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The effect of oxygen vacancy on Ti-L, 3 electron energy-loss near-edge structures (ELNES) of
BaTiO5 was theoretically investigated through ab initio multiplet calculation. The presence of an
oxygen vacancy influences spectral features not only at the nearest neighbor Ti site but also at Ti
sites further from the oxygen vacancy. The effects of different oxygen vacancy concentrations
were also investigated. Based on this study, it was concluded that the detection limit for oxygen
vacancy with Ti-L, 3 ELNES is approximately 1%. © 2011 American Institute of Physics.

[doi:10.1063/1.3663543]

BaTiOs; is used as the dielectric layers in the multilayer
ceramic capacitors (MLCC).! The MLCC device is usually
heated in a reduction atmosphere during the fabrication pro-
cess, and oxygen vacancies are introduced within the BaTiO3
layers. This oxygen vacancy has been known to influence the
insulating property of the BaTiO; layers.”® Thus, identifica-
tion and control of the oxygen vacancy in the BaTiO; layers
are crucial for the MLCC devices.

To identify oxygen vacancy in BaTiO; and related
perovskite type compounds, Ti-L,s electron energy-loss
near-edge structures (ELNES) observed with transmission
electron microscopy (TEM) have been employed.” " It is
known that the L3 and L, edges are each split into two main
peaks in the Ti-L, 3 ELNES of bulk BaTiO; (peaks A, B, C,
D in Fig. 2).”"'* When oxygen vacancies are introduced, the
splitting between those two peaks at the Ti-L3 edge (peaks A
and B in Fig. 2) and the Ti-L, edge (peaks C and D in Fig. 2)
becomes less apparent.”®'""'* These spectral changes have
been interpreted as the valency change of Ti from +4 to +3,
based on comparisons with the experimental spectra of refer-
ence compounds.

However, the oxygen vacancy induces not only extra
electron but also structural distortions, and so the effect of the
oxygen vacancy on the nearest neighbor Ti site is different
from that on Ti sites further away from the oxygen vacancy.
Such realistic effects of the oxygen vacancy on the Ti-L,3
ELNES have not been investigated so far. In addition, how
well the oxygen vacancy can be detected by the Ti-L;3
ELNES has not been fully understood. The lack of such basic
knowledge is mainly because of the absence of good theoreti-
cal tools for calculating the transition metal (TM) L;;
ELNES. For simulations of TM-L, 5 ELNES, the strong elec-
tronic correlation between the core-hole and excited electrons
must be properly taken into account, which is beyond the ordi-
nary one-particle density functional calculations."*
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Recently, Ikeno et al. developed an ab initio multiplet
calculation code for the L, 5 edges of TMs.'*' In this paper,
the Ti-L, 3 ELNES of BaTiO5 are theoretically investigated
by the ab initio multiplet method. Moreover, the effects of
the oxygen vacancy on the spectrum and the ability of Ti-
L, 5 ELNES to detect oxygen vacancy are discussed.

Theoretical calculation of Ti-L,3 ELNES was per-
formed by the ab initio multiplet method that is based on the
relativistic configuration-interaction theory.'®!” The calcula-
tion was performed with six- or seven-atom clusters embed-
ded in an array of point charges to include the effects of the
Madelung potential of BaTiOs;. The theoretical transition
energy was separately calculated by the Slater transition-
state method.

The atomic arrangements around each oxygen vacancy
were optimized by a first-principles projector augmented
plane wave (PAW) calculation implemented in the Vienna
Ab initio Simulation Package (VASP) code.?® The effect of
oxygen vacancy on the Ti-L,; ELNES was investigated
using cubic-BaTiO;. 135-atom supercells were used, and all
atoms in the supercells were allowed to be relaxed. The opti-
mized positions were used as those of the atoms in the clus-
ters and those of the point charges of the Madelung
potentials. To know the effect of extra electron introduced
by the oxygen vacancy, both neutral and charged oxygen
vacancies were calculated in the models with and without an
extra electron.

