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The electronic structure of Li Col „O (0.01 & x ~ 0.2), LiCo02, and Co304(1% Li) has been investi-
gated using x-ray photoemission spectroscopy (XPS), bremsstrahlung isochromat spectroscopy (BIS),
and x-ray-absorption spectroscopy. The experimental results are compared with model cluster calcula-
tions. We find that the CoO band gap is of an intermediate character, between Mott-Hubbard-like and
charge-transfer-like. The first ionization state of CoO is therefore of strongly mixed Co 3d and 0 2p
character. Its local symmetry corresponds to Tlg, similar to an intermediate-spin Co + state. For
x 0.2 the local Co electronic structure is similar to that of CoO. However, LiCOOz has a strongly re-
duced Co-0 interatomic distance, resulting in a ligand field strong enough to stabilize a Co + low-spin
ground state. LiCOO& is an insulator with a gap of 2.7 eV. From a comparison of the XPS and HIS CoO
spectra to the cluster calculations, we find values for U ( =5.3 eV), 6 ( =5.5 eV}, and (pdo ) ( =1.3 eV).

INTRODUCTION

The late-transition-metal oxides have been the subject
of intense experimental and theoretical investigations
since the discovery that these oxides are insulators, ' while
one-electron band theory ' predicts them to be metallic.
The discovery of the high-T, superconducting materials
has renewed the interest in the electronic structure of the
late-transition-metal oxides. The insulating behavior of
these oxides is thought to be caused by the strong corre-
lation e6'ects that are also responsible for the breakdown
of the one-electron picture. A gap is opened that
suppresses the high-energy ( U) polarity fluctuations like
d;"d". ~d;"+'d" '. The absence of these charge fluctua-
tions gives rise to the famous Mott-Hubbard picture ' of
the insulators with an energy U between the first ioniza-
tion state and first affinity state. Although it describes
the insulating nature of the late-transition-metal oxides
well, it cannot easily describe why many sulfides are me-
tallic or the dependence of the band gap on electron
negativity in general. To understand this we also have to
take the charge-transfer energy 6, involved in
d "~d" 'L, into account. Here L denotes a hole in the
anion (oxygen) p band. 6 is directly related to the elec-
tronegativity of the anion.

Up to a few years ago the gap in NiO was thought to
be a d-d gap. Fujimori and Minami showed that the first
ionization state in NiO is of mainly d L character, mak-
ing it a charge-transfer insulator with a ligand p to metal
d gap. The actual gap of NiO is shown in an x-ray photo-
emission spectroscopy (XPS)—bremsstrahlung isochromat
spectroscopy (BIS) experiment to be about 4 eV. Also,

Cu0 (Ref. 10) and the parent compounds of the Cu-based
high-T, oxides"' are shown to be charge-transfer insu-
laters.

In the past there has been a lot of research on the Li-
doped transition-metal oxides. The magnetic susceptibili-
ty experiments for Li Ni, „0 (Ref. 13) and Li„Co, 0
(Ref. 14) were explained by assuming the presence of
trivalent Ni and Co both in the low-spin (S=

—,
' and 0, re-

spectively) state. Conductivity, Seebeck-, and Hall-effect
experiments have been done; they showed that
Li Co& 0 does not have the features of small-polaron
conduction. ' ' The LiCoO2 end member has been in™
vestigated for use in batteries. ' They found that the Li
could be almost completely removed electrochemically,
leaving about 7% Li at room temperature in the electro-
lyte stable structure.

In an oxygen ls (K edge) x-ray-absorption spectrosco-
py (XAS) study' it is shown that for Li„Ni, „0 the
holes are mainly on the oxygen and are localized around
the Li impurity, making it a semiconductor. The antifer-
romagnetic coupling of the oxygen-hole spin around the
Li with the Ni spin results in a static moment that looks
like low-spin Ni3+ (S=

—,
' ). In a BIS study of Li„Ni, 0

(Ref. 19) one sees that the Li-induced impurity states are
spread over a wide energy range in the NiO gap, leaving
a small gap ( -0.5 eV) in the heavily doped ones.

The first ionization state of CoO is of considerable im-
portance when considering the location of the charge
compensating holes in Li-doped CoO. In the extreme
case of U) 5 the compensating holes would be in 0 2p
states, whereas for U (5 they would lead to Co + states.
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Estimated values of U and 6 in transition-metal monox-
ides yield for CoO U- 6, ' ' placing CoO in the inter-
mediate region of the Zaanen-Sawatzky-Allen (ZSA) dia-
gram. However, if we look at the existing cobalt oxides,
we have, besides divalent Co in CoO, also Co304 and
Co2Q3, in which Co is also in the formal trivalent state.

In this paper we present x-ray photoemission, brems-
strahlung isochromat spectroscopy, and x-ray-absorption
spectroscopy data on Li Co, Q, LiCoO2, and Co3O4.
AlthoUgh XPS measurements and Ultraviolet photo-
emission spectroscopy (UPS) measurements on some
of these oxides have been reported, there is no published
work on the unoccupied electron states as measured with
BIS and oxygen 1 s (K edge) and cobalt 2p (1.2 3 edges)
XAS. The spectral distributions measured with the vari-
ous spectroscopies are compared to model Hamiltonian
cluster calculations, from which we extract model Hamil-
tonian parameters for CoO and the nature of the first ion-
ization and electron affinity states. One of the most im-

portant conclusions is that although the holes initially go
into the 0 2p band with Li doping, the end-member
LiCo02 contains low-spin Co +.

SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

The Li Co, 0 system is a high-temperature phase'
with possible Li substitution up to x =0.2 followed by a
miscibility gap up to LiCoO2 (Table I). The Li„Co, „0
samples have the NaC1 structure with a decreasing lattice
parameter as a function of increasing Li content. The
structure of LiCo02 is comparable to LiVO2, LiCr02,
and LiNi02. It is a NaCl superstructure with metal or-
dering in the (111)cubic metal layers, which are alterna-
tively occupied by Li and Co atoms. ' The structure is
fully ordered according to neutron-powder-difFraction
data and the Co06 octahedra are compressed, whereas
the LiO6 octahedra are elongated.

The Li Co& 0 samples are made by grinding togeth-
er the proper proportions of LizCO3 and CoO or Co3Q4.
If we start with CoO, the first step is to heat the pellet-
ized powders under a Aow of dry oxygen at 950'C for 16
h. We then get a Li-substituted Co304 spinel structure.
The next step is to regrind and pelletize them again fol-
lowed by heating at 1050 C in a pure-argon atmosphere

for 24 h. This temperature is sufhcient for the transition
to the monoxide structure. The transformation from the
high-temperature phase to the lower-temperature two-
phase mixture is slow enough that by fast cooling from
1050'C the high-temperature phase can be retained. If
we start with Co304, the first step can be omitted, but re-
grinding and heating again gives mechanically better
samples.

All the transformations and phases were checked by
x-ray diffraction. The x-ray-diffraction data showed a
homogeneous material, but the method is not sensitive to
the presence of unreacted lithium oxide. It showed less
than l%%uo LiCo02 present in the Li~Co& „0samples, and
the amount of Li put in was consistent with the lattice-
parameter variation with x. ' A wet chemical analysis
was also used to determine the Li content and confirmed
the x-ray-diffraction results.

The LiCo02 samples are made by heating the proper
amounts of Li2CO3 and CoO or Co304 in dry oxygen at
950'C. X-ray diffraction shows homogeneous samples of
single phase. In the XPS, BIS, and resonant photoemis-
sion measurements, we used a mechanically stronger
sample, which was also heated for 72 h in argon. Here
we found about 1% of Co304 present, probably because
of Li volatilization.

The Co304 samples were made by simply heating CoO
or Co304 in dry oxygen at 1050 C. In the BIS and XPS
experiments we used at 1%-Li-doped sample to increase
the conductivity. The Li substitution can go up to 10%
in Co304. '

The XPS and BIS measurements were done using a
modified Kratos 200 spectrometer, with a background
pressure in the low 10 ' -Torr range. The XPS source
was the unmonochromated Mg Ka line (1253.6 eV). For
BIS we use the Al Ect (1486.6 eV) monochromater for
photon detection and a home-built type of Pierce electron
gun, capable of giving electron currents of approximately
200 pA. The instrumental broadening is estimated to be
1.0 eV for XPS and 0.8 eV for BIS. All the ceramics
measured were scraped in situ with a diamond file.

BIS measurements can be severely plagued by charging
effects because the electron current is quite high com-
pared to XPS. The charging effects we encountered
could be taken care of by heating the samples up to a few
100 C. All the BIS measurements reported here were

TABLE I. Crystallographic parameters. [References: A. F. Wells, Structural Inorganic Chemistry

(Clarendon, Oxford, 1984); Refs. 14, 30, and 44.]

Lattice
parameter

CoO

cubic
a =4.26 A

L&Co02

hexagonal
a =2.815 A
c=14.05 A

Co304

cubic, spinel

a=8.065 A

p =0.3881

NiO

cubic
a =4.18 A

CuO

Monoclinic
a=4.68 A
b=3.42 A
c=5.13 A
P= 99.54'

Shortest I-0
distance

2.13 A 1.921 A 1.916 A(o)
1.929 A(t)

2.09 A 1.95 A
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monochromator in Brookhaven. These edges shown in
Fig. 3 exhibit a rich multiplet structure, which is charac-
teristic for Co + in Oz symmetry, and a crystal-field
splitting 10Dq of —1 eV for Li„Co, O (x ~0.2) and for
low-spin Co + in LiCoo2 (see Fig. 14 in Ref. 40). The
low-intensity shoulder at low energies for LiCoOz is due
to a small amount of Co304 contamination. These spec-
tra again show that the local electronic structure changes
little for x ~0.2, with a radical change for x =0.5 or
LiCo02. Although not shown in Fig. 3, XAS shows little
if any satellite intensity, quite different from XPS, be-
cause the extra 3d electron in the 2p-3d transition of XAS
almost perfectly screens the core-hole potential.

A somewhat different situation is encountered in the 0
1s absorption edges shown in Fig. 4. Here the structue
above about 535 eV is due to 0 1s transitions to higher-
lying bands of Co 4s, 4p and 0 3p character, the first two
of which have considerable 0 2p character mixed in. '

The structure between 530 and 535 eV is due to transition
to the Co 3d states and Li-induced hole states. These
unoccupied Co 3d states can be reached by 0 1s absorp-
tion because of the 0 2p hole character in the ground
state due to hybridization, as described by Kuiper
et al. ' for NiO. The double-peaked structure in CoO is
a result of the multiplet splitting of the Co (d ) states, as
will be discussed below. In the simplest of crystal-field

pictures, the ground state of Co (d ) would be
((t~s f) (es 1 ) (t2s $) ), which contains t2 and e holes of
the same spin, and split by 10aq. We then expect two
peaks split by the crystal field (10Dq), as discussed by de
Groot et al. A more exact calculation gives actually
four peaks, as discussed below. Upon Li substitution the
lowest-energy peak that would correspond to filling a t2
hole in the simple picture grows gradually until in
LiCo02 this peak dominates the pre-edge. This is quite
different from the 0 ls edge in Li„Ni, „0 (Ref. 18),
where a well-separated pre-edge peak appears with Li
substitution. Also, this behavior in the 0 1s edge is quite
different from that of the Co 2p edge and the Co 2p and 0
1s XPS, where little happens for x ~0.2. We will discuss
this feature below.

