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Abstract

Ž .The distribution of valence electrons between transition metals TM and oxygen has been studied via X-ray absorption
Ž .near-edge fine structure XANES at the TM-L and O-K thresholds for La Li Cu O , Nd Li Ni O , and2, 3 2 1r2 1r2 4 2 1r2 1r2 4

La Li Co O . Simulations of the TM-L XANES by charge-transfer multiplet calculations result in 3d-hole2 1r2 1r2 4 2, 3
8 Ž . 7 Ž . 6 Ž .concentrations that increase from ;30% 3d in the Cu III to ;57% 3d in the Ni III to ;72% 3d in the Co III

compound. Concomitantly, the O-K XANES spectra reflect an increase of bond ionicity in the same sequence. The results
show that the Li-doped holes in Nd Li Ni O are distributed between Ni-3d and O-2p orbitals. q 1998 Elsevier Science2 1r2 1r2 4

B.V. All rights reserved.

1. Introduction

High-energy spectroscopies form a powerful tool
for studying the electronic structure of 3d transition-

Ž .metal TM oxides, since the spectral features are
rather sensitive to changes in the correlation of the
TM 3d electrons as well as the TM-3drO-2p cova-
lence. Ever since the discovery of high-T supercon-c

ductivity in the cuprates, Sr- and Li-doped 3d-TM
oxides have been an important issue in such

w xhigh-energy spectroscopies 1 . In systems like
Ž .La Sr MO MsCu, Ni and Li Ni O, where2yx x 4 x 1yx

the oxidation states of Cu and Ni are higher than

) Corresponding author. E-mail: kaindl@physik.fu-berlin.de

2q , it was usually concluded on the basis of X-ray
Ž .absorption near-edge structure XANES and core-

Ž .level photoemission XPS spectra that Sr- and Li-
w xdoping induces holes in the O-2p band 2–8 . Contri-

8 Ž . 7butions of 3d in the case of Cu III and 3d in the
Ž .case of Ni III compounds to the ground-state wave-

functions were only hesitantly admitted. This went as
< 9: < 9 :far as postulating an a 3d qb 3d L ground state
Ž 2 2for La Li Cu O with a qb s1; L refers2 1r2 1r2 4yd

.to a hole in the O-2p orbitals; dsoxygen deficit
and excluding the existence of a contribution from a

8 w x3d configuration to the ground state 9 .
Ž . w Ž .The solids La Nd Li TM O TM III s2 2 1r2 1r2 4

xCu, Ni, Co crystallize in a variant of the K NiF2 4

structure, with an ordered distribution of the TM ions

0009-2614r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0009-2614 98 01135-X
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Ž . w xand lithium I over the octahedral sites 10 . This
structure has the advantage that the TMO polyhedra6

are isolated in the lattice and can be studied spectro-
scopically without being disturbed by intercluster
interactions. Recent magnetic measurements and

Ž .electron paramagnetic resonance EPR studies
showed that at room temperature the ground state of

Ž . Ž . Ž .Cu III , Ni III , and Co III in these compounds is
low spin, however, with closeby excited high-spin

w xstates in the latter case 10 . The existence of a
Ž .mixed-spin or a high-spin state for Co III , suggested
w xfrom earlier magnetic results in Refs. 11,12 , could

not be confirmed in this work. In order to clarify
Ž .further the electronic structure of the late 3d-TM III

oxides, we have measured XANES spectra of
Ž .La Li TM O TM s Cu, Co and Nd -2 1r2 1r2 4 2

Li Ni O at the TM-L and O-K thresholds; in1r2 1r2 4 2, 3

the Ni compound, La was replaced by Nd due to an
energy overlap of the La-3d and Ni-2p thresh-3r2 3r2

olds.
With respect to theory, the L XANES spectra2, 3

of 3d-TM compounds have been reproduced success-
fully by atomic-multiplet calculations in previous

w xwork 13 . However, many-body interactions induced
Ž .by covalence become important for Cu III and

Ž .Ni III oxides, i.e. atomic-multiplet calculations are
no longer valid here. Considering the effects of
covalence, a charge-transfer program has been com-
bined with the atomic-multiplet program used in Ref.
w x13 . Making use of this, we were able to simulate
the experimental spectra in more detail, obtaining in
this way information on the distribution of holes
induced by Li-doping between the TM-3d and O-2p
orbitals in the ground state.

