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AbslmcL The cuygen Is and mbalt 2p x-ray absorption spectra of COO, ti-doped COO 
and tic002 have teen measured with 0.1 eV resolution. 7he mhalt 2p spectra are 
analysed with a ligand-field multiplet model and the inclusion of charge-transfer effecu 
is discussed. The axygen Is spectra are interpreted as transitions to empty oxygen p 
states and it is concluded that the effects of correlations in the 3d band possibly are too 
small to be detectable. The symmetries and the electronic configurations of the mbalt 
ions in the oxides are determined. It is mncluded Uial, in contrast 10 for example NiO 
and La~Cu04,  the doping-induced States are possibly of 'AI symmelly, which would 
imply that the quasi-panides have spin 1 and are most likely mapped. 

1. Introduction 

In this study we focus on the difference in analysis of oxygen Is and cobalt 2p x-ray 
absorption spectra (XAS) of a series of cobalt oxides. The final goal is to add to the 
knowledge of the electronic structure of these oxides and of transition-metal oxides 
in general. The recent interest in the electronic structure has been partly stimulated 
by progress in electron and x-ray spectroscopies, which have been made possible as a 
result of a series of technological innovations. Owing to the increased resolution the 
theoretical descriptions can be tested in far more detail. 

A series of models are currently in use for the interpretation of spectroscopic 
data related to the electronic and magnetic structure of transition-metal oxides. The 
main models are schematically given in table 1. ?Ivo extreme models are: (1) density- 
functional theory, mostly treated within the local-density approximation (LDA); LDA 
treats all electrons alike and the N-electron distribution of states obtained from 
a ground-state calculation is used for comparison with x-ray absorption spectra; 
(2) the ligand-field multiplet (LFM) approach, which explicitly accounts for the ?d 
electrons only. LDA is empirically adequate for the analysis of weakly correlated 
systems and for those experiments which are not too sensitive for correlation effects. 

* In memoly of Professor John C Fuggle 
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Up to now, oxygen Is XAS spectra of transition-metal oxides have been analysed 
with LDA, preferably with the mal-state core hole included. The reason is that, 
apart from the 3d band, the spectrum probes rather delocalized bands. Ligand-field 
multiplet analysis is adequate for those experiments which stimulate action mostly 
of the 3d electrons, such as dd transitions and metal 2p x-ray absorption spectra. 
Ligand-field multiplet analysis works best for strongly correlated 3d bands. Both 
LDA and LIM calculations can be performed in a rather routine and straightforward 
manner. 

F M F de Groot et ai 

P b l c  1. Overview of models currenlly in use for lhe inlerpretation of experiments 
related LO eiectmnie shcture of Lmnsition-metal oxides. 

Model Electrons Empirically adequate Ref. 

Band S t N c t U R  All, bands Oxygen 1s x*s I 1 9 4  

(VM) (incl. multiplets) 2P 15-71 
Anderson impurity bel 3d, plus band 2p XPS, PES. lrfs 1s-101 
(a) 
CTfLFM Local 3d, plus band 2p XPS I l l1  

Ligand-field mulliplel Only Xi. local dd Innsitions 13~41 

(incl. multiplets) 

WA+SIC %si of localization Band gap. moment 1121 
W A + U  ineludine U in WA 1131 

Other more complex, though, in principle, more accurate and general, models 
are the short-range model Hamiltonians like the Anderson impurity model and 
LDA calculations with discontinuous potentials. The short-range models, in either 
the cluster mode or the impurity mode, are used mainly to give a description 
of the speetral shapes of photoelectron spectroscopy (PES), inverse photoelectron 
spectroscopy (IPES) and x-ray photoelectron spectroscopy 2p (XPS) experiments, 
yielding empirical values of thc Coulomb repulsion (Udd) and the charge-transfer 
(CT) energy (A). The LDA calculations using discontinuous potentials, under the 
heading of 'self-interaction correction' (SIC) [12] and LDA+U [I31 aim at an ab inifio 
method for the description of the electronic structure of transition-metal oxides. 
The results obtained so far give good agreement with experimental band gaps and 
magnetic moments, though many questions remain with respect to their validity as 
well as the obtained density of states. The short-range model including multiplets is 
becoming more and more effective and can possibly replace the ligand-field multiplet 
analysis for 2p XAS particularly for covalent materials 19,111. 

