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The Bi,Sn, 07 pyrochlore is known to undergo a sequence of structural phase transitions with an increase
in temperature. Raman spectroscopy was employed in the investigation of the temperature dependence
of the active phonons in the Raman spectrum. We observed 19 broad modes at room temperature, reflect-
ing the low symmetry of the a-phase of Bi;Sn,07. The modes were discussed in relation to the Raman
spectra of other pyrochlore-based oxides. The temperature dependence of the phonons evidences the
o — [ structural phase transition observed near 127 °C.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ternary metal oxides with a pyrochlore related-structure,
whose chemical formulais A, B, X7, where Ais alarger catione.g. Ca,
K,Ba, Y, Ce, Pb, U, Sr, Cs, Na, Sb, Bi and Th; B is a metal cation, e.g. Nb,
Ta, Ti, Sn, Fe and W; and X is an anion, e.g. 02—, OH~ or F~; have been
extensively investigated [1,2]. The great variety of site substitutions
on both the A and B sites have led to an assortment of interest-
ing physical and chemical properties, such as ferroelectricity [1-4],
high and stable permitivitty under a broad temperature range
[5,6], oxygen fast ionic conduction, semiconductivity, supercon-
ductivity and electronic phase transitions [1,7-11] among others.
These materials have also found application as catalysts [12,13],
fluorescent centers [14], nuclear residue storage [15], cathodes
and electrolyte for solid oxide fuel cells (SOFC) [16-19], thermal
barrier coatings (TBC) [20-22], multilayer capacitors and dielec-
tric resonators [23], gas sensors, thermistors, switch elements and
resistors [24,25]. The pyrochlore of this study, Bi;Sn;07 (BSO), is
interesting due to its catalytic properties involving the oxidation of
hydrocarbons [26] and isobutene [27-29] and as an active element
in gas sensing [30-33].

A number of studies of the crystal structure have been per-
formed using diffraction techniques, with early studies reporting a
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distorted pyrochlore at ambient temperature [34,35]. Early exam-
inations on the temperature dependence of the crystal structure
suggested the presence of two phase transitions with a tetragonal
phase occurring below the high temperature cubic ideal pyrochlore
phase that forms above 740°C [36]. Investigations of the polymor-
phism in single crystals showed that this compound exhibits the
cubic pyrochlore phase, denoted y-BSO, at temperatures higher
than 680°C[37]. Between room temperature and 90 °C the o phase
was observed, and an intermediary phase, denoted [(3-BSO, was
reported to have an acentric cubic structure [37]. The same authors
observed an a — [ transition at 135°C in polycrystalline samples,
and also second harmonic generation and domains at room temper-
ature. These results suggest that the o — [ transition is ferroic and
the o phase is ferroelectric. Neutron diffraction was used to investi-
gate the 3 — <y transition, which was observed at 626 °C and driven
by the Bi3* displacements [38,39,41]. A thorough investigation by
X-ray and neutron diffraction experiments at room temperature
observed the o phase being stable below 137 °Cwith a crystal struc-
ture belonging to the space group Pc(C?). The crystal structure of
the o phase is very complicated, having 176 crystallographically
distinct atoms. Under heating the first phase transition is associ-
ated with a change in slope of the normalized unit cell volume vs.
temperature [40]. The structure of the 3 phase was first determined
by a combination of neutron and synchrotron X-ray diffraction
[41], as being cubic belonging to the F213c(T3) space group. On
the other hand, recent synchrotron X-ray diffraction investigations
associate this phase with the trigonal P31(C§) space group [42].
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Despite whether the structure is trigonal or cubic, both phases are
closely related to that of the cubic pyrochlore. Comparing the poly-
morphs of BSO, it may be observed that the SnOg octahedra are
fairly regular with similar Sn—O distances, whereas the Bi—0’ sub-
lattice undergoes the greatest changes [42]. The aim of this work
was to investigate the temperature behavior of the Raman active
phonons of the BSO pyrochlore.

2. Experimental details

Samples were synthesized by the solid-state method from stoi-
chiometric amounts of 99.975% Bi; 03 and 99.9% SnO, (cation basis,
Alfa Aesar Chemical Company, USA). Prior to each heating cycle the
sample was ground with an agate mortar and pestle under ace-
tone for 10-15min. Samples were heated in high form alumina
crucibles. Specimens were initially heated at 750°C for 12-24h,
then ground and reheated 3 times. Phase purity was ascertained,
after each heating cycle, from X-ray powder diffraction data col-
lected at ambient temperature using Cu Ka radiation and a Rigaku
Ultima Il diffractometer equipped with a graphite monochromator
and a scintillation detector. Equilibrium was assumed when no fur-
ther changes were evident in the relative intensities of the peaks.
The Jade software package (Materials Data, Inc., Livermore, CA) was
used in the phase analysis.

