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We present an electron diffraction study of three sillenites, Bij»Si0;q, BixsFeOsg, and
BiysInO3g synthesized using the solid-state method. We explore a hypothesis, inspired
by optical studies in the literature, that suggests that trivalent sillenites have additional
disorder not present in the tetravalent compounds. Electron diffraction patterns of
BiysFeOs9 and BiysInO39 show streaks that confirm deviations from the ideal sillenite
structure. Multi-slice simulations of electron-diffraction patterns are presented for
different perturbations to the sillenite structure - partial substitution of the M site by
Bi**, random and ordered oxygen-vacancies, and a frozen-phonon model. Although
comparison of experimental data to simulations cannot be conclusive, we consider the
streaks as evidence of short-range ordered oxygen-vacancies. © 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4893341]

. INTRODUCTION

Sillenites are technologically-interesting due to their photo-refractive,’™ piezo-electric,’
electro-optical,>~'” and elasto-optical properties.'!"!> The last decade has witnessed an increase in
the study of these compounds for photocatalysis and novel applications.'*~!” The physical and elec-
tronic structure of sillenites remains important and continues to motivate synthesis,'®-? optical, >
first principles,?®28 dielectric,?’ magnetism,?® and high-pressure studies.?'>3?

Figure 1 shows a representative sillenite structure. The structure belongs to the 123 space group
and is described by a Bi-O framework connecting isolated oxygen-tetrahedra. The center of each
tetrahedron is labelled as the M site and houses metal cations. The oxygens in the tetrahedra are
labelled O(3). There are two symmetry-differing oxygen sites labelled as O(1) and O(2) that make
up the Bi-O framework outside the tetrahedra. The sillenite structure is exclusive to bismuth oxygen
compounds and is described by the meta-stable parent-compound y-Bi,O3 which houses the Bi**
ion in the center of the tetrahedron.? In the sillenites, Bi;»SiOx and Bi;;GeOxy, the sillenite structure
is stabilized by fully replacing the Bi** ion by small tetravalent ions. These two tetravalent sillenites
have the simplest structure of all sillenites and their structure will be referred to as the ideal structure.
In BiysFeOsg and BiysInOso the structure is stabilized by trivalent ions; but there are two important
differences in the stoichiometry. First, the M site is equally occupied by M+ and Bi** ions. And
second, the tetrahedra with a Bi** ion have an oxygen vacancy which makes room for the 6s” lone
pair of bismuth.'” Divalent, pentavalent, and even hexavalent compounds can also be synthesized,

®
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FIG. 1. A representative sillenite structure. The structure is stabilized from the parent compound by an M cation in the center
of the tetrahedra (i.e. Si**, Ti**, Fe’t, In**). The tetrahedra (green) at the corners and center of the unit cell are connected
by a Bi-O framework (Bi: yellow, O: red).

and the partial occupancy of the M site varies for different valences. More detail about the structure
can be found in references 19, 34.

The stoichiometry and structures described above correspond to the models proposed by Valant
in 2002." This comprehensive model of sillenites is dependent on the conclusion by Radaev and
Simonov that the parent y-Bi,O3 compound houses Bi** in the center of the tetrahedron,3%3%36
and that it is unlikely that Bi>* partially occupies the M site of divalent and trivalent sillenites.”
Some recent publications instead claim a BisFeOyo chemical formula for the iron sillenite,'”-?? and
some justify the stoichiometry by citing work from Craig and Stephenson.?’ Unfortunately, some
of the publications claiming the BirsFeOy4 chemical formula'”-?>3% do not comment on the more
recent, heavily cited, and comprehensive model of sillenites that uses Bi** partial occupation of
the M site.'” The controversy is further complicated by the fact that some of the studies quoting
the BiysFeQy formula use the hydrothermal growth method.?? In our study we used the solid-state
growth method; therefore, we use the BiysFeO39 chemical formula due to the lack of experimental
evidence for the stabilization of Bi’* in systems grown by the solid-state method.

As new sillenites are synthesized, it is important to understand their electronic and structural
properties and determine their efficiency in applications such as nonlinear optics and photocatalysis.
A recent Raman spectroscopy study showed that the vibrational modes have considerably larger
widths in trivalent compounds than in tetravalent compounds.>> The wider distribution of resonant
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frequencies suggests differing force constants across neighbouring unit cells. Since the X-ray spectra
of the trivalent sillenites do not show deviations from the ideal structure, whichever structural
deviation is present must average to the ideal structure for a large number of unit cells. Therefore, it
was suggested that inhomogeneous disorder, or statistical deviations from the average structure, is
responsible for the wider distribution of resonant frequencies.