The valence-band XPS and conduction-band BIS struc-
tures are shown in Fig. 5. Because of the high photon en-
ergies in both cases, the structures are dominated by Co
3d electron removal and addition spectral weights. We
find the very broad distribution of valence-band states
spread out over an energy scale of 10 eV or more. One-
electron band theory yields a 3d partial density of states
strongly peaked close to Ef and a small tail up to about

I
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~ w
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~ w
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C
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I I I I I I I I I

790 780
Binding Ener gy (eV)
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FICx. 2. Co 2p core line XPS spectra of Li Col O,
LiCoO&, and Co3O4.

FIG. 3. High-resolution Co 2p' XAS spectra of Li Co& „0
and LiCoO2. The absorption at about 779 eV in LiCoO2 is due
to some Co3O4 contamination.
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dral sites Co + ions. The tetrahedral sites have, com-
pared to the octahedral sites, and inverted crystal-field
splitting. Here the two eg-symmetry orbitals are lower in
energy than the three tg-symmetry orbitals. Also, the

I l I

~ M
R

6)

~ I i i i I

-2 0 2
Ener gy (eV)

FICs. 7. The XPS and BIS spectra of Fig. S in a small-energy
region. The vertical bars indicate the positions of the gap. For
XPS this is taken at 50% of the intensity increase because the
increase is equal to the used resolution (1.0 eV). In BIS we use a
point at 10' intensity increase and add 0.4 eV, which is half of
the BIS resolution as measured oo a clean Cu sample in going
from 10/o to 90% intensity at threshold. The values of the
gaps are listed in Table II.

splitting is smaller by a factor of —'„so even for the short
Co-0 distance (1.929 A for the tetrahedral site, 1.916 A
for octahedra) the Co + is high spin. The Co + can be
written here as d = ~(est) (t2 1') (eel) ), with three
empty minority-spin t2 orbitals. The sharp conduction-
band structure must be a result of the near degeneracy of
the four empty e (Co +

) and three t2g (Co +
) holes.

A combination of XPS and BIS also yields quite clearly
the band gap that is defined as the minimum energy re-
quired to remove an electron (Eo ' Eo )

—plus the
minimum energy required to add one (Eo+' Eo)—. In
Fig. 7 we show a smaller energy scale region of the
XPS—BIS spectra in order to obtain the gap. The verti-
cal lines indicate the position of the thresholds, taking
into account an experimental broadening of 1.0 eV in
XPS and 0.8 eV in BIS. The values of the gap are given
in Table II. We see a closing of the gap with increasing x
to 2.0 eV for x =0.2;-however, LiCoOz has an even larger
gap (2.7 eV) than CoO. The gap of Co3O„ is considerably
smaller (1.6 eV).

The gap of 2.5 eV for CoO is at erst glance inconsistent
with optical-absorption data. ' Upon comparing the
optical data of Powell and Spicer for CoO with that of
NiO, it is observed that the midpoint of the strong rise in
the CoO absorption edge occurs at an even higher energy
than in NiO, indicating a gap of larger then 4 eV. In
fact, Shen et al. define a gap in this way of about 6 eV.
However, the shape of the edge is quite different. The on-
set is much broader in CoO, indicating a smaller
minimum gap with a weaker optical absorption. This is
in fact clearly visible in the data of Pratt and Coelho,
where the absorption onset occurs between 2.5 and 3.0
eV. Since the first electron addition state in CoO is of t2
character and the first electron removal state is of
intermediate-spin character as we will show below with a
strong 0 2p component, the band-gap transition is ex-
pected to be optically weak. This is because the band-gap
transition would involve removing a majority-spin e
electron from the vicinity of one Co + ion and adding a
minority-spin t2 electron around a different Co + site.
Spinwise this is allowed if the two sites are antiferromag-
netically coupled. However, the optical transition matrix
elements will be much smaller than if both of the states
involved are strongly covalent e orbitals as in NiO.

To investigate the valence band of LiCoO2 more exten-
sively, we have also performed resonant photoemission
(RPES) experiments near the Ni 3p edge at Daresbury
(UK). The valence band as a function of the different
photon energies is shown in Fig. 8. At 90-eV photon en-
ergy the valence band has the same overall structure as in
the XPS spectrum. The cross-section ratio between Co
3d and Q 2p decreases with decreasing photon energy.
The structure at 5+2 eV is therefore strongly related to O
2p final states. At the photon resonance energy ( —62 eV)
we see a sharp antiresonance in the narrow line at 1.4 eV,
indicating Co 3d final states. At the high-binding-energy
satellite ( —12 eV) we also find antiresonant behavior, as
shown in Fig. 9, indicating Co 3d spectral weight in this
area. In the LiCoOz cluster calculation part we will dis-
cuss these results by comparing it with the results of the
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the ground state and therefore little if any satellite struc-
ture is expected. This has been discussed in detail by
Eskes and Sawatzky. Another reason for a low 0 1s sa-
tellite is that the oxygen 1s-2p Coulomb interaction of
around 5 —6 eV is, compared to the oxygen bandwidth,
not large enough to pull out local bound states. The I.
states are spread out over four to six neighboring oxygen
atoms, so if a bound state is not pulled out the effective
inhuence of the core hole is only 1 —1.S eV. In Fig. 10 we
show the energy levels and the changes that occur upon
introducing the Co 2p core hole for XPS and XAS. We
see from Fig. 10 that if Q )6, the first two energy levels
in the XPS final states are inverted as compared to the
ground state, and this results in a large. satellite. " Since
in general U-0. 7Q, this also means that U must be com-
parable to h. If we look at a general analysis of the Co 2p
core lines by Qh and Park et al. , ' U-6 is found.

