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Angular-dependent core hole screening effects have been found in the cobalt K-edge x-ray absorption

spectrum of LiCoO,, using high-resolution data and parameter-free general gradient approximation plus U
calculations. The Co 1s core hole on the absorber causes strong local attraction. The core hole screening on the
cobalt nearest-neighbors induces a 2 eV shift in the density of states with respect to the on-site 1s-3d transi-
tions, as detected in the Co K pre-edge spectrum. Our density functional theory plus U calculations reveal that
the off-site screening is different in the out-of-plane direction, where a 3 eV shift is visible in both calculations
and experiment. The detailed analysis of the inclusion of the core hole potential and the Hubbard parameter U
shows that the core hole is essential for the off-site screening while U improves the description of the
angular-dependent screening effects. In the case of oxygen K edge, both the core hole potential and the
Hubbard parameter improve the relative positions of the spectral features.
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I. INTRODUCTION

Layered LiCoO, has been extensively studied in relation
to its wide use as a cathode material in rechargeable Li bat-
teries for portable devices. Upon electrochemical cycling (Li
intercalation and deintercalation), defective cobaltites
Li,CoO, show fatigue and degradation, which limit the per-
formance of the batteries. This has induced many experimen-
tal and theoretical efforts to investigate and interpret the
modifications occuring in these materials.'™ In particular,
element- and orbital-selective spectroscopies, such as x-ray
absorption spectroscopy, X-ray emission spectroscopy, and
x-ray photoemision spectroscopy, have been used to track
local changes in the electronic and crystal structure, as a
complement to x-ray diffraction. However, hardly any x-ray
absorption near-edge structure (XANES) data is available at
the Co K edge in Li,CoO, compounds, and all the existing
data is measured in total fluorescence yield (TFY), showing
broad features, which are difficult to interpret.'®'> Over the
past years, x-ray absorption spectroscopy using high-energy
resolution fluorescence detection (HERFD-XAS) has be-
come a valuable tool to reveal subtle features of the absorp-
tion spectra, as can be directly seen from Fig. 1 at the Co K
edge in LiCoO,. HERFD-XAS is based on a two-photons
process (photon-in and photon-out) and thus may not yield
true absorption spectra, due to strong electron-electron inter-
actions in the final state.!> However, in the case of Co K edge
in LiCoQ,, it has been shown that HERFD-XAS using the
Ka; detection line yields a good measurement of the true
absorption since the absence of observable multiplet splitting
in the final state enables to detect the same features, with
relative intensities and splittings that are comparable to those
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measured in total fluorescence yield.14 Thus, the consider-
ably enhanced resolution gives new opportunities to infer
unique details of the electronic structure of Co in LiCoO,,
which is the goal of this paper.

Admittedly, the fine interpretation of the absorption fea-
tures (i.e., beyond a “finger print” analysis) requires
parameter-free simulations of the spectra. First-principles
calculations based on density functional theory (DFT) have
already proven to be very efficient for many systems, both to
calculate the ground-state and the XANES spectra. However,
a first limiting factor is the description of the electronic in-
teraction, which is taken into account in a mean-field way
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FIG. 1. Comparison between XANES spectra recorded at the
Co K edge using total fluorescence yield (TFY, dashed line) and
using high-energy resolution fluorescence detection (HERFD-XAS,
solid line).
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(local-density approximation, labeled LDA, or general gradi-
ent approximation, labeled GGA). As an illustration, LiCoO,
is known to be an insulator with a band gap of 2.7+ 0.3 eV
(Ref. 5) but LDA or GGA approaches underestimate the
value of the gap in the ground state.!> To improve the de-
scription of the 3d-electron correlation, a solution is to in-
clude the Hubbard parameter U.!® In the XANES calculation,
an additional difficulty is to describe the core hole effect.
Both effects can possibly lead to a misassignement of the
XANES features, due to wrongly calculated peak positions
and intensities.

In this paper, we investigate the electronic structure and
the XANES of LiCoO, using a parameter-free DFT+U ap-
proach, which has recently been developed. U is determined
self-consistently as an intrinsic response of the material and
thus is no longer a fitting parameter.!”-'8 This method has
been already applied to calculate the ground state of several
systems (molecules and crystals), showing a significant im-
provement to describe the electronic structure.'®?2 XANES
calculations using DFT+U, though very promising, have
only been performed on a restricted number of systems.?!?2
Here, we use these theoretical approaches to interpret finely
the subtle XANES features revealed by HERFD-XAS at the
Co K edge in LiCoO,.

The paper is organized as follow. Section II gives the
details of the XANES and of the density of states (DOS)
calculations performed in LiCoO, using the GGA+U ap-
proach. Section III is devoted to the results and the discus-
sion. First, we compare the ground-state calculations ob-
tained by GGA and GGA+U (Sec. III A). Then, after
presenting the XANES spectra calculated at the Co K edge,
we interpret the spectral features using local DOS and inter-
pret the effect of U and of the core hole on the theoretical
spectrum (Sec. III B). In Sec. III C, we focus on the Co K
pre-edge region and interpret the origin of the local and non-
local features. Finally, for completeness, we compare the the-
oretical XANES spectrum at the O K edge to experimental
data recorded in total fluorescence yield (Sec. III D). Conclu-
sions are given in Sec. IV.