In the cluster calculation, the effects of the extra electron
induced by the oxygen vacancy were simulated by taking into
account the change in the valency of the nearest neighbor Ti
site to the oxygen vacancy. Namely, when the extra electron
is present and localized to the oxygen vacancy, the closest Ti
to the oxygen vacancy is considered a Ti> " ion, whereas those
further from the oxygen vacancy are considered Ti*" ions. On
the other hand, if the extra electron is far away from the oxy-
gen vacancy, all Ti ions were set to Ti*".

Figure 1 shows an optimized atomic configuration
around the oxygen vacancy. Atomic displacements from

© 2011 American Institute of Physics
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FIG. 1. (Color online) Structure of BaTiO3 with oxygen vacancy and Ti
positions of calculation.

—4% to 10% are introduced by the oxygen vacancy.?'** In

addition, the effect of the extra electron on the lattice relaxa-
tion is approximately 1%.2"** The Ti-L, 3 ELNES were cal-
culated from Ti sites as shown in Fig. 1.

Figure 2 shows Ti-L, 3 ELNES of cubic and tetragonal
BaTiO;. The experimental spectrum of tetragonal BaTiOj; is
shown in the same figure. The experimental spectrum was
taken by TEM (JEOL 2200FS with Omega filter), and the
energy resolution was around 1eV. It can be seen in Fig. 2
that the present ab initio multiplet calculation reproduces the
experimental spectrum well. It is also found that the calcu-
lated Ti-L, 3 ELNES of cubic and tetragonal BaTiO; are
almost identical. A high energy resolution of better than
0.1eV is clearly necessary to distinguish between the two
different structures merely by Ti-L, 3 ELNES.

Figures 3(a) and 3(b) show, respectively, the calculated
Ti-L, 3 ELNES of the vacancy models without and with an
extra electron, namely, with Ti*" or Ti**. With respect to
the oxygen vacancy, Ti-L, 3 ELNES were calculated for the
nearest neighboring Ti sites (Ti?:[NN or Ti%:{NN), second near-

est neighboring Ti sites (Tibom2"!) "and third nearest neigh-

. .. . Tos .Di 1 .
boring Ti sites (Tiy s and Tipgan. )- In the case of Tij s

the spectrum shifts to lower energy and peaks B and D are
each split. This peak splitting and spectral shift can be
ascribed to dangling-bond formation and decreased Ti ionic-
ity, respectively. In the case of Ti sites further away from the

BaTiO,
Ti-L, , edge

Intensity (arb. units)
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FIG. 2. Experimental Ti-L, 3 ELNES of tetragonal BaTiO5 and theoretical
Ti-L, 3 ELNES of cubic and tetragonal-BaTiO;.
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FIG. 3. (Color online) Theoretical Ti-L, 3 ELNES of the perfect BaTiOs
and the Ti near oxygen vacancy (a) without and (b) with extra electron.

oxygen vacancy, the spectra are similar to that of perfect
BaTiO3, though the spectrum of the Tisrizon@! site is shifted
to lower energy by 0.9 eV. By analyzing the chemical bond-
ing, it was found that the Ti§§;§§"131 site has lower ionicity
than other sites, indicating that the oxygen vacancy influen-
ces the electronic structure at the Tizﬁfgﬁg‘“al site. Although

the spectra of the Tiyeuedl and Tibe2 sites are slightly

shifted to higher and lower energy, respectively, the magni-
tude of either shift is almost negligible.

By introducing an extra electron into the nearest neigh-
bor Ti site, the spectral features are completely changed
(Tijfyy site). The spectrum features correspond well to ex-
perimental spectrum of Ti*" compounds.''™'*** However, it
is found that the effect of the extra electron does not reach
the Ti sites further away from the oxygen vacancy. Namely,
the spectral features of Tibiorizontal jVertical ,q jPiagonal
almost identical to those without the extra electron (Figs.
3(a) and 3(b)). From Figs. 3(a) and 3(b), it is found that both
structural distortion and extra electron induced by the oxy-
gen vacancy mainly affect to close Ti to the oxygen vacancy.
This localized effects can be ascribed to that the Ti-L, 3 edge
is caused by spatially localized orbitals, Ti-2p and 3d.