From Fig. 10 it is also clear why the Co 2p XAS spec-
tra do not have large satellites. The final core-hole states
upon the addition of a d electron are cd and cd L, which
have the same ordering in the ground state, so that all the
intensity is in the lowest-energy state. Another way of
saying this is that the extra d electron almost perfectly
screens the core hole. This is also the reason why the Co
2p XAS shows the multiplet structure characteristic of
that for a free ion in a cubic crystal field. Indeed, the so-
renormalized free-ion theoretical spectrum calculated by
de Groot et ah. for 10Dq —1 eV is very close to that ob-
served for CoO in Fig. 3.

Before going on to a detailed cluster calculation for the
Co0 and LiCo02 valence- and conduction-band struc-
ture, we present arguments as to why LiCo02 has a low-
spin rather than a high-spin ground state, and what the
nature of the charge compensating state in Li Co& O is.
That LiCo02 is indeed low spin is very clear, first of all
from a comparison of the Co 2p XAS spectra (Fig. 3)
with the calculation of Co + low spin as shown by de
Groot et al. , and second in the sharp empty 3d struc-
ture measured with BIS and 0 1s XAS. To understand Co3+ high spin

I

(eg)

Co3+ low spin

this, consider first the simple crystal-field type of picture
of the filling of the d states as a function of 10Dq, as
shown in Fig. 11 for Co + (d ). For the free ion the
majority- and minority-spin states are split by
Jdr=31B+10C—2(193B +8BC+4C )'~ . At a 10aq
value corresponding to the dashed line, a high-spin to
low-spin transition takes place. This occurs for
10Dq &2. 1 eV in the XAS calculations of de Groot
et a/. In CoO, Co + is high spin, and as we substitute
Li up to x =0.2 it keeps the characteristic features of
high-spin Co +. However, as in Li-doped NiO we are de-
creasing the number of states in the o. antibonding
02p —Co 3d hybridized orbitals, so the lattice parameter
will decrease because of a decreased Born repulsion be-
tween 0 2p and Co 3d. The decreases in lattice parame-
ter for both Li„Co, „0 and Li Ni, 0 are shown in
Fig. 12. We see a smooth decrease in lattice parameter in
the NiO system, but for the Co0 system the ordered
LiCo02 phase has a much smaller Co-0 distance than
that extrapolated from the x ~0.2 behavior. We note
that there is a miscibility gap for 0.2&x &0.5. Since a
smaller CoO distance increases the 0 2p —Co 3d transfer
integral T d, it also increases the ligand field contribution
to 10Dq. When a suKciently high 10Dq is reached to be
almost in the low-spin configuration, it becomes advanta-
geous to further empty the e orbitals so that the Co-0
distance can decrease further with a subsequent catas-
trophic increase in T d and eventually a low-spin ground
state. This causes an avalanche kind of effect.

A reasonable estimate of the change in T d in going
from CoQ to LiCo02 can be made using Harrison's
relations Tzd

—1/r ', from which T~d(LiCoO2)—1.44T d(CoO). The ligand field splitting is, from per-
turbation, given by

d9L2

i

I

10Dq i

4
I (eg) (eg)

10Dq

l4 l4 l4 29

d8L

d7

cd9L~

cd~

cdsL
cd9L

XPS XAS

FIG. 10. Energy-level scheme without a core hole (GS) in the
presence of a core hole (XPS), and in the presence of a core hole
and an extra 3d electron (XAS). The energy difFerence between
cd L (XPS) and cd (XAS) is the ligand ionization potential c.

FIG. 11. The change in ordering of the Co + d orbitals in go-
ing from high spin (left) to Iow spin (right). In the high spin
(left) we have an ordering with the first five spins up split by the
ligand field into t2~ and eg orbitals and one spin down in a t2g

orbital. The majority- and minority-spin states are split by a
Hunds-rule exchange J,~. In going to low-spin Co'+ the ligand
field splitting increases and at the dashed vertical line the
majority-spin eg and minority-spin t2g orbitals cross. The result
is the low-spin Co (right) with (t2~) where now the spin-up
and spin-down states are degenerate.
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2
pd o'

10Dq =
2 2

pd 7T pd CT

4h
(2)

We define T~d =&3(pdo ) (the Slater-Koster transfer in-
tegrals) and take T~d -0.5—T~d . Therefore we expect
an increase in 10Dq by about a factor of 2, which certain-
ly is enough to stabilize the low-spin state.