II. COMPUTATIONAL DETAILS

First-principles calculations were performed using the
QUANTUM-ESPRESSO first-principles total-energy code.”? The
code uses plane waves and periodic boundary conditions.
The XANES spectra are obtained in two steps: first the
charge density is obtained self-consistently using the PW
package of the QUANTUM-ESPRESSO distribution,?? then the
XANES spectrum is computed in a continued fraction ap-
proach using the XSPECTRA package.???*?3 As Co and O re-
quire large cutoffs to be simulated with standard norm-
conserving pseudopotentials, we use ultrasoft
pseudopotentials with two projectors per channel.?® The elec-
tronic configurations are 3d®4s' with nonlinear core
correction?’ for Co, 25*2p* for O, and 2s'2p° with nonlinear
core correction for Li. The use of ultrasoft pseudopotentials
limited the cutoff of the plane-wave expansion at 45 Ry en-
ergy. The GGA was adopted.”®

When no core hole was considered in the final state, a
12-atom hexagonal unit cell with experimental lattice param-
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eter and atomic positions was used.”” Electronic integration
in the self-consistent run was performed on a 8 X8 X8
Monkhorst-Pack k-point grid shifted along the ¢ axis. The
DOS and Lowdin-projected DOS calculations were per-
formed using a 12X 12X 12 k-point mesh and a Gaussian
broadening of 0.3 eV.

Core hole effects were treated in a supercell approach
using a 3 X3 X 1 hexagonal supercell containing 108 atoms
(54 O, 27 Li, 26 Co, and one absorbing Co) including the
core hole in the absorbing-atom pseudopotential. The dis-
tance between two neighboring absorbing atoms, upon the
application of periodic boundary conditions, is 8.5 A, which
is large enough to avoid interactions. In this case, electronic
integration in the self-consistent run was performed using a
4 X4 X4 k-point Monkhorst-Pack mesh shifted along the ¢
axis. The XANES calculation with a core hole in the final
states required electronic integration over a 4 X 4 X4 k-point
grid.

In the study of the electronic properties of LiCoO,, the
use of a Hubbard U parameter was found essential in order to
reproduce the XAS spectrum and the magnitude of the elec-
tronic gap. In particular, we impose U on the d states of the
Co atoms and calculate its value self-consistently (Ugy) us-
ing the method of Refs 17 and 18. We obtain Uy ;=5.6 eV.
Thus there are no free parameters in our calculation. The
XANES Co K and O K-edges cross sections, both in their
electric dipole (E1) and electric quadrupole parts (E2) were
then calculated including the Hubbard U term.?! The isotro-
pic spectra were calculated in the correct point-group sym-

metry (3m for Co and 3m for O) according to the procedure
given in Appendix. At the Co K edge, a constant broadening
parameter (0.55 eV) was used in the continued fraction. This
value is smaller than the broadening due to the Co ls core
hole lifetime: indeed, the calculation is compared to experi-
mental HERFD-XAS data recorded by monitoring the ab-
sorption using the Ka; fluorescence line, which allows to
remove partly the core hole lifetime.>* The experimental data
is taken from Ref. 14. For the O K edge, as the experimental
data was measured in total fluorescence yield, we used a
broadening of 0.6 eV between 525 and 532 eV, and a broad-
ening of 0.8 eV above 532 eV.

III. RESULTS AND DISCUSSION
A. Ground-state calculations

The total and Lowdin-projected DOS have been calcu-
lated in GGA and GGA+U for the ground state of LiCoO,
(i.e., with no core hole). They are shown in Fig. 2 [panels (a)
and (b), respectively]. We used spin polarization and started
from an initial configuration, where each Co atom carries
either a magnetic moment equal to zero or slightly positive
(0.2up). In both cases, we observed a convergence to a non-
magnetic state, where the final magnetic moment on the Co
atoms is zero. This is consistent with previous experiments
and calculations, which show that Co®* in LiCoO, is in a
low-spin state S=0.>!33! For U=0, DFT converges to an
insulating ground state with a 1.1 eV electronic gap to be
compared with the experimental one 2.7+0.3 eV.) The
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FIG. 2. Density of states of LiCoO, calculated in GGA [panel
(a)] and GGA+U [panel (b)], together with Lowdin-projected den-
sity of states on Li, Co, and O atoms. The Fermi level is set at the
bottom of the conduction band.

Lowdin-projected DOS show that the valence band is domi-
nated by Co and O states while the conduction band is domi-
nated by Li and Co states. The gap is between 1,, and e, Co
states slightly hybridized with O 2p states. These results are
consistent with previous DFT calculations on LiCo0O,.%!

