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Abstract

We analyse the manner in which local atomic structure affects the identification
of Bi valence states in the x-ray absorption near-edge structure (XANES) of the
Bi L3 edge, by comparing simulations of the Bi L3 edges in various polymorphs
of Bi,O3, NaBiO3 and AgysBi30;5. We find that while the XANES is certainly
sensitive to the ionicity of Bi, it is better described in terms of its sensitivity to
the local bond lengths and coordination associated with the valence states of Bi.

1. Introduction

The valence state of Bi in bismuth-containing crystals and glasses has attracted scientific
interest for many years, due to its important role in metal-to-insulator transition [1],
superconductivity [2] and photoluminescence [3]. In experiments, x-ray absorption near-edge
structure (XANES) of the Bi L3 edge has been extensively used to determine the valence state
of Bi in various crystals and glasses [4-21]. These measurements usually require a comparison
with standard samples (e.g. Bi,O3 and NaBiO3) of known oxidation states. This assumes
that the differences between Bi L3 XANES are due to differences in Bi valence state, without
theoretical justification.

It is known that the XANES, as well as electron energy-loss near-edge structure (ELNES),
is sensitive to both local structure and chemistry. It has been general practice to use XANES
and ELNES to study valence states, such as those in transition metal oxides [22, 23]. In
some cases, however, XANES and ELNES are clearly more sensitive to local structure than
to the valence state. For example, B has the formal valence B3t in oxides, regardless of its
threefold or fourfold coordination to O. However, the XANES and ELNES of the B K edge
are significantly different in these two coordination forms, and this has been widely used as a
fingerprint to distinguish the local structural environment around the B [24, 25]. In the heavy
element oxide TeO,, the local structure gradually evolves from a [TeOy4] trigonal bipyramid to a
[TeO3] trigonal pyramid when other metal oxides (e.g. Nb,Os) are added, although the formal
valence of Te remains Te**. This structural change can be identified via the disappearance of
a small peak within 10 eV of the threshold of the Te L3 edge [26]. Therefore, it is necessary
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Table 1. A list of Bi—O distances in the first shell in various compounds. The data in the parentheses
are excluded from calculating the average bonding distances. 0-Bi; O3 represents the orthorhombic

phase.
Bi-O distances (A) in the first shell Average

a-Bir O3 [33] (Bil)  2.075,2.174,2.209, 2.548, 2.636, (3.244) 2.329

(Bi2)  2.136,2.224,2.290, 2.477, 2.531, (2.796) 2.332
B-Bi, O3 [34] 2.096,2.128, 2.253, 2.463, (2.720), (2.978)  2.235
y-Bi; O3 [31] (Bil)  2.087,2.234,2.283,2.595, 2.622, (3.117) 2.364

(Bi2)  1.910, 1.910, 1.910, 1.910 1.910
8-Biy O3 [31] 2.451,2.451,2.451,2.451 2451
0-Bi; O3 [32] 2.082,2.170, 2.173, 2.489, 2.569, (3.473) 2.297
NaBiO3 [35] 2.094,2.094, 2.094, 2.137,2.137, 2.137 2.116
AgysBi3045 [36]  (Bil)  2.207,2.207,2.207,2.507, 2.507, 2.507 2.357

(Bi2)  2.130,2.130, 2.130, 2.130, 2.130, 2.130 2.130

to justify theoretically whether the XANES of the Bi L3 edge is more sensitive to its formal
valence state or to the structural environment around Bi.

In this work, we discuss how local structures affect the identification of Bi valence states
in the XANES of the BiL; edge, by comparing simulations of the Bi L3 edges in various
polymorphs of Bi; O3, NaBiO3 and AgysBi3Oys.

2. Theoretical calculations

The XANES simulations were carried out using a real-space multiple scattering (MS) approach,
as encoded in the FEFFS algorithm [27]. The wavefunctions were obtained by solving
the Dirac equation self-consistently in the relativistic spinor representation using muffin-tin
potentials. For the DOS calculations, the ground state von Barth-Hedin exchange—correlation
potential [28] was used. The Hedin-Lundqvist energy-dependent self-energy correction [29]
was added to the SCF total energy in the simulations of the XANES. The core hole effect is
also included using the ‘frozen core hole” approximation. The radius of the cluster for multiple
scattering during the self-consistency loop is 7 A, which contains about 100 atoms. The
maximum values of the angular momentum basis are /;,,x = 1 for oxygen and 3 for bismuth.
The maximum value of the overlap for the muffin tins is 10%.