2. Experimental

Ž . ŽThe solids La Nd Li TM O TMsCu,2 2 1r2 1r2 4
.Ni, Co were prepared according to the procedures

w xdescribed in Ref. 10 . The purity of the compounds
was checked by single-crystal X-ray analysis and
iodometric determination of the oxidation states of
nickel and copper: in addition, supplementary optical
and EPR-spectroscopic investigations were per-

w xformed 10 . The XANES measurements were car-
ried out using the SX700rII monochromator oper-

ated by the Freie Universitat Berlin at the Berliner¨
Elektronenspeicherring fur Synchrotronstrahlung¨
Ž .BESSY . For the O-K XANES studies, the fluores-
cence-yield mode was used, whereas the TM-L2, 3

spectra were recorded via the total-electron yield. At
the O-K and Cu-L threshold, the experimental reso-3

Ž .lution full width at half maximum was 0.3 and 0.5
eV, respectively. The samples were stored and trans-
ferred in a clean Ar atmosphere to the experimental

Ž .ultra-high vacuum UHV chamber, which had a
base pressure of -1=10y10 mbar.

Since all of the studied oxides are insulators, the
samples charged up during the measurements, which,
however, does not influence the XANES spectra

Ž . Ž .directly. Furthermore, the Cu III and Ni III com-
pounds were found not to be stable enough in order
to fully exclude a decomposition of the sample sur-
faces when exposed to an intense X-ray beam in the
UHV. In this way, an oxygen deficiency might form
on the sample surface. By restricting the data-taking
periods to a few minutes after each cleaning cycle,
we kept such effects on the TM-L XANES spec-2, 3

tra, recorded in the total-electron-yield mode, to a
minimum. Even though the counting times were
slightly longer in the case of the O-K XANES

Ž .spectra taken via fluorescence yield ;20 min , the
effects of surface impurities were smaller due to a

Žmuch higher volume sensitivity sampling depth:
˚;1000 A in fluorescence yield as compared to

˚ .;30 A in total-electron yield . Furthermore, we
know from our previous study of NaCuO that the2

spectral features in the Cu-L XANES spectrum2, 3

are quite sensitive to the formation of a surface
Ž .Cu II impurity phase, which can be distinguished

from CuO on the basis of the energies of the related
w xpeaks 14 .

3. Results and discussion

The Cu-L XANES spectrum of La Li2, 3 2 1r2-
Ž .Cu O is shown in Fig. 1 top panel ; it is very1r2 4

w xsimilar to that of NaCuO 14 , where the main peak2
Ž .and the satellite ;8.5 eV above the main peak

were basically assigned to 2p3d10L and 2p3d9 final
Ž .states, respectively 2p refers to the core hole . The

weak shoulder at 1.7 eV below the main peak, which
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Ž . Ž . Ž .Fig. 1. Cu-L top , Ni-L center , and Co-L bottom2, 3 2, 3 2, 3

XANES spectra of La Li Cu O , Nd Li Ni O , and2 1r2 1r2 4 2 1r2 1r2 4
ŽLa Li Co O , recorded in the total-electron-yield mode open2 1r2 1r2 4

.circles . For comparison, the results of charge-transfer multiplet
Ž .calculations are also given solid curves and bar diagrams .

had been observed in case of NaCuO , is nearly2

missing in the spectrum of La Li Cu O . Since2 1r2 1r2 4

this shoulder is at the same energy as the main peak
Ž .in the spectrum of CuO, we assign it to a Cu II

impurity. In this way, we can rule out a 3d9 configu-
ration in La Li Cu O and confirm the 3q2 1r2 1r2 4

oxidation state of copper.
The core-level spectra of such strongly correlated

systems can be described in a many-body scheme. In
Ž . Ž . nEqs. 1 and 2 , we define the Hamiltonian for a 3d

system and the corresponding ground-state wave-

function, where – for simplicity – mixing with a
dnq2L2 configuration has been neglected:

0 THs 1Ž .
T U

< n: < nq1 :F sa 3d qb 3d L , 2Ž .g 0 0

with

a 2 qb 2 s1 .Ž .0 0

UsD denotes the charge-transfer energy, T is the
3d™L charge-transfer integral, and ns8, 7, 6 for

Ž . Ž . Ž .Cu III , Ni III , Co III , respectively. The configura-
tion-mixing coefficients a and b in the ground0 0

state are related to each other in the following way:

1r22 2b ra s D q4T yD r2T . 3Ž . Ž .½ 50 0

Ž . Ž .When going from Cu II to Cu III oxides, D

decreases significantly, even becoming negative for
Ž . w x Ž .NaCuO Dsy2.5 eV 5 . From Eq. 3 , a b ra2 0 0

ratio larger than 1 is obtained, implying 3d9L as the
dominant contribution to the ground state of this

Ž .Cu III oxide. The schematic energies of the L -2, 3

XANES final states and configuration-mixing coeffi-
Ž . Ž .cients a and b are given by Eqs. 4 – 8

0 Tf
Hs , 4Ž .

T Uf f

< nq1: < nq2 :F sa 2p3d qb 2p3d L , 5Ž .m

< nq1: < nq2 :F sb 2p3d ya 2p3d L , 6Ž .s

1r22 2E s1r2 U q4T .U , 7Ž .Ž .½ 5m r s f f f

1r22 2bras U q4T yU r2T . 8Ž .Ž .½ 5f f f f

Here, T is the d™L transfer integral in the finalf

state, and U is equal to DyU qU , where Uf cd dd cd

and U denote the Cu-2p core-holer3d and 3dr3ddd

Coulomb interactions, respectively. F and F , asm s

well as the corresponding energy E , refer to themrs

main peak and the satellite, respectively. The inten-
sity distribution between the satellite and the main
peak is determined by the degree of covalent mixing
in the ground state as well as by the interference

Ž .effect in the final state, as described by Eq. 9 :

2 2I rI ; a byb a r a aqb b . 9Ž . Ž . Ž .s m 0 0 0 0
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Ž .From Eq. 9 , one deduces a weak intensity of the
satellite, however, this does not necessarily mean
that the 3d8 contribution to the ground state is that
small. For T sT and U sU , the intensity of thef cd dd

satellite could even be fully transferred to the main
peak. Since we know from energy estimates that

w xyU qU ;y2 eV 5 , U is more negative thancd dd f

D, which means that for La Li Cu O one ex-2 1r2 1r2 4

pects the 2p3d10L contribution to the final state in
Ž .the L -XANES spectrum main peak to be larger2, 3

than the 3d9L fraction in the ground state. Thus the
main peak and the satellite in the L -XANES2, 3

Ž .spectra of Cu III oxides can be assigned to the
10 9 w x2p3d L and 2p3d final states, respectively 14 .

Ž .The Ni III centers have a low-spin electron con-
figuration, which means that the single electron
beyond the closed d6 configuration resides in
an e orbital. The Ni-L XANES spectrum ofg 2, 3

ŽNd Li Ni O is displayed in Fig. 1 center2 1r2 1r2 4
.panel . At the L threshold a double-peaked struc-3

ture, with a dominant peak at higher energy, is
observed. This is quite unique for Ni compounds; in
addition, a broad satellite structure is found above
the main peak, analogous to La Li Cu O . The2 1r2 1r2 4

multiplet is more complex than that of the analogous
copper system because final states with more than
one hole in the 3d shell are subject to an extended
multiplet structure due to inter-electronic Coulomb

w xinteraction 13 . The two main peaks in the L 3

spectrum are 0.4 and 2.1 eV, respectively, above the
Ždominant peak in the spectrum of NiO not presented

.here . Without details of a theoretical description, it
is practically not possible to give an assignment of
the observed spectral features.