DFT+U calculations using our calculated Hubbard pa-
rameter lead to a 2.3 eV gap [see panel (b) in Fig. 2], in good
agreement with the one determined from x-ray photoemis-
sion spectroscopy (XPS) and bremsstrahlung isochromat
spectroscopy.’ U shifts to lower energies the occupied states
close to the Fermi level, i.e., Co 3d states plus Li p and O p
states. For the empty states, the position in energy with re-
spect to the Fermi level is identical to the calculation with
U=0.

B. XANES at the Co K edge

The calculated and experimental isotropic Co K-edge
spectra for LiCoO, are shown in Fig. 3. The experimental
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FIG. 3. (Color online) Comparison in the edge region between
experimental (thin solid line) and theoretical isotropic XANES
spectra at the Co K edge in LiCoO,, obtained by four different
calculations: GGA+ U with or without the Co 1s core hole (black
and orange solid lines), GGA with or without the Co ls core hole
(black and orange dashed lines). The pre-edge region is not shown
(see Figs. 1 and 6).

HERFD-XAS spectrum (thin solid line) shows a set of three
features at 7717.8 eV (peak a), 7720.9 eV (peak b), and
7722.2 eV (peak c), and the main edge is composed of a
broad feature (peak d) centered at 7726.9 eV. This spectrum
is compared to theoretical spectra obtained using four differ-
ent GGA calculations, i.e., by switching on/off the Hubbard
parameter U and on/off the Co 1s core hole. These four spec-
tra have been shifted in energy so that the position of the
main edge (maximum of the absorption) matches with the
experimental one.

First, all the experimental features are reproduced in the
calculations. As mentioned in Sec. I, computing the absorp-
tion cross section is here fully justified since at the Co K
edge in LiCoO,, the HERFD-XAS spectrum is a good mea-
surement of the true absorption.'* By monitoring the influ-
ence of U and of the core hole in the calculation, we can
therefore draw conclusions on the core hole effects in the
material investigated experimentally.

Second, when comparing the four theoretical spectra, dif-
ferences in the peak positions and relative intensities are
present. The best calculations are obtained when taking into
account the Co 1s core hole. The Hubbard parameter has no
effect when the core hole is not included (orange and black
dashed lines) since the relative positions of the peaks above
the Fermi level are identical (see Fig. 2). The main effect of
the core hole for U=0 is to improve the shape of peak d, by
merging the two subfeatures into a sharper one (orange solid
line). When the core hole is on, the Hubbard parameter on
the Co 3d orbitals improves the relative intensities of peaks
a, b and c (black solid line) but U adversely affects the shape
of peak d and the relative positions of peaks a, b, and ¢ with
respect to peak d.

In order to interpret the influence of U, of the core hole
and their possible anisotropic effects, we have calculated the
electric dipole cross sections for a polarization vector either
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FIG. 4. (Color online) Electric dipole cross section at the Co K
edge calculated using the four different approaches. Panels (a) and
(b) show the cross sections calculated for an incident polarization
vector perpendicular and parallel to the ¢ axis. Panel (c) shows the
isotropic spectra calculated as a weighted average according to the
formula given in Appendix.

perpendicular or parallel to the ¢ axis of the crystal [Figs.
4(a) and 4(b)]. Indeed, as the spectra shown in Fig. 3 are
isotropic, they show an average absorption and thus they
may be misleading. The dichroic XANES spectra (e perpen-
dicular and € parallel) correspond, respectively, to transitions
to the empty (p,,p,) and p, states projected on the absorbing
Co atom. Although no experimental data is available, the
theoretical spectra enable a better understanding. In order to
compare them, the spectra have been shifted in energy to
match the position of the feature at 7730 eV [Fig. 4(a)]. This
feature corresponds indeed to delocalized Co p states, which
we assume to be less affected by U and the core hole. U has
no effect on the isotropic theoretical spectrum when the core
hole is not included. This can be explained by the fact that U
is added on Co 3d orbitals, which are very localized states
and do not contribute to the edge. When the Co 1s core hole
is added, the intensity of peak d is increased for both polar-
izations, together with a shift to lower energies. Both effects
can be explained by the core hole attraction and it affects in
a similar way p,, p,, and p, states. This accounts for the fact
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FIG. 5. Theoretical Co 1s XPS cross section calculated using
the charge-transfer multiplet approach.

that peak d becomes narrower in the isotropic spectrum
[Figs. 3 and 4(c)], leading to a better agreement with experi-
ment. When both the Hubbard parameter and the core hole
are included, peaks a, b, and c are significantly affected. Peak
a is shifted up and peak c is split into two subfeatures, which
consequently makes peak b grow. As this was not present for
U=0 with the core hole, it can be attributed to the Hubbard
parameter. These effects are similar for both polarizations.
However, this is different for peak d, which is shifted to low
energies and which is more intense but only for the corre-
sponding p, states. From the previous analysis, we can con-
clude that the Co 1s core hole mainly affects the intensity of
the XANES features by attracting Co empty p states to lower
energy. The Hubbard parameter on Co 3d states affects the
peak positions but only when the core hole is present. This
can be explained by the fact that the core hole attraction
mixes Co and O empty states in such a way that U can act
also on the Co p empty states.