Bi,0; has several polymorphs, including the -, 8-, ¥-, 8-, and 0-Bi,O3 phases [30-32].
Accordingly, Bi in these polymorphs should bear the formal valence charge of Bi**.

a-Bi;03: This is the most stable form at room temperature. Bismuth has two inequivalent
positions in «-BiyO3: both are considered to be fivefold coordinated to O. The coordination
surrounding Bi may be described as a distorted octahedron, with one of its corners removed.
The Bi—O bond distances are listed in table 1 [33].

B-Bi»O3: Although six O surround Bi in this structure, two of them are almost 3 A away
from Bi (table 1) [34]. Therefore, the O polyhedron surrounding Bi may be described as a
pseudo-trigonal bipyramid.

y-Bi,03: This is isomorphous with the bce Bi1,GeO,g [31]. The Bi atoms in pure y-Bi,O3
occupy positions which are tetrahedrally coordinated to O, and normally occupied by the
impurity (e.g. Ge) ion. Therefore, there are two inequivalent Bi atoms in y-Bi,O3: one is
fivefold coordinated to O, resembling that in @-Bi,O3; another is fourfold coordinated to O.
The Bi—O bond distances are listed in table 1.
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Figure 1. Comparison of calculations for Bi L3 edges in «-BipO3 and NaBiOs.

8-Bi;O3: This cubic é form is the high-temperature phase. There is some controversy
concerning the structure and space group [30, 31]. As regards the local structure of Bi, however,
there is general agreement that Bi is fourfold coordinated to O with a relatively long Bi—-O
distance (table 1). In this work, we used the lattice and atom position parameters given by
Medernach [30].

0-Bi;03: This is an orthorhombic phase. The local environment surrounding Bi can be
derived from the fluorite structure, in which three O atoms at the corner of the cube are removed
and the remaining five O atoms are displaced [32].

The calculations were also carried out for two other structures: NaBiOs; (Bi’T) and
AgysBiz01g (Bi*t and Bi’T). The crystal structure of NaBiO3 consists of BiOg octahedra and
NaOy octahedra, and the mean Bi—O distance is about 2.12 A [35]. AgysBi3013 contains both
Bi** and Bi®* [36]. Bi*" is in a distorted O octahedron, with three O at a distance of 2.21 A and
the other three at a distance of 2.51 A. Bi’" lies almost within a regular O octahedron, at an
equal distance of 2.13 A, which is in agreement with the other Bi>* bismuth oxides, such as
NaBiO3.

3. Results and discussion

Overall, the XANES of the BiLs edge consists of a main peak with delayed maximum
intensity [4-21]. There are three major features in this broad peak (indicated A, B and C). All
these features have been used to identify the formal valence states of Bi [4-21]. For NaBiOs,
the small peak A is significantly stronger in comparison with that for «-Bi, O3, where it is only a
slight bump. Therefore, it is always considered to be characteristic of Bi>* [4-21]. There is also
a shift of about 2 eV to higher energy in the general position of the absorption edge for NaBiOs,
compared to @-Bi;O3. As a result, the energies of peaks B and C for NaBiO3 are higher than
those for a-Bi,0s. Figure 1 compares simulations of the Bi L3 edge in «-Bi,O3 and NaBiOs,
which are often used as standards for Bi** and Bi>*, respectively. The calculated Bi L; edge in
«-Bi,03 is the average of two inequivalent sites. In our calculations, all these characteristics are
qualitatively reproduced, although differences exist. For NaBiOs3, the major discrepancy is as
regards the position of peak C. For Bi,0s, the calculated intensity of peak A is slightly stronger
than those from experiments. Both effects are probably due to the use of muffin-tin potentials
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Figure 2. Comparison of the calculated Bi L3 edge for Bi** and Bi** in AgysBi3Oys.

in the calculations [37]. Later, it will be shows that slight variations in Bi—O bond lengths
may also cause these discrepancies. Nevertheless, for the purposes of distinguishing the formal
valence states between Bi** and Bi’T, our agreement between calculation and experiment is
generally satisfactory.