Because of the large spectroscopic differences between
Li Co& 0 and LiCo02, it is not realistic to assume that
the charge compensating states in Li Co& 0 are of
Co + low-spin nature. In the HIS we see mainly empty
Co 3d states. In the oxygen 1s XAS we probe the empty
0 2p states directly and see a much stronger effect here.
This means that the extra holes have a large amount of
oxygen character. To explain this we have to look at
different oxygen-hole symmetries possible and the
different hybridization strengths. The most important
configurations for the Li-doped case consist of d and
d L states. These states are almost degenerate, since, as
we wi11 show below and expect from estimated values,
U-A. To find the lowest-energy state we must consider
the various symmetries and spin states of relatively low
energy. These are (t2g t ) (es f ) (tz J, )' with high-spin
S=2 and (t2g $ ) (e~ f )'(t2 J, ) with intermediate-spin
S=1 for d and for d L (t2s't) (est) (t2gj, ) L(tel) with
S=2 and (t2 f) (e f) (t2s J, ) L(eg f ) with S=1. Of the
two d L states the one with the ligand hole in an e orbit-
al is the lowest in energy because of 0-0 transfer in-
tegrals. It is stabilized by 2(ppo —ppm. ) relative to the
L(t2g ) state. The states of d and d L of the same spin
and symmetry hybridize with different strengths depend-
ing on o.- or ~-bonding oxygen orbital combinations, re-
sulting in an energy-level diagram as shown in Fig. 13.
So in Li„Co, 0 we can expect to find that induced. hole
states are antiferromagnetically coupled with the Co +,
giving an intermediate-spin S=1 state. The induced
holes have considerable oxygen character. The S=1 spin
state gives a decreased magnetic moment of the Co ion,
as is found in susceptibility measurements. '

The forming of low-spin Co + for Li substitution

d Lt (S 2)
29

ds(S 1)

~(pp&-vs~)

29(s- &)

'9 (S- 2)

(S 1)

d'(S-2)

FIG. 13. An artist's impression of the Li-doped strongly co-
valent ground state of "Co +." On the left the extra hole has
entered into oxygen states and on the right it has entered a Co d
orbital. In the middle we see the efT'ect of the strong hybridiza-
tion for the o. bonding extra e~ hole, making the intermediate
spin state S=1 lowest in energy. The d L and d states are
nearly degenerate in CoO because U- A.

above x =0.2 is probably the reason for the miscibility
gap in Li„Co& 0 for x)0.2. The U value in CoO is
given approximately by U=A+8, where the Racah 3
parameter is screened from the free-ion value down to
about 5.2 eV (see below). This screening is, as shown by
de Boer, Haas, and Sawatzky, mainly due to the polari-
zability of 0, and increases with decreasing Co-0 dis-
tance as 1/r, so A in LiCo02 is expected to be smaller.
It is more dificult to estimate what happens to 6 because
6 is proportional to the Madelung potential, which will
increase with decreasing Co-0 distance but will decrease
because of the increasing covalency, especially in the
low-spin ground state. Because of the large T d value for
LiCoOz, we expect the ground state to be strongly co-
valent. The experimental gap of 2.7 eV puts lower
bounds on Uand b.

MODEL HAMILTONIAN CLUSTER CALCULATIONS

AJ
lg

'o

O
I

"ix~'i-xo

x 1-x

L i Co02
I

0.2 0.4
eloping conc. x

To determine values for the various interactions dis-
cussed above, we compare the experimental spectra to
the results of a cluster calculation. The aim of the cluster
calculation is to obtain (a) the CoO 3d electron removal
spectral weight, to be compared with the CoO valence-
band XPS; (b) the character (symmetry, spin, and orbital
composition) of the first ionization state of CoO; (c) the
CoO 3d electron addition spectral weight, to be com-
pared with the measured CoO conduction band; (d) the
LiCo02 electron removal and addition spectral weight, to
be compared with the XPS and BIS data on LiCoO2. The
model calculations use a Co06 cluster in octahedral sym-
metry. The model Hamiltonian is given by

FIG. 12. The transition-metal oxygen distance of
Li„Co, „0,Li Ni& „0,and LiCo02. H=Ho+H
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Ho= QE&(m)d d + QE&(m)p p
I

t.o Q XPS

+g T ~(m)(d p +p d ), (4b

H, = g U( m, m', n, n')d d .d„d„
m, m', n, n'

(5)

The indices m, I ', n, n' denote orbital and spin quantum
numbers. We include all the Co 3d orbitals but only the
oxygen orbital combinations that can hybridize with the
Co 3d orbitals. As a vacuum" for CoO we take the
Co + (d ) Hunds-rule ground state ( F as a free ion) and
a closed oxygen 2p shell. The operator d creates a Co
3d hole with energy E&(m). We have included an ionic
point-charge crystal-field splitting 10Dq", which splits
the 3d orbital energies into a doubly degenerate e level
at Ez(es)=E& 6Dq"—and a triply degenerate level at
Ez(tzs) =E&+4Dq". The value used in CoO for 10Dq"
( =0.7 eV) is equal to a value found in an impurity calcu-
lation ' and a cluster calculation of the optical spec-
trum of NiO and is consistent with the experimental data.

. The operator p creates an 0 2p hole with energy
E~(m). The ligand hole wave functions consist of linear
combinations of oxygen 2p orbitals with the appropriate
(d orbital) symmetries. The Slater-Koster " oxygen
nearest-neighbor interactions (ppcr } and (ppm. } split the
oxygen states into a doubly degenerate state with e sym-
metry at E~(es)=E —[(ppo) —

(pp. ~)] and a triply de-
generate state with t2g symmetry at E~ ( t2g ) =E~
+[(ppo )—(ppn )]. The value of (ppo ) —(ppm) for CoO
is governed by the width of the oxygen band in CoO ( -4
eV). These values are 60%%uo larger then those found by
Mattheiss, who used a nonorthogonal basis.