Finally, we want to comment on the fact that our DFT
calculations reproduce all the experimental XANES features.
Indeed, DFT can only take into account one single Slater
determinant and thus neglects charge-transfer effects. When
the latter are significant, additional features are visible in the
edge of the experimental spectrum (e.g., Cu K edge in
La,CuQ,) (Ref. 32) but they cannot be calculated using a
single-particle approach. The existence of charge-transfer-
induced transitions can be inferred from ls x-ray photoemis-
sion spectroscopy spectra. If intense satellite features are vis-
ible, one expects a modification of the XANES K-edge
features. The good agreement obtained between theoretical
and experimental XANES spectra in LiCoO, enables already
to conclude that charge-transfer satellite transitions are neg-
ligible. To support this result, we have calculated the Co s
XPS cross section using the charge-transfer multiplet theory.
This calculation used the values of the crystal field, the Slater
integrals and the charge-transfer parameters from Ref. 5. It
included two configurations in the initial and final states of
XPS: 3d°L and 3d’L, where L denotes a hole on an oxygen
ligand. The theoretical Co 1s XPS cross section is shown in
Fig. 5. We found that 95% of the intensity goes to the main
peak, which is visible at 7709 eV in binding energy and
which is the so-called well-screened peak, a mixture of
mainly 1s'3d’L with some 1s'3d° final states. As the high
binding-energy satellite features are very weak, satellite tran-
sitions in the XANES will not be visible, which is in line
with our results.
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FIG. 6. (Color online) Comparison in the Co K pre-edge region
between experimental (thin solid line) and theoretical isotropic
XANES spectra in LiCoO,, obtained by four different calculations:
GGA+U with or without the Co 1s core hole (black and orange
solid lines), GGA with or without the Co 1s core hole (black and
orange dashed lines).

C. Insight from the Co K pre-edge
1. Comparison between experiment and calculations

We now do a similar comparative analysis in the Co K
pre-edge region (shown in Fig. 6). The experimental isotro-
pic pre-edge spectra (thin solid line) shows two main fea-
tures, labeled a and (B, which are visible respectively at
7708.9 and 7710.9 eV. Additionally, a small shoulder labeled
v is visible at 7712.3 eV. At this stage of the paper, we will
focus the analysis on the intense peaks « and S since peak y
is not discriminative of the different calculations (the broad-
ening used in the calculation being too large). The origin of
this shoulder will be discussed later in the paper.

All the theoretical spectra are shifted to high energy com-
pared to experiment (the position of the edge being the
same). Such a shift is systematically observed at the K pre-
edge of transition-metal ions.2!-33-3% Nevertheless, as it is ob-
served for all the theoretical spectra, we will now compare
the relative intensities and peak positions. There are signifi-
cant differences between the four theoretical spectra. When
the Hubbard parameter and the core hole are not included in
the calculation (orange dashed line), the pre-edge consists of
one single broad peak at 7711.1 eV. When U is added (or-
ange dashed line), this feature is shifted only by 0.1 eV to
lower energies. If the core hole is taken into account, either
with U=0 or with U= U, (orange and black solid lines), this
single broad intense feature is split into two sharp ones with
lower intensity. The splitting is higher for U=Ugy, which
yields the best agreement obtained between calculation and
experiment.

The origin of the pre-edge features can be clarified by
plotting separately the electric dipole (E1) and the electric
quadrupole (E2) contributions. Figure 7(a) shows the E1
(solid line) and E2 (dashed line) contributions, as well as the
sum of the two (orange solid line), for the calculation per-
formed in GGA+U and with the core hole. The theoretical
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FIG. 7. (Color online) (a) Comparison between experimental
(thin solid line) and theoretical isotropic pre-edge spectra (solid
line) at the Co K edge in LiCoO,. For the theoretical spectrum, we
show the electric dipole contribution (E1, dashed line), the electric
quadrupole contribution (E2, solid line) and their sum (E1+E2,
orange solid line). (b) Angular dependence of E2 cross section. (c)
Angular dependence of E1 cross section. The theoretical spectrum
has been shifted to the experimental data in order to match the
position of peak «, for a more direct comparison of the peak
position.

spectrum has been shifted to the experimental data in order
to match the position of peak «, for a more direct compari-
son of the peak position. Note that in this case, the calcula-
tion has been performed with a smaller broadening param-
eter (0.2 eV) than in Fig. 6, in order to separate clearly the
three peaks. In particular, it improves visibly the intensity
ratio between the peaks. Therefore, only the relative intensi-
ties should be compared to the experimental ones. From Fig.
7(a), we can conclude that peak « is due to pure electric
quadrupole transitions (1s-3d) and that peak 8 is due to al-
most pure electric dipole transitions (1s-p). Peak vy is due to
pure electric dipole transitions.

