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ABSTRACT

To clarify the role of A;O’ and B,0g networks on cation displacement observed in Bi,Ti,0'Og, we used
density functional theory calculations to examine the effect of sulfur substitution on the O’ and O sites
on lone pair formation and resulting atomic displacement observed in Bi,Ti,0'Og. Cation displacement
in bismuth titanate is suppressed only when S is substituted on the O’ site. Analysis of the electronic
structure shows that S substitution on the O’ site suppresses the formation of the asymmetric p-type
lone pair by modifying the Bi-anion hybridization. Lone pair formation is favored in Bi,Ti,0’Sg and the
atomic displacement is larger than that observed in Bi,Ti;O’Og. This enhanced displacement is due to
weaker Bi-S versus Bi-O interactions leading to significantly stronger hybridization between the Bi and
O’ states in BiTiO’Sg. We also induced lone pair formation in a metallic bismuth pyrochlore oxide
(BioRu,0’0g) by modifying the Bi-O interactions through S substitution on the B,Og network, indicating
atomic displacement on the A,O’ network may be achieved by modifying the B,Og network.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Bismuth based pyrochlores, such as (Bi; 5Zng 42)(ZngsNbq 5)06.92
(BZN), have garnered much attention recently due to their high
dielectric permittivity, low loss and tunable temperature coeffi-
cient of capacitance [1-3]. The pyrochlore oxide, with molecular
formula A;B,0-, is often thought of as the two interpenetrating
networks A,O’ and B,0g (see Fig. 1) consisting of corner sharing
A40’ tetrahedrons and BOg octahedrons [4]. The dielectric
properties of these materials are often attributed to ion hopping
of A and O’ atoms [1], but open questions remain to the extent of
substitutional disorder [2] on the A,O’ network (Fig. 1a) versus
the B,0g network (Fig. 1b) influence on the ion hopping in these
systems [3]. A general feature observed in all the Bi pyrochlores
that show high dielectric permittivity is large ion displacement
from the ideal Fd3m sites of the cubic pyrochlore structure. This
atomic displacement results in multiple energetically equivalent
sites that facilitate cation hopping. Because compounds such as
BZN incorporate cation substitutions onto both the A,O’ and B,0g
networks it is difficult to fully separate the myriad of influences
on cation displacement. In order to overcome this difficulty,
we recently investigated a series of cubic bismuth pyrochlores
without cation substitution (Bi,B,0¢0’, B=Ti, Ru, Rh, Os, Ir, Pt)
using density functional theory (DFT) [5]. Only Bi,Ti,O; showed a
preference for atomic displacement and the magnitude from DFT
matched the experimentally reported values [6,7]. Through the
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analysis of the electronic structure of Bi,Ti,O’Og, the atomic
displacement was attributed to the development of a lone pair on
the Bi cations. The lone pair does not form for the other bismuth
pyrochlores examined confirming that the B,Og network has
some influence in the lone pair formation. In this contribution, we
further develop the role of the B,Og versus A,O’ network in the
formation of the lone pair in Bi,Ti,0’'Og by examining the effect of
sulfur substitution on the two networks.

Walsh and co-workers showed that substitution of sulfur for
oxygen suppressed the formation of the lone pair observed in PbO
[8-10]. This suppression of the lone pair explains the difference in
structure between PbO (litharge) and PbS (rocksalt). More
importantly, the work on PbO and PbS shows that the lone pair
formation is dependent on the cation-anion hybridization and not
just due to hybridization of 6s and 6p orbitals of Pb [8]. In our
earlier study, we showed that the B,Og network influences lone
pair formation in Bi pyrochlores through a secondary effect. For
the semi-metallic and metallic systems the Bi cations interact
more strongly with the O anions within the B,Og network. This
stronger Bi-O interactions weakens the Bi-O’ interactions, which
in turn suppresses the formation of the lone pair. This model for
lone pair formation essentially matches the conclusion from DFT
studies of lead oxides and bismuth oxides by Walsh et al. [8-11].
Specifically, in lead oxides and bismuth oxides the nature of the
cation-anion direct bonding is critical to induce lone pair
formation, but in pyrochlores the B,Og network can influence
the primary Bi-0’ interactions.