In the present work, an electron diffraction study of sillenite crystals was undertaken to inves-
tigate the disorder of the trivalent compounds. Our results show that the ED patterns of Bi;;SiOy
and the new trivalent sillenites, BipsFeO39 and BiysInOs39, agreed with an average structure in the
123 space group. However, BiysFeO39 and BiysInO39 show streaks in their ED patterns that were not
observed for the tetravalent Bi;;SiOyo. The measurements prove a deviation of the trivalent sillenites
from the ideal sillenite structure and corroborate the hypothesis from previous optical studies.> Var-
ious structural models were explored using multi-slice simulations of the ED patterns. We present
simulations involving random substitutions of the M site by Bi**, random and ordered oxygen-
vacancies, and frozen phonons. Quantitative comparisons between the simulations and experimental
ED patterns are difficult and should not be considered conclusive; however, the results suggest that
short-range ordered oxygen-vacancies are responsible for the streaking in the ED patterns.

Il. EXPERIMENTAL PROCEDURES

The samples were synthesized by solid-state reaction in air using stoichiometrically-weighed
high purity oxides. Reactants were ground using an agate mortar and pestle under acetone, then
initially heated at 700°C in a high-form alumina crucible. Multiple heating cycles, with intermediate
grinding, were conducted at 750°C.

Samples were analyzed by X-ray powder diffraction using a Rigaku Ultima III X-ray diffrac-
tometer with Cu Ko radiation. Equilibrium was assumed when no shift or change in intensity of the
weakest peaks from the XRD pattern was observed. The structures of the single phase compounds
were refined using the Rietveld technique and the FULLPROF software program. The same physi-
cal samples as the previous Raman study were used.”> The SEM images were taken using a JEOL
JSM5510. Crystallites on the order of 1-10 um were detected for all samples.

Transmission electron microscopy measurements were carried using a JEOL JEM 2010 TEM.
The operating voltage of the TEM, 160 kV, was similar to those used in other reports studying streak-
ing of different systems.***! 30-50 crystallites were explored for each compound. The crystallites
were ground and placed on a Cu microgrid with a carbon supporting film. A silicon crystal was used
for calibration. The rotation limit of the TEM was 20 degrees; therefore, different crystallites had
to be measured to be able to view the compound from different zone-axes. We did not observe any
secondary phases from the TEM results. The streaks in the ED pattern were weak and their intensities
varied among crystallites. Furthermore, the exposure times required to see the streaks were 4 to 8
times larger than the usual time to collect a simple ED pattern. These experimental difficulties in
observing streaks have been reported in other systems with large unit cells.*! Multi-slice calculations
of the electron diffraction patterns were carried using the MacTempas commercial software program.
Slices in the order of 1 A and sample thicknesses of 100 A were used for the simulations (unless
otherwise noted).

lll. RESULTS AND DISCUSSION

Figure 2 shows representative electron diffraction images for Bi;;SiO,, BisFeOsg, and
BiysInO39 along the major zone axes. The kinematical approximation predicts bcc selection rules
where the allowed reciprocal vectors (k, k, [) must have indices adding up to an even number. Multiple
scattering, however, can frequently result in kinematically forbidden reflections. Our experimental
ED patterns in the major zone axes did not show any forbidden reflection spots. Our multi-slice
calculations for the ideal sillenite structures also did not show multiple scattering and forbidden
reflection spots.

The lattice parameters were consistent with those measured with X-ray analysis.?> Figure 3
shows the ED patterns of BiysInOsz9 along the [210], [731], and [751] zone axes. All figures
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(a)Bi25F6039 (b)BiggJHOgg (C)Bi128i020

FIG. 2. Representative electron diffraction patterns of BiosFeO3g, BipsInO39, and Bi2SiOyq for the [100], [110], and [111]
zone axes, respectively.

