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The electronic structure of Li, Ni,_,O has been investigated using x-ray photoemission spectroscopy
(XPS), bremsstrahlung isochromat spectroscopy (BIS), and model-Hamiltonian cluster calculations. The
measurements support the conclusion that the Li-doped holes have mainly oxygen character. The unoc-
cupied electronic structure as probed with BIS shows broad structures growing in the gap. By compar-
ing the XPS valence band to the results of the cluster calculations, we determine values for the Racah 4
parameter (=6.6 eV), charge transfer A (=6.2 eV), and hybridization transfer integral (pdo) (=1.3 eV).
The first ionization state in the NiO valence-band cluster calculation is of E, symmetry, a state in which
the doped hole is antiferromagnetically coupled to the Ni spins. Hole-doped cluster calculations explain,
because of a different fractional parentage upon annihilating a Ni 3d or an O 2p hole, the difference be-
tween the O 1s XAS results and the BIS results of heavily Li-doped NiO.

INTRODUCTION

The electronic structure of the late-transition-metal
monoxides has been a controversial subject for 40 years
in which NiO has especially obtained a lot of attention
because it is regarded as the prototype Mott-Hubbard! ~*
system. Since the discovery of the high-T, superconduc-
tors,> the interest in the late-transition-metal oxides, and
especially the behavior on doping with holes, has been
renewed. In the past, a wide range of doped late-
transition-metal monoxide systems has been investigat-
ed.® Based on magnetic measurements’ the charge com-
pensating states in Li,Ni;_,O were assumed to be of
Ni3* character, present in a low spin d’ configuration.
In a Mott-Hubbard system the strong d-d Coulomb in-
teraction suppresses charge fluctuations like d/'d/'—
dl'"'d] "', A gap is opened with states of mainly 3d
character on both sides of the gap. Substitutions of Li!*
for Ni*T in NiO lead, in the Mott-Hubbard picture, to
Ni** as the charge compensating state. These strong d-d
Coulomb interactions are also the main reason for the
breakdown of the one-electron picture.?

By using a configuration-interaction cluster model,
Fujimori and Minami® showed that the first ionization
state of NiO is of mainly d®L character (where L denotes
an oxygen hole), resulting in a ligand 2p to metal 3d gap.
In this cluster calculation the mainly d’-like states are at
higher binding energy and constitute the satellite. Evi-
dence for this is found in resonant photoemission experi-
ments'® where NiO shows strong resonances at higher
binding energy.

This first ionization state of mainly d®L character is of
great importance for the character of the charge compen-
sation states in Li Ni;_, O and suggests that this charge
compensating state has mainly oxygen character. In an
O 1s x-ray-absorption-spectroscopy (XAS) study Kuiper
et al.'! showed that the charge compensating holes for
Li,Ni;_,O are primarily on the oxygen and localized
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around the Li impurity making it a semiconductor.
Based on an analysis of various spectroscopies, they!!
also found a Ni-O antiferromagnetic exchange interac-
tion two orders of magnitude larger than the superex-
change interaction. The antiferromagnetic coupling of
the oxygen hole spin with the Ni spin results in a static
moment which looks like low spin Ni** (§ =1). This an-
tiferromagnetic coupling can in this way also explain the
magnetic data.’

In this paper we present experimental [x-ray photo-
emission spectroscopy (XPS) and bremsstrahlung iso-
chromat spectroscopy (BIS)] data on the Li, Ni;_, O sys-
tem. These measurements support the conclusion that
the extra hole has substantial oxygen character. By using
model-Hamiltonian cluster calculations we will repro-
duce the NiO valence band and we find that the first ion-
ization state is of ZEg symmetry. The extra hole in the
first ionization state is also antiferromagnetically cou-
pled. The unoccupied states as measured by BIS are
found to be quite different from the O 1s XAS results. In
contrast to a sharp impurity state in the gap as suggested
by O 1s XAS we observe a broad band of states extending
from about 0.5 eV above the top of the valence band all
the way to the bottom of the d° conduction band of NiO.
By using hole-doped cluster calculations this is explained
as being a different fractional parentage in the electron
addition spectral weight upon annihilating a Ni 3d hole
as compared to an O 2p hole.

SAMPLE PREPARATION AND
EXPERIMENTAL DETAILS

The Li,Ni, _,O system is a room-temperature (RT)
stable phase with possible Li substitution up to LiNiO,
(Ref. 7) and beyond.'? NiO has the NaCl structure'?
which is slightly distorted below the Néel point at
Ty=523 K. Upon Li substitution it remains up to
x ~0.25 in the NaCl structure; above this we have an or-
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dering of the Li and Ni ions in (111) cation layers. In
LiNiO, the cation layers are alternately occupied giving
an enlarged Li-O distance, a shortened Ni-O distance,’
and the structure becomes hexagonal. The volume of the
prim7itive cell decreases linearly with increasing Li con-
tent.

The Li,Ni,_,O samples are prepared by grinding to-
gether the proper proportions of Li,CO; and NiO. The
powders are mixed and pelletized and then heated at
950 °C for more than 24 hours under a flow of dry oxy-
gen. The x-ray diffraction data showed a homogeneous
material but the method is not sensitive to the presence of
unreacted Li,O. The amount of Li put in is consistent
with the lattice parameter variation as a function of the
Li concentration,’ except for x =0.4, where the x-ray
data gave x =0.38 indicating some unreacted Li,O or Li
volatization.

