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Electronic structure of the local-singlet insulator NaCuoz
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The insulating oxide NaCu02 has been studied by x-ray photoemission spectroscopy and subsequent

cluster-model analysis. It is found that the d ~d L charge-transfer energy (L:ligand hole) is negative

and the ground state is dominated by the d L configuration. Using the Anderson impurity model, it is
shown that strong 3d-ligand hybridization opens a band gap for a negative charge-transfer energy. This
band gap corresponds to charge fluctuations mainly of the p -p type, d L +d L~d +d L, with a con-
siderable mixture of d character into the p states, and not of the conventional Mott-Hubbard (d-d) type
nor cf the charge-transfer (p-d) type. The magnitude of the gap is strongly affected by the geometrical

arrangement of metal-oxygen local units, giving a natural explanation for the difference between the in-

sulating NaCu02 and metallic LaCu03. The electronic structures of Fe + and Ni + oxides and their in-

sulating versus metallic behaviors, which are expected to resemble those of the Cu3+ oxides, are also dis-

cussed. To generalize the above conclusions, a modification of the metal-insulator boundaries in the
Zaanen-Sawatzky-Allen diagram is proposed to include compounds with small or negative charge-
transfer energies.

I. IIVI'RODUCTION

Since the discovery of high-T, copper oxides, ' there
has been increasing interest in the electronic properties of
3d transition-metal compounds, where electron-electron
interaction plays an important role. Recently, much
work has been done on these 3d transition-metal com-
pounds following interpretations of photoemission spec-
troscopy data ' showing that photoemission spectrosco-
py is a powerful tool to investigate the electronic struc-
ture of these compounds.

According to the classification scheme proposed by
Zaanen, Sawatzky, and Allen (ZSA) based on
photoemission-spectroscopy results, transition-metal
compounds can be classi6ed into two regimes according
to the relative magnitudes of the ligand-to-metal charge-
transfer energy 6 and the d-d Coulomb repulsion energy
U. In the Mott-Hubbard regime, where 5) U, the band
gap is determined by charge fluctuations of the d-d type,
d "+d"—+d"+'+d" ', and its magnitude is given by—U. In the charge-transfer regime, where 6 & U, charge
fluctuations of the type d "+d"~d"+'+d "L (L =ligand
hole), constitute a p-d-type band gap, whose magnitude is
given by —h. Systematics found in various 3d
transition-metal compounds suggest that 5 is decreased
with increasing valence of the transition-metal ion and
becomes very small or even negative for compounds with
unusually high valence states such as Cu +, Ni +, Fe +,

etc. According to the above picture, it is expected that
the charge-transfer-type band gaps collapse in these com-
pounds, leading to metallic behaviors, but actually many
high-valence compounds exist as insulators.

In this paper, we have studied the electronic structure
of one of the formally Cu + compounds, NaCu02. It is
an insulator consisting of Cu02 chains as shown in Fig.
l. Previously Steiner et al. have measured the Cu 2p x-
ray photoemission spectroscopy (XPS) spectra of Na-
CuOz, an x-ray-absorption spectroscopy (XAS) study of
the Cu 2p core level has been reported by Sarma et al.
They have studied this compound as a reference Cu +

compound in discussing the existence of Cu + species in
the high-T, copper oxide superconductors. Okada
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FIG. 1. Crystal structure of NaCu02. Cu04 squares share

their edges with each other and constitute Cu02 chains.
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et al. have analyzed the Cu 2p XPS and XAS spectra of
NaCu02 using the cluster model and estimated the
charge-transfer energy 6, although their estimated value
is quite difFerent from that deduced in the present work.

On the other hand, LaCu03 is another formally Cu +

compound and is metallic. It has a rhombohedrally dis-
torted perovskite structure but the distortion from the
perovskite is very small. ' There are some fundamental-
ly important questions concerning the electronic struc-
ture of the formally Cu + oxides including both insulatas

ing NaCu02 and metallic LaCu03. One is whether the
ground states of these compounds are d (real Cu +) or
d9L (formally Cu3+ but actually Cu + plus an oxygen p
hole L ). In the configuration-interaction theoretical
scheme of charge-transfer insulators, the charge tran-sfer
energy of Cu + oxides h(d +d' L—) has been estimated
to be 1-3 eV,"' and since this 5 value is smaller than
the d-d Coulomb energy U-7 eV, doped holes go into
oxygen p orbitals. Therefore, it is possible that the
charge-transfer energies of the formally Cu + oxides,
b, (d ~d L), which should be smaller than those of
Cu + oxides h(d ~d' L ) by —U, become negative and
that the d L configuration is dominant in the ground
state. Another question is what makes the difference be-
tween the insulating NaCuOz and the metallic LaCu03.
In order to answer this question, we have to elucidate the
origin of the band gap in NaCuOz.

In the present work, we have studied the electronic
structure of NaCuOz by photoemission spectroscopy and
subsequent cluster-model analysis. From the analysis, it
is found that the charge-transfer energy in NaCu02 is
negative and that the d L configuration is indeed dom-
inant in the ground state. The difference between the in-
sulating NaCu02 and the metallic LaCu03 is explained in
terms of the relative strengths of intracluster versus inter-
cluster hybridization, which is determined by the geome-
trical arrangement of the metal-oxygen local clusters.
Part of the present work has already been published in
previous papers, ' ' where spectra have been analyzed
using a simplified cluster model. Subsequently, the spec-
tra were analyzed using the Anderson-impurity model by
several groups, ' ' giving general support to the picture
of Refs. 13 and 14. In this paper, we present a full set of
core-level and valence-band XPS spectra and detailed
analyses of these as well as the XAS spectra by full-
rnultiplet cluster-model calculations. Furthermore, a
modification of the Zaanen-Sawatzky-Allen diagram is
presented to include the insulating compounds with small
or negative charge-transfer energies in these oxides. The
electronic structures of other high-valence oxides are also
discussed.