Raman spectra were excited with 514.5 nm line radiation from
an argon ion laser (Coherent Innova 70) operating at 50 mW and
analyzed using a Jobin-Yvon Model T64000 Triple spectrometer
in a double subtraction configuration with a spectral resolution
of 2cm~! whose signal was captured with a liquid N,-cooled CCD
detector. All spectra were obtained in the backscattering geometry.
All measurements were performed using pelletized samples.

3. Results and discussion

The room temperature Raman spectrum is shown in Fig. 1. The
spectrum consists of broad bands, very similar to that obtained
for the a phase of BiHf;0; [43]. At room temperature BSO
crystallizes in a monoclinic structure that belongs to the space
group Pc(C2) [44]. For this structure all 176 unique atom posi-
tions of the crystalline unit cell (Z=32) occupy 2a Wyckoff sites
giving rise to the following distribution of Raman-active modes
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Fig. 1. Raman spectrum obtained for BSO ceramics at room temperature (corrected
by the Boltzmann factor).

in terms of the irreducible representations of the m(Cs) factor
group.

'R = 526A @ 527A"

At ambient temperature, the factor group analysis predicts a
larger number of modes in the lower symmetry space group com-
pared to that of the ideal pyrochlore structure. The space group
of the ideal cubic pyrochlore is Fdﬁm(OZ) with Z=8, for which the
number of Raman active modes is only six, whose distribution in
terms of the m3m(0y,) factor group is

IR = A1y ® Eg @ 4Fy

Based on the distributions of modes of these structures, the
broad Raman spectrum at room temperature could be ascribed
to the convolution of the new bands originated in the symmetry
lowering. A software program was used to determine the band-
width, intensity, and line positions by fitting the peaks in the
spectrum with a Lorentzian profile. The observed modes are given
in Table 1. According to the literature ([45] and references therein)
Raman phonons observed at wavenumbers lower than 200cm~! in
pyrochlores are not due to symmetry allowed vibrations of the ideal
structure. For example, bismuth-containing pyrochlores, such as
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Fig. 2. Correlation diagram between the factor groups of the ideal pyrochlore structure (m3m(0y)), intermediate phase 43m(T,;) and the monoclinic room temperature

structure (m(Cs)).
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(a)

Fig. 3. The modes at 532 and 400 cm~! originating from the (a) A;g and (b) F, modes.

BiyHfy_4TizxO7 and BixY5_4Tio O [43] have their lowest wavenum-
ber modes observed near 250 cm~! and 226 cm~!, respectively.

At room temperature several modes were observed at
wavenumbers lower than 200cm~! in the BSO. These modes are
due to infrared active and silent modes that are not permitted in
the Raman spectra of the ideal pyrochlore structure, but become
active in the Pc(C2) structure, as shown in the correlation diagram
between the irreducible representations of both points groups
(Fig. 2). All phonons of the ideal pyrochlore structure are permit-
ted in the polar monoclinic low symmetry phase. Comparing the
observed phonons to those recorded using infrared spectroscopy
in other pyrochlores, we can identify the (F;,) modes of the ideal
pyrochlore structure (O'—Bi—0’ bending, O—Bi—O bending and
Bi—SnOg stretching) [46-48].

In the intermediate region of the spectrum, between 200 and
400cm~!, seven modes were observed. Some of the modes were
assigned by comparison to infrared active modes resulting from
the symmetry lowering, which were classified according to the IR

data of related pyrochlores [46-48]. In this region we assigned
the modes observed at 274 and 382cm~! as being due to the
0—Sn—0 bending and Bi—O stretching. There are two modes in
this region which originated from the Raman active modes of the
ideal pyrochlore structure. Similar to other pyrochlores, the (Fg) is
observed at lower wavenumbers than (Eg) mode in this region, thus
we have assigned the 230 cm~! and 248 cm~! modes as originating
from the (F,¢) and (Eg) modes, respectively.

