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The electronic properties of LiCoO, have been studied by theoretical band-structure calculations (using
density functional theory) and experimental methods (photoemission). Synchrotron-induced photoelectron
spectroscopy, resonant photoemission spectroscopy (ResPES), and soft x-ray absorption (XAS) have been
applied to investigate the electronic structure of both occupied and unoccupied states. High-quality PES spectra
were obtained from stoichiometric and highly crystalline LiCoO, thin films deposited “in sifu” by rf magnetron
sputtering. An experimental approach of separating oxygen- and cobalt-derived (final) states by ResPES in the
valence-band region is presented. The procedure takes advantage of an antiresonant behavior of cobalt-derived
states at the 3p-3d excitation threshold. Information about the unoccupied density of states has been obtained
by O K XAS. The structure of the Co L absorption edge is compared to semiempirical charge-transfer multiplet
calculations. The experimental results are furthermore compared with band-structure calculations considering
three different exchange potentials [generalized gradient approximation (GGA), using a nonlocal Hubbard U
(GGA+U) and using a hybrid functional (Becke, three-parameter, Lee-Yang-Parr [B3LYP])]. For these differ-
ent approaches total density of states and partial valence-band density of states have been investigated. The
best qualitative agreement with experimental results has been obtained by using a GGA+ U functional with

Electronic structure of LiCoQO, thin films: A combined photoemission spectroscopy
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I. INTRODUCTION

LiCoO, and its alloys are still the most often used cathode
materials in Li-ion batteries and its properties have been in-
vestigated by a wide variety of experimental techniques.!™'?
Due to its unique electrochemical and electronic properties
the material has the character of a model system for funda-
mental investigations.

The high-temperature (HT) phase of LiCoO, crystallizes

in a rhombohedral Rgm(Dg 2 structure.!* The structure can
be viewed as a cubic closed packed lattice of oxygen atoms
with Co and Li alternately occupying the octahedral sites in
the (111) planes. This ordering of the ions result in the so-
called O3 layer structure with pure Li and Co layers sepa-
rated by oxygen layers in an ABCABC stacking sequence
displayed in Figure 1.

Due to its strong anisotropic crystal structure, the elec-
tronic structure of LiCoO, has some interesting properties:
on one hand, localized Co 3d valence states are present,
which give rise to strong electron correlation effects and
hence complicated electron spectra. On the other hand, a
sp-bandlike character of O 2p valence states can be ob-
served. Moreover, a distinct covalent mixing of cobalt and
oxygen states is present in the system,'>'7 resulting in
charge-transfer processes in photoemission experiments.

Several studies on the electronic structure of LiCoO,
have been published in the literature applying density
functional theory (DFT) (Refs. 15 and 18-24) and
cluster  calculations'®?*?>  or electron  spectroscopic
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techniques.'15-17:2022-24.26-38 However, there are still aspects
which need clarification, especially with respect to the
relation between electrochemical behavior and the changes
of the electronic structure during lithium extraction and
insertion.*
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FIG. 1. (Color online) Illustration of the layered crystal structure
of HT-LiCoO,.
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Contradictory descriptions about the electronic properties
of LiCoO, can be found in the literature. The material has
been classified as charge-transfer insulator,!”?* insulator with
negative charge-transfer energy,”® Mott-type insulator,”"* or
essentially a p-type semiconductor,*'*? respectively.

An apparently complex defect chemistry of the material is
reflected in discrepancies in the experimental band gap re-
ported by several authors, which are also often used as basis
for theoretical descriptions of the material. Ghosh et al.*
estimated a band-gap value of 1.7 eV using optical spectros-
copy for the HT phase of LiCoO,. Kushida et al.** observed
2.1 eV for thin-film samples with ultraviolet-visible spectros-
copy. A band gap of 2.5 eV has been found by Rosolen et
al.® with photocurrent spectra. Van Elp et al.?* determined a
value of 2.7 eV experimentally by a combination of brems-
strahlung isochromat spectroscopy and x-ray photoemission
spectroscopy (XPS) measurements.

A number of experimental studies focus on valence-band
analysis by photoelectron spectroscopy (PES) (Refs. 10, 15,
17, 24, 26, and 30) and interpretation of conduction-band
states using different electronic methods.?%-22:2431.38.46:47 [jgy.-
ally, these studies are based on powder samples, which in
some cases may lead to problems with the control of extrin-
sic and intrinsic impurity phases on their surfaces, in particu-
lar, for a valence-band analysis. Phases such as, e.g., carbon
adsorbates and lithium compounds can be formed spontane-
ously on lithiated transition-metal oxides upon contact with
air or during synthesis of the material. A detailed XPS/
ultraviolet photoemission spectroscopy study on the forma-
tion of contamination phases on LiCoO, is reported
elsewhere.*8

From an experimental point of view, it is imperative for
an interpretation of, e.g., valence-band structures to mini-
mize unwanted, additional features in a spectrum. Hence,
highly stoichiometric material and contamination free sur-
faces are demanded.

In order to meet these requirements the integrated ultra-
high vacuum (UHV) system for solid liquid interface analy-
sis system (SoLiAS) at the synchrotron facility BESSY II in
Berlin-Adlershof has been used, combining synchrotron
x-ray photoemission spectroscopy (SXPS) analysis and in
situ preparation by rf magnetron sputter deposition. This sys-
tem enables a sample transfer between preparation and
analysis without breaking UHV conditions.

There have been a number of studies published in the
literature, which describe the preparation of LiCoO, as thin
material for application in Li-ion batteries.!!"?7#9-61 In par-
ticular, magnetron sputtering using a ceramic LiCoO, target
has proven to be a successful method.!!?7-30-52.60.61

Examples of a comparison between experimental XPS
data and theoretical results can be found in the literature. Van
Elp et al.** compared multiconfiguration model-Hamiltonian
calculations for a CoOyq4 cluster with experimental XPS data
for LiCoO,. In a study of Czyzyk et al.'3 the density of states
(DOS) and partial density of states (PDOS) of LiCoO, have
been calculated by a DFT band-structure calculation using a
generalized gradient approximation (GGA) functional and
compared with XP valence-band spectra taking into account
experimental parameters and theoretical photoionization
cross sections.®”> Kemp et al.?® interpreted experimental re-
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sults in terms of semiempirical band calculations and an im-
purity model.

