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Abstract

The energy loss near edge structure (ELNES) of the O-K, Ti—L,; and Mn-L,; edges have been recorded in hexagonal Ba;Ti,MnQOyq
with an energy resolution of 0.10-0.20eV using a monochromator on a commercial transmission electron microscope (TEM) and
compared with a tetragonal BaTiO; reference sample. The formal valency and symmetry of Mn have been determined using atomic
multiplets calculations and its effect on the electronic structure of BaTiO3 has been interpreted through a molecular-orbital model.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Electron energy loss spectroscopy (EELS) in the
transmission electron microscope (TEM) is one of the
most powerful solid-state spectroscopies mainly because of
its high spatial [1,2] and energy [3,4] resolutions. In
particular, the energy loss near edge structure (ELNES),
probing the site- and symmetry-projected density of
unoccupied states [5], are widely used to investigate the
electronic structure of materials. Its high sensitivity to the
nature of chemical bonds and to the local coordination
around the excited atom is crucial to understand the
relationship between the local electronic structure and the
physical properties of materials. The recent development
of monochromators and high-energy resolution spectro-
meters on commercial instruments has pushed the energy
resolution toward the limit of 0.1-0.2eV. This major
advance allows the acquisition of ELNES with a negligible
contribution from experimental broadening which is now
of order or smaller than the broadening due to the finite
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lifetime of initial and final states for the most commonly
studied edges in solids. These experimental spectra are,
therefore, equivalent to those obtained in X-ray absorption
spectroscopy (XAS).

Doping of BaTiOj3 with transition metals such as Mn
leads to important modifications of its physical properties.
For example, an effective method for the stabilisation of
the high temperature hexagonal phase of BaTiO; at room
temperature is by the substitution of Ti with M =V, Cr,
Mn, Fe, Co, Ru, Rh, Ir, or Pt with the stoichiometry
Ba;Ti,MOy [6]. The M atoms occupy a Ti 4-fold site in
each of the two Ti,Og co-ordination groups and the Ti,Oq
groups are linked by corner sharing TiOg octahedra. The
close approach and repulsion of the Ti atoms in the Ti,Oy
group results in a destabilisation of hexagonal BaTiOs as it
is cooled to room temperature. It has thus been postulated
that M substitution allows the overlap of M-Ti d-orbitals
which acts as the stabilising mechanism [6-10]. It has also
been shown that the presence oxygen vacancies at the
interface of the Ti,O¢ group may contribute to the
stabilisation [11]. The goal of this paper is to understand
the effect of Mn on the electronic structure of BaTiO3
through a study of the core loss spectra recorded in
Bas;Ti,MnOy and in a reference sample of tetragonal
BaTiO;. Recent structural studies have uncovered the
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Mn/Ti ordering in Ba3Ti,MnQg, and investigations of its
electrical properties due to the presence of Mn, acting as an
effective acceptor dopant have been performed [12].
However, to our knowledge, no detailed investigation of
the influence of Mn on the electronic structure of BaTiO3
has been reported so far. The experimental data are
analysed and interpreted with the help of ligand field
multiplets and molecular orbital calculations.

2. Material and methods

The experimental spectra have been recorded on a FEI
Tecnai 200 FEG microscope equipped with a monochro-
mator and a high-resolution energy loss spectrometer. This
system enables the recording of EELS spectra with an
energy resolution of 0.10-0.20 eV (measured at full width at
half maximum (FWHM) of the zero loss peak), as
described elsewhere [4]. In these experiments, the probe
size was a few tens of nm. The spectra were acquired in
diffraction mode with a large collection angle (> 10 mrad)
and a dispersion of 0.05eV/channel. For each edge shown
hereafter, a series of spectra recorded with relatively short
acquisition times (between 5 and 30s) were added yielding
to a total acquisition time varying between 50 and 300s.
The background, modelled with a power law, has been
fitted on the pre-edge region, extrapolated and finally
extracted using standard procedures. We ensured that the
samples were thin enough to consider multiple inelastic
scattering contributions as negligibles. The TEM samples
were prepared by crushing the powder in ethanol and by
dispersing the suspension on a holey carbon-covered Cu
grid.