In this paper, we employ a similar approach to Walsh and co-
workers to further elucidate the lone pair formation in Bi,Ti,O'Og
through sulfur substitution. Though some pyrochlore compounds
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Fig. 1. The (a) ideal A;B,0¢0’ pyrochlore structure combines the (b) A,O’ network
of corner sharing A40’ tetrahedrons and (c) the B,Og network of corner sharing
BOg octahedrons.

have been synthesized with S on the O’ site [4,12] the goal of this
study is not to detail stable pyrochlore compounds with sulfur
substitutions. Instead we take a purely theoretical approach to
provide further insight into the lone pair formation in Bi,Ti,O’Og.
Sulfur may substitute onto either of the two sites occupied by
oxygen, which are the 8b (X') site within the A,0’ network and 48f
(X) site within the B,0Og network. We create three configurations
with sulfur substituted (i) only on the 8b (X’) site, (ii) only the 48f
(X) site and (iii) on both the 8b (X’) and 48f (X) sites with the
molecular formulas of Bi,Ti,S'Og, Bi,Ti,0'Sg and Bi,Ti,S'Se,
respectively. We find that S substitution only on the O’ site can
suppress cation displacement, confirming the primary importance
of the Bi-O’ interactions. Comparisons of the electronic structure
shows that the S substitution on the O’ site modifies the Bi-anion
hybridization which suppresses the formation of the lone pair.
We also show by examining S substitution on the B,Og network
of Bi;Ru,060’ that cation displacement and lone pair formation
can be induced in the metallic Bi pyrochlores by disrupting the
Bi-O interactions.

2. Calculation details

First-principles calculations were performed with Vienna
Ab-initio Simulation Package (VASP) [13-16], a plane-wave DFT
code, using the projector augmented wave (PAW) pseudopoten-
tials provided in the VASP database [17,18]. We include the Bi(5d,
6s, 6p), Ti(3s, 3p, 3d, 4s), O(2s, 2p), and/or S(3s, 3p) orbitals as the
valence electrons. The DFT calculations were performed within
the local density approximation (LDA) [19]. The LDA is expected
to underestimate lattice constants and overestimate the strength
of bonding, but has been found to be more accurate than the GGA
functionals for many metal oxides [20,21]. We tested the
generalized gradient approximation (GGA) with the parameter-
ization of Perdew et al. [22] for a series of Bi-based pyrochlores
and showed qualitative agreement with the LDA results reported
[5]. We have confirmed the favorability of atomic displacement or
lone pair formation does not depend on the functionals. Electronic
relaxation was performed with the conjugate gradient (CG)
method accelerated using Methfessel-Paxton Fermi-level smear-
ing with a Gaussian width of 0.1eV [23]. All calculations were

performed at fixed volume and shape, while the atoms were
relaxed until the forces were less than 0.03 eV/A. Though all atoms
are free to relax in these optimized structures the crystal lattice is
fixed to the cubic pyrochlore structure. This restriction was tested
in our previous study of Bi pyrochlores [5]. A plane wave cutoff
energy of 400 eV was used along with a 3 x 3 x 3 Monkhorst-Pack
[24] mesh, resulting in 14 irreducible k-points. Test calculations
done with 450eV cutoff and a 4x4x4 mesh resulted in
differences less than 0.01 eV/88-atom unit cell in the total energy,
well within the error for the results presented in this paper.

To probe minima associated with displaced cations, we
performed simulated annealing calculations under fixed crystal
shape and volume using ab initio molecular dynamics (MD)
[13-16] with the relaxed ideal pyrochlore structures (from the
above procedure) as the initial structures. The MD simulations
were conducted with only the I point within the NVT ensemble
starting at 1000K and cooling to 300K over 500 MD steps with
a time step of 0.5fs. After MD simulation, the system was
minimized using the same approach as outlined above (3 x 3 x 3
mesh, CG method, etc.) and the equilibrium lattice parameter was
reevaluated for the cation displaced structure. While the MD
simulation is over extremely short times, we confirmed increasing
the simulation length does not affect the final fully relaxed
structure.

3. Results and discussion
3.1. Structural details

For each of the bismuth pyrochlores (Bi,Ti;X'Xs, X=0 or S) we
determine the equilibrium lattice parameter by generating energy
versus volume curves. Table 1 contains the equilibrium lattice
parameters for the Bi;Ti,0'Og, Bi>Ti»S'Og, Bi>Tio0’Sg and Bi,Ti,S'Sg
pyrochlore system. Though there is no experimental data
available for comparison in the sulfur containing systems, in the
Bi,Ti,0'Og system there is excellent agreement between our DFT
value of 10.34A and the experimental values of 10.357A for
Bi; 74Tiz0662 [7] and 10.35907 A for Bi,Ti,0; [6]. In our earlier
study, DFT predicted lattice parameters for other Bi-based
pyrochlores were within 1% of experimental values providing
confidence in DFT’s ability to reproduce these structures [5].

