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a b s t r a c t

Four mixed oxides of composition LnFeTeO6 (with Ln = La, Pr, Nd, Sm), belonging to a superstructure of
the PbSb2O6 structural type, have been prepared by solid state reactions and their unit cell parameters
determined by X-ray powder diffractometry. The infrared and Raman spectra of these materials were also
recorded and briefly discussed, on the basis of a site-symmetry analysis. The 57Fe-Mössbauer spectra show
vailable online 24 August 2010

eywords:
ixed oxides

bSb2O6 superstructure
-ray diffraction

that the FeIIIO6 octahedra present in these materials are not greatly distorted.
© 2010 Elsevier B.V. All rights reserved.
ibrational spectra
7Fe-Mössbauer spectra

. Introduction

Forty years ago Blasse and De Pauw prepared a number of mixed
xide materials belonging to the PbSb2O6 structural type, includ-
ng some tellurates of the type LaMTeO6 (M = Al, Ga, Fe, Rh) and
iMTeO6 (M = Cr, Ga) [1]. As the number of lanthanide tellurates in
eneral [2] and those of the type LnMTeO6 in particular, remains
elatively scarce we have attempted to extend the LaFeTeO6 series
o other Ln(III) cations, as the similar series with Cr(III), LnCrTeO6, is
nown for all the lanthanides between La(III) and Yb(III), including
(III) [3].

In this paper we report the synthesis of the LnFeTeO6 materi-
ls with Ln = La–Sm, as well as their crystallographic data, obtained
rom X-ray powder measurements, complemented with the analy-
is of the respective vibrational (IR and Raman) and 57Fe-Mössbauer
pectra.

. Experimental

.1. Preparation of the compounds
The materials were prepared by heating, in air, well-ground stoichiomeric mix-
ures of Ln2O3, Fe2O3 and TeO2 at 1000 ◦C during about 2 h, using platinum crucibles.
he reaction mixtures were removed from the furnace intermittently, ground and
eheated in order to ensure reaction completion and phase purity. The colors of

∗ Corresponding author. Tel.: +54 221 4259485; fax: +54 221 4259485.
E-mail address: baran@quimica.unlp.edu.ar (E.J. Baran).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.054
the synthesized powders vary from light-brown to dark-brown, with a reddish
hue in some cases. These differences in coloration are probably originated in small
differences of the employed thermal treatments.

2.2. X-ray powder diagrams

The obtained mixed oxides were characterized by X-ray powder diffractometry,
using a continuous step scanning procedure (step size: 0.020◦ (in 2�); time per step:
0.5 s), with a Philips PW 3710 diffractometer and monochromatic Cu K� radiation
(� = 1.54060 Å), using NaCl as an external calibration standard. The indexation of the
powder diagrams and calculation of unit cell parameters were carried out using a
locally modified version of the program PIRUM of Werner [4].

2.3. FTIR and Raman spectra

The infrared spectra were recorded with a Nicolet-Magna 550 FTIR instrument,
using the KBr pellet technique. Raman spectra were obtained with the FRA 106
Raman accessory of a Bruker IFS 66 FTIR instrument, using the 1046 nm line of a
solid state Nd:YAG laser for excitation. Spectral resolution for both measurements
was ±4 cm−1.

2.4. Mössbauer spectra

Room temperature Mössbauer spectra were taken in transmission geometry

using a conventional constant acceleration spectrometer of 512 channels with a
10 mCi nominal activity 57CoRh source, in transmission geometry. The absorber was
a powdered sample, which optimum thickness was calculated with the method of
Long et al. [5]. The hyperfine parameters were obtained by fitting the data to lines
of Lorentzian shape using a least-squares computer code with constraints. Isomer
shifts were calibrated against an �-Fe foil at room temperature.

dx.doi.org/10.1016/j.jallcom.2010.08.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Unit cell parameters of the investigated materials.

