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Band-theory description of high-energy spectroscopy and the electronic structure of LiCooz
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LiCoO& can be vie~ed as the end member of the Li-doped Li„Co, „0,system. It was suggested that
this system exhibits a transition from high-spin Co ions in CoO to low-spin Co ions in LiCo02. We
present a systematic study of the electronic properties of LiCoOz based on a density-functional calcula-
tion. From a good agreement between the theoretical results and the results of various spectroscopies
(x-ray photoemission spectroscopy, bremsstrahlung isochromat spectroscopy, and x-ray absorption spec-

troscopy) we conclude that a one-particle band-structure approach is basically adequate for LiCo02
(while being still controversial for CoO) and we support the conclusion of low-spin Co ions in this corn-

pound.

I. INTRODUCTION

Transition metal (TM) oxides have attracted a lot of at-
tention for a long time. ' The dispute about the nature
of their electronic structure is widely documented in the
literature, ' reflecting the evolution of opinions about
whether the gap is a Mott-Hubbard or a charge-transfer
one. The interest in TM oxides was reignited in recent
years by the discovery of high-T, superconductors. The
late TM monoxides can be doped with Li, forming
Li„TM& „0in the wide concentration range x E.(0, —,').
This gives an excellent opportunity for further investiga-
tion of these highly correlated materials by monitoring
changes upon doping. Various properties such as mag-
netic susceptibility, conductivity, and Seebeck and Hall
effects have been investigated in the past. ' Very re-
cently a systematic spectroscopic study which included
x-ray photoemission spectroscopy (XPS), bremsstrahlung
isochromat spectroscopy (BIS), and oxygen ls x-ray ab-
sorption spectroscopy (XAS) of Li„Ni, „0and
Li„Co& „0has been reported by van Elp et al. "' (re-
ferred to as VE). Those experimental studies were also
complemented by model-Hamiltonian cluster calculations
of the electronic structure and the spectral weights for
the relevant excitation processes. We recall some of the
main conclusions given in VE that are relevant for the
discussion below. The first is that the CoO band gap is of
an intermediate character between Mott-Hubbard-like
and charge-transfer-like and that such a situation persists
with Li doping up to the miscibility gap at x =0.2. The
second conclusion is that the end member LiCo02 (or
x =0.5) is an insulator with a gap of 2.7 eV and contains
1ow-spin highly covalent Co ions. This is consistent
with magnetic susceptibility measurements, as concluded
by Bongers. ' It is also known ' ' ' that in spite of
many efforts and significant contributions to the under-
standing of the electronic structure of CoO and some oth-
er late TM monoxides, a one-particle description of their
electronic properties based on a band-structure approach
within the density-functional theory (not limited only to

the local (spin}-density approximation [L(S)DA]) is still
not adequate. However, assuming a point of view
presented in VE one might expect the one-particle
(band-structure) description of the end member LiCo02
to be reasonably good and complementary to the ap-
proaches based on the localized model Hamiltonians.
This is because the end member contains Co + (d ) low
spin and is basically a closed-she11 system in its ground
state. It was the purpose of this work to explore this pos-
sibility.

We have performed the self-consistent band-structure
calculation for LiCo02 with a local (spin)-density approx-
irnation to the density functional (DF). A brief descrip-
tion of the method, the details of calculation, and the re-
sulting electronic band structure are reported in Sec. II.
In Sec. III the (local) partial density of states [(L)PDOS]
were used to calculate XPS, BIS, and oxygen 1s XAS
spectra. The results of the calculation are compared with
the experimental results taken from Refs. 12 and 17. Fi-
nally, Sec. IV summarizes our conclusions, which give
firm support to the point of view on the electronic struc-
ture of LiCo02 presented in VE.

II. BAND-STRUCTURE CALCULATION

Band-structure calculations were perform. ed by the lo-
calized spherical waves (LSW) method' ' using the ex-
tended basis set option ' ' in order to describe appropri-
ately also unoccupied electron states in the energy range
higher than a few eV above the bottom of the conduction
band. The scalar-relativistic Hamiltonian (spin-orbit in-
teraction not included) was used with exchange and
correlation eFects treated within L(S)DA with (spin-
polarized) Hedin-Lundqvist parametrization. During the
self-consistent interactions, which included all core elec-
trons, the basis set of augmented spherical waves (SW}
for the valence electrons consisted of 4s-, 4p-, and 3d-like
functions for Co and 2s-, 2p-, and 3d-like functions for
both 0 and Li. After that, 4s- and 4p-like SW's on the
oxygen site were added to the basis set and unoccupied
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eigenstates of the self-consistent potential were recalcu-
lated in a much wider energy range.