Bi,Ti,S'Og has only 8 sulfur atoms per unit cell and shows
the smallest lattice expansion from 10.23 to 10.65A. When the
number of sulfur atoms is increased to 48 per unit cell in the
Bi,Ti,0'Se, @ much larger lattice expansion to 12.0A is observed.
In the Bi,Ti,S'Sg, with sulfur on both the X’ (8b) and X (48f) sites,
the lattice expands slightly more to an equilibrium lattice
parameter of 12.3A. It is well known that S anions are larger
than O anions so the lattice expansion is not unexpected. In order
to understand if the lattice expansion depended only on the
incorporation of the larger sulfur anion on various lattice sites, we
identified the real space volume occupied by each atom within
the lattice. Utilizing the code of Henkelman et al. [25], we
determined the Bader volumes based on the Bader criteria for
decomposing the electron density [26]. Since the Bader volumes
are calculated using the zero-flux surfaces in the electron density
gradient, the sum of Bader volumes in a crystal will exactly equal
the total cell volume. Therefore, each Bader volume will depend
on the equilibrium lattice volume. To compare the atomic volume
of an atom on a specific site between the various crystal systems
examined, we scaled each Bader volume by its corresponding
total unit cell volume. As expected, we found the scaled Bader
volume of the Ti cation and O anion remain the same between the
Bi,Ti,0'Og and the Bi,Ti,S'Og system. However, the scaled Bader
volume of the Bi cation was reduced by 8% while the S increased
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The cubic lattice parameter in A and average bond lengths in A of the ideal structure (before annealing) is shown for the Bi,Ti,X'Xs and Bi,Ru,0'Xg pyrochlore systems.

Lattice parameter (A) Expansion percentage (%)

Bond length (A)

Bond expansion percentage (%)

Bi-X’ Bi-X B-X Bi-X’ Bi-X B-X
Bi,Ti,0'Og 10.23 - 2.21 2.55 1.96 - - -
Bi,Ti,S'Og 10.65 4.1 231 2.69 2.02 4.5 5.5 3.1
Bi,Ti,0'Sg 12.00 17.3 2.59 291 2.35 17.2 14.1 19.9
Bi,Ti,S'Se 12.30 20.2 2.66 3.03 2.38 20.4 18.8 214
Bi,Ru,0'0¢ 10.205 - 2.21 2.51 1.98 - - -
Bi,Ru,0'Sg 11.75 15.1 2.54 2.88 2.28 15.1 14.8 15.2

Table 2

The cubic lattice parameter in A, energy change in eV/Bi atom, and average displacement magnitudes in A after simulated annealing with respect to the ideal structure with
positive energy indicating an increase in thermodynamic favorability are shown for the Bi,Ti,0'Og, Bi,;Ti;S'Og, Bi>Ti>O’'Sg, and Bi;Ru,0’Sg pyrochlore systems.

Lattice parameter (A) Energy change (eV/Bi) Djsplacement magnitude (A) [Scaled by lattice parameter (A/A)]

Bond length (A)

Bi B X Bi-X' Bi-X B-X

Bi,Ti,0'0 10.34 0.146 + 0.001 0.38 +0.02 0.07 + 0.02 0.11 +0.01 2264004 2.34+011 1.96+0.05
[0.037 +0.002] [0.007 + 0.002] [0.011 +0.001]

Bi,Ti,S'0s  10.65 0.000 0.00 + 0.00 0.01 + 0.00 0.00 + 0.00 2.31+0.00 2.69+0.00 2.02+0.00
[0.000 + 0.000] [0.001 + 0.000] [0.000 + 0.000]

Bi,Ti,0'Ss  12.00 0.533 0.51+0.14 0.40+0.14 0.71+0.18 2334027 2.85+0.14 2.39+0.08
[0.043 +0.012] [0.034 + 0.012] [0.059 + 0.015]

BiRu,0'Ss 11.75 0.064 0.23 +0.03 0.01 + 0.00 0.20 + 0.00 2.56+0.35 2.89+0.04 2.28+0.01
[0.019 +0.002] [0.001 + 0.000] [0.017 + 0.000]

The average bond lengths are provided in A.

the X’ (8b) site volume by 23%. In the Bi,Ti,0'Sg system the S
anion increased the X (48f) site volume by 15% in comparison to
the Bi,Ti;0'O¢ system. Between the Bi,Ti»0'Og and the Bi,Ti;0'Sg
systems, the Bi, Ti, and O’ atoms showed volume reductions of
27%, 24%, and 27%, respectively. Based on the variations in the
Bader volumes we conclude the equilibrium lattice parameter
may not be determined a priori with only the atomic volumes of
the constituent atoms.