In the present study the electronic structure of LiCoO, has
been studied in detail by synchrotron-induced PES tech-
niques. SXPS and resonant PES (ResPES) have been applied
for an investigation of valence-band states. The near-edge
structures of O K and Co L edges have been investigated by
soft x-ray absorption spectroscopy (SXAS). The structure of
the Co L edge has been compared to charge-transfer multi-
plet (CTM) calculations.

An experimental approach is presented, allowing the
separation of oxygen- and cobalt-derived states based on
synchrotron induced PES valence-band spectra. By applying
ResPES, the partial density of states of the photoelectron
final-state distribution can be obtained. The results of this
approach are compared to theoretical predictions of the par-
tial density of states in the valence-band region.

As it has been demonstrated for CoO,® calculated band
widths and band gaps can depend significantly on the used
exchange-correlation functional. Similar observations have
been made for NiO, where the electronic properties depend
strongly on the chosen functional and a good agreement with
experimental data is found for the GGA + U functional.®* The
PDOS of LiCoO, has thus been calculated using three dif-
ferent functionals, namely, the GGA, GGA + U with different
U parameters, and the hybrid functional B3LYP, a linear
combination of a Hartree-Fock exchange potential, the
Becke three parameters exchange potential, and the correla-
tion potential of Lee, Yang, and Parr.”

II. EXPERIMENTAL
A. Film deposition and experimental equipment

The LiCoO, samples have been deposited by rf magne-
tron sputtering in a custom deposition chamber with a base
pressure of 5X 1078 ™1l The thin films were prepared
from stoichiometric target material (99.9%, FHR Anlagenbau
GmbH) on Ti-foil substrates (99.95%, Alfa Aesar) in an
Ar/O, sputter gas mixture [Ar(5.0), 0,(4.8), Air Liquide].
During the deposition process the sample has been heated at
550 °C.

B. SXPS, SXAS and data normalization

The SXPS experiments have been carried out at a dipole
beamline with the toroidal grating monochromator TGM7
at the synchrotron facility BESSY II, equipped with the
integrated UHV system for SoLiAS combining different
in situ preparation techniques with the surface-analysis
system.® The spectrometer is equipped with the SPECS
PHOIBOS 150 MCD-9 electron analyzer (base pressure
2X 107! mbar). Photon energies in the range from hv
=25-120 eV have been used with an overall energy reso-
lution better than 100-300 meV. The binding energy scale
for the spectra has been referenced to the Fermi level of a
sputter cleaned Au reference sample. The use of low excita-
tion energies results in strongly varying photoionization
cross sections (Fig. 2) and surface sensitivity for valence-
band studies.
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FIG. 2. (Color online) Photoionization cross sections reported
by Yeh and Lindau (Ref. 62). Both orbitals have large contributions
to the valence band of LiCoO,.

For analysis of the resonant PES data, the intensities of
the as measured valence-band spectra have been normalized
to the incident x-ray flux on the refocusing mirror of the
beamline as well as to the overall transmission function,
which includes the sensitivity of the Phoibos electron ana-
lyzer (transmission function)®® and the transmission of the
optical elements of the beamline (monochromator, mirror
transmission), and the energy-dependent inelastic mean free
path N of the electrons. A similar procedure has been applied
for studies on the Li,V,05 system.®” The spectral back-
ground due to inelastic electron scattering has been corrected
by a Shirley-type background removal function.

For a comparison of the experimental data of the valence-
band region with DFT calculations, the different photoion-
ization cross sections of the Co 3d-, O 2p- (and Li 2s/2p-)
derived states have been taken into account by normalizing
the theoretical PDOS with values from Yeh and Lindau.®?
This procedure has already been demonstrated successfully
by other authors. !

The SoLiAS system has also been used for XAS at the
U49/1I-PGM?2 undulator beamline at BESSY II, analyzing
the secondary electron yield as a function of the photon en-
ergy. The Co L, 5 and O K edges have been probed to obtain
information on unoccupied states. The accessible energy
range at this beamline is 7v=90-1900 eV with an overall
energy resolution of better than 400 meV and about 150 meV
below photon energies of 800 eV. Sputter cleaned Ag (Ep,
3d), and Au (4f) samples have been used for energy calibra-
tion. The experimental data has been compared to simulated
x-ray absorption spectra. In case of Co L, 5 absorption spec-
tra CTM have been utilized.%%%

C. Computational details

For the calculation of the electronic structure of LiCoO,
two different variants of DFT have been applied, namely, (a)
the CRYSTAL06 program package’® with linear combinations
of atomic orbitals (LCAO) (Ref. 64 and 71) and (b) the Vi-
enna ab initio simulation package (VASP) (Refs. 72-75) with
projector augmented waves (PAW).%+76 The electronic struc-
ture has been calculated using three different exchange-
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correlation functions, namely, the local GGA with the param-
eterization of Perdew et al.,”” which is an appropriate
method to describe the sp valence states, and a nonlocal
screened Coulomb model U Hamiltonian, the GGA + U func-
tional, based on Dudarev,’® where the Co 3d-Co 3d interac-
tion is described by the Hubbard U parameter. Furthermore,
the widely used orbital dependent exchange potential B3LYP
(Ref. 79) is applied as a mixture of DFT and Hartree-Fock
exchange.

For the PAW calculations for Co the 4s, 3p, and 3d elec-
trons, for O the 2s and 2p electrons and for Li the 1s and 2s
electrons are treated as valence electrons. For the LCAO
calculations the following basis sets were used:
Li-6-111G*% Co0-86-411d41G,%' and 0-8-411G*.3? Up to
216 k points in the Brillouin zone were utilized for integra-
tions involving k space.

The calculations are based on the following structural
parameters: a,b=2.82982(2); ¢=14.11900(44); and O,
=0.2562(6). These values are in good correspondence to the
ones found in the literature®3* and have already been dis-
cussed in a previous study.?® The negative deviation of the
0, parameter from (.25 leads to a distortion of the octahedral
oxygen surrounding of the cations. The LiOg octahedra are
elongated with a Li-O bond length of 2.067 A and two dif-
ferent O-O distances of 2.830 and 3.013 A. The CoOy octa-
hedra are compressed with a Co-O bond length of 1.963 A
and O-O distances of 2.830 and 2.791 A. For the calcula-
tions the corresponding primitive cell with only one formula
unit has been used. The structure optimization has been per-
formed by the VASP program using the GGA functional as it
is most efficient with respect to computing time.