LiCoOz has a rhombohedral structure, which belongs
to the space group R3m (D3d). The unit cell, with pa-
rameters a =4.96 A and a=32'58', contains only one
chemical formula unit, and the atoms occupy the follow-
ing Wyckoff positions:

Co: la (0,0,0),
Li: lb(-,', —,', —,

' ),
0: 2c(x,x,x) with x =0.24 .

This structure can be viewed as one derived from the
rocksalt structure of undoped CoO where every second
plane of Co atoms stacked in (111) direction is replaced
by a plane of Li atoms. The resulting layered structure is
fully ordered according to the neutron diffraction data
(Ref. 12 and references therein).

One can, formally, introduce a rhombohedral unit cell
to describe the rocksalt CoO and, as a matter of fact,
such a description is necessary in order to account for an-
tiferromagnetic ordering of the second kind below the
Neel temperature (disregarding very small tetragonal dis-
tortion of the actual antiferromagnetic phase of CoO).
Such a unit cell would have parameters a =5.217 A and
a=33'33' (assuming a =4.26 A for the cubic cell), with
the atoms in the following Wyckoff positions: Co with
opposite magnetic moments in la and 1b, respectively,
and oxygen in 2c with x =0.25. One can notice that the
values of a and x reported for LiCo02 above are very
close to these in the perfect cubic lattice. The lattice pa-
rameter a, however, is significantly smaller than that in
pure CoO. It was observed [12] that the value of this pa-
rameter in the Li„Co, „0system is decreasing linearly
as the content of Li substituting Co atoms increases up to
the miscibility gap at x =0.2. The ordered LiCo02 end
member (x =0.5) has, however, significantly smaller
value of the lattice parameter than one would obtain by
extrapolation of this linear trend (see Fig. 12 in Ref. 12).
After these few comments upon the structure of the
Li„Co& 0 system we continue to report the details of

calculation. To facilitate a space-filling requirement,
common for the atomic sphere (AS) approximation ap-
proaches, an additional four empty AS's were allocated in
the unit cell, two in Wyckoff position 2c with x =0.13
and the other two also in 2c position but with x =0.38.
The radii of Co, Li, and 0 were then selected to reflect
sizes of relevant ions and the radii of empty AS's were ad-
justed appropriately. The values used were 1.778, 2.142,
2.313, 1.542, and 1.285 A for Co, Li, 0, and the two
(different) empty AS's, respectively. The self-consistent
iteration was carried out with 65 k points uniformly dis-
tributed in an irreducible part of the Brillouin zone (BZ),
which is equivalent to 512 points in the whole BZ. Par-
tial density of states (DOS) was obtained by a simple
root-sampling technique with the use of 417 k points in
the irreducible part of the BZ.

Though allowing for a spin-polarized (magnetic) solu-
tion and starting from a few different initial distributions
of magnetic moments on Co sites, we observed rapid con-
vergence always to the same nonmagnetic ground state.
This observation directly supports the point of view
presented in VE that due to a much smaller Co-0 dis-
tance in LiCoOz than in CoO, a ligand field in a slightly
distorted (compressed) CoOs octahedron is strong enough
to stabilize a Co + low-spin ground state. This con-
clusion follows clearly from Fig. 1 where the electronic
band structure of LiCo02 is shown along a cross section
through the BZ as defined in Fig. 2. It is easy to recog-
nize a group of very flat bands which originate from t2g
and e* levels of the Co + d configuration placed in the
(nearly) octahedral ligand field. The e" bands are empty
and separated by a gap of 1.2 eV from full T2 states.
Distortion of the octahedral field causes further splitting
of the t2 level also at the I point. The small dispersion
of these bands, which also moves the tops of the valence
bands and the bottoms of the conduction bands away
from I, is due to hybridization of Co 3d states with oxy-
gen states. The lower part of the valence states consists
of a group of much wider bands (about 6 eV) originating
mostly from oxygen 2p states.

The amount of oxygen states mixed into Co d states (or
vice versa) can be assessed from Fig. 3, which summa-
rizes the contributions of Co, 0, and Li to the total DOS.
A much more detailed analysis can be made, however, on
the basis of Figs. 4(a), 4(b), and 4(c) where local partial
DOS's of Co, 0, and Li, respectively, are given in the
separate panels. First, one may notice that d states of Co
and p states of 0 dominate over all the other contribu-

FIG. l. Electronic band structure of LiCo02. The tops of
the valence bands are set to zero. The definition of cross section
through the Brillouin zone is given in Fig. 2.