The organization of this paper is as follows. Experi-
mental details are given in Sec. II. The methods of calcu-
lations using a cluster model and an Anderson-impurity
znodel are described in Sec. III. In Sec. IV, XPS spectra
of the core levels and valence band are presented and are
analyzed by the c1uster-model calculations. Finally, in
Sec. V, the electronic structure and the origin of the band
gap of NaCu02 are investigated by using the Anderson-
impurity model and their implications for related 3d
transition-metal compounds are discussed.

II. EXPERIMENTS

Polycrystalline samples of NaCu02 were prepared by
sintering a mixture of CuO and NazOz powders at 500'C
for 24 h in 02 gas Row. ' Since the samples are highly
hygroscopic, the synthesis and subsequent handlings are
carried out in a glove box filled with Ar gas, except for a
short exposure (less than 10 sec) to air during the transfer
from the glovebox to the spectrometer.

A Mg Ka x-ray source (hv=1253. 6 eV) was used for
the XPS measurements. The XPS spectra were corrected
for the Mg Ea34 ghost. Photoelectrons were collected
with a PHI double-pass cylindrical-mirror analyzer. The
resolution including both the x-ray source and analyzer
was about 1.0 eV. In order to prevent possible loss of ox-
ygens from the surfaces, the samples were cooled to
liquid-nitrogen temperature during the measurements.
Electron-energy-loss spectroscopy (EEI.S) measurements
were also performed by using 1.7-keV incident electrons.
In order to obtain fresh, clean surfaces, the samples were
scraped in situ with a diamond file until the 0 1s core-
level spectrum became a single peak as shown in Fig. 2,
which is an indication of good sample quality. The base
pressure in the spectrometer was in the low-10 ' -Torr
range.

III. METHOD OF MODEL CALCULATIONS
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FIG. 2. 0 1s XPS spectrum of NaCu02 and those of Cu20
and CuO (Ghijsen et a/. , Ref. 11). Ghijsen et al. 's spectra have
been taken using monocromatized Al Ka radiation and their
resolution is 0.3—Oa4 eV higher than ours.

In order to analyze the XPS spectra and to obtain
quantitative information about the electronic structure of
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NaCu02, we have performed configuration-interaction
(CI) calculations using a square-planar (Cu +04 )
cluster model (D41, symmetry). ' ' Apart from the
intra-atomic multiplet coupling and the anisotropy in the
Cu-3d —ligand-p hybridization, the wave function of the
ground state of the cluster is given by

4f=bo~d &+b, [d'L &+b2~d L2&+b3}d' L (2)

The lowest energy level of the (N 1)-el—ectron system is
the Srst ionization level of the ¹lectron system and its
energy is denoted by Eo(N 1). Th—e 3d photoemission
intensity is given by

If ~ laobo+aib&+a2b21 (3)

in the sudden approximation. The Hamiltonian of the
(N+1)-electron system can be constructed in an analo-
gous way. The lowest energy level of the (N+1)-electron
system is the affinity level of the N-electron system and its
energy is denoted by Eo(N+1). The magnitude of the
conductivity gap in the cluster approximation is given by

E,„=Eo(N 1)+Eo(N—+1)—2Eo(N) .

The final states of core-level photoemission are given

0'f =c,lcd'&+c, Lcd'L &+c, lcd "L'&,

where c denotes a core hole. The 2p core-level photo-
emission intensity is given by

I& ~ Iaoco+aic&+a2c21

In the calculation of the photoemission spectra, we
have included both the intra-atomic multiplet coupling
and the anisotropy in the 3d-ligand hybridization. '
Under the D4& symmetry, the Cu 3d orbitals are split into
a,z(3z r), b,s(x —y), b2s(xy—) and eg(yz, zx) orbit-
als. The transfer integrals are expressed in terms of
Slater-Koster parameters (pd o ) and (pd m. ). ' At the
same time, the multiplet splitting of the d and ds
configurations due to intra-atomic Coulomb and ex-
change interactions are taken into account through Ra-
cah parameters B and C, which have been fixed to the

e =aoid'&+a, (d'L &+a, id "L'&

We shall refer to the ground state and charge-conserving
excited states as the ¹lectron system. The final states
of 3d photoemission, namely, the eigenstates of the
(N 1}-el—ectron system, as given by

free-ion values. In the case of NaCu02, the ground
state is found to have 'A, symmetry and the symmetries
of the final states of valence-band photoemission are
A&, B&, B2, and E . As for the core-level photo-

emission spectra, ' the multiplet coupling between
the core hole and 3d electrons is given in terms of Slater
integrals I,G', and G for the 2p and 3p core holes and
6 for the 3s core hole. We have taken the atomic
values for the Slater integrals from Mann.