III. RESULTS AND DISCUSSION

A. SXP valence band and constant initial state (CIS) spectra
of thin film LiCoO,

Valence-band spectra of in situ prepared LiCoO, thin
films are shown in Fig. 3. The presence of the HT phase of
LiCoO, has been confirmed for the thin films by XRD, Ra-
man spectroscopy, and electrochemical measurements (not
presented in this work). The films are highly crystalline and
exhibit a strong (00/) preferential orientation when deposited
on Ti foil. A detailed paper on the properties of sputter-
deposited LiCoO, dependent on the preparation parameters
is in preparation. In Fig. 4 a XP Al K« survey spectrum of a
contamination free and stoichiometric LiCoO, thin film is
shown. For reference Li 1s, O 1s, and Co 2p;/, core-level
spectra are also included in this figure. The valence-band
structure of LiCoO, has been investigated experimentally by
various authors. 013242930 In the upper valence-band region,
around 1-3 eV in Fig. 3, a dominant Co 3d emission is ob-
served, whereas the region between 3—10 eV is dominated by
direct O 2p and O 2p/Co 3d-like contributions. Adjacent to
this region at about 12 eV, a Co 3d final-state satellite is
situated. It has been concluded that basically O 2p and Co 3d
states contribute to the valence band DOS whereas Li 2s/2p
contributions can be neglected in good approximation.

The SXP spectra have been measured at different excita-
tion energies after UHV transfer from the preparation to the
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FIG. 3. (Color online) (s) XP valence-band spectra of clean
rf-magnetron-deposited LiCoO, thin-film samples excitated at pho-
ton energies of 40 and 110 eV (SXPS), and 1486.6 eV (Al Ka),
respectively.

analysis chamber. The use of different excitation energies
allows a variation in the photoionization cross sections and
the surface sensitivity. The valence-band emissions are ap-
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proximated by a number of Gauss-Lorenz-shaped features
(Voigt-type) named A-H, which allow reproducing the ex-
perimental spectrum for all excitation energies only by
changing their relative intensities. Due to the different energy
dependence of the excitation probability for oxygen, cobalt,
and lithium orbitals in the valence-band-regime electron
states with different atomic origin can be distinguished to a
certain extent. Low excitation energies below 50 eV, for ex-
ample, increase the sensitivity for oxygen-derived states,
whereas Co states become dominant above 100 eV. The
photoionization cross sections reported by Yeh and Lindau,
although calculated for “free” atoms, will be used for this
discussion.®? In Fig. 2 the variation in cross sections versus
excitation energy is shown for O 2p and Co 3d orbitals,
which dominate the valence-band region (and conduction-
band edge). By comparing XP spectra of LiCoO, taken at
excitation energies of 40 eV and 1486.6 eV (Fig. 3), respec-
tively, distinct variations in the relative intensities of the dif-
ferent emissions become apparent.

However, in addition to the differences in photoionization
cross sections for O 2p- and Co 3d-derived valence-band
states, the character of the latter can be investigated in more
detail by CIS spectroscopy. The various resonant and non-
resonant photoemission processes are discussed in detail in
the Appendix. The excitation energy has been varied around
the threshold energy for a Co 3p-3d excitation allowing
autoionization processes (Fig. 5). The emissions A-G exhibit
gradual changes in their resonant behavior (Fig. 6), which
can be interpreted in terms of screening effects due to ligand-
to-metal (L-M) charge transfer. Dependent on their resonant
behavior, final states can be distinguished, which arise from
an unscreened or weakly screened direct emission process or

XPS Al Ko. Co2p
LiCoO,
2Py
2Py

OKLL CoLMM

Intensity

T T T T T T T T T
1200 1000 800 600 400
binding energy [eV]

200 0 FIG. 4. (Color online) XPS Al Ka survey

spectrum of a LiCoO, thin film prepared by rf
magnetron sputtering. The Co 2p3,, O 1s, and

Intensity

Co2p,;, O1s Lils Li 1s spectra are given below.
EB-= 779.7eV EB-= 520.3¢V EB-= 54.0eV
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Lils FIG. 5. (Color online) Illustration of the auto-
= ionization process for LiCoO, after exceeding the
% ) , threshold energy for a Co 3p-3d excitation. The
€ Co3p 02p-Band ! distance betw.een the Co 3p3, (60.4 eV) level

— ! and the maximum of the Co 3d valence-band
' states (1.2 eV) is 59.2 eV. In Fig. 11 the corre-
3d° (+ 3d°L) sponding resonant PES series of valence-band
spectra is presented.
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(partially) screened charge transfer transitions, respectively.
For a screened charge-transfer final states an antiresonant
behavior is expected, whereas an unscreened final state re-
sults in a resonance.®’

For the measurements, shown in Fig. 6, a transition from
a clear antiresonance in case of emission A to a moderate
constructive resonance for emission G can be observed. The
normalized data has been fitted with a Fano-type profile [Eq.
(5)] including a linear correction (a*E+b) to improve the fit
quality by compensating slightly different slopes of the data
before and after the resonance. The fit of the data yielded a
resonance energy E, of 62 eV for emission A and slightly
differing values of about 62.0 0.5 eV for the other features
(B-G), probably due to the Co 3p line width (Fig. 5). For the
asymmetry parameter g values of 0.3 (A), 0.45 (B-E), 1.0
(F), and 1.25 (G) were found. For illustration Fano-type pro-
files are given in Fig. 7.