To consider the oxygen vacancy concentration, a
weighted sum of spectra was calculated from the relation

that a lone oxygen vacancy is surrounded by eight Tis oo

ions, eight Tigfgﬁﬁlmal ions, two Ti;’r‘zﬁf\?l ions, and two Ti‘l‘:[NN
or Tij yy ions. The much further Ti sites were considered
the same as those in perfect BaTiOj3. By taking these condi-
tions into account, the effect of oxygen vacancy was simu-
lated with different vacancy concentrations of 0.52%,

1.04%, and 1.56%.
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FIG. 4. (Color online) Linear combine spectra of Ti-L,3 of BaTiO; that
include oxygen vacancy(:Vo). Broadening width of the black (thick) and red
(thin) lines are 0.5eV and 1.2eV, respectively. (a) Ti next to oxygen va-
cancy is +4 (without extra electron), (b) Ti next to oxygen vacancy is +3
(with extra electron). Deep and light red and gray colors mean high and low
concentrations, respectively.

The spectra simulated with different oxygen concentra-
tions are shown in Fig. 4. The calculated spectra were broad-
ened with different broadening factors of 0.5eV and 1.2eV
to represent the spectral changes in experiments with differ-
ent energy resolutions. It is clearly found that spectral fea-
tures are changed by the presence of the oxygen vacancy. In
particular, small shoulders appear at the lower energy sides
of peaks B and D when the oxygen vacancy concentration
exceeds 1%, and those peaks become doublets when the con-
centration is 1.5%. Although these extra features are less
apparent with low energy resolution, the present theoretical
calculation suggests that the Ti-L,; ELNES affords the
potential to identify a 1% oxygen vacancy by observing the
spectrum with high energy resolution. This detection limit
obtained by the present calculation is nicely consistent with
that proposed by Muller ef al. from experiments."'

From Figs. 3(a), 3(b), 4(a), and 4(b), it is found that the
effect of the extra electron on the averaged Ti-L, 5 ELNES is
very small, except that the local Tif{yy and Tijlyy yield
largely different spectral features. This is because the nearest
neighboring Ti sites are four times smaller in number than
the second nearest neighboring Ti sites. The spectral changes
described above can thus mainly be ascribed to the relatively
large chemical shift of the Ti-L, 3 ELNES from the second
nearest neighboring Ti sites, Tibonzon® That is, the spectral
changes in Ti-L, 3 ELNES caused by the presence of the ox-
ygen vacancy result from not only the nearest neighboring Ti
sites but also the neighboring Ti sites further away from the
oxygen vacancy.

Finally, it should be mentioned that Mizoguchi et al.
and Shao er al. discussed the effect of the extra electron,

Appl. Phys. Lett. 99, 233109 (2011)

namely Ti3+, to the Ti-L,3 edge.m’23 From their results,
more than 10% ~ 20% of Ti’* is necessary to observe clear
spectrum changes. And the spectral changes induced only by
the extra electron mainly appear around the first and third
peaks of Ti-L, 3 edge, while that by the structural distortion
appear around the second and fourth peaks (Fig. 4). By the
presence of oxygen vacancy, both extra electron and struc-
tural distortions are introduced. Present study demonstrated
that consideration of both effects is indispensable to cor-
rectly interpret the spectrum.

In summary, the effect of oxygen vacancy on the Ti-L, 3
ELNES of BaTiO; was investigated through ab initio multip-
let calculation. It was found that spectral differences between
cubic and tetragonal BaTiO; are quite small. From the present
analysis, it was concluded that those Ti sites that are further
away exert a greater influence on the spectral. Specifically, it
was concluded that Ti-L, 3 ELNES has the potential to detect
an oxygen vacancy concentration of 1%.
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tific Research 19053001, 22686059, and 23656395 from the
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