In order to study the effect of the finite ligand band-
width, we have used a simplified Anderson-impurity
model for a Cu + ion embedded in the filled oxygen 2p
band, which was employed in the analysis of the Cu 2p
core-level spectra by Karlsson, Gunnarsson, and Jepsen'
and Nimkar, Sarma, and Krishnamarthy. ' If we follow
the formulation by Zaanen and co-workers, ' ' the wave
function of the ground state of the N-electron system is
given by

W /2
4 =a ~d &+f de/(s)~d L(s)&

P

8' /2
+f dad s'y( e,

e'
}~

d' L(s)L(e') & ',
P

where L(s) denotes a ligand hole with energy e. The ma-
trix element between ~d & and ~d L(e) & is denoted by
v 2V(e) and that between ~d L(s) & and ~d' L(e')L(e") &

by ~2V(s")5(s—s'). The energy dependence of
~
V(e)~

is assumed to be a semiellipsoid with an appropriate
bandwidth IV. In actual calculations, the continuum
ligand band is replaced by a set of discrete states.

f ~
V(s)

~
de is taken to be equal to T, where

T= (d ~H ~L &
= —~3(pd cr ), in order to relate the

Anderson-impurity model and the cluster model. In the
impurity-model calculations, the intra-atomic multiplet
coupling has been neglected for simplicity.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Core levels

In Fig. 2, the XPS spectrum of the 0 ls core level is
shown with those of CuO (Cu +) and CuzO (Cu+) taken
from Ghijsen et al. " Since NaCu02 is a good insulator,
the samples were charged up during the XPS measure-
ments and absolute binding energies could not be deter-
mined. Therefore the binding energies of the spectra of
NaCu02 are tentatively calibrated so as to align the top

TABLE I. Core-level binding energies and Auger-electron kinetic energies. The energies for Na-
Cu02 are only tentative, as described in the text. All energies given in eV.

Cu2p3&2 (main)
Binding energy FWHM

0 1s
Binding energy FWHM

Cu L3M45M45
Kinetic energy

Cu20'
CuO'
NaCuO&

'Ghijsen et al. (Ref. 11).

932.4
933.2
932.7 2.2

530.2
529.2
529.7 2.1

916.S
918.2
917.2
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FIG. 3. EELS spectrum of NaCu02. The incident electron
energy was 1.7 keV.

of the valence band with those of CuO and CuiO. The
core-level binding energies as well as the peak widths
thus determined are listed in Table I. The binding energy
of the Cu 2p3/2 main peak is 0.4 eV lower than CuO, and
that of the 0 ls peak is 0.4 eV higher than that of CuO.
From the EELS measurements, the band gap is found to
be 1—2 eV (Fig. 3). Therefore, all the binding energies
may be 1-2 eV higher than the present values if the Fer-
mi level is located at the bottom of the conduction band,
and our results do not necessarily contradict Steiner
et al. 's results, in which the binding energy of the Cu
2p&&2 main peak of NaCu02 is 1.3 eV higher than that of
CuO. The full width at half maximum (FWHM) of the
Cu 2@3/2 main peak is -2.2 eV, which is much smaller
than that of the Cu + compounds, -3.2 eV. If broaden-

ing due to the inhomogeneous charging effect is taken
into account, the width is also consistent with Steiner
et al. 's results, in which the FWHM of the Cu 2pzzz
main peak is -1.6 eV. Steiner et al. studied NaCu02
powders pressed onto an In foil and there was no charg-
ing e8'ect in their spectra.

We have analyzed the Cu Zp and 3s core-level spectra
using the CI cluster model with and without the multiplet
effect. The calculated line spectra are broadened to facili-
tate comparison with the experimental spectra. The Cu
2p and 3s spectra calculated without the multiplet efkct
are shown in Fig. 4. There are four parameters in our
model, namely, 5, U, Q, and (pd a ). In calculating the
Cu 2p core-level spectrum, Q is assumed to be —U j0.7
as before. ' ' With U and Q being fixed to 7 and 10 eV,
respectively, the best Qt has been obtained with
b, = —1%1 eV and (pda)= —1.620.2 eV. [Here, it
should be noted that the 6 for core-level XPS spectra in
Ref. 13 corresponds to b,,s (-5—1.5 eV) in this paper.
For the definition of h,s; see below. ] The final states are
decomposed into cd, cd L, and cd' L components in
Fig. 4. The 2p3/2 main peak at -932.7 eV has mainly
cd' L character and the satellite at -941.5 eV has cd L
character. We note that it was diScult to reproduce the
experixnental spectrum with a positive A,z as this led to
two distinct peaks in the satellite region. For the Cu 3s
core-level spectrum, the value of the 3s-31 Coulomb at-
tractive energy should be close to that of the 3d-3d
Coulomb repulsive energy U since both orbitals have the
same principal quantum number n=3. Actually, we
could reproduce the Cu 3s spectrum by setting Q equal to
U with the same b, and (pd o ) values as those of the Cu
2p spectrum, as shown in Fig. 4.

We have also analyzed the Cu Zp, 3s, and 3p core-level
spectra by the cluster model including the multiplet cou-
pling between the core hole and the 31electrons. The Cu
2p, 3s, and 3p spectra thus calculated are shown in Figs. 5
and 6. Since the charge-transfer effect dominates the
multiplet efFect in the 2p and 3s spectra, the satellite
structures of Cu 2p and 3s spectra are well reproduced ei-
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Fig. 4. Left panel: Cu 2p XPS spectrum of
NaCuO& calculated by using the CI cluster
model without multiplet coupling, and the
decomposition of the line spectra into final-
state configurations. The parameters are
6= —1 eV, U=7 eV, T=2.9 eV, and Q=10
eV. Right panel: Cu 3s XPS spectrum of Na-
CuOz calculated by using the CI cluster model,
and the decomposition of the line spectra into
final-state configurations. The parameters are
6= —1 eV, U=7 eV, T=2.9 eV, and Q=7
eV.
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FIG. 5. Cu 2p XPS spectrum of NaCu02
calculated by using the CI cluster model in-
cluding the multiplet coupling, and the decom-
position of the line spectra into final-state
configurations. The parameters are 5= —2.0
eV, U =6.5 eV, (pdcr )= —1 a 8 eV, and Fp =8.0
eU. Q:F —1/—15G ' —3/7063 =7.5 eU.
Right panel: Cu 3s XPS spectrum of NaCu02
calculated using the CI cluster model, and the
decomposition of the line spectra into final-
state configurations. The parameters are
5=—1.0 eV, U=6. 5 eV, (pdo)= —1.6 eV,
andF0=6. 0eV. Q=FO —1/1062=4. 8 eV.