Taking into account the binding energy of the Co 3p5),
core level of Eg=60.4 eV (Fig. 5), a p-d resonance energy
of Eg=62.0 eV and a Fermi-level position of Eg-Eygy
=0.7eV a d-d band gap of about E,=Eg—Eg(Co 3ps,)
+(Ep-Eygy) =2.3 €V can be approximated, which is close
to the value of 2.1 eV reported for thin films by Kushida et
al* This value, however, is not corrected for the full width
half maximum (FWHM) of the peaks used for the estima-
tion.

binding energy [eV]

Based on the SXPS and CIS measurements the character
of valence-band states can be discussed. The dominant emis-
sion at the valence-band edge at about Eg(A)=1.2 eV bind-
ing energy is mainly a screened Co 3d-like emission
(Co 3d"L). This feature does not correspond directly to
Ir,~derived states (°D,4 symmetry) due to its charge-transfer
character. However, since the photoinduced core hole is
screened by the oxygen ligands, the binding energy of fea-
ture A is therefore close to the undisturbed #,, states (and by
this allows a comparison with DFT calculations of the
ground state of the system). The small width of this feature
of FWHM=0.7 eV at hv=40 eV is typical for low-spin
Co** ions.?® Emission B at Eg(B)=2.4 eV seems to be de-
rived mainly from 3d-like states as well. The broad band
between E5(C-E)=2.5-7.5 eV binding energy, however, has
a prevalent O 2p-like character but still contains Co 3d ad-
mixtures to an appreciable extent. A poorly screened satellite
is apparent at about Eg(G)=12 eV binding energy with a
Co 3d™! character.!> However, contributions of a "2
configuration might be present as well in the satellite feature,
which are also higher in energy due to extra repulsion be-
tween the additional holes.?

Emissions due to traces of Li,O, at the sample surface are
visible at low excitation energies at Eg(F)=9.5 eV and
Eg(H)=14.5 eV, respectively. A paper investigating spectral

CIs

normalized

CIS
LiCoO,

Intensity

B (2.1eV)|
W

FIG. 6. (Color online) CIS measurements at
different positions in the valence band of
LiCoO,. The binding energies of features A-G
are indicated (see also). The right plot shows the
same data normalized to unity and fitted with a
Fano-type profile.
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FIG. 7. (Color online) Fano profiles plotted for different values
of the asymmetry parameter ¢ with I'=1 eV.

features of surface contamination phases in the valence band
region is published elsewhere.*®

It should be noted that satellite feature (G) cannot be de-
scribed within the single-particle treatment of the DFT cal-
culations as excitation processes within the valence-band
states are involved leading to different final-state occupation
of valence-band states. Obviously, the same applies for emis-
sions F and H.

B. Electronic-structure calculations of LiCoO,

The electronic structure of LiCoO, has been calculated
both in a spin restricted and spin unrestricted way, which
lead to the same nonmagnetic ground state. In Fig. 8 a com-
parison of the band structure of LiCoO, is given, obtained
from the three different potentials, GGA, GGA+U, and
B3LYP, mentioned above. In order to allow a direct compari-
son with the experimental data, the energy scale is referenced
to the Fermi energy Ep, which was arbitrarily set in the
middle of the band gap. The ordering of the states is most
clearly seen for the GGA potentials in Fig. 8(a). These results
are similar to the work of Czyzyk et al.'® The six bands
between —8 and -3 eV are 2p-like bands of oxygen. These
bands are separated by a small energy gap from the three
occupied 3d-like states of cobalt located between —2 and

a)

4.0
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—1 eV. This small energy gap disappears when using the
other functionals. For the GGA+ U the overlap of O 2p- and
the Co 3d-derived bands correlates directly with the chosen
U parameter: A higher value of U results in a stronger over-
lap [Figs. 8(b) and 8(c)].

The size of the optical band gap between the occupied and
unoccupied 3d-like states of cobalt depends of course signifi-
cantly on the chosen functional. The predicted band gap of
1.2 eV for the GGA functional is much smaller than the
experimental value of 2.1 eV for thin films.** This underes-
timation of the band gap is usually found from a DFT
approach.’’

For GGA+U the size of the optical band gap depends
sensitively on the chosen U parameter. The proposed U pa-
rameter of U=4.91 eV for Co 3d orbitals of Marinetti et
al.’ yields a larger band gap of 2.7, which matches the ex-
perimental value reported by van Elp et al.**

In the present study a U parameter of 2.9 eV has been
chosen for the GGA+U calculation. This value reproduces
the experimental value of 2.1 eV (Ref. 44) for the optical
band gap and is in accordance with our estimate in the pre-
vious section. As it will be shown below, the choice of 2.9
eV for the U parameter not only reproduces the optical band
gap quite well but also gives the best qualitative agreement
between the experimentally and theoretically derived valence
band density of states of LiCoO,, shown in Fig. 19 in Sec. V.

For the hybrid potential B3LYP, however, the predicted
optical band gap of 4.2 eV is significantly larger than the
experimental value. In Fig. 9 the partial DOS (PDOS) n,(E)
associated to the atoms v and n,,(E) additionally associated
to the angular momentum 1 is displayed for Co s-, p-, and
d-like states and O s, p-like states is displayed (note the dif-
ferent scaling for the various columns in the PDOS). From
the n,(E) plots the character of the chemical bonds can be
deduced: first, there is almost no contribution of Li support-
ing an almost pure ionic character of Li in this compound.
Second, in the energy range of the 2p-like states of oxygen
(GGA: from -8 to -2.6 eV, and GGA+U (U=2.9 eV):
from —-7.5 to -2.3 eV, and GGA+U (U=4.91 eV): from
-7.5 to =2.9 eV, and B3LYP: from -9 to —-3.5 eV) also
distinct amplitudes in the partial DOS of Co can be found
and vice versa. Thus, noticeable covalent contributions to the
Co-O bonds are indicated. However, only small oxygen con-
tributions are observed in the energy range of the 3d-like
cobalt states close to the valence-band maximum (GGA:
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FIG. 9. Total DOS n(E) and partial DOS n,,)(E) of LiCoO,, with v=Li, Co, O, and l=5s,p,d. The data is obtained from (a) GGA, (b)
GGA+U (U=2.9 eV), (c) GGA+U (U=4.91 ¢eV), and (d) B3LYP calculations.

-0.6 to =2 eV, GGA+U (U=2.9 eV): -1 to 2.3 eV, GGA
+U (U=4.91 eV): —=1.3 t0 2.9 eV, and B3LYP: -2.1 to 3.5
eV). In this narrow energy range of the upper valence band
the Co 3d character is dominating, resulting in a more local-
ized nature of these cobaltlike states compared to the much
broader, bandlike O 2p/Co 3d states forming the lower va-
lence band. Third, since the n,,;(E) contributions of Co s-, p-,
and O s-like states are very small for the shown energy
range, an almost pure d-like and p-like characters can be
assumed for cobalt and oxygen states, respectively.