FIG. 2. Brillouin zone of a rhombohedral structure in the
case of LiCo02. The heavy solid line indicates the cross section
used for the band-structure plot in Fig. 1.
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tions to the valence bands (apart from the narrow band of
oxygen 2s states at —19 eV, which on the other hand are
rather irrelevant for consideration here). Next, by calcu-
lating the area (number of states) of the isolated peaks or
estimating the area of superimposed features of relevant
partial density of states, it is possible to recognize the
chemical nature of orbitals contributing to different
bands. Though the real symmetry at a Co site is lower it
seems to be useful to use 0& point-group representations
to label these orbitals.

The diagram which summarizes the results of such
analysis is shown in Fig. 5. The height of the blocks gives
a realistically estimated width of the bands of different
character; therefore the energy scale corresponding to
that of the band-structure plot in Fig. 1 and all DOS
plots is reproduced on the side of the diagram. To facili-
tate the comparison with the model-Hamiltonian cluster
calculation' and just to make this diagram readable, oth-
er states of oxygen and all states of lithium, with one ex-
ception, are not included. The unoccupied states between
6.5 and 12 eV are dominated by Li s and p contributions.
The Li contribution continues to higher energies. These
Li states are shown by the dashed-line block. The num-
bers within blocks show fractional occupation of bands of
different character. The first number gives the fraction of
indicated Co states and the second one the fraction of p

states of oxygen. A deviation from 1 indicates the contri-
bution of all other states that are not included in this
simplified diagram. One should have in mind, however,
that as for any population analysis, this also suffers from
a certain arbitrariness and should be used with caution.
In particular the separation of oxygen states within over-

lapping t,„,eg, and a,g complexes is less accurate than
the total Co and 0 p fractions within that complex,
which are equal to 0.18 and 0.75, respectively. Summing

up all Co and 0 p contributions in the occupied bands,
we obtained the values 0.367 and 0.542 as the fraction of
18 valence electrons. One can derive the total occupation
fractions from the results of cluster model-Hamiltonian
multiconfiguration calculation given in Ref. 12 (Table VII
therein). The respective values are 0.368 and 0.632. The
latter numbers add up to 1 in the model calculation be-
cause only 3d Co and 2p 0 electrons were included. One
may notice a remarkably good agreement between these
two different approaches.

We would like to point out that in the simplified dia-
grams of molecular orbitals in an octahedral field when
one considers only p ligand orbitals, the t2g level remains
nonbonding. Here however, because of the presence of
other oxygen states, lithium states, lower than Oz point
symmetry, and finally because of translational invariance,
we found bands emerging from t2g orbitals to be bonding
with a significant level of covalency. A much higher level
of covalency was found, of course, in e bonding states
which are placed in the center of the 6-eV-wide oxygen
p-dominated band. It is also an important observation
that the fraction of oxygen states in the antibonding e*
band, just above the gap, is as much as two times higher
than that at the top of the valence band (t2s).

Finally, we will close this section with a comment
about the value of the gap obtained within the density-
functional calculation. It is well known that normal er-
ror of the L(S)DA in reproducing a gap in the wideband
systems is about 30—40% (e.g., in classical IV, III-V, or
II-VI semiconductors). It is also known that the self-
interaction error of the L(S)DA increases when the orbit-
als involved become more localized. This is one of the
reasons leading to the collapse of a one-particle descrip-
tion based on the L(S)DA in the narrow-band systems.
The gap obtained here for LiCo02 (as mentioned already
above) is equal to 1.2 eV while it was estimated experi-
mentally' to be equal to 2.7+0.3 eV. This gives an error
of (55+5)%, which we find very reasonable.

III. SPECTROSCOPY: XPS, BIS,AND XAS
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FIG. 3. Density of states of LiCoO& (bottom panel) together
with local density of states on Co, 0, and Li sites. In the case of
total DOS one should read (cell) ' instead of (atom) ' in the
density units description. The top of the valence band is set to
zero. Two sharp peaks around the main gap correspond to the
flat bands (see Fig. 1) originating from t2g and e~* Co d states.
Gaussian broadening with the FWHM equal to 0.1 eV was used.

Local partial DOS's of LiCo02 presented in Fig. 4
were used to calculate a valence x-ray photoemission
spectrum, bremsstrahlung isochromat spectrum, and oxy-
gen 1s x-ray absorption spectrum. To account for life-
time and instrumental-broadening effects, the relevant
partial DOS's were convoluted with Lorentzian and
Gaussian distributions, respectively. The parameters we
used here are reported in Table I.

We start with the valence XPS. In the upper panel of
Fig. 6 we show the spectrum obtained simply from the to-
tal DOS of LiCo02. In the middle panel we present spec-
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FIG. 4. Partial local DOS of (a) Co, (b) 0, and (c) Li in LiCoOz. Top of the valence band is set to zero. When comparing contri-
butions of states with different character note the different scale of some panels.

