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The different peaks in the O K-edge near-edge fine structure of YBa,Cu30;_, are interpreted here by using
overlap population diagram. This study identifies the peaks in the spectrum as follows: (1) the first peak purely
originates from O-Cu interactions, (2) the contributions from Y, Ba, and Cu are comparable at the second and
third peaks, (3) and the fourth peak has the largest O-Cu interactions. Therefore, the first and/or fourth peaks
and second and/or third peaks can be sensitive to the changes in the atomic and electronic structure at Cu and
Y /Ba sites, respectively. The spectral differences depending on the atomic site are also discussed.
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I. INTRODUCTION

YBa,Cu;0,_, (YBCO) is one of the most prominent
members of the high temperature superconductive oxides
and promising for commercial applications. Since its discov-
ery in 1987, our understanding of superconductivity in cu-
prates has improved, although the underlying mechanism re-
mains unclear. It is widely accepted, though, that hole states
at the top of the valence band are strongly linked with the
superconductive properties.'> The oxygen K near-edge
structures observed by x-ray sources [x-ray appearance near-
edge structure (XANES)] and that by using electron energy
loss near-edge structure (ELNES) spectroscopy have been
widely used in YBCO studies because the intensity of their
first peak is proportional to the hole concentration.®” On the
other hand, contrary to the first peak, the nature and subse-
quent assignment of the other peaks in the higher energy loss
region have not been clarified so far. Since the wave func-
tions giving rise to the higher energy peaks are generally
more delocalized than the ones responsible for the appear-
ance of the first peak, they can be more sensitive to changes
in the local atomic and electronic structures. Actually, Batson
et al. reported O K ELNES from carbon doped YBCO and
found that not only the first peak but also higher energy
peaks are changed by the presence of the dopant.® On the
other hand, Grigis and Schamm observed the dependence of
the spectrum on the oxygen deficiency and reported that no
spectral change was found except for the first peak. How-
ever, a detailed inspection of this work finds that the higher
energy peaks are also affected by the presence of oxygen
vacancies.” These spectral changes are deeply correlated with
changes in the atomic and electronic structures. Therefore,
identifying all of the features in the spectrum will enable
future spectroscopic studies to gain more insight into the
elusive physics of these materials, especially in the new gen-
eration aberration corrected electron microscopes which can
probe these systems with unprecedented spatial resolutions. '’

On the other hand, the peak assignments of the ELNES
and XANES data are not always straightforward. Partial den-
sities of states (PDOSs) have been widely used to interpret
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the spectrum. However, the electronic structure of the con-
duction band of these materials is quite complicated, and
PDOS cannot give the bonding information directly. Even
when one orbital seems to overlap with another orbital in a
PDOS diagram, they sometimes do not have direct bonding
with each other in real space. In a previous study of ours, the
PDOS was utilized to interpret the O K ELNES of YBCO, '
but the contributions from surrounding cations to some peaks
in the spectrum were only qualitatively argued since it was
difficult to assign all peaks and obtain bonding information
just based on the PDOS diagrams. Here, we go further by
using overlap population (OP) diagrams. The OP diagram is
sometimes called “crystal orbital overlap population
diagram”!? and has been successfully applied to the detailed
analysis of chemical bondings.!>!* Recently, a combination
of band structure calculations with the OP diagram was pro-
posed as a powerful method to interpret the ELNES and
XANES of materials.' In this paper, we apply the method to
YBCO O K ELNES and show how the technique constitutes
a breakthrough toward unambiguous assignments of the
peaks in the spectrum.