L o
ZA: 21 0]

(d)Bi25F8039 (G)Bi25FeO3g

FIG. 3. Streaks in the ED patterns of Biz5InO39 (a-c) and BiysFeOzg (d-e). The streaks were observed at multiple zone-axes;
representative patterns for BipsInOs3g are shown for the [210], [731], and [751] zone axes; and [531] and [312] for Bi5FeO3o.
Blue arrows denoting the directions of the streaks were added as an aid to the eye. Each figure corresponds to a different
crystal. The streaks were in different reciprocal lattice directions for different crystallites.

correspond to different crystallites and they showed streaks in different directions. For example,
weak streaks appear in the (-1,2,0) reciprocal-space direction for the crystallite viewed along the
[210] zone axis, and in the (-1,0,7) direction for the one viewed along the [731] zone axis. BiysFeOs3g
also showed streaks in some of its ED patterns (Fig. 3). Several crystallites, many viewed along
high index zone axes, were measured for Bij;SiO, but no streaks were ever observed. Furthermore,
some of the streaks also showed weak reflection spots associated with an elongation of the unit cell.

The appearance of streaks in the trivalent sillenites, and their absence in the Bi;,Si0,9 compound,
is an observation of a deviation from the ideal sillenite structure. In other words, the trivalent
sillenites have significant structural differences compared to the tetravalent sillenites. There are
different perturbations to the ideal structure that could result in intensity streaks in an ED pattern as
those in our experimental data (Figures 2 and 3). The multiple possibilities hampers the attribution
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FIG. 4. Multi-slice ED simulations of models involving substitutions of the M site. Figure A shows the [011] diffraction
pattern of a model where Bi3t always occupies the center of the unit cell. Figures (b)-(d) show super-cells with increasing
size where the occupation of the M site by Bi>* or M?* was randomly generated. The results show that an 8 x 8 x 8 super-cell
with random substitutions is sufficient to satisfy the bcc selection rules.

of the streaks to a particular deviation. In the following sections, we discuss a few physical models
that could result in the streaks shown in our experimental data.

A. Bismuth substitutions in the M site

One important difference in the suggested stoichiometry of trivalent sillenites is the partial
occupation of the M site by Bi** cations.!” The distribution of Bi** and M3* cations in the M
site must be random. Otherwise, the bcc selection rules will not be satisfied since the scattered
wavefunctions from both atoms would not cancel completely due to the difference in scattering
amplitude. Since our data did not show multiple-scattering and the bcc selection rules were satisfied,
it is interesting to explore how the partial occupation of the M site in trivalent sillenites can still
yield a bcc ED-pattern. Figure 4 shows a set of multi-slice calculations exploring M substitutions.
Figure 4(a) shows a simple unit cell where In** always occupies the edges and Bi** always occupies
the center. It is obvious that the selection rules for bcc would be broken. The multi-slice calculations,
Figure 4(b), agree with the simple prediction and show reflection spots forbidden for a bce structure.

The random occupation of the M site was modelled in the multi-slice calculation by building
larger super-cells. Figures 4(c), 4(e) and 4(g) show three super-cells of increasing size; the occupancy
of each M site was randomly generated with equal probabilities of occupancies by Bi** and In**.
Figure 4 shows representative electron diffraction patterns, viewed along the [011] zone-axis in this
case, for each super-cell. The results show that an 8 x 8 x 8 super-cell with random M site occupation
is sufficient to satisfy the bcc selection-rules. Due to the large size of each unit cell (66 atoms),
8x8x 8 was the largest super-cell (33792 atoms) used in our calculations. Checking the satisfaction
of the bec selection rules was useful to justify the limited-size super-cell.

The multi-slice calculations using the largest super-cell shows only the reflection spots predicted
for bce, but it also shows strong diffuse scattering in the center of the ED pattern. Unfortunately,
there are at least two difficulties in using the intensity of the diffuse scattering for comparison
to experimental results. One, the exposure time and the film responsiveness are not modelled
quantitatively. And two, the intensity of the diffuse scattering is dependent on the thickness of the
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(a)10 A (b)50 A (c)100 A

FIG. 5. Multi-slice ED simulations of an 8 x8x 8 super-cell with random M occupancy. ED simulation for different crystal-
thickness are shown. The simulations show that the intensity of the central diffuse scattering is heavily dependent on the
thickness of the crystal.

(a)2x2x2 super-cell (b)4x4x4 super-cell (c)8x8x8 super-cell

FIG. 6. Multi-slice [011] ED simulations of increasing-size super-cells with random O(3) vacancies.

crystal. Figure 5 shows multi-slice calculations for the 8 x8x 8 super-cell in Figure 4(g), and the
simulations shows that the strength of the central diffuse scattering strongly depends on the crystal
thickness.