To go further into the analysis, we have calculated the
angular dependence of the electric dipole and the electric
quadrupole cross sections. This can be achieved by calculat-
ing the absorption cross section for various orientations of
the polarization and wave vectors, with respect to the crystal.
Figure 7(b) shows that peak a corresponds to 3d states that
have, nonsurprisingly, a pure e, character. Indeed, when the
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FIG. 8. (Color online) Density of states of a LiCoO, supercell including a Co 1s core hole and U=U,. Lowdin-projected density of
states are plotted for the absorbing Co atom and its the nearest Li, O, and Co neighbors. The s, p, and d DOSs are given (solid line with

circles, dashed and solid lines, respectively).

transition operator £ - rk-r is chosen along a Co-O bond (i.e.,
e,-like orbitals are probed), the intensity of peak a is maxi-
mized. When it is chosen between two Co-O bonds (i.e.,
t,,-like orbitals are probed), peak « disappears almost com-
pletely [Fig. 7(b)]. Such x-ray linear natural dichroism ef-
fects are already well known and are used to derive local
information on the electronic and crystallographic
structure.>® However, in the case of Co®*, they are particu-
larly emphasized since the e, orbitals are the only ones to be
empty. Because the Co-site point-group symmetry is not O,
but slightly lower (Ds,), it is not possible, in principle, to
extinct completely peak « because of a slight hybridization
between e, and 1, states. However, we found out that peak «
has almost a pure e, character, which shows that the distor-
tion of the Co site from perfect octahedral symmetry is very
small. Figure 7(c) shows that peak 8 has a mixed p,, p,, and
p. character and the p_ states are at slightly lower energy.
Peak 7y has a dominant (p,,p,) character; its intensity can
thus be enhanced by doing measurement on a single crystal
using a polarization vector perpendicular to the ¢ axis.

2. Assignment of the pre-edge features

To assign these transitions, the DOS for the supercell in-
cluding the Co 1s core hole and U=U; has been projected
on the absorbing Co atom and selected neighboring atoms
(O, Li, and Co) in a range of 5 A from the absorber. The
local DOSs are plotted in Fig. 8. We distinguish: the first and
second oxygen neighbors (O in O1 plane at a distance of
1.92 A and 3.41 A, respectively), the first and second Co
neighbors in the same plane as the absorber (Co in plane, at
a distance of 2.82 A and 4.88 A, respectively), the first Li
neighbors (Li plane, at a distance of 2.85 A), the first Co
neighbors in the plane below the absorber (Co out of plane,
at a distance of 4.96 A), and the first O neighbors between
the Li plane and the Co out of plane (O in O2 plane, at a
distance of 3.66 A).

As can be seen from the local d DOS on the absorbing Co
[Fig. 8(a), solid line], peak « is due to electric quadrupole
transitions from the 1s orbital to 3d states localized on the
Co absorber (intrasite excitations). Moreover, although
empty 2p states of the O nearest neighbors are found at the
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same energy position [Fig. 8(e), dashed line], we found no
evidence of direct transitions to these states, contrary to the
case of Ni K pre-edge in NiO.?!

The local p DOS on the absorbing Co atom [Fig. 8(a),
dashed line] shows that peak B is mainly due to electric
dipole transitions, i.e., from the 1s orbital to 4p empty states.
At this energy (2 eV above the Fermi level), there are actu-
ally two different contributions slightly shifted one from
each other: one centred at 1.6 eV (peak B') and a second one,
centered at 2.0 eV (peak B”). This accounts for the fact that
peak B is broader than peak a. The local DOS on the neigh-
bors lying in the same plane as the absorber clarify the origin
of these two subfeatures. Peak B’ is due to transitions to
empty 4p states of the absorber, hybridized with 2p states of
the O nearest neighbors [Fig. 8(e), dashed line] and 3d states
of the Co nearest neighbors [Fig. 8(b), solid line]. Peak g8 is
due to transitions to empty 4p states of the absorber, hybrid-
ized mainly with 2p states of the O second-nearest neighbors
[Fig. 8(f), dashed line] and with 3d states of the Co second-
nearest neighbors [Fig. 8(c), solid line]. The splitting be-
tween peaks B’ and B’ is due to a different core hole attrac-
tion between the (Co,0) first neighbors and the (Co,0O)
second neighbors; as the latter lie further from the absorber,
the Co ls core hole attraction is weaker. Therefore, peak
has a double nonlocal (off-site) origin, which is revealed by
the core hole attraction. We have found that peaks 8’ and B”
both owe their broadening to the fact that the Co 4p, empty
states lie at lower energies than the (4px,4py) states, as
shown in Fig. 7(c). However, this is not due to a different
screening of the core hole along these directions since in the
ground state (i.e., with no core hole), the Co p. empty states
already lie lower in energy (0.2 eV) than the empty p,,p,
states. Therefore, it is the strong anisotropy of the structure
that introduces direction-dependent hybridizations and lifts
orbital degeneracy, even when the core hole is absent.

