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Nanosized powders of trimetallic orthoferrites containing La and Sm in different ratios were synthesised by the
thermal decomposition at low temperatures of the corresponding hexacyanocomplexes. The precursors and their
decomposition products were analyzed by simultaneous thermogravimetric and differential thermal analysis (TG/
DTA), x-ray diffraction (XRD) and Raman spectroscopy. Single phase trimetallic precursors and oxides were
obtained. The crystal structure of the perovskitic oxides was orthorhombic, and the lattice parameters were
affected by the ionic size of the rare earth elements present in the oxides. Raman spectroscopy showed a disorder
effect in the vibrational bands with increasing the La content.
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I. Introduction

R are earth orthoferrites, LnFeQ,, with perovskite-type
structures are interesting materials for electroceramic
applications due to their mixed conductivity."® These mate-
rials are known to display ionic and electronic defects,”
which make these compounds important candidates for the
development of many innovative technologies.**®

Heterometallic oxides, like rare earth orthoferrites, are
conventionally prepared by the solid-state reaction at high
teraperatures of the corresponding single oxides. Problems
such as a crystal growth, change of the atomic stoichiomet-
rie ratio, and ease for second phase formation are easily
encountered.'” Chemical processing is being used to control
the homogeneity and reproducibility of the ceramic prod-
ucts and to lower the synthesis temperature.’® Several
chemical methods have been proposed for the preparation
of rare earth orthoferrites,'*'®

The preparation of LnFeO, and LnCoO, perovskite-type
oxides by the thermal decomposition at low temperatures
of the appropriate hexacyanocomplexes, readily precipitat-
ed from aqueous solution, was firstly proposed by Galagher
in 1968.'” Recently, some of the authors of this paper have
confirmed that rare earth perovskite-type oxides with rela-
tively high specific surface area can be obtained using this
preparation method."™*® This method is very useful to
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obtain homogeneous, nanosized rare earth orthoferrite
powders at temperatures as low as 600°C.”*” Moreover,
this method allows the preparation of single-phase, trime-
tallic complexes, the decomposition of which may lead to
the formation of single-phase, trimetallic perovskite-type
oxides, containing either two rare earths and Co,2**® or one
Ln and two transition metals (Fe and Co).**” This is very
interesting because the possibility to prepare trimetallic
oxides gives the chance to modulate in a wide range the
functional properties of the perovskitic oxides.

In this paper, we report the synthesis and the structural
characterization by x-ray diffraction and Raman spectro-
scopy of trimetallic orthoferrites in the series La Sm, _FeQ,
(x=0-1), prepared by the thermal decomposition of the cor-
responding hexacyanocomplexes, La,Sm, [Fe(CN)]. nI,0.
We compare the results obtained with the data previously
reported for the similar series containing Co instead of Fe 2%

1I. Experimental Procedure

The heteronuclear complexes, La Sm, [Fe(CN)]-nH,0
(x=0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1), were synthesized at room
temperature by mixing aqueous solutions of appropriate
amounts of La(NO,),-6H,0, Sm(NO,,6H,0, and K.Fe-
(CN),. After the mixture was stirred at room temperature
for 30 minutes, the precipitate obtained was collected by
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suction fltration and then washed with water, ethanol and
diethyl ether, before drying in air at 50°C. Atomic absorp-
tion analysis showed that the potassium content of the
purified complexes was lower than 0.05 wt%. The com-
plexes were decomposed at a rate of 5°C/min in air up to
selected temperatures in the range from 700°C to 1000°C,
at intervals of 100°C), held for 60 min., in order to obtain
the trimetallic orthoferrites in the series La Sm, FeO,.

The thermal decomposition behaviour of the complexes
was studied by simultaneous thermogravimetric and differ-
ential thermal analysis (TG/DTA), performed in flowing air
with a heating rate of 5°C/min. The characterization of the
structure of the complexes and of their decomposition prod-
ucts was carried out by x-ray diffraction (XRD), using Cu
Ko (1=0.154 nm) radiation. Microraman spectra were col-
lected with a DILOR Labram spectrometer confocally cou-
pled with an optical microscope. The 1=632.8 nm line of a
10 mW He-Ne laser was used ag excitation source. Rejec-
tion of the elastic peak was achieved by using a holographic
notch filter, which resulted in a cutting of the seattered sig-
nal below 100 cm™. The laser power on the sample was
kept below 0.5 mW mm™.