Table 1 also shows the Bi-X’, Bi-X, and B-X bond lengths,
where X can represent either O or S atom. As expected, the lattice
expansion increases all the bond lengths significantly. In the ideal
pyrochlore structure only the O atom experiences non-zero forces
and will undergo atomic relaxation to optimize both the Bi-O
and Ti-O bond lengths. Therefore, the Bi-X' bond length scales
directly with the lattice parameter. Some variations are observed
when the bond lengths corresponding to the O site are examined.
In the Bi,Ti,S'Og system, there is a 4.1% lattice expansion but the
Ti-O bond only increases by 3.1%. This smaller Ti-O bond length
indicates the Ti atom bonds more strongly to the O atoms and
therefore pulls the O atoms in closer, which then elongates the
Bi-O bond by 5.5%. In both the Bi,Ti,0'Sg and Bi,Ti,S'Sg systems,
the Bi-S bond is reduced with respect to the lattice expansion and
the Ti-S bond is elongated, indicating the Bi-S interactions are
stronger than the Ti-S interactions.

We probe for atomic displacement in our three materials
by performing simulated annealing as discussed in Section 2, with
the results summarized in Table 2. Since the lattice parameters
vary considerably between the systems, both the average
displacement magnitudes and these magnitudes scaled by the
equilibrium lattice parameter are included in Table 2. In
Bi,Ti,S'Og, atomic displacement is not favored since we observe
no significant energy change or atomic displacement.
Additionally, we attempted to forcibly push the Bi cations out of
the ideal 16d site and after atomic relaxation we observed
Bi,Ti,S'Og does not retain the pyrochlore structure. The resulting

structure is not energetically favorable with respect to the un-
displaced pyrochlore structure; therefore, the ideal pyrochlore
structure without cation displacement is taken as the preferred
structure for the Bi,Ti,S'Og system.

Alternatively, atomic displacement is favored in the Bi;Ti,O'Sg
system with an energy change of 0.53 eV per Bi cation. When
comparing this value with that reported in the Bi,;Ti,0’'Og system
of 0.15eV per Bi cation [5], the atomic displacement here is 3.5
times more favorable. This larger preference for the displaced
structure is attributed to the disruption of the Bi-Ti,Og interac-
tions. The Bi cation interacts less with the Ti,Sg network than the
Ti,0g network, which in turn allows for stronger Bi-O’ hybridiza-
tion. As we will discuss in more detail in Section 3.2, the Bi-0’
interactions leads to lone pair formation and corresponding
atomic displacement. For Bi,Ti,O’Sg, these stronger Bi-O’ inter-
actions make the asymmetric atomic displaced structure much
more favorable over the ideal structure with no cation displace-
ment. In the Bi,Ti,0’Og system the Bi cation displaces on average
0.38 A and in Bi,Ti,0'Sg the Bi cations are displacing on average
0.51 A. Additionally, in Bi,Ti,0’Sg the 0.7 A atomic displacement of
the Ti atoms is more than four times that seen in the Bi,Ti,0’Og
system. The average bond lengths are included in Table 2. The Bi
displacement in the Bi,Ti,0'Sg system reduces the Bi-O’ bond
length from 2.59 to 2.33 A and is comparable to the 2.26 A bond
length of Bi,Ti»0'O¢. Table 2 shows the averaged Ti-S bond length
is not significantly altered by the large displacement of Ti.
However, within each of the Ti centered octahedron there are
variations in the six local Ti-S bonds with up to a 0.2 A variance of
the Ti-S bond lengths within some of the octahedrons.

Though the results are not included, the simulated annealing
of Bi,Ti,S'Se shows similar results to Bi,Ti,S'Og with minimal
atomic displacement observed initially and lattice distortion upon
forcible atomic displacement. Since atomic displacement in
Bi,Ti,0'0Og can be suppressed by S substitution on the O’ site,
the Bi,Ti,S'Sg system is redundant and convolutes the role of the
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A,0’ and B,0g networks and therefore will be excluded from the
following discussion.

3.2. Electronic structure

The results presented in Section 3.1 clearly indicate that S
substitution on the A0’ network is needed to suppress cation
displacement. This section will focus on understanding the
differences in the electronic structures between the Bi,Ti,S'Og
and Bi,Ti,0'Sg systems and how these systems relate to the
Bi,Ti,O'Og pyrochlore both before and after atomic displacement.
The electron localization function (ELF) introduced by Becke
and Edgecombe [27] provides a simple real space technique
of mapping electrons into core, shell, bonding, and lone pair
electrons based on the Pauli exclusion principle. The technique
has been advanced by Savin and Silvi in an effort to provide a
more quantitative description of the chemical bond [28,29]. The
ELF function maps the probable distribution of electrons graphi-
cally, where a fully localized (delocalized) electron has an ELF
value of 1 (0). We use the ELF function below to identify active
lone pair formation on the Bi cations as a function of S
substitution on the X (48f) and X’ (8b) sites.