Peak vy is due to nonlocal excitations, i.e., to on-site Co
empty 4p states hybridized with empty 3d states of the Co
atoms, which are in the plane below and above the absorber
[Co out of plane, Fig. 8(d)]. Such far off-site transitions (at
2.6 eV above the Fermi level) are mediated by the Li2p
empty orbitals [Fig. 7(h), dashed line] and the 2p states of
the O atoms (nearest-neighbors’ plane O2, dashed line),
which are between the Li and the Co out of plane atoms.
These Co atoms lie a distance of 4.96 A from the absorber,
which is close to the distance between the absorber and the
Co second-neighbors in plane. This implies that the distance
being the same, the core hole is more screened along the ¢
direction than in the perpendicular plane. As a consequence,
the splitting between peaks 8 and v is due to an angular-
dependent screening of the core hole. This original result can
certainly be attributed due to the anisotropic layered struc-
ture of LiCoO,. As we mentioned before, the far off-site
peak has mainly a (p,,p,) character. It can appear at first
sight surprising that out of plane hybridization is achieved
mainly by the O in-plane p orbitals, taking into account the
strong anisotropy of the structure. However, a look at the
structure reveals that the ¢ (or z) axis is directed along the
local Cj axis of the CoOg4 octahedra. This implies that the
Co-O bonds are not directed along x, y, and z directions and
that the p,, p,, or p, character discussed does not correspond
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to the traditional reference frame. In such a description, it is
thus not surprising to have a p,, p, character in the peak
probing the Co atoms out of plane.

3. Influence of U and of the core hole

When the core hole is off, we could expect that U shifts
the empty Co 3d states up toward the edge since the latter
consists of Co p states not affected by U. This is however not
the case. When the core hole is switched on for U=0, peaks
a, B, and y are separated by the core hole attraction. This
different behavior is due to the nonlocal character of peaks 8
and 7y. The splitting between « and [ increases since the
screening is all the more efficient that the Co and O neigh-
bors are far from the absorber. The energy difference be-
tween B and vy increases as well because core hole effects
show an angular dependence (in plane and out of plane).

When the core hole is present, the Hubbard parameter on
Co 3d orbitals increases again the energy difference between
the in-site and the off-site peaks, on one hand, and between
the two off-site peaks, on the other hand. This is similar to
the case of Ni K edge in NiO.! U has an effect since the 3d
empty states of the absorber and of its neighbors have al-
ready been separated by the differential core hole screening.
This is in line with the fact that U has hardly no effect if the
core hole is absent.

Although the best agreement with experiment is obtained
when both the Hubbard parameter and the core hole are in-
cluded in the calculation, some weaknesses can be noticed.
All the pre-edge features are calculated at too high energy.
Indeed, the a-f energy splitting is smaller than in the experi-
mental data [Figs. 6 and 7(a)], 1.4 eV vs 2.0 eV. This is due
to the fact that in the calculation, the core hole is not attrac-
tive enough for the electric quadrupole transitions (peak «)
with respect to the electric dipole ones (peak B). This has
been also observed at the Ni K pre-edge in NiO.?! However,
this argument does not hold to explain why peaks B and 7y
are calculated at too high energy with respect to the edge and
why their splitting is underestimated (0.2 eV in the calcula-
tion vs 0.4 eV in experiment) since they have an electric
dipole origin. A possible explanation is the failure of
GGA+U in modeling the electronic interactions. A similar
failure was already pointed out in the LDA (without U) cal-
culation of the electric quadrupole pre-edge features of
Cr**.3 In that case, it was shown by comparison to multiplet
calculations that such disagreements could find their origin
in the fact that LDA (GGA) cannot fully describe electronic
interactions. However, we might have expected that
LDA+U (GGA+U) could overcome the difficulties in repro-
ducing the correct peak splittings. Apparently, it does not
completely solve the problem in the case of LiCoO, but only
part of it. Additionally, the intensity of peak « is underesti-
mated by 40% with respect to experiment while those of
peaks B and vy are well reproduced (Fig. 6): this raises the
question of a possible missing electric dipole contribution at
this energy. This can have three possible origins: (i) the qual-
ity of the sample investigated experimentally, (ii) vibrational
effects—missing in the calculation, which introduce an elec-
tric dipole contribution in peak «, and (iii) the failure of
DFT-GGA+U. First, the sample is finely ground. As most
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FIG. 9. (Color online) Comparison between experimental (solid
line with circles, taken from Ref. 37) and theoretical isotropic
XANES spectra at the O K edge in LiCoO,, obtained by two dif-
ferent approximations, GGA+ U and GGA (black and orange), both
including the O 1s core hole (solid and dashed lines).

powders remain textured and the crystal structure is trigonal,
there could be angular dependence effects. However, these
effects should be rather small, and we do not think this could
explain the observed disagreement. We recall that the calcu-
lated spectrum is the isotropic one, and thus should be di-
rectly compared to the experiment. Second, another possibil-
ity is the vibrational effects since the experimental data was
measured at room temperature. At 7=0 K, the fact that the
Co site is centrosymmetric (D5, point group) prevents any
static mixing between the Co 3d states and the O 2p states in
the calculated XANES spectrum. However, lattice vibrations
can remove this rule and thus, significant changes in the
XANES spectrum may be possible. In the case of Co K edge
in LiCo0,, vibrations could introduce an electric dipole con-
tribution in peak «a. To verify the validity of this conjecture,
HERFD-XAS measurements at the Co K edge as a function
of temperature should be performed and combined with a
consequent analysis including the vibrational effects.’
Third, as mentioned above for the energy splittings, the
mean-field way electronic interactions are described in
DFT-GGA + U may also be responsible for the observed dis-
agreement in the intensity. This point has to be further inves-
tigated in other systems.