Ž .At room temperature, the Co III centers in
LaCoO are in a low-spin state, and a transition to a3

high-spin state above room temperature has been
w xobserved by XANES studies 15 , which did not

confirm the earlier Mossbauer results claiming the¨
w xoccurrence of a mixed-spin state at 200 K 16 . The

ŽCo-L XANES spectrum of La Li Co O Fig.2, 3 2 1r2 1r2 4
.1, bottom panel is very similar to that of low-spin

w xLaCoO and LiCoO recorded at 300 K 15,17 ; we3 2

therefore assign it to a low-spin state, with filled t2g

and empty e orbitals, stabilizing ionic trivalent Co.g

The difference between La Li Co O and2 1r2 1r2 4

LaCuO and LiCoO is in the weak structure at the3 2
Ž .leading edge of the main peak at ;779 eV , which

is very weak in La Li Co O after proper scrap-2 1r2 1r2 4
Ž .ing, showing that it is at least partly due to a Co II

impurity. The combined effects of mixed spin and
Ž .strong covalence in Co III compounds has led in the

past to difficulties in theoretically reproducing the
w xexperimental multiplet structures 15,17 . As shown

in the following section, the charge-transfer multiplet
calculations of the present work are well suited for
reproducing the experimental spectra in more detail.

4. Results of charge-transfer multiplet calcula-
tions

In order to derive 3dn weights in the ground state
from the spectra, we have performed charge-transfer
multiplet calculations using our TT-MULTIPLETS
program, which consists of a package of programs
including parts of the atomic-multiplet program of

w x w xCowan 18 , the group-theory program of Butler 19 ,
w xand the charge-transfer program of Okada et al. 20 .

In the actual calculations, the dimensions of the
various multiplet states must be used, these being 45

8 9 Ž .for 3d and 60 for 3d L reduced by symmetry . The
Ž .matrix in Eq. 1 consists of 45=45 and 60=60

diagonal blocks mixed together by hopping. Depend-
ing on the assumed symmetry, the actual matrices
are smaller. The D symmetry of the strongly elon-4h

gated CuO polyhedron in La Li Cu O is de-6 2 1r2 1r2 4
Ž .scribed by an ionic tetragonal crystal field, with 10

Dqs0.5 eV and Dss0.3 eV. The mixing terms are
separated into four symmetries, A , B , A , and1g 1g 2g

E , using the relations between these as described byg
w xEskes et al. 21 . The mixing terms are 3.0, 1.73, 1.5,

and 1.03 eV in the case of A , B , A , and E ,1g 1g 1g g

respectively. The resulting many-electron ground
state is 1A , with both holes in the x 2 yy2 orbital1g
Ž .low spin .

The top panel in Fig. 1 gives a comparison be-
Ž . Žtween theory solid curve and experiment open

.dots for La Li Cu O . The vertical bars repre-2 1r2 1r2 4

sent the energies and intensities resulting from the
calculation, while the solid curve represents the spec-
trum obtained by inclusion of a Lorentzian life-time

Ž .broadening of 0.6 eV at L 0.90 eV at L , plus an3 2

experimental Gaussian broadening of 0.6 eV
Ž .FWHM . All structures observed experimentally are
well reproduced in the calculation, in particular the
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sharp main peak and the poorly resolved double-
peaked structure at ;941 eV. The main peak is
dominated by 2p3d10L character, whereas the dou-
ble-peaked satellite relates to a 2p3d9-dominated fi-
nal state, displaying a multiplet structure, which is

Žformed by a combination of multiplet 2p-3d interac-
.tion , crystal-field, and charge-transfer effects. The

position and intensity of this structure with respect to
the main peak essentially determines the amount of
mixing and the separation of the peaks; this sets
limits to the values of D as well as to the hopping.
The comparison shows that the spectrum of
La Li Cu O can be simulated by using U y2 1r2 1r2 4 cd

U s2 eV and Dsy1.9 eV. Following the litera-dd
w xture 20,21 , D is defined as the energy difference

between the lowest 3d8 and the lowest 3d9L state.
The multiplet calculations require as an input param-

Ž .eter the energy difference D average between the
centers-of-gravity of the 3d8 and 3d9L configura-
tions, which is equal to y3.0 eV. The percentage of
3d8 character was found to be 30% in the ground