II. METHODOLOGY

The ELNES calculation was performed by using an or-
thogonalized linear combination of atomic orbitals (OL-
CAO) method within the local density approximation (LDA)
of the density functional theory.'® Although LDA cannot re-
produce the antiferromagnetic insulator electronic structure
of the ground state of YBCO, it is known that the LDA
calculation can successfully reproduce the O K ELNES of
YBCO except for the position and absolute intensity of the
first peak.'' The OLCAO method was selected because the
basis functions are represented by the sum of atomic orbitals.
Chemical bonding information, such as PDOS and bond
overlap populations (BOP), can be directly obtained in this
method. The effect of the core hole, which is generated at a
core orbital in the electron transition process, is known to be
indispensable to accurately calculate ELNES and
XANES.'72% As shown in Fig. 1(a), the unit cell of YBCO
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FIG. 1. (a) Atomic structure of YBCO unit cell. (b) (top to
bottom) Experimental, calculated O K ELNES of YBCO, and cal-
culated O K ELNES from individual oxygen site in YBCO. The
experimental spectrum was observed with JEOL2010F using Gatan
GIF.

has several inequivalent O positions: two plane oxygens, O3,
and Oy, one chain oxygen, Oy, and the apical oxygen be-
tween the chain and the plane, O(l).4 Therefore, the core hole
was introduced at each site and the spectrum was calculated
separately. In order to introduce the core hole accurately, 117
atom supercells were constructed by replicating the YBCO
unit cell 3 X3 X1 times. The OLCAO method is suitable to
calculate such large supercell since the core orbitals can be
eliminated from the final secular equation by the orthogonal-
ized process.'® The OP diagram was obtained by calculating
the BOP of a pair of atoms at each band. By using the OP
diagrams, the peaks in the spectrum can be identified by a
combination of bonding and/or antibonding interactions of a
pair of atoms. Details on the OP diagram for ELNES and
XANES interpretation are described elsewhere.'>!”

III. RESULTS AND DISCUSSION

A. Site dependence of YBa,Cu3;0; O K electron energy loss
near-edge structure

Figure 1(b) shows the experimental and calculated O K
ELNES of YBCO. As reported previously, each oxygen site
has different spectral features. For example, peak C of Oy is
split to C; and C, and peak F shows a high intensity. Also,
peak A of O(y), peak C of Oy and Oy, and peak E of O,
are distinct to those of other sites.!! In order to compare with
the experimental spectrum, the calculated spectra were
summed with a weight considering the number of sites con-
tained in the unit cell. The experimental spectrum was ob-
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FIG. 2. [(a) and (b)] Experimental O K ELNES from the CuO
chain (bottom) and CuO, plane (top) regions with the electron beam
perpendicular to the ¢ axis. [(c) and (d)] Calculated O K ELNES of
the corresponding conditions with two kinds of broadening factors.
Arrows represent the spectral differences between the CuO chain
and CuO, plane.

tained with a 2 nm wide electron probe and thus the site
dependence, as can be seen in Fig. 2, could not be detected.
Error in the transition energy is about 5.0 eV which is less
than 1% of the absolute transition energy. It can be seen that
the total calculated spectrum well reproduces the experimen-
tal spectrum, except for the position of peak A. Peak A origi-
nates from the interactions between O 2p and partially occu-
pied Cu d orbital.!! For the quantitative reproduction of peak
A, effects of strong electron-electron correlations, such as
Mott-Hubbard term +U, are necessarily included in the
calculation.?!

In order to detect the site dependence of O K ELNES, a
smaller electron probe than the unit cell of YBCO, at least
subnanometer, is necessary. Recently, electron probes with
diameters in the subnanometer order can be obtained owing
to the success of aberration correction for scanning transmis-
sion electron microscopy (STEM). Figure 2 shows spectra
obtained in a VG Microscopes HB501 UX equipped with a
Nion aberration corrector and a Gatan Enfina spectrometer. A
probe forming aperture of approximately 20 mrad and a de-
tector semiangle of about 12 mrad were used. This micro-
scope and the observation condition can routinely achieve an
electron beam with a diameter around 0.13 nm or less. It
should be mentioned that the actual resolution of electron
energy loss spectroscopy could be worse than the probe size
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because of some delocalization of the incident probe.?? How-
ever, the chain and plane regions in YBCO are over 0.4 nm
apart from each other. The recent results reported by Oxley
et al., which were obtained in the same machine and under
similar observation conditions, proved that the 0.4 nm sepa-
ration can be readily resolved by the present machine and
experimental conditions.??