The last term of Ho describes the one-particle hybridi-
zation between the Co 3d states and the ligand orbitals.
T & is the transfer integral for Co 3d —0 2p hybridization.
This is written in terms of Slater-Koster (pdcr} and
(pdm) transfer integrals. We define b, as the energy need-
ed in the ground state for removing an electron from 0
2p to the Co 3d empty states (b, =E~ Ez ). —

H, describes the two-particle 3d Coulomb and ex-
change interactions U. The calculation includes the d-d
Coulomb and exchange interactions using the full atomic
multiplet theory as fully specified in terms of the Racah
A, B, and C parameters. For CoO the B and C parame-
ters of the unscreened atomic values of Co + are taken as
tabulated by Griffith.

In this Hamiltonian we have neglected the Co 4s, 4p
levels and the empty 0 bands. These levels are assumed
to be at high energy, so that their inhuence through hy-
bridization can be treated as a renormalization of the
effective parameters. We also neglect the O-O Coulomb
interaction.

To reduce the size of the problem in the calculation of
the ground state (three holes) of CoO we omit the d' L
states. This hardly influences the results because they are
high in energy. In the electron removal spectrum we
omit for the same reason the d' I states. The many-
body Hamiltonian is solved exactly by means of a

~ w
M
C
QJ

C
M

I

10 5
Binding ener gy (eV)

FIG. 14. The XPS valence band of CoO (top) as compared
with the Co 3d removal spectral weight of the Co06 cluster cal-
culation (bottom). The vertical lines indicate the energy posi-
tions and intensities of the CoO final states. Taking the Co
3d —0 2p cross sections (Ref. 47) into account we should add
about 6%%uo oxygen spectral weight around 4-eV binding energy.
The parameters are listed in Table III.

TABLE III. The model parameter values used in the CoO6
cluster calculation for CoO and LiCoO~.

Racah
B
C

(pd o. )
(pdm)
(pp~&
(pp~~
10aq"
U

Ea~v

CoO

(eV)

5.2
0.14
0.54
5.5
1.3

—0.6
0.55

—0.15
0.7
5.3
3.1

LiCo02

(eV)

5.0
0.15
0.60
4.0
1.9

—0.9
0.65

—0.20
1.0
3.5
3.5

continued-fraction expansion of the Green's function,
giving directly the electron removal or addition spectra.

For the actual calculation of the CoO 3d removal spec-
tral weight we treat three parameters as free variables.
These are the cobalt to oxygen charge-transfer energy 6,
the Racah 3 parameter responsible for the d-d Coulomb
interaction, and the Co-0 hybridization (pd o ). The
transfer integral (pdm) is taken to be —0.45(pdo. }.
The parameters are obtained with the following criteria
from the CoO data: (a) the spectral weight must be
spread over 10 eV; (b) the intensity has to go down con-
tinuously from low binding energy to high binding ener-

gy, with about 25% left at the highest satellite binding
energy; and (c) there must be a gap of more than 3 eV, to
take the translational invariance into account. The gap is
determined (if b, is larger then A ) by the Racah A pa-
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rameter, the charge-transfer energy 6 as compared to the
Racah A parameter, and T d determines the intensity
slope. We find 0 + 5—A ~ 0.5 eV. The calculation
shown in Fig. 14 is for A =5.2 eV, 6=5.5 eV, and
(pdrr)=1. 3+0. 1 eV. All the parameters are listed in
Table III. The cross-section ratio for Co 3d compared to
0 2p is 15.4, so the oxygen spectral weight is expected
to be about 6% of the total Co 3d electron removal spec-
tral weight. The oxygen band intensity would be expect-
ed to be around 4+2-eV binding energy. Taking this into
account, our fit to the experimental CoO valence band is
now quite satisfactory.

The first ionization state in CoO is expected to be the
charge compensation state on doping with I.i and is
therefore of considerable importance. With the same pa-
rameters the first ionization state is of T& character, an
intermediate-spin state as predicted by the simple con-
siderations above. The next ionization state is of T2
character and the third is of T2 character. Table IV
shows the occupation numbers and main wave functions
of the ground state and the first two ionization states.
We see that the first two ionization states have consider-
able d L character.

To investigate the stability of the intermediate spin
state T, as the first ionization state, we investigated the
influence of the Co 3d —0 2p, hybridization, the neglect of
U, and a change in 6—A on the energy difference be-
tween the T, and the T2 symmetry states. The energy
difference is found to increase linearly with increasing co-
balt oxygen hybridization, changing from 0 for (pd c7 ) = 1

to 0.4 for (ado )=1.6 eV. We see a strong influence of
the hybridization, but on broad range of (@der ) values the
T, states wi11 be the first ionization state.

The inhuence of the.d L states through hybridization
on the final states is considerable because of its energy po-
sition (25 —U) above d . This means that the neglect of
the O-O Coulomb interaction U can inhuence the na-
ture of the first ionization state considerably. The holes
of the L state, however, can avoid each other because we
have six oxygen neighbors, so in only one in six cases do
we expect to raise the d L energy level with U . We
can estimate the inhuence by raising the entire d L level
as compared to the d and d L levels through the simul-
taneous increase of 2 and b, by U /6 ( —1 eV). This
reduces the difference between the intermediate and the
high spin to 0.10 eV. For A and 5 raised with 2 eV we
find degenerate levels. An increase of 6—A is found, as
expected, to inhuence the energy difference between the
T

&
and T2 symmetry states considerably. For

I

Ener gy (eV3

FICx. 15. The CoO BIS spectrum (top) compared with the
BIS cluster results (bottom solid line). The bottom dashed line
is a background added to the calculation. The vertical lines in-
dicate the energy positions and intensities of the d' final states.
For the parameters used see Table III, and for the positions, in-
tensities, and symmetries see Table V.