2. Experimental details 

The x-ray absorption spectra have been measured at beamline U4B of the 
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. The 
monochromator, the AT&T-built DRAGON [14], has been used with a resolution 
of about 0.1 eV full width at half-maximum at the oxygen Is edge at 530 eV. The 
energy scale is calibrated by measuring the titanium 2p and oxygen 1s speetra of 
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SrTiO, and TiO,, which have been compared with data published previously [1,6]. 
The spectra were recorded in total electron yield mode. 

With electron yield methods it is not possible to determine absolute absorption 
cross sections. To present the spectra, a constant background absorption has been 
subtracted and the electron yield intensity has been normalized to unity for all spectra 
taken [l, U]. The samples, sintered pellets, were scraped with a ruby file to ensure 
surface cleanliness. The pressure was 5 x lo-'" Torr. To test the reproducibility of 
the results, the samples were measured at two different sample positions and with 
renewed scraping. 

The Li,,,Co,,,O and Li~,2COu,,0 samples are prepared by grinding together the 
proper amounts of Li,CO, and COO. The pressed powders were kept at 950°C under 
a dry oxygen flow for 16 h, reground and kept at 1050T in argon atmosphere for 
24 h. By fast cooling the metastable high-temperature phases were preserved. X- 
ray diffraction showed a homogeneous phase with less than 1% of LiCoO,. The Li 
content found from the lattice parameter (table 2) was consistent with a wet chemical 
analysis [lo, 161. The LiCoO, sample was prepared from Li,CO, and COO by keeping 
the pressed powders at 950OC in dry oxygen for 16 h X-ray diffraction showed a 
homogeneous single-phase sample. 

Table 2. Campounds: unit-cell paramelen and symmelry. 

Compound SVmmetly Unitcell parametem (A) Ref. 

3. Results and interpretation 

Figure 1 shows the cobalt 2p x-ray absorption spectra of the lithium cobalt oxides. 
'No structures are visible related to respectively the and & edge, split by the 
2p spin-orbit coupling. 

The spectra show a large amount of h e  structure, which is related mainly to the 
multiplet structure of the final state. The spectra of 10% and 20% lithiumdoped Coo 
are similar to that of pure COO. The spectral shape of LiCoO, is markedly different, 
which is an indication of a different symmetry state. The overall shift to higher energy 
is a mark of the higher valency, which has, for example, been demonstrated for a 
series of manganese compounds in [17]. 

Figure 2 shows the oxygen 1s x-ray absorption spectra of the lithium cobalt oxides. 
The structures at threshold relate to the transitions of oxygen p character hybridized 
with cobalt 36 states and above 533 eV to oxygen p character in the cobalt 4sp band, 
as has been discussed in detail in [l]. In contrast to the metal 2p edges the effects 
of lithium doping are directly visible as the growth of a peak at threshold. Again the 
LiCOO, spectrum is markedly distinct from the others, which is an indication of a 
different crystal structure. 
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Energy (ev) 
5 

Figure 1. Ihe cobalt 2p x-ray absorption spectra 01 COO, UO.ICOO.,O, t io ,2Co0 .~0  and 
LiCOOl. 

Figure 2 The oxygen 1s x n y  abrorpiion spectra of COO. Uo.1Co0.90. Lio.rCao.tO and 
lic002. 

3.1. COO 

The electronic structure of COO has been discussed on the basis of the Anderson 
impurity model [lo, 181. Recently Okada and Kotani included multiplet effects, for 
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the analysis of both Zp ws and 2p XAS spectra [Ill. They show that within the 
charge-wnsfer model, 2p ws is dominated by hybridization effects, whereas Zp XAS 
is dominated by multiplet effects. The important merit of this study is that the 
combined charge-transfer plus multiplet approach is able to simulate both spectra 
within a unified model. 