Ž .state see Table 1 .
The theoretical Ni-L XANES spectrum of2, 3

ŽNd Li Ni O solid curve in center panel of2 1r2 1r2 4
.Fig. 1 was calculated using a D value of q0.5 eV

Ž Ž . .related to a D average value of y1.0 eV . The
mixing parameters are equal to those of

ŽLa Li Cu O , because the MO polyhedra Ms2 1r2 1r2 4 6
. w xCu, Ni have similar geometries 10 . Also, the ionic

Žcrystal-field values have been set equal 10 Dqs0.5
. Ž .eV; Dss0.3 eV . These values determine the Ni III

ground state as low spin, 2A , approximately related1g

to two holes in the x 2 yy2 orbital, with the third
hole in the z 2 state. Because D is close to zero, the

Table 1
Weights of 3dn and 3dnq 1L configurations, charge-transfer en-
ergy, D, and Coulomb repulsion energy, U, for the ground states

Ž .of the compounds La Nd Li TM O2 2 1r2 1r2 4

nCompound D U 3d 10 Dq
Ž . Ž . Ž . Ž .eV eV % eV

aLa Li Co O 3.5 5.0 72 1.62 1r2 1r2 4
bNd Li Ni O 0.5 6.7 57 0.52 1r2 1r2 4
cLa Li Cu O y1.9 6.5 30 0.52 1r2 1r2 4

a w xRef. 15 .
b w xRef. 6 .
c w xRef. 5 .

Ž .ground state – according to Eq. 3 – contains
almost equal amounts of 3d7 and 3d8L; the actual
percentage of 3d7 is 57%. This strongly intermixed
ground state makes it doubtful to assign a particular
final-state configuration to a particular peak. It is
best to say that the whole spectral shape is given by
strongly mixed 2p3d8 and 2p3d9L states. The theo-
retical simulation clearly proves the low-spin nature

Ž . 2of Ni III in case of Nd Li Ni O , with an A2 1r2 1r2 4 1g
Ž .ground state due to tetragonally elongated Ni III O6

octahedra as the consequence of vibronic Jahn–Teller
coupling, in agreement with the spectral shape as

w xwell as the recent structural and EPR results 10 ,
7 8 Ž .with 57% 3d and 43% 3d L character see Table 1 .

In order to understand further the effects of cova-
Ž .lence on Co III XANES spectra, we have calculated

theoretical spectra for various values of D and 10
Dq. The best agreement with the experimental spec-
trum of La Li Co O was obtained for Ds3.52 1r2 1r2 4

eV and 10 Dqs1.6 eV, with U yU s2 eV; thecd dd
Žresults are shown by the solid curve in Fig. 1 bot-

.tom panel . This represents a low-spin ground state
Ž .of Co III in La Li Co O , consistent with pre-2 1r2 1r2 4

w xvious studies of LiCoO and LaCoO 15,17 . The2 3
Ž . 6ground state of Co III contains ;72% 3d , i.e.

La Li Co O contains the most ionic trivalent2 1r2 1r2 4
Ž .TM in this series of compounds see Table 1 . There

is a first excited state at ;28 meV with an Ss2
high-spin character. Applying Boltzmann statistics
leads to a change in the spectral shape as a function
of temperature over the range of, for example, 200–
500 K as the excited state gets populated. Such
effects have been observed in case of LaCoO by3

w xAbbate et al. 15 . Note also that other effects, such
as changes of the crystal field, may contribute to the
temperature dependence but it is interesting to note
that a simple population effect may be sufficient.

The variation in the distribution of holes between
TM-3d and O-2p in the studied series of compounds
is attributed to differences in the relative magnitudes

Žof the Mott–Hubbard energy, U required to transfer
a 3d electron from one TM ion to a neighboring

.one , and the charge-transfer energy, D. According
Ž .to the Zaanen–Sawatzky–Allen ZSA classification

w xscheme 23 , a Mott–Hubbard insulator requires D

)U, while U)D leads to a charge-transfer insula-
tor. Table 1 summarizes the occupation numbers in
the ground state obtained for the studied compounds,
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as well as values for D and U taken from previous
w xwork 5,6,15 . A comparison of D with U shows that