The ELF is plotted in Fig. 2 for the Bi,Ti,O'Og pyrochlore after
atomic displacement in the (110) plane intersecting the Bi-O and
Ti-O bonding environment. After simulated annealing, the Bi
cation displaces to the right with an asymmetric lobe of increased
electron localization forming to the left of the Bi cation in the
vacant space. It is through the development of this asymmetric
lone pair that atomic displacement is favored in the Bi,Ti,0'Og
system. To understand why atomic displacement is not observed
in the Bi;Ti,S'Og system we examine the electronic structure for
this system with the same atomic displacement as that seen in
the Bi,Ti,0'Og pyrochlore without allowing atomic relaxation.
The ELF for the Bi,Ti,S'Og pyrochlore with forced displacement is
plotted in Fig. 3 in the same (110) plane. Though the Bi cation
in the center of Fig. 3 is displaced in the same fashion as that in
Fig. 2, the electron localization observed in Fig. 3 surrounding the
Bi cation shows negligible asymmetry character, indicating a
p-type lone pair does not form in this system. In fact, the ELF for
the Bi,TiS'Og system more closely resembles the symmetric
localization previously reported for Bi,Ti,0’'Og pyrochlore without
atomic displacement on the A,0’ network [30]. In the earlier
study the observed symmetric lobes are due to site symmetry
with the Bi and O’ in their ideal 16d and 8b crystallographic sites
and are termed a s-type lone pair. In our systems, it is interesting
to note within the same atomic structure (i.e. displacement

0.0

0.2

0.4

0.6

08

Fig. 2. The electron localization of the Bi,Ti,0'Og with atomic displacement for
part of the (110) plane passing through one Bi atom (center) and four O ions (in the
corners). The ELF values range from 0.0 (red) to 0.8 (purple) as indicated by the
scale. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 3. The electron localization of the Bi,Ti,S'O¢ with forced atomic displacement
for part of the (110) plane passing through one Bi atom (center) and four O ions (in
the corners). The ELF values range from 0.0 (red) to 0.8 (purple) as indicated by the
scale. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 4. The electron localization of the Bi,Ti,O’Se¢ with atomic displacement for
part of the (110) plane passing through one Bi atom (center) and four S ions (in the
corners). The ELF values range from 0.0 (red) to 0.8 (purple) as indicated by the
scale. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

pattern) that Bi-O’ interactions lead to atomic displacement and
an asymmetric p-type electron localization for Bi,Ti,0’'Og while
Bi-S’ suppresses p-type electron localization for Bi,Ti,S'Og. Fig. 4
illustrates the ELF plotted in the same (110) plane for the
Bi,Ti,0'Sg pyrochlore after simulated annealing. It is clear the
atomic displacement in this system does not exactly match that
observed in the Bi,Ti,0'Og pyrochlore but surrounding the Bi
cation is an asymmetric lone pair. Therefore the development
of a p-type lone pair on the Bi cation is observed in the two
pyrochlores with favorable atomic displacement and not observed
in the pyrochlore with forced atomic displacement. The effect of S
substitution onto the X’ site on the p-type lone pair formation is
explored in more detail in the discussion of partial density of
states (pDOS) below.

To quantify charge transfer in these systems we determined
the Bader atomic charges [26] using the code of Henkelman et al.
[25]. The Bader charges for the most favored structure, i.e. either
with or without displacement, of each of the pyrochlore systems
examined are included in Table 3. The importance of covalency
can be seen in these systems since all ions deviate from their
formal charge values. Wang et al. [31] addressed covalent versus
ionic bonding in bismuth pyrochlore using differences in the ion
electronegativity. Ionic (covalent) bonding would dominate with
the larger (smaller) difference in electronegativity between the
two bonded atoms. In our earlier study, the Bi-O bonds were
identified to be more ionic in nature than the B-O bonds in
metallic pyrochlores (B=Ru, Os, Ir, and Rh). Inversely, for Bi,Ti»0-,
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the Bi-O bonds are more covalent in nature than the Ti-O bonds.
These observations suggest that to observe cation displacement
and p-type lone pair formation we need to either increase the
strength of the Bi-O’ interactions or weaken the B-O interactions.
As we show below this simple rule is not sufficient to describe the
behavior of Bi pyrochlores upon S substitution.