A problem that still has to be solved is the reliability of the parameters as used 
in the various short-range models. Because of this uncertainty, we prefer to analyse 
2p XAS with a ligand-field multiplet model, neglecting charge-transfer effects. In 
the ligand-field multiplet model, the ground state of COO is described as 3d7. The 
electrostatic interactions (Slater integrals) determine the 4T, symmetry of the ground 
state. From the optimization of the spectral shape of the 3d7[4T,] + Zp53d8 transition, 
an effective cubic crystal field strength of 1.05 (f0.05) eV is found to give the best 
agreement with experiment. A TI symmetry gound state is susceptible for 3d spin- 
orbit coupling 1191 and the effect of 3d spin-orbit coupling on the spectral shape is 
studied in figure 3. 

770 775 780 785 790 795 

Energy (eV) 

Figure 3. The cobalt Zp x-ray absorption spectrum of CaO, compared with ligand-field 
multiplet calculations of the M’[4T~] - 2psM8 transition. In the bftom s p e c “  M 
spin-orbit coupling is neglected. The WO middle spectra are calculated with the atomic 
M spin-orbit coupling for respectively 0 and 3W K. 

The ligand-field multiplet consists of discrete lines [6,7] and to compare with 
experiment they have been broadened with a Larentzian of 0.1 eV for the I, edge 
and 0.3 eV for the edge in order to simulate the Lifetime broadening. Moreover 
the spectra are convotuted with a Gaussian broadening of 0.1 eV in order to simulate 
the experimental resolution. The spectra obtained as such have been normalized 
to unity. For clarity it is noticed that this implies that no information concerning 
absolute cross sections can be obtained and as such only the spectral fine structure is 
simulated. 
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The calculated spectrum in which the 3d spin-orbit coupling is neglected is 
given at the bottom. It appears that especially in the region the agreement 
with the experimental spectrum (given at the top) is not good. For the second and 
third spectra from the bottom the 3d spin-orbit coupling has been included with 
the same strength as in CO2+ atoms. The splittings induced by the 3d spin-orbit 
coupling are of the order of 100 meV and the simulations are given for 0 and 300 K 
respectively. It is clear that if 36 spin-orbit coupling is included a better agreement 
is obtained. The solid-state value of the 3d spin-orbit coupling could in principle 
be determined accurately from a series of temperature-dependent experiments. 

spectral region, is related 
to the neglect of charge transfer [ll]. A compression of the spectrum cures these 
discrepancies, which shows that the effects of charge transfer are not too disturbing 
in the present case. 

The remaining discrepancy, mainly the too wide 

3.2. The oqgen Is x-ray absorption spectnim of COO 
As the model for the analysis of the oxygen 1s x-ray absorption spectra we will 
use LDA bandstructure calculations. A mnsition is made from the 1s core level to 
unoccupied oxygen p states, which are hybridized with the metal 3d as well as 4sp 
states, and a mapping of the oxygen p character is obtained. 

What can be the effects of electron correlation? To answer this question, we 
can first remark that electron correlation effects are only to be considered in the 
36 band. For this 3d band an answer will be sought using the charge-transfer 
model as a guide. The ground state of COO can be witten as 3d7 + 3d". In the 
oxygen 1s x-ray absorption process an electron is excited to a state of oxygen p 
character, or in other words it fills a ligand hole state. In [IO] the oxygen 1s core 
hole has been neglected and under that approximation the final state of oxygen 
1s x-ray absorption is identical to that of IPES. The oxygen Is XAS spectrum is 
then given by the transition matrix elements related to 3dxL - M8. The cluster 
calculation of [IO] shows a distinct structure at about 4 eV from the first peak. 
This peak is not detectable as a distinct peak in the experimental spectrum and 
from this we conclude that a closer study of the model is needed in order to solve 
this discrepancy. The basic problem is the identification of final states of oxygen 1s 
XAS and PES. The creation of the core hole will affect the effective charge-transfer 
parameters to be used in the final state [ZO]. 