3. Results
3.1. Ti—Ly; edge

The Ti-L,3 edge in Ba;Ti,MnOy is displayed in Fig. 1.
The shape of this edge is characteristic of a ¢ transition
metal in octahedral symmetry [13]. In the one electron
picture, the four preeminent lines can be interpreted in a
simple way: the 2p spin—orbit coupling gives rise to two
strong lines separated by a value of % x {5, ({op 1s the radial
part of the spin-orbit matrix element), respectively (the L3
and L, edges), which in turn are split in two lines by the
octahedral crystal field. The main effect of the crystal field
is indeed to split the 3d (final) states in two levels of 1,
and e, symmetries, respectively. However, this approach
usually fails to describe the fine structure observed near
transition metal L,; edges. A quantitative description of
these edges requires an explicit treatment of electron—elec-
tron interactions and ligand field multiplets calculations
[14]. In the same figure we show the experimental Ti—L,;
edge acquired in a sample of BaTiO; as a reference for
Ti**, in Ba,TiNbOg as a reference for Ti’* and the
theoretical L,; edge of Ti** calculated in an octahedral
crystal field with a 10 Dq parameter of 1.80eV (see
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Fig. 1. A comparison between the experimental Ti—L,; edge in BaTiO;,
Ba,TiNbOg and Ba;Ti,MnOg (circles) and the ligand field multiplets
calculations of Ti*" in octahedral crystal field (solid line).

Table 1
Parameters used in the ligand field multiplets calculations of Ti and
Mn-L,; edges

Kpa (%) Kaa (%0) 10 Dq (eV)
Ti** 100 — 1.80
Mn** 60 45 2.05

The scaling factors used for the Slater integrals are given in percentage of
the atomic values.

Table 1). The four preeminent lines being well separated, it
is possible to use specific Lorentzian broadenings for each
of them. We applied here the approach developed by de
Groot et al. in Ref. [13] separating the contributions of
Coster—Kronig Auger and solid-state broadenings. The
best agreement is achieved using the same values as found
for the Ti—L,3 edge in the parent compound FeTiOj3 in Ref.
[13]. From the important similarities with the reference
spectrum recorded in BaTiO; and the excellent overall
agreement with the theoretical spectrum, it can be deduced
that the Ti is still tetravalent in Ba3;Ti,MnOy. In particular,
the presence of a non-negligible amount of trivalent Ti
would result in a substantial modification of the fine
structure, as predicted from the multiplets calculations [15]
or observed experimentally [16,17] in mixed valence
compounds. This strong modification of the fine structure
associated with a reduction of the formal valency of the Ti
is illustrated in the case of the reference compound
Ba,TiNbOg4. However, a previous study [18] of the Ti—L,s
edge pointed out that a minor concentration of Ti** in
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minerals containing both valences is not easily detectable.
If this edge cannot be considered as a proof of the absence
of trivalent Ti, it leads to the reasonable conclusion that if
trivalent Ti is present, its concentration is negligible. The
high-lying structures visible on the experimental spectra at
around 468-469eV are not reproduced by this single
configuration calculation and thus should be addressed.
The nature of these features is still not clear and has been
interpreted as charge transfer [19] or polaronic satellites
[20]. The main information resulting from the analysis
of this edge is that the Ti environment is not strongly
modified by the presence of Mn with respect to the case of
BaTiO; and that no change of the Ti formal valency or a
strong distortion of the O octahedra can be detected. In
particular, the presence of oxygen vacancies, leading to a
Ti** to Ti** reduction in BaTiOs_s [21] or SrTiOs_s [22]
and then to an important change of the fine structure is not
observed.

3.2. Mn—L;; edge

The Mn-L,; edge has been recorded and is shown in
Fig. 2. In order to keep electrical neutrality in the unit cell,
the Mn is predicted to be tetravalent. However, the
experimental edge does not agree with the theoretical ionic
calculations of Mn** in octahedral symmetry [15]. This
deviation from ionic calculations can be attributed to a
non-negligible hybridisation of the transition metal with
the ligand atoms. These effects can be included in the
multiplets calculations by a reduction of the Slater integrals
from their atomic values [23]. Different reduction factors
are usually used for the integrals describing the 3d—3d and
2p-3d interactions, k49 and x,q, respectively. This differ-
ence is justified by the fact that the 2p core-states are not
affected by the hybridisation. These parameters together
with the crystal field strength 10 Dq have been optimised so
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Fig. 2. A comparison between the experimental Mn—L,3 edge (circles) and