The Bader charges for both the ideal and S substituted Bi,Ti, O
pyrochlores are reported in Table 3. These Bader values may be
interpreted in conjunction with the changes to the electronega-
tivity differences upon sulfur substitution. With increasing sulfur
content, the Bi Bader charge decreases from 1.88 e for Bi,Ti,0'Og
to 1.63 e for Bi,Ti,S'Os to 1.47 e for Bi,Ti,O'Ss, indicating the
degree of covalent bonding is increasing with increasing sulfur
content. Using Pauling’s [32] electronegativity (EN) for Bi, Ti, and
0, in Bi,Ti,0'Og the difference in EN between Bi and O is 1.42
while the difference between Ti and O is 1.9. In Bi,Ti,S'Og, the
difference in EN between Bi and S is 0.56 significantly lower than
the Ti-O; therefore, the Bi-S’ bond should be more covalent than
the Ti-O bond. Table 3 shows the Bader charges of Bi and S’ are
significantly less than their respective formal charges and that the
Ti and O charges do not change between Bi,Ti,0'Og and
Bi,Ti,S'0g. With sulfur occupying the X site, the difference in EN
between Ti and S is 1.04, between Bi and O’ is 1.42 and between Bi

Table 3
Bader atomic charges in units of e for the Bi, B, X', and X atoms are shown for the
Bi,Ti»0'Og, Bi,Ti»S'Og, BisTi>0'Se, BioRu,0'0g, and Bi,Ru,0’Sg pyrochlore systems.

Lattice parameter (A) ~ Bader charge (e)
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and S is 0.56. We can predict the Bi-O’ bond should be more
ionic than the Bi-S bond which should be more ionic than the
Ti-S bond. The calculated Bader charges again agree with this
prediction with reduction of the Bi, Ti, O’ and S charges. While the
Bader charges reflect the changes in covalency expected from
using the differences in EN, they fail to predict the systems were
cation displacement occurs. For example, the Bi cation becomes
more covalent as we go from Bi,Ti,0'Og, Bi,Ti»S'Og, and Bi,Ti,0'Sg
but only the two end systems show atomic displacement. While
Bi,Ti,S'Og shows larger charge transfer between the Bi and X’
than in the Bi,Ti,O’Og system, it is only the latter that produces a
strong p-type lone pair and atomic displacement. As we discuss
below cation displacement and lone pair formation are dictated
by the nature of the Bi-X' hybridization, which is distinctly
different in the Bi,Ti,0'Og and Bi,Ti,S'Og Systems.

Fig. 5 compares the pDOS determined for the previously
reported Bi,Ti,0'0O¢ [5] (a-d) before and (e-h) after atomic
displacement, with the states separated for each atom type.

0.000

0.025

Bi B X X
0.100
Bi;Ti,0'0¢* 10.34 1.88 2.18 —-1.22 —-1.15
Bi;Ti»S'Os 10.65 1.63 2.21 —0.81 -1.15 Fig. 6. The partial electron densities for the (a) Bi,Ti,0'0¢ with atomic
B}lezO'Ssa 12.00 1.47 1.62 -1.14 —-0.84 displacement and (b) Bi,Ti,S'Og with forced atomic displacement for the states
Bi;Ru;0'06 10.205 1.90 1.61 -1.27 —0.96 between —2 eV to the Fermi level for part of the (111) plane passing through one
Bi;Ru,0'Se* 11.75 1.37 0.66 -1.13 —-0.49 Bi atom (center) and six O ions (edges) with the scale indicating the contour levels
between 0.0 (blue) and 0.1 e/A* (red). (For interpretation of the references to color
@ Indicates systems that prefer atomic displacements. in this figure legend, the reader is referred to the web version of this article.)
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displacement and volume expansion to 10.34 A.
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Figs. 5a and e compare the O'2s and 2p states before and after
displacement, respectively. At the low energy band corresponding
to the Bi 6s states (see Fig. 5b and f), there is considerable
hybridization between the O’ 2s and 2p states to overlap with the
Bi 6s orbital. Additionally, displacement significantly alters the
valence band near the Fermi level with increased hybridization of
the Bi 6s and 6p states and improves the overlap with the O’ 2p
orbital. The central features of the pDOS responsible for lone pair
formation can be identified by examining the partial electron
density at specific energy windows. We have examined the partial
electron density for the low energy band (—11 to —8eV), the
intermediate energy band (—6 to —2eV) and the top of the
valence band (—2eV to the Fermi level). The energy range at
the top of the valence band shows the most clear asymmetric
electron density and can be attributed with the lone pair with the
Bi 6s and 6p orbitals strongly overlapping with the O’ 2p orbital in
the Bi,Ti,0'Og displaced system (see Fig. 5f). Fig. 6 shows the
partial electron density for Bi,Ti,0’'Og (Fig. 6a) with atomic
displacement and Bi;Ti,S'Og (Fig. 6b) with forced atomic
displacement. The planes illustrated in Fig. 6 correspond to a
Bi cation, in the center of the plane, displaced upward and
surrounded by its six O anions. Similar to Fig. 2, the lone pair on
the Bi cation can be observed in the opposite direction of the
displacement. In both cases, an asymmetric lobe is formed but the
size and magnitude of density are much smaller in Bi,Ti,S'Og
(Fig. 6b) than in Bi,Ti,0’'O¢ (Fig. 6a), agreeing with the
observations made from the ELF that lone pair formation is not
favored for Bi,Ti,S'Og (Fig. 3).