For the GGA and GGA+ U calculation [Figs. 9(a)-9(c)],
small amplitudes of Co s- and p-like states are visible in the
DOS, which are negligible for the B3LYP calculation [Fig.
9(d)]. There is no amplitude of O s-like states for the occu-
pied states in this energy region; however, a small contribu-
tion of O s-like states can be seen for the unoccupied states.

The partly covalent character of the bonds between oxy-
gen and cobalt is also reflected in the charge-density distri-
bution p(r) in Fig. 10, displayed for the GGA+U (U
=2.9 eV) calculation [Fig. 9(b)]. For illustrative reasons, the
2 X2 X1 supercell of Fig. 1 has been used and an identical
color scale has been chosen for the three different energy
ranges.

In Fig. 10(a), p(r) is shown for the energy range between
-8 and -2.5 eV. The covalent Co-O bond contributions are
indicated by charge bridges between cobalt and oxygen at-

oms. Between —2.5 and —1 eV the 3d-like character of the
cobalt orbital forming the upper valence band is clearly evi-
dent with only a very weak bond to the oxygen [Fig. 10(b)].
The unoccupied states for the energy range between 1 and 2
eV are shown in Fig. 10(c). Again, the charge density around
cobalt is shaped like a 3d orbital, namely, 7,,-like occupied

a)

min

FIG. 10. (Color) Charge density p(r) of LiCoO, obtained from a
GGA+U calculation with U=2.9 eV for different energy ranges:
(a) -8 to =2.5 eV (covalent bonds), (b) 2.5 to —1 eV (#,,), and (c)
1-2 eV (eg). Li atoms are colored blue, Co atoms green, and O
atoms red.
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states [Fig. 10(b)] and e,-like unoccupied states [Fig. 10(c)].
In all three figures, a—c, no charge density around the blue-
colored Li atoms can be observed indicating Li* ions.

C. Resonant photoelectron spectroscopy: Experimental
derivation of partial valence-band density of states (PVBDOS)

ResPES has been applied in order to investigate the elec-
tronic structure of LiCoO, thin films experimentally in more
detail. The technique delivers unique insights in the elec-
tronic structure of the valence band of a material since the
occupied partial density of states can be studied.®®3% As
already shown for the CIS technique, information about
bonding character, hybridization and photoelectron final
states can be obtained. ResPES was first applied by van Elp
et al.** to study electronic properties of LiCoO,. The authors
also observed an antiresonance of the Co 3d states (feature A
in Fig. 3). For the satellite feature at about 12 eV (G), in
contrast to our results (see Sec. IV A), again an anti resonant
behavior has been reported. In this study resonances of co-
balt states are further utilized in a new approach for an ex-
perimental separation of oxygen- and cobalt-derived
valence-band states of LiCoO,. An advantage of this proce-
dure over x-ray emission studies is the better spectral reso-
lution in photoemission experiments.

A series of LiCoO, valence-band spectra has been re-
corded by varying excitation energies between 25 and 120
eV (Fig. 11). For analysis of the data a similar treatment as
reported earlier for Na/V,0s has been applied.®” The data
have been normalized with respect to experimental condi-
tions and the general dependence of the photoionization
cross sections.

As for the case of V,05 the normalization is based on the
following approximate relation for the intensity (density of
states approximation):

I(hV7EB) o nph(hy) : )\[Ekin(hv)] : T[Ekin(hy)] T

0o 2,(hY) 0o 34(hv)
%”o p(Ep) + %”CD 3a(Ep) |-

(1)

In this equation is ny, the photon flux of the monochromator,
measured as photocurrent at the refocusing mirror of the
monochromator, N\ the inelastic mean free path of the elec-
trons, 7 the transmission function of the PHOIBOS electron
analyzer, and & the mean value of the photoionization cross
section of the valence-band approximated from the cross sec-
tions 0 5, (66.6%) for O 2p and 0,3, (33.3%) for Co 3d
contributions. These influences on the spectral intensity are
illustrated in [Figs. 12(a)-12(d)]. The terms nc¢,3,(Eg) and
no1,(Ep) represent the partial density of cobalt and oxygen
states in the valence band (PVBDOS), see Fig. 9.

In the case of V,05 a separation of V 3d and O 2p states
has been achieved by subtracting an off-resonance spectrum
(hv=43 eV) before the resonance and a spectrum in reso-
nance (hv=>54 eV). By this procedure, the O 2p contribution
has been eliminated and thus the V 3d contribution is sepa-
rated. Details are reported elsewhere.®’

In contrast to V,0s, however, LiCoO, reveals an antireso-
nant behavior, which apparently cannot be used for an elimi-
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FIG. 11. (Color online) Normalized data of a resonant PES se-
ries of the LiCoO, valence band for excitation energies varied be-
tween 25 and 120 eV.

nation of contributions of oxygen states in a similar way.
Therefore, in the special case of an antiresonance of cobalt-
derived states in LiCoO, a new procedure has been applied.
The intensity devolution as function of excitation energy is
plotted for the Co 3d main emission at 1.2 eV and a pre-
dominant oxygenlike emission at 5.0 eV in Fig. 13(a). For
demonstrative reasons the data are shown prior to the data
normalization described before. Thus, the gradual change in
the intensity is governed by the energy dependence of photo-
ionization cross sections and experimental factors (Fig. 12),
which are indicated by an empirical function. At around
62 eV a modulation in the intensity is observed due to a
Co 2p-3d resonance effect (see also CIS data, Fig. 6).

For a separation of states with predominant Co 3d origin,

which are resonating, a spectrum S,g(a,b) has been gener-
ated at the 2p-3d resonance threshold without a resonant
modulation (off-resonance, oR) by taking an average of spec-
tra before S(a) and after S(b) the resonance. For statistical
reasons a number of symmetric S(a), S(b) pairs have been
chosen around the excitation energy, at which the resonance
occurs, as indicated in Fig. 13(a). It has been assumed that
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the spectra with a distance of more than 7 eV from the reso-
nance are not affected by it. The procedure is expressed in
the following equation:

oR l(a b)

Ser(a,b) = E (2)

By subtracting the experimental spectrum Sy at the reso-
nance (hv=62 eV) from the calculated spectrum without

(anti-) resonant contributions S.g(a,b), see Figure 13(b), it is

excitation energy [eV]