the ligand field multiplets calculations of Mn** in octahedral crystal field
with covalency included (solid line) .
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as to get the best agreement with the experimental
spectrum. Their values are given in Table 1 and the
corresponding spectrum is displayed on Fig. 2. In this case,
a Lorentzian broadening of 0.1e¢V for the L; edge and
0.3eV for the L, edge have been used in addition to the
0.2eV Gaussian experimental broadening. The over all
agreement between theoretical and experimental spectra is
good even if the detailed fine structure of the L edge is not
exactly reproduced. However, the similarities of this
experimental spectrum with X-ray absorption L,; edges
of Mn** in complex molecules [24] and in solids such as
Li,MnOj; [25], MnO, [26] or minerals [27], strengthen our
belief that Mn is in the 4+ oxidation state. Such a strong
reduction of the Slater integrals reveals the fact that the
Mn ground state cannot be described with only a 13d°)
ionic configuration but as a mixture of 13d°%) and
13d* L) configurationswhere L denotes a ligand-hole (here
an O-2p hole) with a non-negligible weight of the second
configuration. To summarize these results, the ligand field
multiplets calculations allow us to assume a 4, symmetry
of the Mn*" atom in octahedral site but also reveal a
covalent character of the Mn—O bonding.

3.3. O-K edge

Complementary information on the role of Mn in the
bonding of this compound can be obtained from the O-K
edge. This edge is displayed in Fig. 3 together with the O-K
edge acquired in a BaTiO; reference sample. Contrary to
transition metal L,; edges where the multiplets effects are
dominant, K edges can be interpreted in terms of the
electronic structure of the compounds under investigation
[5,28]. In BaTiOs as in other d® perovskites [29,30], the
bottom of the conduction band is dominated by the empty
Ti-3d states split in the f, and e, sub-bands under
the octahedral crystal field. The weak n hybridisation of
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Fig. 3. A comparison between the experimental O-K edges in BaTiO3 and
Ba3Ti2Mn09.
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the Ti-3d t,, with O-2p orbitals leads to the formation of a
narrow band corresponding to peak labelled (A) on the
figure. The stronger ¢ hybridisation of the Ti-3d ¢, orbitals
leads to the formation of a broader band and to the
corresponding peak (B) on the experimental spectrum. At
higher energy, peaks (C) can be attributed to the Ba-5d
states. As a consequence of the dipole selection rule, the
O-K edge probes the O-2p projected density of states
which extend over this large energy range and then reflects
the over all electronic structure of this compound. A direct
comparison of these experimental spectra shows important
similarities in the number, the energy position and the
shape of the different peaks between these two compounds.
The main difference comes from the presence of a shoulder
labelled (A’) on the low energy side of the first peak in
Ba;Ti,MnQOy. As in the case of the Ti-L,3 edge, expected
changes due to presence of oxygen vacancies, i.e. the over
all broadening of the structures lying in the first 10eV after
the edge onset [21,22], are not observed. The (A") shoulder
is absent in BaTiO; and then appears as a direct
consequence of the hybridisation of O-2p with Mn-3d
states, which is consistent with the covalent character of the
Mn-O bonding deduced from ligand field multiplets
calculations of Mn—L,; edge. It can be concluded that
the empty 3d states of Mn now dominate the bottom of the
conduction band. This modification of the O-K edge onset
in & perovskites arising from the introduction of transi-
tion-metal has already been observed in SrTi;_,Ru,O;
[31]. In this system, a similar pre-edge peak related to the
Ru-4d empty states appears as a characteristic modification
of the O-K edge when increasing the Ru content.

4. Discussion

In order to analyse this specific effect, we used the
theoretical results published by Moretti and Michel-
Calendini [32,33] concerning the impurity energy levels
and the stability of transition metal ions in cubic BaTiOs.
The molecular-orbital model has been widely used to
discuss near-edge fine structure and provides useful
information to interpret the O—K edge in transition metal
oxides [34,35]. Even if the physics of Ba;Ti,MnQy is far
from the picture of Mn impurities in BaTiO;, we can at
least discuss these results on a qualitative basis. These
authors used the self-consistent-field spin-unrestricted Xo
method to calculate the electronic structure of substitu-
tional manganese ions with different valence states in
BaTiO; and provided the energy levels of the transition
metal 3d states with respect to the valence and conduction
bands. The valence and conduction bands edges have been
extracted from a previous calculation [36] performed for a
TiOg 8 cluster. The top of the valence band corresponds to
the higher occupied molecular orbital (O-2pt,) and is
referred as the zero energy because of its pure oxygen
character while the bottom of the conduction band
corresponds to the lowest Ti-3d empty state (fp,). This
procedure gives rise to a optical band gap of 3.48 ¢V (from