3.3. LiCoO, 

Before discussing the complicated Li-doped COO samples, we first focus on the end 
member LiCoO,. LiCoO, has a well defined crystal structure and all trivalent cobalt 
ions are in equivalent sites. Again the cobalt 2p spectrum is analysed on the basis 
of the ligand-field multiplet model and the oxygen Is spectrum is analysed with LDA 
calculations. 

Figure 4 compares the cobalt 2p spectrum of LiCoO, with a ligand-field multiplet 
calculation of the 3dh[IA,] -+ 2p53d7 transition. The main features are reproduced 
and the trivalent cobalt ions can be assigned to have low-spin IA, symmetry. 
A chargetransfer model calculation for LiCoO, gives a ground state that is of 
strongly mixed 3dh + 3d7L character [lo]. Within this charge-transfer model the  
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LiCoOz 
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770 775 780 785 790 795 

Energy (eV) 
Figure 4. Cobalt 2p x-ray absorption specuum of LiCoOt (dotted curve) compared with 
a ligand-field multiplet alculation of the 2d6['A1] + 2&i7 transition (full CUN~) .  

overall transition is 

3d6[IAI] f 3d7['E]b(g) - Zp53d7 f Zp53d8L. 

It will be most interesting to see if a calculation that includes both multiplets 
and charge-transfer effects, like the one for Coo in [ll], is able to reproduce the 
spectral features in more detail. 

The oxygen 1s x-ray absorption spectrum of LiCOO, shows a sharp single peak 
at threshold. It is clearly separated bom the other structures. For LiCOO, an 
accurate IDA band-structure calculation has been performed [Z] and figure 5 shows 
a comparison with it. The ground-state calculation of the oxygen p projected density 
of states overestimates the intensity of the leading peak If a core hole is included in 
a supercell calculation, the intensity of the first peak is reduced. It can be concluded 
that the overall agreement between the Is x-ray absorption spectrum and the IDA 
band-structure calculation is good., In this respect it must be remarked that the 'A, 
symmetry of the initial state is special as the band gap is positioned in between the 
filled bg band and the empty es band, which is a fortunate case for one-electron 
models to work. 

3.4. Lidopcd COO 
We will now consider the effects of lithium doping in COO. Given a compound 
Co,-,Li,O, the assumption can be that lithium is monovalent and goes 
substitutionally into the octahedral positions. Within a sample with 10% lithium, 
12.5% of the cobalt ions are formally trivalent. The following questions concerning 
the trivalent cobalt ions can be asked: (1) what sites do they occupy, (2) what is 
their groundstate symmetry and (3) what is their electronic configuration? 

For the site occupancy the most obvious solution is octahedral CO3+ sites, 
substituting a divalent cobalt ion. Alternative solutions are that part of the trivalent 
cobalt ions go into interstitial tetrahedral sites. This alternative is suggested by 
theoretical studies of defect structures in the Co,-,O system [XI. Also experimental 
data on Fe,-,O and Co,-,O pointed to tetrahedral cobalt vacancies of different types 
[22]. For the Li-doped systems it is possible that, similar to the defect structures in 
non-stoichiometric Co,-,O, aggregates of trivalent cobalt ions with vacancies and/or 
complexes with the lithium ions will be formed. 
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~ " " " " ' " ' " ~ " ' ~ " " ' ' ' " ' " ' l  LiCoO, 

F@re 5. oxygen ls x-ray absorption rpecl" Figure 6 A possible energy diagram for the 
of IiCoOz (dotted curve) "pared with an W A  gmund SMte of the lithium-doped slates. 'The 
band-structun calculation. ?he full NNe gives the energy positions of the 3db states me laken from 
density of States as calculated for the gmund State. a Hanree-hk calculation for a cubic ayslal Beld 
The tmken curve relates to density of states after slrength of 1.2 el! The relative energy positions 
inclusion of the are hole (reproduced from [Z]). of the respective M'L states are determined 

by addition of a ligand hole of Rspectively ta 
symmetry or e, symmeuy e) IO the  slates 
of respectively 4T1 symmetry and 'E symmetly. 