Material a (Å) c (Å) V (Å3)

LaFeTeO6 5.203(6) 10.360(7) 242.87(3)
PrFeTeO6 5.188(7) 10.147(9) 236.51(3)
NdFeTeO6 5.170(4) 10.077(9) 233.25(2)
SmFeTeO6 5.179(2) 9.969(4) 231.56(1)

Table 2
Site-symmetry analysis of the TeO6 vibrational modes in the
investigated LnFeTeO6 materials.

“Free” TeO6 (Oh) Site symmetry (C3)

�1 (A1g) A
�2 (Eg) E
�3 (F1u) A + E
�4 (F1u) A + E
�5 (F2g) A + E
�6 (F2u) A + E

Activity: Activity:

it can be seen in the crystalline compound the degeneracy of the
triple degenerated modes are partially removed and, in the crystal
lattice, all vibrational modes (A and E) are IR and Raman active.

As an example of the IR spectra recorded for these mate-
rials, Fig. 2 shows that belonging to NdFeTeO6. The proposed
ig. 1. Schematic representation of the indexed powder diagram of SmFeTeO6. The
our strongest reflections of Fe2O3, present as an impurity, could also be identified
nd are marked as (*).

. Results and discussion

.1. Synthesis of the compounds

As previously stated [1] the preparation of pure LnFeTeO6 sam-
les with Ln(III) other than La(III), is relatively difficult. In our
reparations, we have always found small quantities of Fe2O3 as
contaminant. Notwithstanding, the characteristic powder pat-

ern of LaFeTeO6 [6] was found in all the prepared samples, with
n = La–Sm, and could be successfully indexed in the hexagonal
rystal system without problems. Powder diagrams of materi-
ls prepared with the smaller lanthanide cations (Gd–Lu and Y),
lthough basically resembling the LaFeTeO6 pattern, could not be
ndexed in this crystal system.

As an example of the obtained powder diagrams, Fig. 1 shows
hat corresponding to one of the prepared SmFeTeO6 samples,
ncluding the calculated Miller indices and the observed reflections
f Fe2O3, present as an impurity.

.2. Crystallographic data and structural aspects

The PbSb2O6 structure is one of the typical structural types
or AB2O6 mixed oxides. Its structural characteristics were first
etermined by Magnéli [7] and further refined by neutron pow-
er diffraction [8]. It crystallizes in the space group P3̄1m and Z = 1,

n which both Sb(V) and Pb(II) are octahedrally coordinated. Each
f the SbO6 octahedra shares three of its edges with neighboring
ctahedra to form an open {0 0 1} honeycomb-sheet with holes.
he PbO6-octahedra are located above and below these holes and
onnect adjacent SbO6-based sheets along {0 0 1} [8–10]. Because
f the large positive valence of the Sb(V) cation, the Sb–O bonding
n the SbO6 units is fairly covalent, whereas Pb–O interactions are
ssentially ionic [10].

Regarding the LnCrTeO6 materials, it has been proposed that
hey may be described as a superstructure of PbSb2O6, by doubling
f the c-parameter of the PbSb2O6 unit cell and with a long-range
rdering of the Te(VI) and Cr(III) cations in the Sb(V) sublattice
1,3]. The space group of this superstructure is P3̄ (Nr.147) with
= 2 [3,11]. The same conclusions are valid for the now investi-
ated LnFeTeO6 series as its members are isostructural with the
nCrTeO6 materials [1,6].

The calculated and refined unit cell parameters for the prepared
nFeTeO6 compounds are shown in Table 1. A decrease of the unit
ell volumes from LaFeTeO6 to SmFeTeO6 is clearly observable.
ince the structure is built up by stacking LnO6 and FeO6/TeO6

nits, alternately along the c-axis, the volume decreases almost lin-
arly with the diminution of the ionic radii of the big interlaying
n(III) cations, as found also in other related compounds belonging
o the PbSb2O6 structure [12]. Besides, and also due to this stack-
ng mode of the LnO6-polyhedra, the c-parameters of the unit cell
A1g, Eg, F2g: Raman A, E: Raman and IR
F1u: IR
F2u: inactive

show a stronger dependence from the lanthanide size, than does
the corresponding a-parameters.