6—A = 1.0 eV these symmetry states are degenerate.
For the standard parameter set of CoO we can also cal-

culate the electron addition spectral weight (Fig. 15). We
find four states with the symmetries A2g T]g T2g and
T,g, respectively. As noted above, a simple ligand field

picture of CoO would yield only two levels corresponding
to the addition of a t2g or eg electron. The first three
states come from the I'(d ) free-ion multiplet. We can
compare the electron addition spectrum with the mea-
sured conduction band (see Fig. 15). To do this we added
to the calculated spectrum a background proportional to
the integrated intensity. We see that the cluster calcula-
tion can explain the broad conduction-band structure
very well.

The calculated CoO spectrum depends very strongly

TABLE IV. Occupation numbers of the ground state and the
first two ionization states of CoO.

Cxround state

d7
d'L
d'L'

0.79
0.20
0.01

d'
d L
O'L'
d'I, '

3
T]g

0.19
0.62
0.18
0.01

0.36
0.53
0.11
0.00

Ionization states
Tpg

530 . 535Absor pt ion Ener gy (ev)

FIG. 16. The CoO 0 1s XAS spectrum (top) compared with
the BIS cluster results. The vertical lines indicate the energy
position and intensity of the d final states.
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on the value of the point-charge 10Dq" parameter. The
d L final states are U+b, ( —10 eV) above the d final
states. So the hybridization and the form of the oxygen
band have little inhuence on the splittings, as do small
changes in U and A. To show that the point-charge
crystal-field parameter 10Dq" is a necessity, we also cal-
culated the spectral weight for 10Dq"=0 eV, and find al-
most no splitting of the t2s and es states (see Table V).
The energy difference between the first three symmetries
comes now only from the hybridization with the d L final
states at U+h. This hybridization is smaller than in the
ground state, leading to small ligand field splittings.

If we neglect the 0 1s core-hole potential, then the
states reached by 0 1s XAS are the same as those
reached in BIS, although the relative intensities can be
quite different. The 0 1s XAS spectrum shown in Fig. 16
indeed shows a pre-edge structure consisting of at least
two components. The vertical bars indicate the positions
of the calculated BIS states, yielding the correct energy
spread.

Using the same model Hamiltonian parameters of
CoO, we also calculated the energies of the d-d optical
transitions from the ground state of CoO. If we compare
our calculated values (see Table VI) with the optical-
absorption spectrum measured by Pratt and Coelho (Fig.
1, Ref. 46), we find the agreement to be satisfactory, also
in view of the simplified nature of the model Hamiltoni-
an. This is also a confirmation of the value taken for the
point-charge contribution to the crystal field of 0.7 eV.

For the cluster calculation on the Co + low spin of
LiCo02 in a Co06 cluster we use some adjustments to our
parameter set. According to Harrison, the oxygen
nearest-neighbor interactions (ppo. ) and (ppm} will in-
crease as I/r . This means an increase of 20%%uo in the ox-
ygen bandwidth; (ppcr )—(ppm. } is changed from 0.7 eV in
CoO to 0.85 eV here. Racah 8 and C parameters for
Co + are not tabulated, so we used Co + values in-
creased by about 10%. This increase is generally found
in the 31, transition metals in going to higher oxidation
states.

The definitions of U and 6 for the low-spin Co + are
basically the same as for Co + in CoO. 6 is defined as
the energy needed to remove an electron from the full ox-
ygen orbitals to an empty Co 3d orbital, but now with a
d vacuum state. U is defined here as the energy needed
for transferring a 3d electron to another Co + ion. These
are not the Hunds-rule lowest-energy multiplets for d,
d, and d, but these are the multiplets D, 'S, and D for
d, d, and d, respectively, consistent with a low-spin d
state.

In the calculation of the LiCo02 we can treat the same

LiCa0& XPS

tA
C

C

I

10 5 0
Binding Ener gy {eV)

FICx. 17. The XPS valence band of LiCo02 (top) as compared
to the Co 3d removal spectral weight of the cluster calculation
with low-spin Co + (bottom). The vertical lines indicate the en-

ergy positions and intensities of the XPS final states. Around
5+2-eV binding energy one should, at about 15' of the Co 3d
spectral weight, take photoemission from the oxygen 2p states
into account.

15

three parameters as free variables. But we can get an im-
pression about the value of (pd 0 ) by using Harrison's re-
lations, 3 as was done before. This indicates a (pdo )
value of around 1.8 eV. As reported above, the cross-
section ratio for Co 3d compared to 0 2p is 15.4. In
LiCo02 this changes because we have one fewer 3d elec-
tron and the number of oxygens is doubled. Now we
have to add 15%%uo oxygen spectral weight to our cluster
calculation.

In the actual calculation we therefore use the following
criteria: (a) the high-binding-energy satellite at 12-eV
binding energy should be reproduced at the correct posi-
tion and with the correct intensity; (b) a gap of more than
3 eV to take the translational invariance into account. In
Table III we list the parameters used, and in Fig. 17 we
show our calculated 3d removal spectral weight and the
experimental XPS valence band. From the calculation it
is quite clear that the broad structure around 5-eV bind-
ing energy has a lot of oxygen character. If we add here
about 15% spectral weight the actual fit is quite satisfac-
tory We us.ed (@do )=1.9 eV, slightly larger than pre
dieted. To get the low-spin ground state we had to in-

TABLE VI. Energy and symmetries of the calculated d-d op-
tical forbidden absorptions in CoO using the parameters of
Table III. Energies are in eV.

TABLE V. Energies, intensities, and symmetry of the CoO
d final states reached in BIS. Energies are in eV.