The possible symmetries of octahedral sites are the ST, high-spin state with 
the configuration (t&)3(e,+)z(Q', and the 'A, low-spin state with configuration 
(t&)'(5)'. An additional possibility is the 3T, intermediate spin state with the 
configuration (t&)'(e,+)'(5)'. In a Tmabe-Sugano diagram a direct transition 
from the high-spin to the low-spin state is observed and in this (ionic) picture the 
3Tl never constitutes the ground state [U]. However, it has been argued that this 
3T, spin state could be the ground state because of its larger stabilization due 
to charge-transfer effects [lo]. A diagram of all low-lying 3d6 and 3d71, states is 
given in figure 6. In the diagram an idealized situation is sketched in which the 
intermediate spin state 'TI is lowest in energy, mainly due to the relatively low 
energy position of its main 3d7L contribution. For the electronic configuration we 
note that the weight of the 3d74 states is higher than for divalent cobalt due to 
the increased covalency. A quantitative study into this matter would be welcome. 

An important variable is the space that the different symmetries occupy. A cobalt 
ion of 5T2 and 3T, symmetry will be slightly smaller than the original divalent cobalt 
ion, but a cobalt ion of 'A, symmetry has no es electrons and consequently occupies 
only little space, as is confirmed by the crystal structure of LiCoO,. It is found that 
with increasing lithium concentration the cell parameter decreases only slightly up to 
miscibility gap at zu = 0.2 [lo], suggesting the doped states to have 3T, symmetry. 
Li,Co,-,O is not stable for I > 0.2 because above this lithium concentration the 
small cation size of the 'A, symmetry state causes stress on the Li-doped COO 
crystal and the crystal tends to phase segregate to LiCoO, and COO (+ Li). 

By analysing the spectral shape of the cobalt 2p edges an answer with respect to 
the symmetry of the l-doping-induced cobalt ions will be sought. The cobalt 2p edges 
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in figure 1 show on first observation that the spectra hardly change upon doping. The 
spectra are still dominated by the 3d7 + 2p53d8 transition of COO. Figure 7 gives the 
difference spectrum of L&GJ~,~O with the COO. The difference spectrum reveals the 
existence of extra intensity at about 776 eV, which is an indication for the presence 
of trivalent cobalt ions. The peak position is equal m that in the LiCOO, spectrum, 
which leads one to suggest that the states have ,A, symmetry, in contrast to the 
conclusion from the cell parameter variation. 

In the oxygen Is spectra (figure 2) the most remarkable change is the increase 
of intensity at the position of the fust peak. Comparison with the LiCoO, spectrum 
again shows that the intensity increases at the position of the sharp peak of tiCOOz, 
adding to the evidence that the doped states have ,A, symmetry. In the case of 
3T, symmetry the (t&)3(ez)1(t&2 division of the 3d electrons does not agree with 
the existence of a single peak at threshold, though some precaution must he taken 
because the degree of observable structure in the oxygen Is spectra does not entirely 
exclude this alternative. 

In contrast to the ti,Ni,-,O system [24], the peak related to tidoping, is not 
growing in the gap but instead close to the energy position of the lowest unoccupied 
state in COO, which can only be explained easily if the CO"' sites are attributed to 
'A, symmetry. An important difference between the 3T, and sT2 symmetries and 
the ,A, symmetry is that the latter does not have S = hopping with the divalent 
cobalt ions, but can only couple by a S = 2 quasi-particle [25]. Moreover the 
'A, states are dominated by 3d6 character in contrast to the Ni"' impurity states 
in Li,Ni,-,O, which are dominated by 3dSC character. This can be qualitatively 
understood as follows: a highly covalent Nil1' system will form a stable 3d8(C) like 
situation. A CO"' system will have the same tendency but the alternative of a more 
stable low-spin state can form a state dominated by Xi6 like configuration. 
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4. Concluding remarks 