3.3. Vibrational spectra

These materials show band reach IR spectral patterns in the
spectral range between 700 and 300 cm−1. The corresponding
Raman spectra appear poorly defined, and only in the cases of
LaFeTeO6 and NdFeTeO6 relatively well-defined spectra could be
obtained.

It is expected, that these spectra are essentially dominated by
vibrations related to the coordination polyhedra containing the
highest charged cation, in this case the TeO6 units, which present
also relatively important covalent characteristics, as pointed out
above. Therefore, and in order to analyze the vibrations of these
groups, we have performed a site-symmetry analysis [13–15] on
the basis of the discussed structural peculiarities, correlating the
symmetry of the “free” polyhedron (Oh) with its site symmetry
(C3). The results of this analysis are presented in Table 2, and as
Fig. 2. FTIR spectrum of NdFeTeO6.
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Table 3
Assignment of the IR and Raman spectra of NdFeTeO6 (band positions in cm−1).

Infrared Raman Approximate assignment

715 vs �1 (TeO6), symmetric Te–O stretching
675 vs, br 670 m �3 (TeO6), antisymmetric Te–O stretching
582 vs 610 vw �2 (TeO6), symmetric Te–O stretching
530 sh, 495 vs, br 490 s �4 (TeO6), antisymmetric deformation
426 vs 433 w �5 (TeO6), antisymmetric deformation
337 m, 317 s 340 w � (FeO6)/� (LnO6)
287 m External mode

vs, very strong; s, strong; m, medium; w, weak; br, broad; sh, shoulder.

Fig. 3. 57Fe-Mössbauer spectrum of NdFeTeO6.

Table 5
Mössbauer parameters of the investigated compounds.

Compound ı (mm/s) � (mm/s) � (mm/s)

T
A

v

6 A.E. Lavat et al. / Journal of Alloy

ssignment, complemented with the information provided by the
orresponding Raman spectrum, is presented in Table 3, and briefly
ommented as follows:

As expected, the totally symmetric stretching mode, �1, is seen as
the strongest line in the Raman spectrum [14,16]. This vibration
is not seen in the IR spectrum, because it is surely overlapped
with the very strong and broad �3 band.
The predicted splitting of the triple degenerated modes (cf. again
Table 2) is not clearly visualized neither in the IR nor in the
Raman spectrum. Notwithstanding, the IR band assigned to the
�4 vibration is clearly asymmetric, presenting a weak shoulder
on its higher energy side. Besides, the Raman band assigned to �3
presents also a weak splitting on the high energy edge.
The relatively high energy and IR-intensity of the �2 mode is
especially remarkable, whereas in the Raman spectrum the line
related to this vibration shows only a very weak intensity.
Bands assignable to the predicted components of the �6 vibra-
tional mode could not be identified, probably because this
vibration attains not enough intensity. The position of this band
is expected to lie at about 300 cm−1, as predicted by the known
relation �6 = �5

√
2 [17].

The IR band doublet at 337/317 cm−1 and its Raman counterpart
(a single weak band at 340 cm−1) has been tentatively assigned
to stretching vibrations of the FeO6 and LnO6 octahedra, by com-
parison with characteristic vibrations of Fe2O3 and lanthanide
oxides [13,18,19].
Vibrations below 300 cm−1 can confidently be assigned to exter-
nal (lattice) modes [13,16,20].

It is also interesting to comment, that the proposed assignments
grees very well with those given for the TeO6 vibrations in some
rdered perovskite tellurates, such as Sr2NiTeO6, Ba2CaTeO6 and
a3TeO6 [20].