D. XANES at the O K edge

For completeness, we have calculated in DFT+U the
XANES at the O K edge, although the experimental data has
been measured in total fluorescence yield.?” The experimen-
tal isotropic O K-edge spectrum is shown in Fig. 9 (solid line
with filled circles). It shows a well-defined feature at 528.3
eV (peak A) and two broad ones at 536.4 eV (peak B) and
539.9 eV (peak C). It is compared with the theoretical ones
calculated in the electric dipole approximation (i) in GGA
+U with or without the O ls core hole (black and orange
solid lines, respectively) and (ii) in GGA with or without the
O 1s core hole (black and orange dashed lines, respectively).
The four theoretical spectra have been shifted in energy in
order to match the position of peak A with the experimental
data.

The best agreement in the peak positions has been ob-
tained for the calculation using U=Uy; and the core hole
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FIG. 10. (Color online) Electric dipole cross section at the O K
edge calculated using the four different approaches. Panels (a) and
(b) show the cross sections calculated for an incident polarization
vector perpendicular and parallel to the ¢ axis.

(black solid line): the relative position of the peaks is im-
proved compare to the calculations without the core hole or
without the Hubbard parameter. This is also the case for the
shape of peak C and the intensity ratio between peaks B and
C. However, the intensity of peak A is underestimated by a
factor of 2 in the calculations including the core hole. This
peak, which corresponds to transitions to empty O 2p states,
is better reproduced in the calculations performed without
the core hole. This is due to the fact that part of these states
are shifted down to —10 eV below the Fermi level (not
shown), due to a strong underestimation of the core hole
screening. Such an effect has also been reported in the cal-
culations performed at the K edge of light elements such as B
and 0,3%% where it was found that a half core hole provides
a better agreement in the region just above the edge. Such a
drastic influence has also been shown at the Cu K edge,?? but
only for the electric quadupole cross section. Here, we show
that the core hole effects are not well described also for the
electric dipole cross section since the intensity of peak A is
better reproduced without the core hole (though slightly
overestimated). The core hole improves the shape of peak C
and the intensity ratio between peaks B and C, which can be
understood by plotting the electric dipole cross sections for a
polarization vector € either perpendicular or parallel to the ¢
axis [Figs. 10(a) and 10(b)]. The attraction of the core hole
induces a shift by —1.2 eV of the (p,,p,) states at 540 eV,
and an overall decrease in intensity of the corresponding p
states. Part of the p, states from peak C has been transferred
to peak B (536 eV). For p, and p, states, it is likely that the
core hole shifts them below the Fermi level since peak B has
the same intensity with and without the core hole and the
intensity of peak C decreases.

The Hubbard parameter U has no effect on the theoretical
spectrum when the core hole is absent, which is in line with
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the empty DOS shown in Fig. 2. However, it does have an
effect when the core hole is on and affects the peak positions,
similarly to the case of Co K edge. Although U is added on
the Co 3d orbitals, it has an effect on the empty O p states
because they are slightly hybridized (Fig. 2) and because the
core hole introduces differential attraction on the O empty
states. This results in a shift to higher energies of peaks B
and C relatively to peak A.

IV. CONCLUSIONS

The XANES spectra at the Co K edge and O K edge have
been calculated in LiCoO, using a parameter-free GGA+U
approach. A good agreement has been obtained with the ex-
perimental data, which has enabled to draw conclusions of
several types.

First, from the computational point of view, we have
shown that in the edge region, the relative intensities of the
spectral features are better reproduced in the calculation
when taking into account the Hubbard parameter. The rela-
tive peak positions are also improved by U at the O K edge
but slightly degraded at the Co K edge. The improvement is
more striking at the Co K pre-edge, where both the core hole
and U are needed to interpret the spectral features. The core
hole effects were found to be the factor preventing a better
agreement with experiment; in the calculation, where we
considered a static core hole, the O 1s core hole was found to
be too attractive while the attraction of the Co 1s core hole is
too weak. A better treatment of the core hole effects could be
achieved using the Bethe-Salpeter equation, which treats
electron and hole dynamics ab initio, as well as electron-hole
interactions.*

Second, we have shown that the GGA+ U approach im-
proves significantly the description of the electronic structure
for the ground state in LiCoO, since the value of the theo-
retical electronic band gap is consistent with the experimen-
tal one. This implies that this approach could yield better
results on the electronic structure of Li-defective cobaltites
LixCOOZ.