B. Random and ordered oxygen-vacancies

The stoichiometry of trivalent sillenites suggested by Valant predicts an oxygen vacancy in each
tetrahedron whose center is occupied by Bi**. The lone pair of Bi** requires an oxygen vacancy in
the surrounding tetrahedron. However, it is random which of the four oxygen-sites in the tetrahedron
is vacant. Multi-slice calculations with various sized super-cells were carried to study the effect of
oxygen vacancies. An otherwise perfect sillenite structure, without random M substitutions, was
built; then each O(3) oxygen-site was given an 1/8 probability of having a vacancy. Similar to the M
substitution simulations, O(3) vacancies must be random or else the bce selection rules were broken.
Figure 6 shows the electron diffraction simulations for increasing-size super-cells and show that an
8x8x 8 super-cell was sufficient to predict the bee reflection spots. Simulations involving different
thicknesses, not shown, also showed that the intensity of the central diffuse scattering depended
heavily on the crystal thickness. All the qualitative results were identical for a model where the
oxygen vacancy could also occur in the Bi-O framework.

Ordered periodic vacancies is one mechanism to create a modulation of the charge den-
sity and could result in streaks in the ED pattern. Short-range ordering of oxygen-vacancies,
as chains of vacancies, have been attributed as responsible for diffuse streaks in many systems;
these include oxygen-deficient stoichiometries of the superconductors YBa,Cu,07_5,** and
Nd,_,Ce,CuO4_,;* and the perovskite CaFe, Ti;_,O3_y».>4" Although there are different types of
geometries possible for the ordering of oxygen-vacancies, and their existence has been shown by
streaks in electron diffraction patterns,*** in this report we concentrate on a simple chain geometry.
Also, we emphasize that we did not model the lattice relaxation of the atoms near the vacancy; the
simple approximation is physically based on the model that the lone pair of Bi** fills the vacancy.
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()10 ()[210] (5[120]

FIG. 7. Multi-slice simulations of electron diffraction patterns for a chain of oxygen vacancies in the [100] direction of
the sillenite crystal. An 8x8x8 super-cell was used. Note that the streaks can be viewed along many zone-axes and only
dissapear when viewing the crystal along the direction of the chain in real space.

Figure 7 shows multi-slice simulations for an 8x8x8 sillenite super-cell with a chain of 4
oxygen vacancies in the 100 direction of the crystal. The simulation results in well defined streaks.
An important result is that the streaks can be viewed along many zone-axes of the crystal directions.
As expected, the streaks are not visible when viewing the crystal along the oxygen-vacancy chain
(Fig. 8(d)). Different directions of the oxygen-vacancy chain, 110 and 111, were used in the simu-
lations and the same qualitative results were obtained.

A more realistic model would include the short oxygen-vacancy chain inside a super-cell where
all the other O(3) sites were randomly vacated. Unfortunately, it is not possible to observe the streaks
caused by the chains due to the strong central diffused scattering caused by the random vacancies.
The difficulties in quantitative comparisons between the simulations and experiment, especially for
such a large unit cell, negates the need to try to find the exact conditions for the crystal for which
streaks could be observed even among the central diffuse scattering. Our main point is that short-
range ordering of oxygen vacancies in sillenites would result in streaks in the ED pattern. As a final
note, an 8 x 8 x 8 super-cell with one oxygen vacancy was also simulated and the ED pattern did not
show streaks; ordering was necessary to result in streaks.

C. Frozen phonon model

Another possibility to modulate the charge density is to periodically displace atoms from
their ideal position. There are two possibilities: a displacement in the direction of the modulation
(longitudinal) and a displacement perpendicular to the direction of the modulation (transverse).
A physical candidate for this type of modulation is a frozen-phonon mode (FP); a phonon mode
from a higher temperature and higher-symmetry phase that freezes during the cool-down portion
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(e)[110] (£)[210] (g)[012]

FIG. 8. Multi-slice simulation of electron diffraction pattern for a frozen transverse-phonon. Figure (a) shows a crystal model
where each M atom is displaced by an amount modulated in the 100 crystal direction. The magnitude of the displacements
were exaggerated for (a) as an aid to the eye. Note that the streaks are weak for directions that are not perpendicular to the
phonon wave-vector. Also note that the streaks appear in the 100 k-space direction and that viewing the crystal along the
modulation results in reflection spots forbidden for the bcc geometry.

of the solid-state synthesis. Unfortunately, there are no reports in the literature on the structural
properties of BipsFeO39 and Bip;sInOsg at higher temperatures. The FP model should still be explored
since the streaks in ED patterns have been attributed to frozen-phonons in other systems.*%4
Figure 8(a) shows an example of a super-cell where the atoms are displaced by a periodic amount;
in this case, a transverse modulation in the 100 direction where the displacement of the atoms was
greatly exaggerated as an aid to the eye. In our multi-slice simulations, we used a wavelength four
times as large as the unit-cell of the sillenite and a displacement of 0.01 A.