4.1. The interpretation of the x-ray absorption specfra 

The cobalt Zp x-ray absorption spectra can be analysed in detail with a ligand-field 
multiplet model. Some improvement might be obtained if charge-transfer effects 
are also included in an accurate manner, but obstructions to the actual inclusion of 
charge-transfer effects for the analysis of x-ray absorption spectra are that for oxides 
the effects are small and also the model parameters, specifically the hopping, are 
modified in a largely unknown manner in the final states of 2p XPS, valence bond 
(VB)-PES and 2p XAS. 

The oxygen 1s spectra do show large similarities to the oxygen p projected density 
of states as obtained from one-electron models. The influence of correlation effecs 
on the 3d part of the spectrum is found to be rather small, possibly too small to be 
detectable. 

F M F de Groof et a1 

4.2 The Symmefry of the cobalf wm 

From the interpretation of the cobalt 2p and oxygen Is x-ray absorption spectra we 
come to the conclusion that COO contains divalent cobalt ions with 4T, symmetry. 
This configuration is affected by the 36 spin-orbit coupling and the actual ground 
state is of E, symmetry. The strength of the 3d spin-orbit coupling cannot be 
determined accurately from the present data but is found to be of the same order 
as the atomic value. LiCOO, is found to contain trivalent cobalt ions with IA1 
symmetry. Fbr the spectra of the Li-dopcd COO samples the changes in the shape 
of the spectra can be best explained assuming the trivalent cobalt ions to have 'A, 
symmetry. However other observations, for all the cell parameter variation, indicate 
3T, symmetry. We have found no definitive answer to this question. 

4.3. The electronic configuration of h e  cobalt wm 

From the analysis in [lo] it is found that COO has about 80% 3d7 and about 20% 
3d8C character. This is consistent with the finding that the spectral shape of its cobalt 
2p x-ray absorption s ectrum shows good agreement with a ligand-field multiplet 

the contributions of 3d6 and 3d7L are both about 45%. In the assignment of the Li- 
doping-induced states as having 'A, symmetry, the divalent cobalt ions are equivalent 
to those in COO, and the trivalent ions to LiCoO,. 

calculation for the 36 .p configuration. In contrast for LiCOO, it has been found that 

4.4. The niiscibiliry gap in the Li-doped materials 

The miscibility gap is a direct consequence of the much smaller ion size of the low-spin 
trivalent cobalt ions (compared to the high-spin divalent cobalt ions). This difference 
is ion-size causes apparently too much stress for 2 3 0.2 and, for these values of I, 
phase separation to LiCoO, and COO (+Li) occurs. This does not directly answer 
the question for the concentration range between 0.0 and 0.2 and in principle allows 
for both the ,A, and the 3T, solutions. 
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4.5. The hpunly slales induced by Li doping 

It has been found that hole doping in NiO, La,CuO,, MnO and LaFeO, creates 
impurity states in the band gap. This phenomenon has been explained consistently 
if a ground state dominated by 3d8L character is assumed (in the case of trivalent 
nickel). The trivalent nickel ions belong to the class of ions with a negative charge 
transfer and its related divalent ion belongs to the class of so-called charge-transfer 
insulators, which have a (considerably) smaller charge-transfer energy than Coulomb 
repulsion energy. From analogy it could be inferred that also hole doping in Coo 
would create similar impurity states. These impurity states have to be coupled to 
their parent states, which have high-spin 4Tl character. With S = quasi-particles 
this makes possible triplet or quintet states, the latter of which can be excluded from 
magnetization measurements. However, apart from these states, the trivalent cobalt 
ions have an alternative not available for their nickel and copper analogues, that is 
to change their symmetry to IA,. This state couples only via S = 3 uasi-particles 
to its divalent parent states with the consequence that the quasi-paricles are likely 
to be self-trapped. In other words the 'A, symmetry doped states in COO are of 
a rather different nature than, for example, the impurity states in NiO. 

2 . q  
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