TABLE I. Broadening parameters used in convolution of lo-
cal partial DOS. The linear term, accounting for the lifetime of
a conduction or valence hole, is a purely empirical value based
on previous experience (see, e.g., references in Ref. 26). Instru-
mental broadening as reported by VE. FWHM denotes full
width at half maximum.

As taken from Ref. 23 Optimized

TABLE II. Relative photoionization cross sections of the
valence electrons for x-ray energy equal to 1254 eV (Mg Ka
line). All entries were normalized to the value for 3d Co.

Valence XPS
BIS
Oxygen K XAS

Lorentzian
FWHM (eV)

0 5+0 09(E Eo)
0.5+0.10(E —Eo)
0.4+0.10(E —Eo)

Gaussian
FWHM (eV)

1.0
0.8
0.5

Co

0

3d
4s
4p

2$

2p

1.00
0.14

0.435
0.075

1.00
0.42
0.42

1.35
0.225
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trum calculated by weighting local partial states of Co
and 0 by the atomic photoionization cross sections for a
photon energy of 1253.6 eV (Mg, J a line) taken from
Ref. 23 (the contribution of Li is negligible). Finally, the
lower panel gives the results we obtained by optimization
of the weighting factors. Both sets of values we used are
listed in Table II. In all three cases a background of the
form A J+ I(E)dE was added, where I(E) stands for
the spectrum without background and the factors A were
adjusted, yielding values 0.35, 0.75, and 0.7, respectively.
In all cases the experimental spectrum taken from Ref. 12
is given for comparison.

The purpose of this procedure is to show the limitation
of the one-particle description based on the (local)
density-functional theory. It is well established that
closed-shell atomic orbital eigenenergies of the Kohn-
Sham equation interpreted as the electron removal ener-
gies give systematically too low values (contrary to24

Hartree-Fock giving always too high values for the remo-
val energies). This is why the peak originating from oxy-
gen 2s states appears at —18.1 eV, misplaced by 2.3 eV
[compare Fig. 4(b)].

On the other hand, a satellite structure ranging from—9 to —14 eV has no explanation based on the density-
functional band-structure calculation. It arises from the
presence of an unscreened or at least poorly screened Co
3d excess hole. Such a hole remains localized, which
breaks the translation symmetry and thus goes beyond
the band-theory picture. A proper description of the sa-
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tellites in photoemission would require a dynamic
(many-body) response theory, unfortunately never formu-
lated to the level of successful application in realistic sys-
tems. However, a rather successful description of the sa-
tellite structure in the electron-removal spectral weight in
LiCo02 and CoO was obtained by a multiconfiguration
model-Hamiltonian cluster calculation (see Ref. 12 and
references therein). Having explained the origin of
differences we stress good overall agreement between cal-
culated and measured valence XPS spectra. Our under-
standing of the electronic structure of LiCo02 is con-
sistent with that presented in VE.

In the next step, we compare, in Fig. 7, the BIS experi-
mental result with the calculation based on the local par-
tial DOS given in Fig. 4. The BIS measurement was per-
formed using a modified Kratos 200 spectrometer with an
Al Ea (1486.6 eV) monochromator and a home-built
type of Pierce electron gun capable of giving an electron
current of about 200 pA. The background pressure was
in the 10 ' Torr range and the instrumental broadening
was estimated to be 0.8 eV. The spectra were taken in
several scans and averaged afterwards. In between the
scans the sample was scraped in situ with a diamond file
and checked with XPS.

4p

4s

3c)6

e'g

I

I

l

I

I

I

I
I

I
I

I
I

I

I

I

I

0.63 0.29
"j 6x 2p

—26

—22

—18

—14

—10

6

3

0

—-2

%3

—-4

CO

D
I I I 1

I
I I

co b

I I I I
I

I I

O
Z',

1 I
I

I I I I I I I f
I

I I I I
I

I I I

1 I
I

I I I I
I

I I I f
I

1 I I I
I

I I I I

p3+

a1g

2- —-5

—-6

—-7

I I I I
I

~ I I I
I

I 1 ~ ~
I

I I I ~
I

~ I l I
I

1 I l ~

-25 -20 -15 -10 -5 0

Energy (ev}
—-8

FIG. 5. Diagram of the chemical nature of orbitals contrib-
uting to different bands. Occupied states are shaded. The ener-

gy scale corresponds to that in Fig. 1. The contribution of Li
states indicated by a dashed-line block is included only in the
place where it is large. The numbers within blocks give frac-
tional occupation by respective Co states and p states of oxygen.
See the main text for more details and discussion.