Nd Li Ni O falls into the charge-transfer re-2 1r2 1r2 4

gion with a smaller p–d gap, whereas La -2

Li Co O has intermediate properties. In case of1r2 1r2 4

La Li Cu O , D is negative, i.e. this compound2 1r2 1r2 4
Žhas a p–p band gap outside the ZSA scheme similar

w x.to NaCuO 5 .2

At this point we want to compare Nd Li2 1r2-

Ni O with Li Ni O. In the latter system, the Li1r2 4 x 1yx

ions are statistically distributed over the rock-salt
lattice, and Li-doped holes are bound to Liq impuri-

w xties 6,7 . In the former compound, Li is only a
counter ion, with holes being restricted to isolated
NiO clusters. It has become clear that non-local6

contributions arise when the metal polyhedra in the
lattice are not isolated, but rather interconnected by
shared ligand atoms resulting in charge transfer from

w xremote ligands to 3d-TM ions 20,24 . As a conse-
quence, pronounced shifts of the charge-transfer
bands to lower energies have been observed, enhanc-

w xing the apparent covalent effects 20,24,22 . Non-lo-
cal effects in Nd Li Ni O can be neglected on2 1r2 1r2 4

the basis of structural arguments, i.e. we have ob-
served by high-energy spectroscopy large 3d7 weights
in the ground state of isolated NiO clusters.6

In O-K XANES spectra, correlation effects are
much weaker than in 3d TM-L XANES spectra,2, 3

i.e. the good agreement between the experimental
spectra and the results of band-structure calculations

w xis plausible 17,25,26 . Therefore, O-K XANES
spectra are usually studied in order to explore the
amount of O-2p holes induced by covalence in the
ground state. Fig. 2 displays the O-K XANES spec-
tra of the three oxides studied. We can divide the
spectra into two regions: in the first region, a narrow
pre-edge peak is observed for all three compounds,
which is assigned to the hole fraction with O-2p
character in the e orbitals caused by TM-3drO-2pg

mixing. In the second region from ;532 to 539 eV,
a broader structure sitting on the edge jump is ob-
served and this is attributed to Ln-5d bands
w x15,17,26 . Since only intra-atomic transition-matrix

Ž .elements are allowed, according to Eq. 1 , the pre-
edge peak is assigned to a 1s3dnq1 final state, with a

2 w xspectral weight proportional to b 7 . The spectral0

intensity of the pre-edge peak, I , is scaled with1
Ž .ks4r I )n , where I is the spectral weight in the2 2

Ž .Fig. 2. O-K XANES spectra of La Nd Li TM O for2 2 1r2 1r2 4

TMsCu, Ni, Co.

second region and ns2, 3, 4 for Cu, Ni, Co, respec-
Ž .tively referring to the number of 3d holes .

ŽThe results for kI are shown in Fig. 3 open1
. 2circles together with b derived from the TM-L0 2, 3

Ž .XANES spectra filled squares . A similar behavior
is found on the basis of core-level spectra at both
TM and O sites. Recently, band-structure calcula-
tions in local-density approximation for La Li2 1r2-

Cu O have shown that the localized hole, origi-1r2 4

nating from isolated CuO clusters, is responsible for4
w xthe insulating properties of this compound 27 . A

bandwidth of ;0.9 eV was obtained theoretically.
The total experimental width of the pre-edge peak is
0.9 eV. Subtracting 0.4 eV for the combined effect
of the finite experimental resolution and lifetime
broadening, a bandwidth of 0.5 eV is obtained. This
means that this band is even more localized than
predicted theoretically, where core-hole effects have
not been included. We thus conclude that the first
unoccupied state in La Li Cu O is more2 1r2 1r2 4

strongly localized than the O-2p holes induced by
out-of-plane Sr substitution of La in La Sr CuO ,2yx x 4
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Fig. 3. Weights b 2 of 3d holes in the ground states of0
Ž .La Nd Li TM O for TMsCu, Ni, Co, as derived from2 2 1r2 1r2 4

charge-transfer multiplet calculations. For comparison, the spec-
Ž .tral intensities of the pre-edge peak, I , scaled by ks4r nI , are1 2

also plotted; here, I refer to the spectral weights of the second2

regions, and ns2, 3, 4 are numbers of formal 3d holes in the
studied compounds for Cu, Ni, Co, respectively.