Fig. 7 shows the pDOS for the Bi,Ti,S'Og pyrochlore (a-d) at
equilibrium and (e-h) with forced atomic displacement. The
forced displacement system is the same structure mentioned
above with regards to Fig. 3. Although Bi,Ti,S'Og is insulating like
Bi,Ti,O'O¢ (Fig. 5), the magnitude of the band gap has been
reduced from 1.8 to 1.5eV. The pDOS associated with the S’ site,
shown in Fig. 7a, shows the 3s and 3p states directly overlap in the
low energy band corresponding to the Bi 6s states (see Fig. 7b)
which differs from that observed for O’ in Bi,Ti,0'Og (Fig. 5a and

e). In the upper valence band, the S’ 3p states are considerably
lower in energy than equivalent O’ states resulting in a peak split
of the Bi 6p at the low energy range of this band. This split results
in a small energy window where only the Bi 6p orbital interacts
with the S 3p orbital, which is not observed in any other
pyrochlore. After forced displacement (Fig. 7e-f), this interaction
is shifted in energy towards the other interactions within the
upper valence band. Additionally, the direct overlap of the S’ 3s
and 3p states seen in the low energy valence band is reduced and
mirrors that observed for Bi,Ti,0'Og (Fig. 5a and e). While there is
an increase in hybridization of the Bi 6s and 6p (Fig. 7f) near the
Fermi level after forced displacement its magnitude is much
smaller than that seen in Bi,Ti,0'Og (Fig. 5f). This corresponds to
the previous observation of the symmetric electron localization
(Fig. 3) surrounding the Bi cations within this structure.

Fig. 8 compares the pDOS for Bi,Ti,0'Sg (a-d) before and (e-h)
after atomic displacement. In the Bi,;Ti,O'Sg system, the band gap
between the conducting and valence band is not observed but the
energy gap between the two valence bands is retained. The O’ 2s
and 2p states (Fig. 8e) in the lower valence band overlap with the
Bi 6s states (Fig. 8f) at the higher and lower energy, respectively.
This hybridization matches that seen for Bi,Ti,O'Og (Fig. 5e-f). In
the upper valence band, atomic displacement significantly
increases the overlap of the Bi 6s and 6p orbitals near the Fermi
level (see Fig. 8f) with the O’ 2p states (see Fig. 8e), corresponding
to the formation of the lone pair observed in Fig. 4. The essential
interactions between Bi 6s and O’ states at the low energy band
and subsequent hybridization between the Bi 6p near the Fermi
level that mediate the forming of the lone pair in Bi;Ti,0'Og is
similar to the findings of Walsh and co-workers for a range of
oxides [8-11].

3.3. Bismuth ruthenate

We concluded our study by returning to a representative
metallic bismuth pyrochlore, Bi;Ru,00’, that in our earlier DFT
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atomic displacement.
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Fig. 9. The partial electron densities for Bi;Ru,0’'S¢ with atomic displacement for
the states between —2eV to the Fermi level for part of the (101) plane passing
through one Bi atom (center), two O’ (atoms included) and two S ions with the
scale indicating the contour levels between 0.0 (blue) and 0.1e/A* (red). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

study did not show any cation displacement [5]. Experimental
studies of Bi;Ru,050’ showed atomic displacement [33], but the
samples had significant oxygen deficiency on the A,O’ network.
This oxygen deficiency might force the experimentally observed
displacement and disagreement with DFT [5], but we leave the
study of O vacancies on cation displacement for future studies. In
our earlier study [5] on metallic Bi pyrochlores we concluded
atomic displacement is not favored due to the stronger interac-
tions between Bi and the O atoms on the B,Og network in these
systems. For Bi,Ti;OgO’ the cation displacement is enhanced and
the p-type lone pair formation more pronounced when S is

substituted in the B,0g network. This result suggests that
substituting sulfur in the B,Og network for the metallic pyro-
chlores may induce cation displacement. Below we test this
hypothesis by examining sulfur substitution on Bi;Ru,060'.