III. Results and Discussion

Fig. 1 shows the XRD results for the La Sm, [Fe(CN)]-
nH,0O complexes. The XRD patterns for the complexes hav-
ing x from 0 to 0.6 showed that they crystallized in the
orthorhombic¢ symmetry. For LnFe-complexes with Ln=La,
Ce, Pr, and Nd, Hulliger et al.*® determined two types of
crystal structures on single crystals, depending on the
number of crystallization water molecules, i.e., hexagonal
for n=5 and orthorhombic for n=4. The number of crystalli-
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Fig. 1. XRD profiles of the La Sm,_[Fe(CN)]-nH,O complexes
(x values are indicated in the figure).
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zation water molecules was estimated to be 4 from TGA
measurements, in agreement with the results reported in
the literature. On the other hand, the XRD patterns of the
LaFe- and La,Sm, Fe-complexes showed that they con-
sisted of a mixture of hexagonal and orthorhombic struec-
tures, as discussed elsewhere.?®

A gradual shift of the XRD peaks towards higher values
of 20 with increasing the Sm content was observed, as
shown in Fig. 1. The FWHM (full width at half maximumn)
of the major XRD peaks for orthorhombic structure was not
significantly affected by the x value. We could thus assume
that the La, Sm, Fe-complexes were made of a single crys-
talline phase. Hulliger et ¢! demonstrated that a linear
relationship exists between the lattice parameters and the
ionic radius of the rare earth element for the Lin ferri- and
chromicyanides.”” The same linear dependence of the lat-
tice parameters was observed for trimetallic eobalti-cya-
nides, when plotted as a function of the effective radii of the
rare earth ions, defined as r=x r, +H(1-x)r "*® For the
radii of the Ln ions, the values reported by Shannon and
Prewitt were used.’™*? We tried to confirm this behaviour
for the complexes in the LaSm, Fe series. The lattice
parameters of the complexes were determined by assuming
the orthorhombic crystalline structure and reported as a
function of the effective radius parameter of the rare earth
ions in the complexes, defined as x r; +(1-%)rg,, as shown in
Fig. 2. In Fig. 2, the linear fitting extrapolated for the com-
plexes in the LnFe series®™ is also reported. All the pre-
pared La Sm,  Fe-complexes with orthorhombic structure
fit well the linear relationship established for the LnFe-
complexes. This confirms the results obtained for trimetal-
lic complexes with Co.™® The lattice parameters of the
Lr’ Im”, Fe-complexes with orthorhombic structure are
determined by the size of the rare-earth-metal ions present
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Fig. 2. Correlation between the lattice parameters and r g, de-
fined as Xr; +(1-x)rg,, for the La Sm, Fe-complexes (closed
symbols); the lattice parameters for the LnFe-complexes (open
symbols) are also reported together with their linear fitting
(from ref. 31),
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Fig. 3.DTA and TG curves of the La,,Sm, [Fe(CN)]-4H,0
heteronuclear complex, measured in flowing aix, at the heating
rate of 5°C/min.

in the molecule.

Fig, 3 shows the TG and DTA curves for the La, ,Sm, Fe-
complex, as an example for the series of the complexes. The
TG curve shows that the weight loss started slowly at
about 110°C, followed by a faster loss which was completed
at about 290°C, accompanied by an endothermic effect in
the DTA curve with its maximum at about 210°C. This
weight loss can be ascribed to the loss of erystallization
water. The weight loss continued up to about 650°C, with
three different slopes. Each change of slope was in corre-
spondence of an exothermic peak in the DTA curve. The
first exothermic peak, at about 310°C, can be associated
with the decomposition of the cyanide groups.*® In corre-
spondence of the final weight loss the DTA curve showed a
broad exothermic peak, with its maximum at about 580°C
in the DTA curve. This weight loss can be ascribed to the
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Fig. 4. XRD profiles of the La,Sm, [Fe(CN).]-nH,0 complexes
decomposed at 1000°C(x values are indicated in the figure).
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loss of carbonate groups adsorbed on the oxide surface.* At
temperatures above 6560°C the weight loss remained con-
stant. The total weight loss was 41.6%, in good agreement
with the theoretical loss (42.12%) calculated for the forma-
tion of La, ;Sm, ,FeO, from the complex with 4 molecules of
crystallization water. For the other complexes, the trend is
that the weight loss increased with increasing the La content,
in agreement with the theoretical values. On the other hand,
the temperature at which the weight loss remained congtant
slightly increased with increasing the Sm content.