Differences between Bi** and Bi’T have also been confirmed by calculations for a single
compound AgssBi3O;g, in which Bi has both 3+ and 5+ formal valence states [36]. The
results are compared in figure 2. This shows that peak A is much stronger for Bi> than for
Bi**, and the general position of the absorption edge shifts to a higher energy for the former.
These results are consistent with the results for Bi;O3 and NaBiOs3 in figure 1. Interestingly,
the two types of Bi have similar coordination, but different mean Bi—O distances (table 1). The
mean Bi-O distance of Bi*t in AgrsBiz0qg is 2.13 A, which is about the same value as for
the other Bi>* oxides: 2.12 A in NaBiOz and AgBiOs, 2.10 A in KBiO3, 2.11 A in LiBiOs,
and 2.10 A in MgBi;0g. In contrast, the mean Bi—O distance of Bi3* is about 2.36 A, which
is about the same as that in «-Bi;O3 (2.33 A). Since no charge states were imposed on the Bi
in the calculations, we believe that the differences in the calculated spectra in figure 2 are the
result of different Bi—O distances.

Peak A was always assigned to the 2p°/~ — 6s transition, since Bi 6s is considered to be
empty in Bi>*. By contrast, Bi 6s is filled in Bi**, and thus this bump is absent. The assignment
of the Bi L3 edge in these compounds is examined in our calculations in figure 3, in which the
s and d DOS (density of states) projected on Bi in both NaBiO3 and «-Bi,O3 are compared. It
is seen that a sharp peak (indicated by arrows in figure 3) occurs near the band gap in the empty
s states for NaBiOs3, while it is weak and broad for «-Bi,O3. However, the Bi 6s state is not
completely filled in «-Bi,O3. There are comparable intensities of the Bi 6s and 6d empty state
DOS near the band gap region, which are both responsible for a small bump in the calculated
spectrum for @-Bi,O3. The other features of the Bi L3 edge (peak B and C) are exclusively
due to the Bi 2p*/? — 6d transition. For NaBiOs, the gap between the occupied and empty d
DOS is quite large (~6-8 eV), and the empty 6s is in the middle of the gap. By contrast, the
corresponding gap is very small in «-Bi,O3. As a result, the edge and the maximum of the
main peak (due to transitions to Bi d states) are about 2 eV lower for NaBiOj; than for a-Bi,0s.
In summary, the XANES of the Bi L3 edge is largely determined by the empty Bi d DOS, while
the empty Bi's DOS only makes contributions in the onset region.

3/2
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Figure 3. Comparison of the electronic partial DOS of Bi s and d orbitals in «-Bi»O3 and NaBiOs.
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Figure 4. Comparison of the calculated Bi L3 edge in artificial (Nag sMgp 5)BiO3 (solid line) with
that in NaBiOs3 (dotted line).

In practice, it is always assumed that the gradual change of peak A at the onset region is
induced by the change in the formal valence state of Bi [4-21]. Doping electrons in NaBiO;
would fill the empty Bi 6s states, and thus reduce the intensity of peak A. On the other
hand, doping holes in «-Bi,O3 would increase the intensity of peak A. Some researchers have
also attempted to quantify the Bi valence from the intensity variation of peak A, under the
assumption that there is no interaction between the Bi 6s and 6d orbits [20]. To justify this
practice, we also carried out calculations for an artificial cluster of NaBiOs3, in which half of
the Na atoms are randomly replaced by Mg (i.e. Nag sMg( sBiO3) without change of structure
parameters. The result is compared with the calculation for NaBiOj in figure 4. It shows little
difference between these two calculated spectra. The slight shift in energy is probably due to
the shift of Fermi energy.

As we know, doping may also cause changes of lattice parameters. To show the
relationship between the XANES of the Bi L3 edge and the Bi—O bond distances, we have
carried out calculations on modified structural models of @-Bi,O3 and NaBiOs3, in which the
lattice parameters are slightly decreased and increased, respectively. The results are shown in
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Figure 5. Variation of the Bi L3 edge with bond distances in «-Bi;O3 and NaBiO3. The arrows
indicate the trend of decreasing (upper panel) and increasing (lower panel) bond length.

figure 5. It is seen that a slightly decreasing Bi—O bond distance in «-Bi,O3 results in both
peaks B and C shifting toward higher energy, while a slightly increasing Bi—O bond distance in
NaBiOs shifts peak C toward lower energy. This is generally consistent with Natoli’s rule that
the peak locations in energy are inversely correlated with the bond length [38].