Four bands were observed in the region with wavenumbers
higher than 400 cm~!. The modes at 532cm~! and 400 cm~! orig-
inate from the (A;g) and (F,,) modes, respectively. These modes
are usually classified as due to the O—Sn—O0 bending and the Sn—O
stretching, respectively [49-56]. Recently, this mode was discussed
in terms of an alternative visualization model considering a sym-
metric breathing motion of the O1 octahedron toward the vacant 8a
site at (1/8, 1/8, 1/8) [58,59]. Using the force constants reported by
Gupta et al. in Ref. [57], the eigenvectors of the normal modes of an
ideal pyrochlore structure were calculated confirming the previous
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Fig. 4. Temperature dependent Raman spectra obtained for BSO.
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Table 1
Observed Raman active phonons at room temperature.
Wavenumber (cm~1) Assignment
73 m O'—Bi—0’ bending (Fy,)
82m Aoy
92 m
104 w om
139w 0—Bi—O0 bending (Fy,)
147 s O—Bi—O0 bending (F1,)
155 sh
193w Bi—SnOg stretching (Fyy)
208 w
230 sh (Fag)
248 s (Eg)
338w
274 m 0—Sn—O0 bending (Fyy)
382 m Bi—O stretching (Fyy)
400 s O motion in SnO’s polyhedra (Fyg)
506 s Bi—O’ stretching (Fy,)
532s O’-vacancy stretching (Aig)
600 w
825b Overtone or combination

Abbreviations: m, a mode with medium intensity; sh, shoulder; s, strong; w, weak;
b, broad.
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model, as shown in Fig. 3(a). The (F,¢) mode was usually associated
to a Sn—O stretching, however a careful analysis of the calculated
vibrations in the ideal pyrochlore structure shows that the oxygen
displacement is not exactly along the Sn—0 bond, except for the one
that is related to the Bi motion and has lower wavenumber. As a
consequence, we have classified the (F,z) mode as being due to the
01 motion in SnOg polyhedra, as shown in Fig. 3(b). Finally, a weak
band was observed at 825 cm~1, which is similar to that observed
by Arenas et al. [45] near 800 cm~!. This mode was not classified for
other pyrochlores that exhibit the ideal structure, being attributed
to the overtone or combination modes [58].

Fig. 4 shows the temperature-dependent Raman spectra of BSO
at temperatures up to 700K. The general feature of the temper-
ature evolution of the spectra follows a normal trend with the
Raman intensity of the modes lowering with increasing temper-
ature. The more apparent change in the spectra occurs at modes
near 100cm~!, where we see only a broad mode at high tem-
peratures. Fig. 5 shows the temperature dependence of the mode
positions. We see that several modes exhibit a change in wavenum-
ber near the a—[3 structural phase transition that BSO undergoes
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Fig. 5. Temperature dependence of the position of the Raman modes observed for BSO. (a) All modes. (b-f) Individual behavior for representative modes. The solid lines are

guide for the eyes.
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Fig. 6. Temperature dependence of the relative intensity of the modes near
100cm~'. All the intensities were calculated relative to the intensity of the
mode near 140 cm~!. The designated modes 1-4 indicate the modes in increasing
wavenumber order as shown in Fig. 1.

near 127 °C. This effect being very subtle in the spectra shown in
Fig. 4, but is more apparent in the positions of the modes shown
in Fig. 5. This trend is also observed in the temperature depen-
dence of the relative intensity of several modes, as shown in Fig. 6.
A similar trend was observed with Bi,Hf; 07 in the Henderson et al.
work [43], where broad bands were observed at high temperatures.
In the B-phase Bi;Hf,07 crystallizes in a face-centered cubic cell,
which is possibly a double cubic unit cell belonging to the space
group FZI3C(T§), similar to that reported for the B-phase BSO by
Kennedy et al. [41]. In order to understand the absence of sig-
nificant changes in the spectra when the o — 3 phase transition
occurs, we consider the correlation between the more symmet-
ric pyrochlore structure and this structure which is given in Fig. 2.
We can see that the transition of the ideal pyrochlore to FZI3C(T5)
phase permits several modes whose selection rules were inhibited
in the ideal phase. When the o — 3 transition occurs, the superpo-
sition of modes results in minor changes in the spectra. Although
the structure of BSO at room temperature is monoclinic and sev-
eral degenerate modes are broken through the o — 3 transition,
the monoclinic distortion is low and this splitting of all the allowed
modes is unable to be fully resolved at room temperature.

4. Conclusions

The Raman spectrum of BSO was measured at room tempera-
ture and 19 modes were observed. The symmetries of these modes
were discussed using the basis of well-established modes for other
related pyrochlore-based compounds. The temperature depen-
dence of the Raman active phonons was investigated, displaying
the a—[3 structural phase transition in the temperature behavior of
the mode centers and in the relative intensities. This study illus-
trates the utility of Raman spectroscopy in the investigation of
phase transitions of complex oxides.
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