Co 3d-derived states (S¢,34=Sor(@,b)—Sg). The O 2p-like
states are then generated by simply subtracting the cobalt
contribution S¢, 3, from the actual spectrum Sy at the 2p-3d
threshold (SO 2p=SR_SC0 Sd)'

The final result, the partial state contributions of Co 3d-
and O 2p-derived states in the valence-band region of
LiCo0O,, is presented in Fig. 14. In order to prove the validity
of this procedure, a LiCoO, valence-band spectrum mea-
sured with Al K« radiation (1486.6 eV) is included in this
plot. At this photon energy the Co 3d photoionization cross

possible to separate the resonant contribution, i.e., section is about 20 times larger than for O 2p states.%? Thus,
35 8o | E"i;é:x R,stpzfvs FIG. 13. (Color online) (a) Il-

| - lustration of the procedure to gen-

i‘ erate an off-resonance spectrum
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O 2p-like origin. See text for de-

measured Spectrum
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FIG. 14. (Color online) Experimentally derived PVBDOS of
LiCo0,. Oxygen- and cobalt-derived contributions have been sepa-
rated based on resonant PES measurements. For comparison, a
valence-band spectrum measured with Al K« radiation is included.
A very good resemblance between separated Co 3d states measured
at 62 eV and the XPS valence band of LiCoO, measured at 1486.6
eV is apparent. At this energy the photoionization cross section of
Co 3d states is about 20 times higher than for O 2p-like states.

virtually only cobalt states are visible in the valence-band
spectrum. A good agreement between the separated
Co 3d-like states measured at 62eV (S¢, 3,) and the Al Ka
spectrum is clearly evident.

D. X-ray absorption spectroscopy: Experimental investigation
of conduction-band states

XAS has been applied in order to obtain information
about unoccupied states of LiCoO, thin films. The Co L, ;
and O K edge have been measured in partial electron yield
(PEY) detecting electrons with a Kinetic energy of 200 eV.

Near-edge structures (XANES) of K edges are usually
considered to be closely related to the empty density of states
of the material. In case of O K edge the O 2p-projected den-
sity of states can be investigated since the spectra basically
reflect transitions from the O 1s core level to unoccupied
O 2p-derived states. According to de Groot et al.’! the O K
XANES region of 3d-metal oxides can be separated in two
regions. The sharp features at the leading edge result from
oxygen 2p orbitals hybridized into metal 3d states. About

PHYSICAL REVIEW B 82, 195431 (2010)
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FIG. 15. (Color online) X-ray absorption spectrum of the O K
edge of LiCoO,.

5-10 eV above the edge broad structures can be observed
due to transitions in oxygen-derived states hybridized with
metal 4s- and 4p-like character.?*!

In dipole approximation (Al= = 1), the shape of the ab-
sorption spectrum should represent the partial density of
empty states projected on the absorbing atom (convoluted
with Lorenzian spectral broadening due to limited lifetime of
the core hole). However, also contributions from quadrupole
transitions can be observed as pre-edge features.

The O K edge of HT-LiCoO, is shown in Figure 15. For
stoichiometric material a low spin configuration of Co®* ions
is present in this modification (tgg, A, o). The sharp main line
A at 530.6 eV corresponds to transitions of an O 1s electron
in unoccupied states with a mixed Co 3d(e,)-O 2p character
and can be described as a O 1s'c+Co 3d7(tggeé) final states
(where ¢ denotes an O 1s core hole). The structures above
535 eV have been attributed to transitions in Co 4s and
4p-derived states with O 2p admixtures.’®°! The large exten-
sion of O 2p states up to 15 eV above Ep," indicates a strong
covalency of the Co-O bond. The maxima of the 4sp-O 2p
hybrid band are observed at 538.7 eV (B) and 542.4 eV (C).
According to de Groot et al.’! these structures result from the
Oy-like symmetry of the oxygen neighbors coordinating the
transition-metal ions.

The hybridization of cobalt and oxygen states leads to an
admixture of O 2p states to the unoccupied conduction-band
states with predominantly Co 3d characters. In a purely ionic
model the electron configuration of oxygen would be
O 15%2522p®, hence no dipole transition O 1s— O 2p would
be possible. Only due to the covalent bonding a ligand-to-
metal charge transfer can occur, allowing 1s-2p transitions.
The intensity of the O K absorption edge is dependent on the
amount of “d-hole states” in the 3d-2p hybrid orbitals and
thus proportional to the O 2p character in the conduction
band. Therefore, it can be seen as indicator for the degree of
covalency in the CoOg4 octahedron.

The Li K absorption edge of LiCoO, is presented in Fig.
16 along with the Li Is core level and the Co M, ; edges.
The binding energy of the Lils peak is Eg(Li ls)
=54.0 eV, the maximum of the Li K has been observed at
55.4 eV and for the Co M, ; edges at around 58.1 eV and
59.2 eV, respectively.
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FIG. 16. (Color online) Lils SXP and SXA spectra of LiCoO,
thin films. The SXAS data also contains the Co M, 3 edges.

A comparative illustration of the O K and Co L5 edges of
LiCoO, is given in Fig. 17. The common energy scale of the
XAS data has been obtained by referencing the excitation
energy to the respective O 1s and Co 2p5/, core-level emis-
sions. In contrast to the K edges, the L, 5 edges of transition-
metal oxides are largely influenced by crystal field multiplet
effects and hence do not represent the density of states
directly.®

The absorption spectrum of the Co L, 5 edges of LiCoO,
is shown in Figure 18(a) and has been compared CTM, Fig-
ures 18(b) and 18(c). For the calculations the Dg 4 Symmetry
of LiCoO, (Ref. 14) has been simplified and a O;, symmetry
assumed for the crystal field of Co®* ions in the CoOg octa-
hedra, neglecting the slight distortion of the lattice.

The CTM code, developed by Stavitski and de Groot,%%%°
includes charge-transfer multiplet theory (which allows more
than one configuration) and ligand field multiplet theory
(which includes the symmetry information). The main em-
pirical parameters for the simulation of x-ray absorption
spectra are the crystal field splitting 10Dg, the charge-
transfer gap A, which gives the energy difference between
the 3d" and 3d™'L configurations, the difference between
Hubbard U and the core-hole potential Usg34-Us,3, and the
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FIG. 17. (Color online) X-ray absorption near-edge structures of
LiCoO, thin films for (a) O K, dotted and (b) Co L3 edges, solid.
The excitation energy has been referenced to the Fermi energy in a
common energy scale based on the position of the respective O 1s
and Co 2p;, core-level emissions.
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hopping parameters 7, describing the mixing between e, and
t,, orbitals. In case of O), symmetry T(e,)=2T(t,,) can be
assumed. The slater integrals have been reduced to 80% of
the Hartree-Fock value. A comprehensive overview of the
parameters and the underlying model is given by Bocquet et
al.”?