Finally, figure 6 also compares our calculations for the various polymorphs of Bi,O3. In
these polymorphs, all the Bi should have the same formal valence charge, Bi’*, except Bil
in y-Bi,03. However, the differences between the XANES among the Bi** polymorphs are
obvious, including the different intensities of the small bump A, as well as the general positions
of the absorption edge and the position of peak C. In «-Bi,O3, for example, the two Bi sites (Bil
and Bi2) have slightly different local structural environments. As shown in table 1, the average
O-Bil bond distance is slightly smaller than that of O-Bi2. As shown in figure 6, the difference
in calculated L3 edge between Bil and Bi2 is not negligible, although all the Bi in «-Bi,O3 is
considered to be Bi**. The small bump in Bil is more visible in the region of peak A by
comparison with that of Bi2. This small bump cannot be misinterpreted as the peak A of Bi®*,
but it can definitely induce errors if quantifying valence is attempted. Additionally, the position
of peak C of Bil shifts slightly toward higher energy relative to that of Bi2. Therefore, one
should be cautious when using the shifts of peaks B and C to identify the valence states of Bi.

On closer inspection, we see that the higher the energy of peak C, the more intense the
small bump A becomes. As regards the position of peak C, it apparently increases in the
sequence 8-Bi203, ]/-Bi203 (Bll), C(—Bi203 (B12), C(—Bi203 (Bll), ,3—Bi203 and O—Bi203. By
contrast, the mean Bi—O distance decreases in the same manner in these polymorphs (table 1).
This suggests that the XANES of the Bi L; edge depends on the near-neighbour distances, as
well as on the coordination. Small variation of the local structure can alter the valence state
significantly. Therefore, the concept of formal valence charge of Bi is an oversimplified view
of the density of states for valence electrons [6].

The mean Bi—O distance for Bi2 is much shorter than that of Bil in y-Bi,O3 (table 1).
It has been suggested that Bi2 is most likely to be Bi’T in this polymorph [39]. However,
previous attempts to verify its existence were unsuccessful [30]. In our calculations (figure 6),
the differences between the Bi L3 edges around these two different Bi are very similar to the
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Figure 6. Comparison of calculated Bi L3 edges in various Bi;O3 polymorphs. For «- and y-Bi, O3,
the dotted and chain lines represent the inequivalent sites Bil and Bi2, respectively. The vertical
lines indicate the positions of peak C.

differences found in calculations for a-Bi,O3 (Bi**) and NaBiO; (Bi**) shown in figure 1, and
between Bi** and Bi’* in AgysBi30;5. These include a significant peak A and lower energies
for peaks B and C in Bi2 relative to Bil. This result provides evidence that Bi2 is most likely
to be Bi>*. This conclusion in fact reflects nothing but the fact that the Bi2—O bond distance is
much shorter than that of Bil-O.

We also noted that the Bi L3 edge XANES is very broad, probably due to the short core hole
lifetime. The natural width of the Bi L3 level is about 6 eV [40]. Unlike for the relatively light
elements, such as for V and Ti L,3 edges in different V and Ti oxides [22, 23], the differences in
the Bi L3 XANES are thus not drastic in the formal valence forms of Bi** and Bi>*. The change
of Bi L3 XANES induced by the change of the local structure alone cannot be distinguished
from the change induced by the different formal valence state (figure 5).

4. Conclusion

These simulations confirm that the XANES of the Bi L3 edge is sensitive to the ionicity of
Bi (Bi** or Bi’"), and can indeed be used to distinguish these two states. It is also found
that the formal valence of Bi is correlated with its local structure: the Bi>*—O bond distance
is shorter than the Bi**—O bond distance. Therefore the XANES shape can equally better be
interpreted as resulting from the change in bond distance and coordination associated with these
two atomic configurations. However, even though the formal valence of Bi remains unchanged,
small variations in bond distance and coordination can significantly alter the density of states of
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valence electrons, and thus the XANES of the Bi L3 edge. It is therefore preferable to describe
the spectra in terms of the local structure around Bi, rather than the formal valence charge of Bi.
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