d 1+2 dial s

ther with or without the multiplet effect. The parameters
thus obtained are close to those obtained without the
multiplet effect, although there are slight differences be-
tween the two analyses: 5=—2.0 eV, U=6. 5 eV,
(pdo )=—1.8 eV, and Q(:F 1/15G—' —3—/70G3)-7. 5
eV for Cu 2p, and 6= —1.0 eV, U=6. 5 eV,
(pdo)= —1.6 eV, and Q(=F 1/106 )—-5.3 eV for
Cu 3s. Here, F, G', 62, and 6 are Slater integrals be-
tween the Cu 2p and 3d orbitals. The values of Q are re-
duced by 20-30% from those obtained by neglecting the
multiplet effect. Such a tendency has also been noted by
Okada et al. On the other hand, the multiplet coupling
is so strong between the 3p core hole and 3d electrons
that the Cu 3p spectrum cannot be reproduced without
including the multiplet structure.

Further, the Cu 2p XAS spectrum by Sarma et al. 7 can
also be reproduced by including the multiplet effect, as

shown in Fig. 7. Although fine structures due to the mul-
tiplet coupling are not evident in the calculated spectra, if
we try to reproduce the spectrum without the multiplet
coupling, the intensity of the satellite structure becomes
too low within the reasonable parameter range. This is
because in Cu 2p XAS, the energy difference between cd"
and cd"+'L in the final state (n =9) is nearly the same as
that between d" and d"+'L in the initial state (n=8),
and therefore the intensity is largely accumulated in the
main peak [see Eq. (6)]. Then, the multiplet splitting
causes a spread of the final states, resulting in changes in
the hybridization and hence the redistribution of the
spectral intensities. For the Cu 2p XPS, on the other
hand, the level ordering of the cd" +'L and cd"+ L2
states in the final state (n =8) is inverted with respect to
the ordering of d"+'L and d"+2L2 in the initial state

NaCuO~
h, =—2'.0 eV

NaCuO~ 6=—2.0 eV

N

0 W We W~

iio
Binding Energy (eV)

I. . . . 1. . . . I. . . ~ I

0 i0 20 30

Relative Binding Energy (eV)

10L2

FIG. 6. Cu 3p XPS spectrum of NaCuOz calculated using the
CI cluster model including the multiplet coupling, and the
decomposition of the line spectra into final-state configurations.
The parameters are h, =—2.0 eV, U =6.5 eV, (pdcr )= —l.8 eV,
and F0=6.0 eV.

FIG. 7. Cu 2p XAS spectrum of NaCuO& calculated using
the CI cluster model including the multiplet coupling, and the
decomposition of the line spectra into final-state configurations.
The calculated spectrum (solid line) is compared with the exper-
imental result from Ref. 7 (dash-dotted line). The parameters
are 8 =—2 eV, U=6.5 eV, (pdcr )= —2.0 eV, and Fo =9.0 eV.
Q=F —1/156' —3/7063=8. 5 eV.
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(n =8), and the intensity of the satellite structure is rath-
er insensitive to the multiplet splitting.

B. Valence band

r e I r ~ e e r r I

NaCuQ~

In analyzing the valence-band photoemission spectrum
of NaCu02, we have performed a CI calculation includ-
ing the multiplet structures using a square-planar
Cu04 cluster model. ' As shown in Fig. 8, when 5 is
negative, the ground state is found to have 'A

i symme-

try, where a d hole (d } with x —y symmetry and a
ligand hole with the same symmetry form a spin singlet,
i.e., the so-called local singlet. The ratio
(pd 0 }/(pdn ) is assumed to be ——2.2 as evaluated from
band-structure calculations. ' While the relative inten-
sities and positions of the main band (0-6 eV) and the sa-
tellite (6-14 eV) have been well reproduced, no set of pa-
rameters in the reasonable range could reproduce the
splitting of the satellite into two peaks. The spectrum
shown in Fig. 9 has been calculated with 5= —0.5 eV,
U=7.0 eV, (pdo )= —1.5 eV. A possible origin of the
discrepancy is the correlation efFect between oxygen
holes, which would become important with increasing
d"+'1. contribution in the ground state but is not includ-
ed in the cluster model. Further studies are necessary to
clarify this point.

For the above parameter values, the ground state has
27% d, 65% d L, and 8% d' L character. This is in
good agreement with ab initio (Hartree-Fock + CI) cal-
culations by Akeyama and Kosugi (32.5% d, 61.7%
d L, 3.4% d' L ). In the final state of valence-band
photoemission, both d L and d9L2 configurations are
dominant in the main band, and d L is dominant in the
satellite region. The symmetry of the first ionization
state is A ig. The d L character of the first ionization
state is slightly larger than that of d9L because of the
multiplet splitting of the d configuration. That is,
because E[d ('A, )]—E[d ( 8, )]=128+2C=3.0
eV, although E[d9L ]—E[d ('A, )L]=b,+(—14/98
+7/9C) —48 —2C= —2.521 eV is negative, E[d L ]

~+~~~a~

r ~ I r r r r I ~ ~ r r I r r r ~ I r ~

i5 10 6 0

Binding Energy (ev)

FIG. 9. Upper panel: Valence-band XPS spectra of NaCu02
calculated using the CI cluster model compared with the experi-
mental result. Lower panel: Decomposition of the line spec-
trum into final-state configurations.