A ligand field calculation (LF) without charge transfer
effects is shown in Figure 18(b). In this case a crystal field
splitting of 10Dg=2.2 eV has been used. The LF calculation
allows to reproduce the basic features of the experimental
data and is in good agreement with simulated spectra pub-
lished by Montoro et al.?? using a similar approach.

However, a better qualitative agreement between experi-
ment and theory has been achieved by taking charge-transfer
processes into account. The empirical parameters for the
charge-transfer multiplet approach (LF+CT), shown in Fig.
18(C), are IODCI:IS eV, A=15 CV, U3d3d'U2p3d=
-1.5 eV, and T(e,)=2.35 eV. Here, the fine-structure and
shape of the L; and L, main lines is approached more
closely. In particular, the weak satellite feature at about AE
=+8.8 eV relative to the main lines can only be described by
the LF+CT calculation.

A good agreement between theory and experiment sug-
gests that there is a considerable covalent mixing of O 2p
and Co 3d states above and below Ep and is in accordance
with the band structure results presented in Sec. IV B. Con-
sidering the theoretically derived values for A (A®™
=1.5 eV) and U (USSA*Y=29 eV) LiCoO, can be classi-
fied as a charge-transfer compound in the Zaanen-Sawatzky-
Allen (ZSA) diagram.”

IV. COMPARISON OF EXPERIMENTAL
AND THEORETICAL RESULTS

A. Partial density of valence-band states derived
by GGA+U and ResPES

A comparison between the experimental partial density of
valence-band states derived by ResPES (hv=62 €V) and the
theoretical results based on GGA+U with U=2.9 eV is pre-
sented in Fig. 19. The theoretical data has been normalized
with theoretical cross sections®> and convoluted with a
Gaussian line shape of half width 0.4 eV. The theory repro-
duces basic features of the experimental spectrum to a rea-
sonable extent. The structure found theoretically for the
Co 3d main emission disappears because of the Gauss
smearing. Differences between experimental and theoretical
curves are the missing satellites in the calculated DOS,
which are discussed above, and variations in the relative con-
tributions of oxygen and cobalt derived states which can be
observed for the upper and lower valence-band region. In the
calculation the small but noticeable admixture (hybridiza-
tion) of Co 3d and O 2p states in the upper valence band
(0-2 eV) leads to a partial density of Co states of about 85%
and about 15% O 2p states. In the experimental data the
O 2p fraction for this peak is notably smaller, about less than
5%.

This discrepancy might be originated in the DFT calcula-
tion by the use of the functional, the arbitrariness in the
chosen atomic radii, the contribution of final state effects as
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FIG. 18. (Color online) Ex-
perimental spectrum of (a) Co L, 3
XANES compared to (b) ligand
field multiplet calculations by the
CTM method (LF) and (c) charge-
transfer multiplet calculations by
the CTM method (LF+CT). The
best qualitative agreement with
the experimental spectrum
(dashed curves) has been achieved
including charge-transfer effects.
The parameters used for the simu-
lated spectra are discussed in the
text.
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discussed above and furthermore the use of theoretical cross
sections for the normalization, which can only represent an
approximation. The gradual changes in the screening behav-
ior observed in the CIS measurements (Sec. IV A) results in
a “smearing-out” effect of the 3d states: partially screened or
unscreened of the 3d states are shifted to higher binding
energies compared to the undisturbed ground state (final-
state effect).

B. Comparison of theoretical and experimentally derived
valence- and conduction-band states of LiCoO,

Finally, the experimentally derived electronic structure is
compared to the DFT calculations (GGA+U, U=2.9 €V) in
Fig. 20. For this illustration SXP valence-band (hv
=175 eV) and SXAS conduction-band spectra (O K edge)
have been aligned on a common energy scale. The intensity
of the SXAS and SXPS data is normalized with respect to

|_||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
798 800 802 804 806

the main peaks in the spectra. In this case no further cross-
section correction has been applied to the DFT data.

A reasonable agreement in the alignment of O 2p- and
Co 3d-derived states is achieved in the valence-band and the
lower conduction-band states. However, the calculation dif-
fers notably in the energetic position of the O 2s core level
and the Co 4sp/0O 2p conduction-band states. In this case a
dynamic many-body interaction theory is required for a more
appropriate description as Czyzyk et al. already pointed
out."”

V. CONCLUSION

In this work detailed information about the bonding char-
acter, hybridization and the position of photoelectron final
states has been obtained for LiCoO, by applying different
photoelectron spectroscopy techniques. The analysis of
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FIG. 19. (Color) Comparison
of PVBDOS derived experimen-
tally by resonant photoelectron
spectroscopy and DFT calcula-
tions (GGA+U, U=2.9 eV).

DOS

DOS

195431-12



ELECTRONIC STRUCTURE OF LiCoO, THIN FILMS:...

02p/Codsp

02p/Co3d g

>

. 5 =
Co3d’L (+Co3d®) Eql 2
]

o

&

B

&

8

LiCoO,
VB-CB

LiCoO,
DFT

FIG. 20. (Color) Comparison of the experimentally deduced
electronic structure of LiCoO, and the theoretical DOS (density of
states) based on DFT calculations (GCA+U, U=2.9 eV). For this
illustration SXP valence band (hv=175 eV) and SXAS conduction
band spectra (O K edge) have been aligned on a common energy
scale.

valence-band states by SXPS, CIS facilitated an identifica-
tion of different final-state contributions. Furthermore, reso-
nant and nonresonant contributions have been separated by
ResPES and the partial density of O 2p and Co 3d states
deduced. By XAS information about unoccupied states has
been derived. The results have been compared to DFT-based
calculations.

An accurate description of photoelectron spectroscopy
data of correlated systems with theoretical techniques re-
mains a challenging task. The band gap of LiCoO, as well as
the alignment of valence and conduction bands can be “fit-
ted” by introducing electron correlation effects with the Hub-
bard U parameter. However, beyond this approximation a
dynamic many-body response theory would be required to
describe photoionization processes accurately.