We repeated the lattice optimization procedure discussed in
Section 3.1 for the BiRu,0'Sg structure to determine the
equilibrium lattice parameter and favorability of atomic displace-
ment. The structural details of the ideal pyrochlore both with and
without sulfur are included in Table 1. Following simulated
annealing, we found that atomic displacement is favored in the
BiRu,0’Sg pyrochlore, with the details summarized in Table 2.
The Bi cations in the Bi;Ru,0’Sg pyrochlore displace towards one
of the two O’ anions thereby creating two long and two short
Bi-O’ bonds within each A0’ tetrahedral (see Fig. 1b). In other
bismuth based pyrochlores, this type of Bi cation displacement
has been discussed as “spin-ice” tetrahedral bonding [30]. The
pyrochlore O’ anions are equated to oxygen within ice with two
hydrogen ions covalently bonded and two hydrogen ions more
weakly bound at significantly longer distances. While the spin-ice
arrangement does not affect the average Bi-O’ bond in the
pyrochlore, structurally a single long and short Bi-O’ bond can be
seen by looking at the atoms included in Fig. 9. In addition to
showing some structural details, Fig. 9 illustrates the partial
electron density for a portion of the (10 1), which slices through
the S-Bi-O’ bonding network. The energy range of interest, —2 eV
to the Fermi energy, is the same as that examined in the Bi;Ti,O
pyrochlore (Fig. 6). A similar asymmetric electron density to that
seen in the Bi;Ti,07 is observed for the Bi,Ru,0'Sg pyrochlore
after atomic displacement, but the electron density maximum is
larger (0.1 e/A3 versus 0.05 e/A) in Bi,Ti»O. Fig. 10 shows the ELF
for Bi,Ru,0’'Sg with atomic displacement in the (1 01) plane and
illustrates an asymmetric lobe forms along the long Bi-O’ bond
direction created behind the Bi cation displacement. Though the
magnitude of electron localization in Bi,Ru,0’Sg (Fig. 10) is lower
than that seen in Bi,Ti,O’O¢ (Fig. 2), we can see in Bi;Ru,0’'Sg
the lone pair formation is favored and triggers the atomic
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10

Fig. 10. The electron localization function for Bi,Ru,0’Sg with atomic displace-
ment for part of the (101) plane passing through one Bi atom (center), two O’
(atoms included) and two S ions. The ELF values range from 0.0 (red) to 0.8
(purple) as indicated by the scale. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

displacement. The Bader charges for the BiRu,0’'0Os and
Bi;Ru,0’Sg systems are reported at the bottom of Table 3.
Similar to the bismuth titanate systems, sulfur incorporation
increases the degree of covalent bonding in the system, as
indicated by the reduction of the Bi, Ru, O’ and O/S site Bader
charges.

These results suggest that modifying the B,Og network to
weaken Bi-O interactions is a plausible strategy to increase cation
displacement and in turn induce favorable dielectric properties in
these materials. It will be interesting to compare the lone pair
formation and role in cation displacement in the more complex Bi
pyrochlores such as BZN to our observations of Bi;Ti,0-.

4. Conclusions

In this paper, we employ DFT calculations to further clarify the
lone pair formation in Bi,Ti;O’Og through sulfur substitution on
the O’ and O sites. We find atomic displacement is not favored in
the case of S substituted on the O’ site, confirming the primary
importance of the Bi-O’ interactions. Analysis of the partial
density of states, ELF and partial electron density shows that the S
substitution on the O’ site suppresses the formation of the lone
pair by modifying the Bi-anion hybridization. We also examined
the electronic structure of the Bi,Ti,S'Og pyrochlore fixed with the
same displacement pattern as that seen in Bi,Ti,0’Og. In
Bi,Ti,S'Og with forced displacement the ELF displayed symmetric
lobe around the bismuth cations with a significant reduction of
the asymmetric electron density in the energy range of —2eV to
the Fermi level. In the case of sulfur on the O site, atomic
displacement is significantly favored energetically in Bi,Ti,0'Sg

and showed the largest atomic displacement magnitudes. Speci-
fically, the Ti and O’ atoms displaced considerably more in
Bi,Ti»O’Se than in Bi,Ti,0'Og which we attribute to weaker Bi-S
versus Bi-O interactions that leads to stronger hybridization
between the Bi and O’ states that favors the lone pair formation.
Finally, we show by substituting S on the B,Og network of
Bi,Ru,0’Og that cation displacement and lone pair formation can
be induced in the metallic Bi pyrochlores by disrupting the Bi-O
interactions. This result suggests that modifying the B,Og network
to reduce the interactions with the A,O' network will assist in
promoting cation displacement.
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