—E[d ( Bis)L]=6+(—14/98+7/9C)+88 =0.521
eV can be positive. From the amount of the d, d L,
d L 2, and d 'OL 3 character in the first ionization state
(4%, 49%, 43%, and 4%, respectively), the extra hole is
found to be 36% Cu d-like and 64% oxygen p-like with
respect to the ground state. Likewise, the extra electron
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for the square-planar {CuO&)' cluster as functions of b for
{pdo.)= —1.5 eV and U=7.0eV.
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FIG. 10. X-ray-excited Auger-electron spectra of NaCu02

compared with those of CuO and Cu&O from Ghijsen et al.
{Ref.11).
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in the affinity level is 29%%uo Cu d-like and 71% oxygen p-
like.

C. Auger-electron spectra

In Fig. 10, the Cu I.3M4~M45 Auger-electron spec-
trum of NaCu02 is compared with those of CuO and
Cu20 by Ghijsen et a/. " For NaCu02, the main struc-
ture at -917.2 eV and the broad satellite structure at
-912-916eU mainly originate from the Cu 2p XAS final
states corresponding to the d' L -like main peak and the
d L-like satellite, respectively. Essentially similar struc-
tures for CuO and NaCuOi is consistent with the con-
clusion that the ground state of NaCu02 is mainly d I.-
like rather than d -like. The broadness of the NaCu02
spectrum is partly attributed to the lower instrumental
resolution and inhomogeneous charging effects, but may
also reflect the hybridized d character in the ground
state.

In the present energy calibration, the kinetic energy of
the main structure is also intermediate between those of
Cu20 (916.8 eV) and CuO (918.2 eV), as listed in Table I.

V. DISCUSSIONS

A. Charge-transfer energies and other parameters

From the analysis of the core-level and valence-band
XPS spectra, the charge-transfer energy of NaCuOz is ob-
tained to be 6-—1+1 eV and the d L configuration is
found to be dominant in the ground state of the Cu +

compound. For Fe oxides, the 6 of FeO (Fei+) is es-
timated to be -6.5 eV (Ref. 30), the 5 of Fe20i
(Fe3+ )-3.0 eV (Ref. 31) from the valence-band XPS and
the 5's of FeO, Fe203, and SrFe03 are estimated as
-6.0, 3.5, and 0.0 eV, respectively, from the Fe 2p core-
level XPS. ' That is, the 6 decreases by -3 eV for a
unit increase of the cation valence. Therefore, the 5
value for NaCuOz is consistent with that of Cu + oxides,
1-3 eV. ' '

According to the parameter estimation based on a sim-

ple ionic model, h(2+) -=EVE(2+)—ITM(2)+ AL (2),
U=—ITM(3) —ITM(2), and h(3+ )=—b V~(3+ )—ITM(3)
+ AL (2)=b(2+)—U+EV (st+) bV~(2+), where-
EV~(2+) and EVE(3+) are the Madelung potential
difference between the transition-metal site and the oxy-
gen site for the 2+ and 3+ compounds, respectively.
Here, ITM(n ) is the nth ionization potential of the transi-
tion metal and AI (n ) is the nth electron affinity of ox-
gyen. They are reduced from the free-ion values by
screening effects due to the polarization of surrounding
ions. In general, B,V~(3+) is larger than b, V~(2+) and
therefore h(3+ ) is larger than 6(2+ ) —U by
b, V~(3+ }—5V~(2+ ). From the h(3+ ), 5(2+ ), and U
values estimated above for the Fe or Cu oxides, we obtain
6V~(3+)—5VM(2+)-3 eV. This is considerably re-
duced from the bare ionic values, —10 eV, probably be-
cause of charge redistribution due to covalent mixing in-
volving extended orbitals such as metal 4sp states.

The parameters 5 and U have been defined as
b, =E(d"+ 'L ) E(d"), —U= E(d" ')+E(d"+')—

—2E(d "},where E(d "L ) is the center of gravity of the
d "L multiplet. In this definition, the multiplet effect is
excluded and the systematic variation of 6 with the cat-
ion atomic number and valence becomes clear. ' Alter-
natively, the charge-transfer energy and the d-d Coulomb
interaction can also be defined with respect to the lowest
term of each multiplet; we denote them as 6,N and U,l.
The parameters h,~ and U,~ rather than 5 and U should
better be used when we consider the magnitudes or the
character of the band gaps. In the case of low-spin
Cu3+(ds) compounds ('A i ground state under D~i, sym-
metry}, b«=b +(—'94B+ —,'C }—4B —2C —=b, —1.5 eV:
for NaCu02, 6«- —2.5+1 eV. For high-spin Fe +(d )

compounds, b,«=6—5( —14/9B +7/9C ) —14B—=6—3
SrFe +O3,~-0 eV and he

Therefore, it can be said that SrFeO& (and CaFeO&) also
belongs to the negative-5 (negative-6«) regime.

