) nitrate, Fe(NO3)3-9H,0 (99.99+%,
Aldrich) and titrated with 5% aqueous ammonia solution with
constant stirring (300rpm) at room temperature until com-
plete precipitation of lanthanum and iron as mixed hydroxides
took place. The precipitate was filtered, washed with water
and peptised with 2N HNO3 at 40 °C to get a clear sol. The
resultant sol was centrifuged at 4000 rpm for 15 min to elimi-
nate traces of unpeptised precipitate. The sol was concentrated
under a reduced pressure (10~2 Torr) at room temperature to
form a viscous sol, transferred to a petri-dish and allowed to
dry at room temperature to a redispersible, monolithic translu-
cent gel. Following the same procedure orthoferrite precursors
with Sm, Gd, Dy, Er, Yb and Y, respectively, were produced
by employing corresponding metal nitrates (99.99% purity,
Aldrich).

2.2. Characterisation

2.2.1. Photon correlation spectroscopy(PCS)
measurements

The sols were characterised for their particle size and size
distribution using a photon correlation spectrometer (PCS),
Malvern Instruments (Lo-C Autosizer, series 7132 multi-8 cor-
relator) using a 4 mW diode laser, 670 nm wavelength light
source. A drop of the sol was diluted with doubly distilled water
to millimolar concentration, filtered through 0.2 pm filter and
used for these PCS measurements.

2.2.2. Powder X-ray diffraction measurements

The crystallinity, crystal structure and phase composition of
the powders were charaterised by Philips X-ray diffractome-
ter model PW1710 using Cu Ka radiation. The spectra were
recorded in the region of 26 =10-90° with a step scan of 0.1°
per minute and the cell parameters were calculated and further
refined using linear regression procedures (Philips APD 1700
software). The crystallite size was determined from the XRD
reflection employing the following relation:

0.9

Dy = —,
hkl Bi1/2cosb

where Dy is the crystallite size, A is the wavelength of Cu
Ka radiation, By, is the calibrated half-width of the strongest
reflection, and 0 is the diffraction angle of that peak.

2.2.3. Magnetic measurements

For magnetic measurements a 5T Quantum Design MPMS-
5S SQUID magnetometer was used. The magnetisation mea-
surements were performed in the temperature range 40-300 K.
The measurements were carried out by applying a field of
11.6 kOe and the samples were cooled from 300 K.

2.2.4. Thermal analysis

Simultaneous differential thermal analysis and thermogravi-
metric analysis (DTA-TGA) was performed on vacuum dried
gel samples using an STA 1500 (Rheometric Scientific Ltd) in

static air up to 1273 K at a ramp rate of 10 Kmin~'.

3. Results and discussion

The size of particles in the aqueous dispersion was in the
range from 4 to 7nm and had an average size (Z,y) of about
6 nm. The PCS spectra of representative sols are given in Fig. 1.
It is clearly seen from the figure that the size distribution falls
well within the narrow range of 4-7 nm with Z,, of 6 nm. The
sols having 3—4 wt.% solid were stable for a period of 4 weeks,
and the PCS spectra remained unchanged. The PCS results are
summarised in Table 1. The precursor sols upon concentration
under reduced pressure (1 0~2 Torr) at room temperature resulted
in a sol-gel transition to give a monolithic translucent gel. The
gel was re-dispersible in water and the sol-gel transition was
found to be completely reversible. Aqueous dispersions having
3—4 wt.% solid were prepared, and the diluted sols were charac-
terised. The pH of these sols were in the range of 4.3-3.7, and
addition of electrolytes or any change in pH out of this range
destabilised the sols.