since the linewidth of the pre-edge peak in the O-K
XANES spectrum of La Sr CuO is broader than2yx x 4

w xthat in La Li Cu O 4,8,28 . Note that there is2 1r2 1r2 4
Žclearly no structure observed at ;530.3 eV the
.energy of the main peak in the spectrum of CuO ,

excluding again a 3d9 configuration in the ground
Ž .state of the Cu III compound studied. From the

point of view of Li doping, one can say that the 3d9

states transfer totally to the doped-hole states.
Ž 8 .The pre-edge peak 1s3d final state in the O-K

XANES spectrum of Nd Li Ni O lies 2.6 eV2 1r2 1r2 4

below the 1s3d9 final state at 531.9 eV in NiO. Since
the latter state overlaps in energy with the broad

Ž .peak between 532 and 537 eV in the spectrum of
Nd Li Ni O , which is due to transition into2 1r2 1r2 4

band states mainly of Nd5d character, we cannot rule
Ž .out a Ni II impurity, which would give rise to a

1s3d9 signal. However, the intensity at this energy is
w xsignificantly lower than in La NiO 4 , and even2 4

w xweaker than in La Sr NiO 2 . Note that substitu-0.9 1.1 4

tion of La by Sr in La Sr NiO , which is out of2yx x 4

plane, introduces further mobile holes and a sharing

of corners of the NiO clusters, resulting in an6

enhancement of covalence by non-local effects. This
is reflected in a broader and weaker pre-edge peak

9 w xand a larger spectral weight of the 1s3d state 24,22 .
We should also point out that the O-K XANES
spectrum of La Li Co O is very similar to that2 1r2 1r2 4

of LaCoO studied before at room temperature; this3
Ž .further confirms the low-spin nature of Co III in

w xthis compound at room temperature 15 .
The pre-edge peak shifts by y0.7 eV from Co to

Ni, and further by y0.8 eV from Ni to Cu, in
accordance with Sugiura et al., who observed a
systematic shift of the pre-edge peak to lower energy
when the ionization potential of the metal ion in the

w xsame oxidation state increases 29,30 . Indeed, the
third ionization potential is 33.5 eV for Co, 35.17 eV

w xfor Ni, and 36.84 eV for Cu 18 . This trend predicts
Ž . Ž .a decrease of the gap from Co III to Ni III and

Ž .further to Cu III , as is indeed observed. On the basis
of these arguments, we can also understand the more
pronounced metallic properties of La Sr MO2yx x 4

materials for TMsCu as compared to TMsNi.

5. Summary and conclusions

The electronic structures of the trivalent 3d-TM
Ž . Ž .oxides La Nd Li TM O TMsCu, Ni, Co2 2 1r2 1r2 4

were described on the basis of covalent mixing
between 3dn and 3dnq1L states. The TM-L2, 3

XANES spectra were successfully reproduced by
charge-transfer multiplet calculations providing
quantitative results on the distribution of holes be-
tween the TM-3d and the O-2p states. The ionicity
Ž . Ž . Ž .covalence increases decreases from Cu III to
Ž . Ž .Ni III and further to Co III in this series of com-

pounds. The pre-edge peak in the O-K XANES
spectra of the oxides studied shifts systematically to
higher energies in the same sequence, indicating an
increase of the band gap. The cation order between
Ž . Ž .Li I and TM III in the solids Ln Li TM O2 1r2 1r2 4

results in isolated TMO clusters and localized hole6

states in the band gap, i.e. insulating behavior. In
contrast, the interconnection between the TMO6

polyhedra and the mixed-valence behavior in the
mixed crystals Ln Sr TMO leads to more mobile2yx x 4

holes and extended electron delocalization. In this
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way, we can understand the significant differences
between Nd Li Ni O and the previously stud-2 1r2 1r2 4

ied Li Ni O and La Sr NiO systems.x 1yx 2yx x 4
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