B. Origin of the band gap in NaCu02

According to the impurity model, neglecting hybridi-
zation between different configurations, the band gap of a
charge-transfer insulator collapses and the compound be-
comes metallic when 5« is smaller than half of the ligand
bandwidth. In the following, we consider in two steps the
reason why the negative-6 compound NaCu02 can be in-

sulating based on the Anderson-impurity model.
In the first step, the ground state has to be a discrete

state (separated by a finite energy from continuum excit-
ed states} for a system to be an insulator. The ground
state of the negative-5 compound NaCu02 consists main-

ly of the d L configuration which is originally a continu-
um. However, if the effect of strong hybridization is tak-
en into account, a discrete state is split off from the con-
tinuum. It is known that the 6rst ionization state of
Cu + oxides is d L-like with 'A, symmetry and is split
off from the d L continuum in the impurity model. 2

Likewise, in the ground state of NaCuOz, a d9L-like
discrete state will be split off from the d L continuum
through strong hybridization with d located above the
d L continuum. In order to examine this point, we have
studied the simplified Anderson-impurity model for a
Cui+ ion embedded in the filled oxygen band as described
in Sec. III. The width of the oxygen p band 8' =3 eV is
assumed. As shown in the bottom and middle of Fig. 11,
we have indeed found that a discrete 19L-like split-off
state with 'A,

~ symmetry, i.e., a local singlet, is formed

El, (N ) —l.5 eV below the lower edge of the d L continu-
um for the b,z; U, and T[—: &3(@dc—r )] values obtained
from the photoemission spectra. When we neglect the
d' L configuration, corresponding to the infinite-U lim-
it, the discrete d l.-like state is also split off —1.2 and
—1.4 eV below the lower edge of the d I. continuum for
the analytical (top panel of Fig. 11) and numerical (mid-
dle panel of Fig. 11)calculations, respectively.

We then have to examine whether the local singlets
remain stable when the translational symmetry of the
Cu-0 lattice is taken into account. NaCu02 consists of
edge-sharing Cu04 square units with Cu-O-Cu bonds
forming angles of nearly 90' and the wave functions of
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the local singlets d L ('A, s ) split olF from the continuum
are nearly orthogonal to those of the nearest-neighbor Cu
sites, as can be seen from Fig. 12(a). Therefore, interac-
tion between neighboring local singlets is weak and the
local singlets remain localized even in the periodic lattice.
Another Cu + oxide, LaCu03, which is metallic, consists
of corner-sharing Cu06 octahedra and has —180' Cu-0-
Cu bonds. With the corner-sharing geometry, the split-
off' d9L states strongly overlap with those of the nearest-
neighbor clusters, as shown in Fig. 12(b), and will become
extended. Namely, the formation of the split-off' state is
frustrated for the corner-sharing Cu04 or Cu06 clusters
due to the strong overlap efFects. (In LaCu03, a "local
triplet" A2~ rather than a local singlet is expected to be
the ground state of the Cu06 cluster, but frustration
will occur in the same way. ) In a similar context, it has

I
' '

I

Cu + ground state

analytical (d +d gL

d8

previously been pointed out that the geometrical arrange-
ment of the Cu04 clusters in6uences the dispersional
bandwidth of the extra hole (local singlet) in Cu + ox-
&des.

In the second step, the magnitude of the band gap or
the conductivity gap, i.e., the minimum energy required
to create a well-separated electron-hole pair,
Eo(N+1)+Eo(N —1)—2Eo(N)( =Es, in Fig. 13), has
to be finite for the system to be an insulator. In general, a
band gap cannot open if the ground state of the impurity
model is in a continuum, but it is not suScient for a band
gap to open that the ground state is a discrete state in the
impurity model. Using the above parameter values, the
magnitude of the band gap is calculated to be E, —1.2
eV for the cluster model and Eg p

0 8 eV for the impur-
ity model (see Fig. 13), consistent with the EELS result.
The conductivity gap Eg, is smaller than the binding en-

ergy of the local singlet Eb(N) by the binding energy of
the discrete state in the (N 1)-elec—tron state, Eb(N 1). —
The gap mainly corresponds to charge fluctuation of the
p-p type, d L+d9L ~ds+d9L2, with considerable mix-
ture of Cu d character into the oxygen p states. As de-
scribed in Sec. IV A, the predominance of the p character
in the states forming the band gap, particularly in the
affinity level, is evident from the characters of the extra
hole and electron although there is some complication
arising from the multiplet splitting of the d L
configuration. The "p-p" character of the band gap

(a) edge-sharing CuO, units

numerical (d +d gL

Q )(2 y2

numerical (d +d L+d' L )

—10
I

—5 0 5
relative energy (eV)

10
(b) corner-sharing CuO, units

FIG. 12. (a) Edge-sharing Cu04 units. (b) Corner-sharing
Cu04 units.

FIG. 11. Formation of a split-o8 state in the ground state of
NaCu02. From the Anderson-impurity model neglecting the

H' y2d' L configurations, 5=2f ~a ~2de{~ V{e)~ )/{(i—b, —e),
P

where b is the charge-transfer energy from d to d L and 5 is
the relative energy from the center of d L. If the shape of the
ligand band is assumed to be a semiellipsoid, this equation is
analytically solved as shown on the top panel. Line (a) is the
left-hand side of the above equation and curve (b) is the right-
hand side of it. Numerical results are shown in the middle
(neglecting the d' L configuration) and at the bottom (includ-
ing the d' L configuration) by replacing the continuum band
states by a set of 20 discrete states. The parameters used for the
calculations are: h,s= —2.0 eV, T=2.6 eV {T:f ~

V{s)~ de), —
U =7.0 eV, and the ligand bandwidth 8'P =3.0 eV.
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(N+1)—electron N —electron
10

(N —1)-electron

d''L'

g 1QL

Q)

4

Q)

2-

d
0

Eg p=E,+Kg

FIG. 13. Energy levels for the (N —1)-, N-, and (N+1)-
electron systems calculated using the simplified Anderson-
impurity model. In the ¹lectron system (rniddle), a d9L-like
discrete state is split o8'from the bottom of the continuum. The
continuum ligand band is replaced by 15 discrete states. The
parameters used for the calculation are: h,z= —2.0 eV, T=2.6
eV, U=7.0eV, and W~=3.0eV.