The spectra shown in Fig. 2 were collected from chain
and plane regions within an area of an YBCO specimen. It is
found that those spectra are different from that observed with
2 nm electron probe (Fig. 1). By comparison with the spec-
trum in Fig. 1, the separation of peaks D and E is smaller and
peak A is less notable at CuO, plane region, and the “camel-
back” profile is missing and peak B is more notable at the
CuO chain region. It is also found that the O K ELNES from
the CuO chain region and CuO, plane region are different
from each other: Peaks A have a higher relative intensity,
peaks D and E form camel-back profile, and clear peak F
appears at the CuO, plane region, whereas the CuO chain
region shows the higher intensity of peak B and broader
profiles from peak A to C and from peak E to F. In addition,

S 555
Transition energy (eV)

a detailed inspection can find that peak A of the CuO, plane
region is slightly higher energy than the corresponding one
from the CuO chain region.

The calculated spectra were also shown in the same figure
with two kinds of broadening factor. They were obtained by
summing the individual spectra of Oy and O, for the CuO
chain region and those of O and Oy for the CuO, plane
region. Since the ELNES profile changes with the direction
of the momentum transfer vector in relation to that of the
crystal orientation,'’!82324 the calculated spectra perpen-
dicular and parallel to the ¢ axis are summed under the con-
dition of the equipments. The ratio perpendicular to parallel
to the c axis (=6:4) was obtained from previous reports.>>>*
It can be seen that the present LDA calculation satisfactorily
reproduces the characteristic features in experiment, such as
the camel-back profile and the intense peak C at the CuO,
plane region, and the broad profiles of A-C and E-F at the
CuO chain region. As for the trend observed at peak A shift,
peak A of the CuO, plane region appears at a slightly higher
energy than that of the CuO chain region. This trend is also
reproduced. It should be mentioned again that a quantitative
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reproduction of peak A cannot be obtained by the LDA cal-
culation because the antiferromagnetic insulator electronic
structure of YBCO is not reproduced. However, those results
in Figs. 1 and 2 indicate that qualitative discussion on peak A
is possible by the LDA calculation.

B. Peak assignment of YBa,Cuz0; O K electron energy loss
near-edge structure

OP diagrams between the core-holed oxygens (0") and
the surrounding cations are shown in Fig. 3. It should be
mentioned that the correlations between peaks in ELNES
and the OPs should not be proportional because not only
PDOS but also electron transition probability also contribute
to the ELNES, whereas the electron transition probability is
not considered in the OP diagram. In this study, in order to
know the PDOS part, namely, orbital-orbital interactions, at
each peak, the OP diagrams were directly compared with the
ELNES. Concerning the Y and Ba contributions [middle
panels of Fig. 3], it is found for all the oxygen sites that peak
A does not have any contributions from the Y and Ba bands.
On the other hand, the largest Y and/or Ba contributions
appear at peak C. In addition, it is clearly seen that O}y and
O(y) do not have interactions with Y, whereas the CuO, plane
oxygens O3 and Oy, interact with both Y and Ba. This can
be ascribed to the longer bond length of O)-Y and O)-Y,
further than 4 A. In the previous study, it was concluded that
peak C of all oxygen sites are mainly caused by the O -Ba
interaction by using the PDOS diagrams.!! These OP dia-
grams, however, reveal that 0"y antlbondlng in the CuO,
plane oxygens O and Oy, is larger than O"-Ba antibond-
ing.