Finally, it seems interesting to perform a rough estimation of
he force constants of the analyzed Te–O bonds. On the basis of the

and F matrixes for a regular octahedral species [21], neglecting
oupling between the two F1u vibrations and assuming frr = f′rr the
ollowing simplified equations can be formulated for this purpose
cf. [22,23]):

s = �O(fr + 5frr) (A1g)

as = (�O + 2�Te)(fr − frr) (F1u)

Resolving these equations using the �1 and �3 values presented
n Table 3, a value of 3.43 mdyn/Å is obtained for the fr value of
he Te–O bond, whereas the corresponding bond–bond interac-
ion constant, frr, lies at 0.23 mdyn/Å. The bond order, according

o Siebert [15], estimated from the calculated force constant fr is
.11, pointing to a weak Te–O bond with a practically negligible
-contribution.

The band positions of the measured FTIR spectra of the complete
eries of investigated compounds are shown in Table 4. As it can be

able 4
ssignment of the IR spectra of the investigated LnFeTeO6 materials (band positions in cm

LaFeTeO6 PrFeTeO6 NdFeTeO6

670 vs, br 671 vs 675 vs, br
577 s 578 s 582 vs
520 sh, 495 vs 535 sh, 495 vs 530 sh, 495 vs
420 s 420 s 426 s
334 m, 311 s 335 m, 314 s 337 m, 317 s
281 s 282 s 287 m

s, very strong; s, strong; m, medium; br, broad; sh, shoulder.
LaFeTeO6 0.36 ± 0.01 0.45 ± 0.02 0.26 ± 0.01
PrFeTeO6 0.35 ± 0.01 0.46 ± 0.02 0.26 ± 0.01
NdFeTeO6 0.35 ± 0.01 0.47 ± 0.01 0.30 ± 0.01
SmFeTeO6 0.34 ± 0.01 0.49 ± 0.02 0.32 ± 0.02

seen, most of the IR bands show a weak but clear displacement to
higher wavenumbers which parallels the diminution of the unit cell
volumes. This is the usually expected trend for a series of isostruc-
tural compounds of this type, and is related to the reinforcement
of the Te–O bonds with the diminution of the unit cell dimensions
[24–26].

3.4. Mössbauer spectra

Fig. 3 shows the 57Fe-Mössbauer spectrum of NdFeTeO6, as a
typical example of the obtained spectra. The determined hyperfine

parameters (chemical shift, ı; quadrupolar splitting, �; line half-
width, � ) are presented in Table 5.

The measured isomeric shifts falls clearly in the range which
is characteristic for high-spin Fe(III) in an octahedral oxygen envi-
ronment [27,28]. On the other hand, the values of the quadrupolar

−1).

SmFeTeO6 Approximate assignment

673 vs, br �3 (TeO6)
584 s �2 (TeO6)
525 sh, 501 vs �4 (TeO6)
428 s �5 (TeO6)
340 m, 320 s � (FeO6)/� (LnO6)
289 m External modes
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plittings show that the FeO6-polyhedra are not very distorted.
nterestingly, these values show a certain tendency to increase on
oing from LaFeTeO6 to SmFeTeO6, suggesting a slightly increasing
istortion with the diminution of the unit cell volumes, as observed

n other cases [26].

. Conclusions

Four mixed tellurate oxides of composition LnFeTeO6 (with
n = La, Pr, Nd, Sm) were prepared by solid state reaction. They are
sostructural with the corresponding LnCrTeO6 materials, belong-
ng to a superstructure of the PbSb2O6 structural type. Their unit
ell parameters were determined by X-ray powder diffractome-
ry. The FTIR and FT-Raman spectra of these materials were also
ecorded and briefly discussed on the basis of a site-symmetry anal-
sis, derived from the structural characteristics. A rough estimation
f the force constants for the Te–O bonds of the TeO6-polyhedra was
lso performed, showing the presence of relatively weak bonding.
he 57Fe-Mössbauer spectra show chemical shifts which are char-
cteristic for high-spin Fe(III) in octahedral oxide coordination and
lso show that the FeIIIO6-polyhedra present in these materials are
carcely distorted.
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