their ground-state calculations) which slightly overesti-
mates the experimental value of 3.2eV in BaTiOs;. The
calculations have been performed in MnOjg'*™ clusters
(where n is the formal valency of the transition metal ion)
with an O, point group and using a unit cell parameter of
0.4nm, representative of BaTiOj;. First of all, the
theoretical ground-state of Mn*" predicted with this
method corresponds to the high-spin *4, symmetry, as
found from our multiplets calculations of Mn—L,3 edge.
The energy position of the Mn-3d antibonding states are
given in Table 2. The filled 2#,, 1 states are located at the
top the valence band whereas both 215, | and 3¢, 1 empty
states are lying in the band gap, close to the bottom of the
conduction band. Finally, the 3e, | are found at higher
energy, in the conduction band. In light of these results,
the shoulder (A’) observed at the O-K edge onset in
Ba;Ti;MnOg can be assigned to transitions to 2t, | and
3e, 1 empty states located just below the conduction band,
in the band gap of BaTiOz and form the bottom of the
conduction band in Ba;Ti,MnQy. Even if these states have
a dominant Mn-3d character, a non-negligible O-2p
contribution is then detected at the O-K edge onset. These
results are summarized in Fig. 4. The values of exchange
and ligand field splitting being relatively close, these two

Table 2
Theoretical energy levels of the 3d states of a Mn** impurity in BaTiO;
from [32]

Level 2ty 3¢y 1 24 | 3¢y | CB

Energy (V) —0.16 2.36 3.02 4.72 3.48

The energy position is given with respect to the top of the valence band.
The position of the conduction band is taken from a similar calculation
performed in a TiOg8 cluster [36].
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Fig. 4. Schematic representation of a Mn impurity 3d levels with respect
to the valence (VB) and conduction (CB) bands of cubic BaTiO3 from [32]
compared to the O-K edge onset in BazTi,MnO.
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states correspond to similar energy positions (separated by
only 0.66eV) and as a consequence, only one peak appears
on the experimental spectrum. This effect has already
been pointed out by de Groot et al. [34] in their study of
O-K edge in Cr,O; and MnO,. Another possible reason
for this discrepancy comes from the energy spread of
these states due to the bond formation in the solid, leading
to an over all broadening of these peaks. In other
words, the Mn cannot be considered as an impurity in
Ba;Ti,MnQOy. Finally, the 1s core-hole left by the excited
electron should lead to a modification of this ground-state
electronic structure. The high-lying 3e, | states fall in an
energy range dominated by the empty Ti-3d states. It is
not possible to identify any specific features related to
these states in the experimental spectrum. Finally, from
the population analysis, the authors emphasized the
covalent character of the Mn—-O bonding clearly ob-
served in our experiments on both O-K and Mn-Lj;
edges.

5. Conclusion

Important information has been extracted from the
analysis of the near-edge fine structure observed in
Ba;Ti,MnOQy. First of all, the Mn—L,3 edge is characteristic
of Mn** in octahedral crystal field both because of its
similarities with well-known signatures of Mn** found in
the literature and because of the good agreement obtained
with atomic multiplets calculations. Its 4, symmetry is
also coherent with the ground-state found from molecular-
orbital calculations of Mn** impurity in cubic BaTiOs.
However, the strong reduction of electron—electron inter-
actions needed to get this good agreement suggests that an
important hybridisation takes place between the transition
metal and the ligand O atoms. This effect is confirmed by
the presence of an extra shoulder on the low energy side of
the first preeminent peak of the O—K edge, then indicating
a Mn-d dominant character at the bottom of the
conduction band. This shoulder has been attributed to
transitions to Mn 2t,, | and 3¢, 1 empty states, predicted
from the same molecular orbital calculations, to be located
in the BaTiO; band gap, close to the bottom of the
conduction band. Finally, the analysis of the Ti-L,3 edge
and its comparison with a reference acquired in BaTiO;
confirms both the presence of Ti*", as expected from the
results obtained on the Mn edge and the absence of
detectable O vacancies. From these experiments, we cannot
conclude to a direct interaction between neighbouring Mn
and Ti atoms located in edge shared octahedra but the O
site shows interaction from both Mn and Ti. It is still not
clear if an interaction through the O sites is at the origin of
the stabilisation of the hexagonal structure.
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