Concerning o Cu interactions [bottom panels of Fig. 3],
it can be seen that O -Cu interactions contribute to all peaks,
with the largest 0*-Cu antibonding interactions appearing at
peak D of all oxygen sites. By only looking at the PDOS, it
was difficult to find which Cu contributes to each oxygen site
since the PDOS of both Cugpain and Cup,e overlap in the
whole energy reglon ! From the OP diagrams, it is clearly
seen that the O -Cug,;,, and O" Cuphme antibonding interac-
tions are respectively dominant in the CuO chain oxygen
Oy [Fig. 3(b)], and the CuO, plane oxygens O3 and Oy
[Figs. 3(c) and 3(d)] and both the Cugp,, and Cuyjy,e contrib-
ute to O [Fig. 3(a)]. Here, it should be mentioned that peak
A of Oy mainly originates from O*—Cuchain antibonding
states, whereas the contribution from the Cupjyye 18 almost
negligible, though both Cuyy,i, and Cup,pe contribute to other
peaks in higher energy region [Fig. 3(a)]. This can be as-
cribed to the different bond lengths and the character of re-
sponsible orbitals for the peaks. That is, O(;)-Cuyjape (2.35 A)
is longer than that of O(;)-Cug,, (1.85 A), and the Cu3d
orbital, which is responsible for peak A, is more localized
than Cu 4s,p,d orbitals, which are responsible for the other
higher energy peaks. The localized 3d orbital of Cuy,,. can-
not have strong interactions with Oy, site, located slightly
further away, whereas the effect of Cupyne 45,p,d orbitals
can reach to Oy site since they are more delocalized than
Cupjane 3d orbital.
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FIG. 4. (top to bottom) Calculated O K ELNES of YBCO and
the overlap population diagrams for 0"-Ba/O"-Y and
O*Cuchain/ O*-Cuplane obtained by summing that of individual oxy-
gen with a weight of number of each atom in unit cell. The asterisk
represents the oxygen which has the core hole at 1s core orbital.

By using those OP diagrams, the causes of the spectral
differences depending on the oxygen site can be understood
as follows. From the OP diagram of Oyy), the contributions of
O*-Cuchain and O*-Cuplane are found to be different at peaks
C, and C,. The difference is considered to be the cause of the
splitting of peak C of O(y) [Fig. 3(a)]. Concerning the distinct
peaks, i.e., peak F of O), peak A of O(,), peak C of O, and
Oy, and peak E of Oy, it is found that 0"-Cu antibonding
interactions at peak A of O, and peak E of Oy are larger
than that of other oxygens [Figs. 3(b) and 3(d)]. In addition,
from Figs. 3(a)-3(d), it is found that peak F of Oy and peak
C of O and Oy, are composed of two kinds of O*-cations
interactions. Namely, both o} -Cupjane and o} Cuch.‘un 1nterac-
tions contribute to peak F of O(;y and both O"-Ba and O*-Y
interactions contribute to peak C of O3y and O(yy. Thus, the
presences of the larger interactions and multi-O*-cations in-
teractions are considered to be a cause of those distinct
peaks.

IV. SUMMARY

As a summary, Fig. 4 shows the total OP diagrams ob-
tained by summing those of individual oxygen sites with a
weight of the number of each site found in the unit cell.
From the OP diagrams, the peaks in the YBCO O K ELNES
are interpreted to be as follows. (1) The contributions of Y
and Ba are almost negligible at peak A. (2) Peaks B and C
are composed of all 0"-Cu, 0™-Y, and O"-Ba interactions.
(3) The largest O"-Cu interactions appear at peak D. The
higher energy peaks than peak D are mainly caused by the
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0*-Cu antibonding interactions. Those assignments suggest
that the first and fourth peaks and the second and third peaks
can be sensitive to the atomic and electronic structure
changes at the Cu and Y/Ba sites, respectively.

Finally, as we demonstrated above, it is recently possible
to collect ELNES from subnano regions owing to the devel-
opments of spherical aberration corrector for STEM.?26
Such high spatial resolution spectroscopy can be extended to
more challenging systems such as interfaces, defects, dislo-
cations, etc. For example, Klie et al. applied the ultrahigh
resolution analysis to YBCO dislocation and elucidated the
dopant segregation mechanisms and the hole concentrations
at Ca-doped dislocation cores.?” The method of peak assign-
ment demonstrated in this study can be utilized for further
understanding of such doped and also deficient systems. By
giving assignments to those spectra, it is expected that not
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only the hole concentration but also the local atomic and
electronic structure changes can be unraveled.
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