FIG. 6. Valence x-ray photoemission spectrum of LiCo02.
Solid line shows theoretical results (a) obtained from the total
DOS; (b) obtained by weighting different local partial DOS's by
the photoionization cross sections taken from Ref. 23; (c) ob-
tained by optimizing the weighting factors. For the cases (b)
and (c) the weighting factors are listed in Table II. Dashed line
represents a calculated background and dots reproduce the ex-
perimental data taken from Ref. 12. See the main text for dis-
cussion.
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FIG. 7. Bremsstrahlung isochromat spectrum of LiCoO, .
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main text. The background is indicated by the dashed line.
Dots —our experimental data.

I I I I
)

I I I I
(

~ ~ I I
(

~ I I I
(

I I I I
)

I ~ I I
(

I I I I

-5 0 5 10 15 20 25

Energy (eV)
30

FIG. 8. X-ray absorption K edge of oxygen in LiCo02 ~ Solid
line —calculation, dotted line —experiment (Ref. 17).

The shape of the BIS spectrum is determined by the su-
perposition of all (broadened) local partial DOS's weight-
ed by the appropriate transition matrix elements. (For
the broadening parameters, see Table I.) Transition ma-
trix elements were obtained on the basis of an
atomic/ionic model calculation ' for a given kinetic ener-

gy of an incoming electron. The procedure was the same
as that described in detail in Ref. 21. The relative proba-
bilities of transitions from the continuum to a given
atomic function are listed in Table III. The background
was added in a similar way as in the case of the XPS
spectrum above. The expression 3 f I (E)dE was

used with A set to 1.5. The factor A is the only adjust-
able parameter used here. Figure 7 shows that the calcu-
lated curve reproduces very well all features of our exper-
imental data in the whole energy range. A simple simula-
tion shows, however, that further improvement could be
obtained by increasing the relative contribution of oxygen
states to the spectrum. In spite of good results obtained
before ' for some transition metals and their alloys using
the same approach this may indicate that the transition
matrix elements for the BIS process should be calculated
with a more realistic model ~

Finally, using oxygen partial p density of states [see
Fig. 4(b) and Table I for broadening parameters] we ob-
tained the XAS oxygen K edge spectrum and compared it
with the experiment' in Fig. 8. As in the case of the BIS
spectrum above, good agreement in the whole energy
range supports the Co + low-spin state in LiCo02 as well

as the reliability of the extended basis set version of the
LSW method in calculations of unoccupied electron
states not limited to a few eV above the bottom of the
conducting band. It is expected that the effect of the core
hole left behind by an electron in the absorption process,
when included in the calculation, will further improve the
agreement in two ways: first of all, by reduction of inten-
sity of the sharp leading peak, and second, by a shift of
some intensity towards lower energy within the broad
structure between 6 and 15 eV.

IV. SUMMARY

TABLE III. Relative probabilities of transitions from the
continuum to given atomic function for kinetic energy of the in-

coming electrons equal to 1487 eV (Al Ka) as obtained from
Ref. 25. All entries were normalized by the value for 3d Co.

Li0Co

0.09
0.00
0.00

2$

2p
3d

0.89
0.03
0.26
0.01
0.00

3d
4s
4p
4f

1.00
2.00
2.06
0.00

2$

2p
3s
3p
3d

We performed a self-consistent electronic structure cal-
culation within the L(S)DA for LiCoOz which is the end
member (with x =0.5) of the Li-doped Li„Co&,O sys-
tem. A systematic analysis of the resulting band struc-
ture and local partial DOS enabled us to construct a
molecular bonding diagram (with population analysis)
closely resembling Co + 3d low-spin ion placed in the
octahedral field of oxygen ligands and hybridizing with
their 2p orbitals. This result is in full agreement with the
result presented in VE. The value of the main gap we ob-
tained here amounts to about 50%%uo of the experimental
value reported in VE.

On the basis of the local partial DOS we calculated the
valence XPS, BIS, and oxygen 1s XAS spectra. In the
case of BIS and XAS we obtained very good agreement
with experiment. In the case of the valence XPS spec-
trum, while preserving overall agreement and consistency
we cannot reproduce, however, the structure between —9
and —14 eV. This satellite structure results from poorly
screened 3d Co excess hole and its description goes
beyond a one-particle band-structure approach based on
the L(S)DA.

Finally, we conclude (consistent with VE) that the in-
terpretation of the electronic structure of LiCo02 which
assumes presence of 3d low-spin Co + ions leads to good
agreement with a number of experimental results.
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