Third, high-resolution XANES data at the Co K pre-edge
has revealed new subtle features, which have been inter-
preted, thanks to DFT+U calculations. In the pre-edge, in
addition to classical on-site 1s-3d transitions, we have shown
the existence of two different Co 4p-Co 3d intersite hybrid-
izations, in plane and out of plane. This is achieved via a
strong Co 3d-O 2p hybridization in the Co planes, and via a
strong Co 3d-O 2p-Li 2p hybridization in the direction per-
pendicular to the Co planes. Although it can be argued that
the presence of the core hole prevents to draw any conclu-
sion on the ground-state properties, we want to point out that
these pre-edge features can only be resolved because the
Co 1s core hole is present; the screening of the core hole is
indeed dependent both on the distance and on the direction.
This means that HERFD-XAS measurements performed on a
single crystal, coupled to GGA+U parameter-free calcula-
tions, can be used to track fine changes in orbital hybridiza-
tion, such as the ones induced by electrochemical cycling in
the electronic and crystallographic structure of Li,CoO,
compounds. For example, as the increase in Li vacancies
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leads to the augmentation of the ¢ parameter,>*! it should
affect the relative intensities and peak positions of the Co
pre-edge features.
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APPENDIX
1. Calculation of the isotropic electric dipole cross section

For a general symmetry, the isotropic electric dipole cross
section is given by (o, +0y,+0,,)/3, where o, 0,,, and o,
are the electric dipole absorption spectra calculated along
three perpendicular directions.*?> We now consider the sites
of oxygen and cobalt.

In the space group R3m described in the hexagonal set-
ting, there are two equivalent oxygen atoms in position 6c¢:
(00 z) and (0 0 —z). The four other O sites can be obtained
by applying the lattice translations (1/3, 2/3, 2/3) and
(2/3, 1/3, 1/3). The point-group symmetry is 3m (or Cj,).
Therefore, we take z along the ¢ axis of the crystal and the
local symmetry group gives us o,,=0,,. The Co atom is in
position 6¢: (0 0 1/2). The point-group symmetry is —=3m (or

D;,). Thus, we also have o, =0,.

2. Calculation of the isotropic electric quadrupole cross
section at the Co K edge

The space-group symmetry operations of the group R3m
that leave the Co site (0,0,1/2) invariant are (x,y,z),
(=y.x=y.2), (=x+y,—x,2), (y.x,=2), (x=y,-y,~2),
(_x’_x+y’_z)’ (_x’_y’_z)’ (y7_'x+y’_z)7 (x_yax’_z)a
(=y,—x,2), (=x+y,y,z), and (x,x-y,2).

The general angular dependence of electric quadrupole
transitions in terms of a second-rank spherical tensor
02(2,m) and a fourth-rank spherical tensor o(4,m) was
given in Ref. 42. The trigonal symmetry of the Co site im-
plies that the only nonzero component of o(2,m) is
02(2,0), which is real. To determine the nonzero compo-
nents of 0¢(4,m) for the Co site, we apply the formula de-
rived in Ref. 43,

a?(4,m) = LE 7,0 (R),

!
12 m' =" m'm
Rm'

where R runs over the rotation part of the 12 operations listed
above and where Tf:l, is an Hermitian fourth-rank tensor
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(without symmetry). This gives us the only nonzero compo-
nents of 02(4,m), which are ¢2(4,0) (a real number) and
02(4, +3) (a purely imaginary number). We define the real
02(4,3) by 094, +3)=i0%(4,3).
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In a reference frame where the x axis (the z axis,
respectively) is along the a vector (the ¢ vector, respectively)
of the hexagonal lattice, this gives us the angular
dependence,

/'5 /1
o2 =09(0,0) + ﬁ(3 sin? @ sin® - 1)02(2,0) + HGS sin? @ cos> 6 cos> i+ 5 sin® 0 sin’ iy — 4)02(4,0)

- \’% sin A[(3 cos® 6— 1)sin ¢ cos ¢ cos 3¢+ cos A2 cos® O cos® — 1)sin 3¢p]o?(4,3).

This expression is similar but not identical with the one
given in Ref. 42 for the symmetry D, The difference
comes from the fact that the relation between the Cartesian
axes and the local symmetry axes is different in the two
cases.

The isotropic quadrupole absorption is ¢€(0,0). In
general, we need to calculate four different orientations
to deduce the isotropic quadrupole spectrum. However,
we could obtain it from only three directions:
&=(=1/36,-1/\2,1/3), k=(1/\6,-1/\2,-1/\3), &
=(0,1,0), ky=(-1,0,0), and &=(0,1/v2,-1/y2), k3
=(0,1/42,1/42). The corresponding absorption cross sec-
tions are

14
o= 52(0,0) + ‘709(4,0),

1 5
0% =02(0,0) + \/ﬁUQ(‘LO) +24 agQ(2,O),

19 /'s
2= 59(0,0) + —=02(4,0) - \/ —09(2,0)
o g . g 5 (O 5 .
’ 4V14 14

The isotropic quadrupole spectrum is

2709 - 40% - 80%
15 ’

2(0,0) =
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