XRD results on the decomposition products of the com-
plexes showed that single-phase trimetallic orthoferrites in
orthorhombic symmetry were already formed above 650°C.
With increasing the decomposition temperatures, crystal-
linity of the samples improved. Fig. 4 shows the XRD pat-
terns of the La Sm, Fe-complexes decomposed at 1000°C.
For x=1 and x=0 (data not reported in the figure), the XRD
patterns were in agreement with the data reported in the
literature for LaFeO, (JCPDS file No. 37-1493, orthorhom-
bic), and SmFeQ, (JCPDS file No. 39-1490, orthorhombic),
respectively. The XRD spectra of the decomposed com-
plexes prepared by partially replacing Sm with La were in
between the patterns observed for LaFeO, and SmFeO,.
The XRD peaks shifted to lower diffraction angles as the La
content increased. One of the most interesting features
observed in the rare earth perovskite-type family of com-
pounds is the linear dependence of the lattice parameters
on the effective radii of the rare earth ions, defined as r;=x
r,+(1-x)r; ., as observed for the trimetallic rare earth
orthocobaltites.® From the XRD results reported above, a
correlation between the Ln ionic radii and the crystal struc-
ture of the orthoferrites can bhe clearly suggested. Again,
the lattice parameters of the orthorhombic structures were
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Fig. 5. Correlation between the lattice parameters and r,
defined as xr; +(1-x)rg,, for the La Sm, Fe-complexes decom-
posed at 1000°C (closed symbols); the lattice parameters for
LnFeQ, series (open symbols) are also reported together with
their linear fitting (from ref. 31).
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determined and reported as a function of r_, defined as x
. +H(1-x) ry, as shown in Fig. 5, where the lattice parame-
ters of the LnFeO, oxides and their linear fitting® are also
reported. The trend for the variation with r g of the lattice
parameters of the La Sm, FeO, oxides 1s exactly the same
as for LnFeO, oxides. The obgerved correlation suggests
that the lattice parameters of the La Sm; FeO, orthofer-
rites are primarily influenced by the size of the rare-earth-
metal ions present in the molecule, more than by their
chemical nature. The effective radius of the Lin ion is a pow-
erful parameter for elucidating the role played by the rare-
earth elements.

Fig. 6 shows the Raman spectroscopy data for the La sm, ,
Fe-complexes decomposed at 900°C. Raman spectroscopy
data on rare-earth orthoferrites are reported in the rele-
vant literature for TbFeQ,, DyFeO,, TmFe0,,*® LuFe0,,*
and ErFe0,.*” A thorough analysis of the Raman bands
observed for the La Sm, FeO, samples goes beyond the
purpose of the present study. However some useful
remarks can be made by observing the behavior of the
Raman bands with decreasing the content of Sm. Sharp
Raman bands were observed for the SmFeO, sample. The
increase in the La content resulted in a broadening of the
Raman bands. This effect can be ascribed to a disorder
effect induced by the substitutio of Sm with La cation in the
SmFe0, lattice.

Microraman mapping was also performed in order to check
the sample homogeneity. Apart from the sample with x=0.2,
which showed some inhomogeneity in the Raman spectra, the
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Fig. 6. Raman spectra of the LaSm, [Fe(CN)]nH,0 com-
plexes decomposed at 900°C (x values are indicated in the fig-
ure).
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other gample did not show significant changes in the spectral
features of spectra collected at different points.

According to the linear relationship observed for the lat-
tice parameters on the effective radius of the rare eath ions,
we tried to follow the same approach by treating the
Raman data, introducing the concept of the effective cation
mass, defined as m_g~xm; +(1-x)mg,, for the discussion of
the Raman bands behavior for the present samples.

The Raman modes abhove 200 em™ showed in general an
increase in frequency with increasing the effective mass
m, of the La, Sm_ “cation.” This effect has been already
observed for ThFeO,, DyFeO,, TmFeO,, and LuFeO,, and
explained by observing that a systematic decrease in the
cell size with the mass of the Ln*" ions may cause a slight
increase in the Ln-O and Fe-O force constants.**®

Therefore, if one assumes that most of the features above
200 em™ are associated with the vibration of oxygen ions
(because of their relatively high frequency these modes are
most likey associated with the light oxygen atoms rather
than with the rare earth), their frequency is expected to
increase with increasing the mass of the Ln®* ion, because
of the increase in the Ln-O and Fe-O force constants. This
interpretation is also in agreement with the observed
broadening of the Raman modes above 200cm™ with
increasing the La content. Indeed, the presence of La ions
at Sm lattice sites may cause local distortions of the cation
coordination octahedra and therefore a broadening of the
Raman bands aseribed to the motion of oxygen ions.

A broad electronic continuum was occasionally observed
below the phonon bands. This kind of feature was also sys-
tematically observed in the Raman scattering of the
LnTiO, family of Mott-Hubbard insulators (Ln=La, Ce, Pr,
Nd, Sm, Gd) and ascribed to free-electron scattring.®®
Though this aspect deserves further investigations, the
pregence of a broad continuum observed in orthoferrites
may indicate the presence of charge carriers induced by
oxygen substoichiometry, for example.

IV. Conclusions

Trimetallic orthoferrites in the La Sm, FeO, series were
synthesised by the thermal decomposition at low tempera-
tures (650°C) of the corresponding hexacyanocomplexes,
La Sm, [Fe(CN)]-nH,0. The major role played by the ionic
radii of the Ln* ions on the formation of the orthoferrites
has been identified. The size of the ions present in the per-
ovekitic oxides is more important than their chemical
nature for the determination of the stable crystalline struc-
ture. Raman spectroscopy showed a digorder effect in the
vibrational bands with increasing the La content. These
materials possess promising characteristics for their appli-
cations as electroceramics.
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