At first look, there is a major qualitative difference between the frozen-phonon multi-slice
simulations and our experimental data. The FP simulated images in Figure 8 show satellite spots
only near the main reflection spots. It is clear that only the first satellite spots appear in the simulation
due to the perfectly sinusoidal modulation. The simulations of the oxygen-vacancy chain gave more
elongated streaks and seemed to agree better with the data. The qualitative agreement is better
for the oxygen-vacancy model and suggests the model’s validity above the frozen phonon model.
However, it should be argued that the comparison between the simulations of these two models and
the experimental data is not 100 percent conclusive. One may argue that the extra satellite spots,
near the main reflection spots, generated by the FP model may look like streaks in the experimental
ED pattern if the satellite spots are weak. Also, a sinusoidal perturbation with a limited length may
result in longer elongations.

A stronger evidence that the ordered oxygen-vacancies model agrees better with experiment
is the appearance of streaks in different k-space directions and that the streaks are viewed along
many zone-axes. In the frozen-phonon simulations the streaks tend to be visible only when viewing
the crystal perpendicular to the direction of the modulation and perpendicular to the displacements.
Also, the streaks have well defined directions in k-space that are related to the direction of the
modulation in real space. Our experimental data shows streaks for ED patterns viewed along many
zone-axes and with different directions in k-space. As a reminder, TEM sample-holders can only be
rotated by a limited amount and every crystallite measured could only be studied in a small range of
incoming angles. If the streaks in our experimental data were due to frozen-phonons then we have
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viewed crystallites with frozen-phonons in different directions; and, we were fortunate to be able to
view the crystallite at a zone-axis perpendicular to the modulation. It is therefore more likely that
we are viewing streaks resulting from ordering of oxygen-vacancies that can appear when viewed
along different zone-axes.

D. Relevance to previous optical studies and future work

In a recent Raman spectroscopy study,? it was shown that the width of the Raman modes
was larger for the trivalent compounds than for the tetravalent compounds. It was suggested that
inhomogeneous disorder, that is deviations from the average structure that differ from one unit cell
to another, was responsible for the wider distribution of resonant frequencies. Oxygen-vacancies,
ordered or disordered, would also result in variations across unit cells of the force constants and the
vibrational resonant frequencies. At this point it is not clear whether the same disorder is responsible
for the large phonon widths observed in the Raman and the streaks observed in the ED patterns.
However, the results are consistent. And the consistency is strengthened by the fact that the streaks
were missing in the tetravalent Bi;;Si0,¢ compound.

Our assignment of the streaks to the ordering of oxygen-vacancies is also contingent on the
validity of the Bi»sM>+Os9 stoichiometry model. The reader is suggested to read the work by
Valant and Radaev to justify the model of Bi** occupying the center of the tetrahedron.'® The
stoichiometry controversy needs to be settled, however, because Bi>* occupation of the M site could
also result in streaks due to charge ordered states similar to those observed in La;_,Sr,Fe0;."8 New
neutron scattering, or synchrotron X-ray, studies would be interesting in exploring different models
of the deviation in trivalent sillenites. Finally, electron diffraction of Biy5InO3g single crystals would
provide a systematic study capable of assigning the ordering of oxygen-vacancies to a particular
geometry.

IV. CONCLUSIONS

The electron diffraction patterns of three sillenite compounds have been investigated. Streaks in
the ED pattern of BiysFeO39 and BiysInO39, not observed in Bij»Si0,, confirm a deviation from the
average structure. The results are consistent with previous optical studies. Multi-slice simulations of
different models were used to try to reproduce the ED patterns of the trivalent sillenites. Although
quantitative comparisons are difficult, the results suggest that the streaks are caused by short-
range ordering of oxygen-vacancies. Future measurements using other techniques, such as neutron
scattering, may bring more information to the origin of the modulation. Regardless, the results are
interesting because many systems involving ordering of oxygen-vacancies, or charge ordered states,
display interesting physics.*!:4243.48
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