Thermogravimetric (TG) and differential thermal analy-
sis (DTA) curves of a representative YbFeO3 precursor gel
is shown in Fig. 2. The TGA-DTA curves reveal that the
formation of YbFeO3 proceeds through three major thermal
events—dehydration, dehydroxylation and final dehydroxyla-
tion process to give a constant mass. These major thermal events
are shown as strong and relatively broad endotherms centred
around 100, 185 and 305 °C, respectively. There is a broad
overlapping endotherm that extends beyond 450 °C. There is
one to one correspondence to the thermal events and the TG-
weight loss steps. The endotherm around 100 °C and the further
weak endotherm at 185 °C correspond to the elimination of sur-
face bound water from the gel. The subsequent endotherms at
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Fig. 1. Photon correlation spectra of LnFeO3 precursor sols.
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Table 1

Characteristics of the precursor sols, structure and magnetic properties of the nanocrystalline orthoferrite powders

Compound Sol partical size (nm) Unit cell parameter A Unit cell volume (A3) Magnetic moments (emu mol ™ 1
a b c Nano Coarse
LaFeO3 6.3 5.555 5.565 7.863 243.1 243 255
SmFeO3 6.0 5.394 5.593 7.712 232.7 217 230
GdFeO3 6.0 5.347 5.615 7.668 230.2 254 273
DyFeO3 5.8 5.303 5.599 7.622 226.3 210 225
ErFeO3 5.5 5.264 5.583 7.594 223.2 220 228
YFeO3 6.0 5.286 5.594 7.606 224.9 - -
YbFeOs3 5.6 5.235 5.556 7.571 220.1 241 250

305 °C and the broad endotherm extending to 450 °C represent
major events occurring as a result of the break-up of the gel
net work. The events represent the dehydroxylation process,
wherein hydroxo groups (—-M-O(H)-M-O(H)-) both bridging
and non-bridging are converted into oxo groups (M—-O-M-0-)
by condensation. Thermogram (TG) shows a constant weight
at 450 °C after an overall weight-loss of 41.3%. The powder
XRD of the solid residue obtained at this stage revealed that
it was amorphous but crystallised to perovskite structure on
heating above 650 °C. The weak exotherm at 650 °C, therefore,
corresponds to the crystallisation of the YbFeO3 to perovskite
structure.

The powder X-ray diffraction pattern of the orthoferrite pre-
cursor gels showed that they were amorphous. The gels were
then heated to increasingly higher temperatures and the XRD
patterns were recorded. Fig. 3 shows typical XRD patterns of
LnFeO3 (Ln=La and Yb) produced from corresponding precur-
sor gels heated to 700 °C. The XRD patterns of the orthoferrites
having the largest rare earth ion (La’*) and the smallest rare
earth ion (Yb>*) are shown in the figure. Heating to 600°C
showed the onset of crystallisation with the appearance of a few
reflections. Further heating to 650-700 °C resulted in complete
crysallisation of the perovskite phase for all orthoferrites, and the
extreme members are shown in the Fig. 3. Prominent reflections
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Fig. 2. TG-DTA trace of re-dispersible YbFeO3 precursor gel.

of the perovskite structure appeared in the region, 26 = 30-35°
on heating and all the reflections of the corresponding perovskite
structure were identified. It is clear from the XRD patterns that
the samples are single phase perovskite oxides, which are free
from impurity phases. The crystalline orthoferrite phase formed
directly without any phase segregation into rare earth oxide and
iron oxide from the amorphous phase. This suggests that in the
all-inorganic sol—gel process, molecular level mixing of metal
ions is retained at various stages of processing to enable the
formation of the desired compounds at relatively low temper-
atures of 650-700°C. A crystallite size of about 25 4+ 2 nm is
determined from the prominent XRD reflection for all the sam-
ples that were heated to 700 °C for 1h. Since the molecular
precursor approach overcomes the diffusional and phase bound-
ary constraints normally associated with solid state reactions,
all these compounds are formed at low temperatures and require
only short heating duration of about 1 h. From the XRD patterns
unit cell parameters were determined and the values are listed
in Table 1. The unit cell parameters are in good agreement with
the literature. '

Fig. 4 shows the variation of lattice parameters as a function of
rare earth ionic size. As seen from the figure, ‘a’ and ‘c’ param-
eters decrease smoothly for rare earth ions of smaller size. As
expected the unit cell volume decreases gradually from LaFeO3
to YbFeOs3;. However, the ‘b’ parameter shows unexpected
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Fig. 3. Typical powder X-ray diffraction patterns of nanocrystalline LaFeO3
and YbFeO3; powders.
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Fig. 4. Variation of unit cell parameters as a function of rare earth ionic size for
aqueous sol—gel derived orthoferrites powders.