Nevertheless, a comparison between experimental results
and calculations gives a reasonable agreement for the system
LiCo0O,. Due to the charge-transfer processes and screening
effects the observed valence-band structure are close to the
ground state of the system. From a spectroscopic point of
view the character of valence electrons lies in between tran-
sient and itinerant electrons for this system.
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APPENDIX: A SHORT SURVEY OF PES EFFECTS
IN LiCoO,

A brief overview of the theory of ResPES will be given,
in particular, using the example of LiCoO,. For more de-
tailed information about this technique refer to related pub-
lications of resonant photoemission theory?**® and
experiments.57-88:89.99-106

1. Photoemission final states
a. Direct photoemission

For LiCoO, a direct photoemission process from a Co 3d
level can be represented in the atomic orbital notation as
follows:

E(Co 3p®3d®) + hv — E(Co 3p°3d°) + &;. (3)

In this case the resulting final state is described by a
Co 3p%3d° electron configuration with a photoionization hole
in cobalt-derived 1,, states and &; represents the emitted pho-
toelectron [Fig. 21(a)].

By removing an electron from 3d valence states the en-
ergy of the remaining electrons is altered. A larger effective
core potential leads to a stronger Coulomb interaction with
the remaining 3d electrons whereas the valence-band states
of the ligands (the oxygen 2p-like states) will be affected to
a much lesser extent. As a result, the binding energy of
cobalt-derived valence-band states will be increased rela-
tively to those of the ligands hence direct photoemission pro-
cesses will be observed at higher binding energies.?>!'%7 In
the case of lithiated transition-metal oxides such as LiCoO,
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the possibility of a L-M charge transfer has to also be taken
into account, as a notable covalent mixing of cobalt and oxy-
gen states can be found.'7?*

b. Charge-transfer final state

Due to the photoemission of a Co 3d electron, remaining
electrons are bonded more strongly and the energy of those
states can drop below the energy of the ligand band onset.
For a sufficient overlap between oxygen- and cobalt-derived
states, i.e., a strong covalency of the bond,'”?* an L-M
charge transfer can occur, filling the 3d hole state. The
photoinduced hole at the Co ion is transferred to oxygen
ligands and by this forming a charge-transfer state (where L
denotes a hole in the ligand band)

E(Co 3p°3d®) + hv — E(Co 3p°3d°L) + &;. (4)

As a consequence of this charge transfer, states with domi-
nant Co-like character are more efficiently shielded and are
less affected by the additional core hole. Charge-transfer
states are therefore in their final-state energy mostly unaf-
fected by the photoemission process. In contrary to direct
photoemission, a screened final state is observed, which can
be close to the ground state of the system (dependent on the
extent of screening).

The relative intensities of both final state contributions
depend primarily on the probability of an L-M charge trans-
fer. In ionic solids the direct photoemission is dominant. In
covalent solids a charge transfer becomes more likely and
hence the probability for a charge-transfer final state
(Co 3p®3dSL) increases. According to Jeng et al.'® this is
also valid for photoemission from nonbonding (atomic) or-
bitals in covalent solids. In case of LiCoO, both photoemis-
sion processes contribute to the final state due to the covalent
bonding contribution in the Co-O bond.

c. Autoionization

The direct photoemission process [Eq. (2)], which can
also lead to a charge-transfer final state [Eq. (3)], is nonreso-
nant and occurs at all photon energies large enough, to excite
an electron above the vacuum level (E,,.). However, if the
excitation energy is varied close to the Co 3p core-level
binding energy and exceeds the threshold energy for a
Co 3p-3d transition, which is about 62 eV for LiCoO,, the
probability for an alternative excitation process increases. By
x-ray absorption a 3p electron can be excited into empty 3d
orbitals, resulting in an excited state
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E(Co 3p®3d®) + hv — E([Co 3p°3d’]"). (5)

A decay channel for the excited 3p>3d™!' state is a super-
Coster-Kronig process according to Davis et al.,””'% which
results in an emitted photoelectron

E([Co 3p°3d"]") — E(Co 3p®3d°) + &;. (6)

This process is referred to as autoionization, see Fig. 21(b).

Initial and final states of the autoionization [Eq. (4) and
(5)] are similar to the direct photoemission [Eq. (2)]. Also
the kinetic energy of the emitted photoelectron is identical in
both cases and depends on the excitation energy:% E{i’
=E(Co 3p°3d")—hv—E(Co 3p°®3d°) = E{“! Thus, both pro-
cesses are coherent, which allows an interference and by this
a resonant modulation of the photoionization cross section.

Likewise to the direct photoemission, a charge-transfer
process can be assumed affer the autoionization, resulting in
a Co 3p®3d°L final-state configuration, which, in principle,
can interfere with a charge-transfer transition [Eq. (3)]. Ac-
cording to Kemp et al.?® also a notable admixture of a d"*'L
configuration has to be considered for the ground state of
LiCoO,, assuming a negative value of the charge-transfer
gap (A=-0.5 eV). Van Elp et al.>* estimated a ground-state
configuration of 47% d®, 44% d’L, and 9% d®L?. As a con-
sequence, additional possibilities of interfering transitions
have to be considered, e.g.,

E(Co 3p®3d’L) + hv — E([Co 3p°3d°L]"), (7)

E([Co 3p°3d8L]") — E(Co 3p®3d°L) + ;. (8)

This autoionization process is in turn coherent to direct pho-
toemission from a charge-transfer ground state.

The characteristic devolution of such a resonance has
been described theoretically by Fano.'!” The theory treats the
interaction of discrete states (Co 3p>3d™!) with continuum
states (Co 3p®3d™'g;) of the same energy E, during autoion-
ization. The resulting modulation of the photoionization
cross section close to the resonance energy is described by a
Fano profile (Fig. 7)

2
+
U(E)oc(i’ o ith o=
+ &

E-E,

T )

The intensity of the interference (resonance) depends on the
energy difference between photons and the threshold energy
(E—E,). The asymmetry parameter ¢ contains the phase cor-
relation between the interfering transitions and defines the
energy dependence of the resonance profile. The relative en-
ergy E—E, is normalized by parameter I', which describes
the FWHM of the resonance and includes instrumental
broadening.
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