Theory
Energy position

Expt. Symmetry

Symmetry

A2g
3
T}g

3
T2g

3
T&a

0.00
+ 1.03
+ 1.73
+3.08

0.310
0.308
0.258
0.111

10Dq =0.7
Energy Intensity

0.0
+0.35
+0.62
+2.42

0.293
0.293
0.219
0.171

10Dq =0
Energy Intensity

0.73

1.07
1.92
2.46
2.68
3.06

0.74
0.92
1.03
2.04
2.32
2.5

2Q

4
T2g

Tjg
2 T2g

Tlg
4a,„



6102 J. van ELP et al.

crease the crystal-field parameter 10aq" to 107)q"= 1.0
eV. This must be a consequence of the smaller Co-0 dis-
tance.

The distribution of the 3d spectral weight and the cal-
culated value for the gap are not very sensitive to changes
in 3 and A. This is a result of the large hybridization.
The ground state is of very mixed character and consists
of 47% d, 44% d I., and 9% d I. , yielding a strongly
covalent bonding in LiCo02. The first ionization state
and first electron addition state are also of very mixed
character (see Table VII). The first electron addition
state is one sharp state, as is seen in HIS. In the resonant
photoemission experiment of LiCo02 we found Co 3d
spectral weight resonating at the main line and at high
binding energy (8—13 eV). These are exactly the posi-
tions where in the cluster calculation the 3d electron re-
moval spectral weight is found. One is tempted to use
RPES to distinguish between d" and d"+'I. final states.
This can only be easily done for d initial states as for
Cu + compounds. The problem is further complicated
by the following process, which should also be taken into
account (c stands for the Co 3p core hole):

(t2s~) c(t2gt) (t2s~) (

~(t,g
1' }'(t,s l )'(es f )'+ e .

Now we have a final state with S=
—,', a state not reached

in the photoemission process because it would involve a
spin change of —,'. The interpretation of the resonant pho-
toemission experiment for Co compounds is therefore ex-
tremely complicated but also very interesting.

Since U and 6 are comparable, one might expect the
d and d I- states in the ionized LiCo02 to be nearly de-
generate, whereas a splitting in these of about 10 eV is
observed (see Fig. 17). This very large "satellite" energy
is due primarily to the large p-d hybridization. One must
realize that for a configuration like tz there are four
empty e orbitals to hybridize with full 0 2p o.-bonding
orbitals. Taking these four to be degenerate, the efFective
matrix element coupling d (tzs) and d (tzses )I. is
&4[&3(@do.)]—=5. 3 eV according to Table III. So de-
generate states would split up by 10.6 eV, as observed.
This is a good example of how satellite positions are dom-
inated by hybridization efFects rather than U and A.

If we compare the parameters of CoO with LiCo02,
the main difFerence is the hybridization parameter (@der ).
From the values of U-5 in CoO we would expect a 5
for LiCo02 of U —6-0 eV if there were no changes in
crystal structure, Madelung potential, or lattice parame-
ters. However, we find in LiCo02 the first charge-
transfer state still about 4 eV above the d level. The co-
valency of LiCo02 is therefore a consequence of the
strong hybridization.

CQNCI. USIQNS

TABLE VII. Occupation numbers of the ground state and
electron removal ( T2g ) and addition ( Eg ) final states of
LicoOz.

Removal Addition

d'
d L
dL'
d'L-'

0.47
0.44
0.09
0.00

d5
d'L
d L

0.17
0.51
0.29
0.03

d7

d'I,
d L

0.77
0.22
0.01

T& symmetry, corresponding to an intermediate-spin
state. The charge of the extra hole is to a large extent on
the 0 2p states. On doping with holes this is expected to
be the charge compensating state. The stability of this
state is investigated, and a change of hybridization and
the neglect of the 0-0 Coulomb interaction does not
change the symmetry of this first ionization state. The
stability of this state as compared to the T2g high-spin
state is, however, strongly dependent on the energy
difFerence 6—A. We find for the Mott-Hubbard U a
value U=5. 3 eV ( U= A +8) and for the charge transfer
energy 6 a value of 6=5.5 eV. This places CoO in the
intermediate region of the ZSA diagram. The spread of
the electron addition states of CoO as measured with BIS
and oxygen 1s XAS can be well explained by the use of
the cluster calculation. The point-charge crystal-field
splitting of the Co 3d orbitals is responsible for the ener-

gy spread in these states, as the cluster calculation shows.
The other parameters have only a small inAuence on the
calculated spectral weight.

Upon substitution of Co with Li in Li Coi 0, the
compensating holes reside primarily in 0 2p states and
are most likely bound to nearest-neighbor Li impurity
sites for x ~0.2. The band gap does not close, staying at
about 2.0 eV for x =0.2. The impurity potential there-
fore seems to be at least 1 eV. The 0 2p holes are strong-
ly hybridized with neighbor Co 3d states resulting in a
large antiferromagnetic exchange interaction and a re-
sulting magnetic moment that looks like that of Co + in-
termediate spin.

In LiCo02, the end member of Li doping, the situation
is quite difFerent. We find low-spin Co + responsible for
and stabilized by the small Co-0 distance found experi-
mentally. The fingerprint of low-spin Co + is clearly visi-
ble in the used spectroscopies. We find a gap of 2.7+0.3
eV. The cluster calculation of LiCo02 shows a strongly
mixed ground state, making LiCo02 strongly covalent.
The valence-band photoemission experiments can be sat-
isfactorily explained by the cluster calculation.

The electronic structure of Co3O4 is well understood
with the Co + on tetrahedral and low-spin Co + on the
octahedral positions in the normal spinel lattice. The gap
is found to be 1.6~-0.3 eV.
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