would be emphasized if we turn off both the p-1 hybridi-
zation and the multiplet splitting. Hence, as shown in
Fig. 14, the lowest affinity level corresponds to the unoc-
cupied ligand 2p state hybridized with the tI 2 2 state

and the lowest ionization level corresponds to the occu-
pied ligand 2p state heavily hybridized with the d

dn+2L

n+1
~ ~ a~~

1P

n+1 2
—] strongly

dnL J hybridized j

n-1

FIG. 14. Schematic representation of the single-particle spec-
tral density for a negative-h, insulator. The shaded and open
areas represent the Cu-3d- and ligand-p-derived density of
states, respectively. The dashed curves indicate the opening of a
"p-p"-type band gap as described in the text.

state. The origin of the gap is the strong hybridization
between the ligand 2p states and localized 3d states in the
ground state, or the gap is opened due to the stabilization
of the local singlet, i.e., the lowering of the ground-state
energy Eo(N) through the strong hybridization between
the d I. and d configurations.

In the periodic lattice, the band gap is smaller than
that predicted using the impurity model by the disper-
sional widths of the occupied [(N —1)-electron or extra-
hole] and unoccupied [(N+ 1 }-electron or extra-electron]
states. However, both widths are expected to be small for
NaCu02 because of the small overlap between the edge-
sharing CuOs units, and the band gap will remain large
even in the periodic lattice. For LaCuOs, on the other
hand, the band gap will be significantly reduced from the
impurity value through the large dispersional width of
the (N 1)-ele—ctron and (N+1}-electron states due to
the corner-sharing geometry. In the single-band effective
Hamiltonian obtained by Zhang and Rice, which has
been proposed to describe the extra holes doped into the
Cu + 02 plane as local singlets, a Cu + compound neces-
sarily becomes an insulator since the band is thus empty.
In actual Cu + compounds, however, there exists a 3zz r-
symmetry band as well as oxygen 2p-like bands with oth-
er symmetries with which the x -y symmetry band may
overlap. Therefore, the above conditions for the forma-
tion of localized local singlets in the periodic lattice have
to be satisfied for Cu + compounds to be insulating.

To summarize the above discussions, the band gap
opens when the local (intracluster) p-d hybridization is
strong and the extended (intercluster) hybridization is
weak. That is, the magnitude of the band gap is sensi-
tively dependent on the geometrical arrangement of the
metal-oxygen local units. Now that the band gap of Na-
CuOz is largely due to the p-d hybridization in the
ground state, it is interesting to ask whether the band gap
is correctly predicted by conventional band-structure cal-
culations. A recent band-structure calculation using the
local-density approximation (LDA) by Karlsson, Gun-
narsson, and Jepsen has yielded a band gap of -0.8 eV,
comparable to our result. According to another LDA
band-structure calculation by Czyzyk, too, a band gap
of -1 eV has been obtained. Nevertheless, our cluster-
model analysis shows that not only the one-electron
band-structure effect but also the electron-correlation
effect, i.e., the local-singlet nature of the ground state, is
important in lowering the energy of the insulating ground
state of NaCu02. This view is somewhat different from
the recent suggestion by Sarma et al. that Hartree-
Fock calculations can predict the metallic versus insulat-
ing behaviors of negative-5 compounds within the one-
electron picture, although both approaches give qualita-
tively similar conditions for the band gaps to open in the
negative-6 region.

The band gap estimated here is larger than the energy
difference between the 'A

&
ground state and the lowest

B,s state of the ¹lectron system, -0.4—0.6 eV (Fig.
8). This means that a spin-flip localized excitation from
the ' A,g to B,g state may be observed by inelastic neu-
tron scattering.

Here, we would like to make an additional remark on
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the appearance of the split-oif state in the (N+1)-, N
and (N 1—)-electron systems as predicted by the impurity
calculations (Fig. 13). If the bottom of the Cu 4s or Na 3s
conduction band is located above the d state in the
(N+1)-electron system, the result indicates that the
Cu ++ Cu + and Cu +~Cu + ionization or afBnity lev-
els are located within the band gap formed between the
Cu 4s or Na 3s conduction band and the 0 2p valence
band. Since the split-off ground states of the (N+ 1), N-,
and (N 1)-e—lectron systems have mainly d, d L, and
d L characters, respectively, the successive ionization of
the Cu ion is accompanied by ligand-to-3d charge-
transfer screening with only minor decrease in the net Cu
3d charge. The same mechanism has been proposed by
Haldane and Anderson to explain the appearance of
multiple charge states for transition-metal impurities in
semiconductors, based on their unrestricted Hartree-
Fock calculations.

C. Other high-valence oxides

As for Fe + oxides (6-0 eV, h,z- —3 eV), it has been
reported that SrFe03 is metallic and CaFeO& is semicon-
ducting. The cubic-perovskite-type SrFe03 has 180'
Fe-0-Fe bonds, whereas CaFe03 is distorted from the cu-
bic perovskite structure with the Fe-0-Fe bond angles re-
duced to -150'-160'. It is possible that the band gap
opens for CaFe03 in a similar way as for NaCu02, al-

though its magnitude may be rather small. It is interest-
ing to note that from a Mossbauer spectroscopic study,
CaFe03 is proposed to undergo a transition to a charge-
density-wave state involving a charge disproportionation,
2Fe + —+Fe + +Fe +. If CaFe03 belongs to the
negative-b, (negative-b, ,z) regime, this charge dispropor-
tionation corresponds to charge Quctuation of the type
d L+d L~d +d L, which determines the magnitude
of the band gaps of the Fe + compounds. The magnitude
is so small that a small lattice distortion can make the en-

ergy of the d +d L state lower than that of the
d L+d L state.