behaviour as it goes through a maximum at about Dy**—Gd>*
but decreases from Gd** to Yb>*. These structural variations are
the result of the size mismatch between the trivalent rare earth
and Fe* ions distorting the perovskite lattice to give optimum
coordination to Ln ions.!>!® The Ln—O bond length is enlarged
by a cooperative buckling of corner shared FeOg octahedra to
match the Fe—O bond length. The buckling of FeOg octahedral
units results in a decreased cation—oxygen—cation bond angle
from 180° and the orthoferrites having smaller rare earth ions,
therefore adopt the space group Pbnm, while the compounds
having larger rare earth ions crystallise in Pnma.

Fig. 5 is the M-H curve obtained for 25 nm sized LaFeOs3
powders showing weak ferromagnetic behaviour at room tem-
perature. The magnetisation does not saturate even at high fields
of 60 kOe, and the moment values are considerably lower than
those reported in the literature.'®!7 This could be due to the
large surface to volume ratio of the nanocrystalline powders.
Table 1 summarises the room temperature magnetic properties
of LaFeOs3 and other ferrites.

The temperature dependent magnetisation behaviour of
nanocrystalline orthoferrite powders are shown in Fig. 6. As
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Fig. 5. M—H curve for 25 nm LaFeO3 at room temperature.
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Fig. 6. Magnetisation vs. temperature measurements for nanocrystalline ortho-
ferrite powders.

it is clearly seen all the orthoferrites exhibit weak ferromagnetic
behaviour at room temperature and it persists down to 40 K.
The orthoferrites are essentially antiferromagnetic, and the faint
ferromagnetic response given by these oxides is of consider-
able interest.'®!° The magnetic sub-structure in orthoferrites can
be described by two interpenetrating pseudo-cubic face centred
sub-lattices in which each Fe3* ion is surrounded by six nearest
neighbour Fe3* ions. The crystal structure is deformed consider-
ably from the ideal perovskite structure and the FeOg octahedra
are tilted to varying degrees depending on the size of the rare
earth ion. This results in non-collinear arrangement of the two
magnetic sub-lattices to a residual moment, and the magnitude
depends on the angle of spin-canting which is about 0.5°. The
room temperature moments are found to lie approximately par-
allel to the [00 1] axis.?’ In nanocrystalline samples, the large
surface to volume ratios are known to influence the magnetic
properties.?!

Therefore, the moment is intrinsic to the sample, and it is
essentially due to canting in the alignment of the two anti-
ferromagnetically coupled lattices in the distorted perovskite
structute. This canting is sufficient to give a small net ferro-
magnetic moment perpendicular to the antoferromagnetic axis.
At 300 K, the moments range from 210 to 256 emu mol~!, and
DyFeO3 and GdFeOs3, respectively, showed the lowest and the
highest values. LaFeO3 showed almost the same moment down
to 40 K, whereas for the other ferrites it increased slightly below
75 K. The magnetisation measurements are in agreement with
earlier reports, but the moments are relatively lower and the val-
ues are given in Table 1.16-17

It is worth comparing the weak spontaneous magnetic
moments observed in orthoferrites to other such magnetic sys-
tems. A moment of 57.6 emumol~! is reported for OL-F6203,22
and 188 emumol~! for MnCO3.2% The ferromagnetic moment
distribution is found to deviate from spherical symmetry for
these compounds. For nanocrystalline orthoferrites the room
temperature moment values range from 210 to 256 emu mol !,
which are somewhat lower compared to the coarse grained sam-
ples prepared by conventional methods.
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4. Conclusions

In this paper it is shown that nanocrystalline orthoferrite
powders can be prepared by an inexpensive aqueous inorganic
sol—gel process. The sol—gel transition is completely reversible.
Crystalline orthoferrites were formed at a relatively low temper-
ature of 650 °C without any phase segregation to individual rare
earth oxide and iron oxide. The perovskite phase was formed
directly from the gel precursor without any crystalline phase
segregation. The process described can be readily scaled up mak-
ing the process commercially viable. The resultant nanocrys-
talline orthoferrites exhibited weak ferromagnetic behavior, and
reduced moments.
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