The above argument can also be applied to the elec-
tronic structure of Ni + compounds, namely, insulating
LiNi02, ' and metallic LaNi03. The 5 of Ni + oxides is
estimated to be -4 eV (Refs. 2,43) and therefore the 5 of
Ni + oxides is expected to be in the range 0-1 eV. In
this case, d and d L are nearly degenerate and are
strongly hybridized with each other, leading to the for-
mation of a split-off state in the ground state. The split-
off' state will still be localized and the gap persists in
LiNi02 which has the NaC1 structure with alternating Ni
and Li (111)layers and therefore has 90' Ni-0-Ni bonds.
The split-off state will be delocalized or the gap will col-
lapse in the perovskite-structure LaNi03, where the angle
of the Ni-0-Ni bond is close to 180 . More strongly dis-
torted Ni perovskites such as PrNi03 and NdNi03
indeed show insulating gaps. The opening of relatively
large band gaps for small, positive 5 has been discussed
by Sarma in terms of strong covalency in the ground
state and these compounds have been termed "covalent
insulators. "

D. Modification of the Zaanen-Sawatxky-Allen diagram

In the ground state of a negative-6 insulator, the insu-
lating state is stabilized by the formation of a chemical
bond between the d"+' con6guration and a ligand hole
within the local cluster, in a way analogous to the forma-
tion of a Heitler-London state between orbitals of neigh-
boring atoms. In this sense, the negative-5 insulator may
be called a "valence-bond insulator, "particularly for Na-
Cu02, whose ground state is a collection of local singlets.
Such insulators are contrasted with the basically ionic
Mott-Hubbard and charge-transfer insulators.

In order to obtain a more general picture of the forma-
tion of band gaps for negative b„we have studied the
magnitude of the band gaps by using the Anderson-
impurity model for various sets of h, l, U,ff,
'1[—= —~3(@do ) ], and Wz values. In the Mott-Hubbard
regime, the magnitude of Eg p

is proportional to the d-d
Coulomb interaction U,N, in the charge-transfer regime,
it is proportional to the charge-transfer energy h,z. In
the negative-b, regime, as the ligand bandwidth W de-
creases or the effective transfer integral T increases, the
band gap tends to increase. In this region, the magnitude
of the band gap is proportional neither to 5,& nor to U,ff

but sensitively depends on the hybridization strength. In
order to show the dependence of the band gap on the
model parameters, we plot in Fig. 15 sets of U,z and h, ff

values which give Eg,p =0.4 eV in the A,~U,z plane. %'e

may regard the Eg p
0 4 eV line as the "metal-

insulator" phase boundary, since the band gap in the
periodic lattice will close for a 6nite Egzp because of the
dispersional widths of the (N+1)- and (N 1)-electron—
systems. Then the right-hand side of the line (E, )0.4

/
/

.0.'
0
0
0
0
0
0

gy 4-

d-type metal

0

4,„(ev)

FIG. 15. Modi6ed Zaanen-Sawatzky-Allen diagram. The
curves show the "metal-insulator" phase boundaries on which

the band gap E~,„ in the impurity-model calculation is equal to
0.4eV. The ligand bandwidth W and T (T~:f ~

V(e)~ de) are-
varied as shown in the Sgure. The right-hand side of the curve
is the "insulating" {E~)0.4 eV) phase and the left-hand side of
the line is the "metallic" {E~(0.4 eV) phase. As 8' becomes
smaller or T becomes larger, the phase boundary shifts into the
negative-h, I region. The d configuration is implicitly assumed
for the ground state.
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eV) represents the insulating region and the left-hand side
of the line (Es,z (0.4 eV) the metallic region. As W be-
comes smaller or T becomes larger, the insulating regime
is extended into the negative-h, z region.

In a periodic lattice, d orbitals at neighboring
transition-metal atoms share intervening oxygen p orbit-
als, which will effectively decrease the 3d-ligand hybridi-
zation T. Also, the dispersional widths of the (X—1)-
and (N+1)-electron states will effectively increase the
ligand bandwidth 8~. Therefore, the effect of the inter-
cluster hybridization may be approximately taken into
account through a decrease in T and/or an increase in

Consequently, the intercluster hybridization will
shift the metal-insulator boundary to larger 6,&, reducing
the insulating regime. The intracluster hybridization
represented by the increase in T, on the other hand, will
shift the boundary to smaller b,,(r and extend the insulat-
ing regime. The critical Eg p

value is actually dependent
on the model parameters in a complicated way, since the
dispersional widths giving the critical E, value will be
afFected by both the intracluster and intercluster hybridi-
zation. In order to obtain more realistic phase boun-
daries, the dependence of the critical E, value on the
model parameter has to be taken into account. When the
width of the ligand band W is much larger than the
effective transfer integral T (for example, W~=4. 0 eV
and T= 1.73 eV), the phase boundaries lie in the
positive-h, s region and become close to those originally
proposed by ZSA.

VI. CONCLUSION

It is found that the E,N of NaCu02 is ——2 eV, and the
d I. configuration is dominant in the ground state. The
magnitude of the "p-p" band gap is related neither to U
nor to 6 in a direct way and is sensitive to the relative
strengths of the intracluster and intercluster hybridiza-
tion. In order to fully understand the insulating versus
metallic behavior of NaCu02 and LaCu03, as well as
those of other high-valence transition-metal compounds,
the translational symmetry of the 3d states as well as
their correlated electronic states must be somehow taken
into account more appropriately beyond the impurity
limit.
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