The XPS and BIS measurements were performed using
a modified Kratos 200 spectrometer, with a background
pressure in the low 10 *-mbar range. The XPS source
was the unmonochromatized Al K « line (1486.6 eV). For
BIS we use an Al Ka (1486.6 eV) monochromator for
photon detection and a home built type of Pierce electron
gun, capable of giving electron currents of approximately
200 pA. The instrumental broadening is estimated to be
1.2 eV for XPS and 0.8 eV for BIS.

The higher-resolution XPS measurements on the 1%
Li-doped NiO were performed using a commercially
available X-Probe 300 spectrometer from Surface Science
Instruments. The x-ray source is a monochromatized Al
Ka (1486.6 eV) line. The background pressure is in the
low 107 %-mbar range and the used experimental resolu-
tion is 0.9 eV.

All the ceramics reported here were glued to the sam-
ple holder with Ag epoxy glue and scraped ir situ with a
diamond file. To prevent the glue from degassing because
of electrons heating the sample during the BIS measure-
ments (150-300-mW heat load) we actually cooled down
the sample holder to, for instance, —100°C. Although
BIS measurements can be severely plagued by charging
effects we encountered no charging effects except for the
stoichiometric NiO sample, where BIS measurements
were not possible. The necessary statistics in the BIS ex-
periments were achieved by adding different scans with
scraping in between. All the samples used for BIS mea-
surements reported here were checked by XPS measure-
ments before and after the BIS measurements.

EXPERIMENTAL RESULTS AND DISCUSSION

We start by comparing in Fig. 1 the O 1s core line of
Li,Ni,_,O with x =0.2 before and after the BIS mea-
surements. We observe a peculiar effect in Fig. 1. The
530-eV high binding energy satellite of the O 1s core line
which is mostly explained by assuming the presence of
absorbed water, hydroxide, or defect structure at the sur-
face actually decreases during the BIS measurements. By
comparing the intensities of the O 1s and the Ni 2p;,,
core lines before and after BIS we find a decrease and not
a shift of oxygen intensity toward the main line. To ex-
plain this we have to recall the way in which the ceramics
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FIG. 1. Oxygen ls core spectra of 20% Li-doped NiO before
(dashed line) and after (solid line) the BIS experiment. The en-
ergy zero is the top of the valence band.

were made. The samples were, after heating, slowly
cooled down to RT in an O, atmosphere. Defect struc-
tures of 0,2~ will probably form at the surfaces of the
grain boundaries as is shown in a study on the defect
structure of a NiO single crystal.'* In this study they
created, through preferential sputtering, oxygen vacan-
cies, and they studied the O 1s core line after oxygen ex-
posure. A shoulder at high binding energy emerges, after
high oxygen exposure, which they ascribe to O,>~ at the
oxygen vacancy. During electron bombardment in the
BIS experiments this may break up, leaving O>~ at the
oxygen vacancy, or even restoration of the local surface
geometry. A short BIS measurement of only ten minutes
was enough to get the intensity down; during the first ten
minutes of measurements the pressure also went up.
Scraping results in new fresh grain boundaries at the sur-
face which again showed the same O ls spectra before
and after the BIS measurements.

In Fig. 2 we show the O 1s XPS core lines after the BIS
measurements. There is still some intensity left at the
high binding energy satellite which must be due to some
absorbed water, hydroxide, or defect structure at the
grain boundaries. Most important, however, is that we
see no correlation between Li substitution and the inten-
sity at the high binding energy satellite. The position of
the O 1s core lines as compared to the top of the valence
band changes from 528.4 eV in NiO to 528.0 eV for
x =0.4 (see Table I).

The Ni 2p;,, core line spectra as a function of the Li
content are shown in Fig. 3. They consist of a main line
at 854 eV and a satellite at 860 eV (labeled C). The NiO
shows a double peaked main line (labeled 4 and B), and
is comparable to the data of Hiifner and Wertheim.'® In
the doped spectra we observe a narrowing of the main
line and a loss of the double peaked structure. The satel-
lite (C) exhibits, upon doping, a moderate decrease in in-
tensity. The position of the onset of the Ni 2p;,, core
spectrum as measured halfway compared with the top of
the valence band does not change with Li doping.
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FIG. 2. Oxygen ls core spectra of Li,Ni,_,O; the value of x
is indicated in the figure. The energy zero is the top of the
valence band.

The large satellite structure in the Ni 2p; ,, core line of
NiO has also been observed in the Ni dihalides'® and Cu
dihalides!” and has been explained by use of cluster or
impurity approximation model Hamiltonian calculations.
In a simple approach the ground state of NiO is of the
form

Y, =ald®)+Bld°L)+yld'°L?) , M

where L stands for an O 2p hole. The ground state of
Ni** in NiO is *4,, (O, symmetry) with two minority

TABLE 1. O 1s core line binding energy positions of
Li,Ni,_,O. The energy reference is the top of the valence
band. Except for NiO this is also the position of the Fermi lev-
el. In NiO the Fermi level is 1.2 eV in the gap, and the corre-
sponding binding energy as compared to the Fermi level is 529.6
eV.

Composition Energy (eV)
x =0 528.4
x =0.02 528.2
x =0.05 528.1
x =0.1 528.1
x =0.15 528.1
x =0.2 528.0
x =03 528.0
x =04 528.0

J. van ELP, H. ESKES, P. KUIPER, AND G. A. SAWATZKY 45

| L AL AN N S S S S BN S S S S e

N1 2p3/2

Intensity

) U ST S S S S S S S 1

éﬁd BSd
Binding energy (eV)
FIG. 3. The Ni 2p;,, core spectra of Li,Ni,_, O; the value of

x is indicated in the figure. The labels A4, B, and C are discussed
in the text. The energy zero is the top of the valence band.

spin e, holes. In the final states we have a Coulomb in-
teraction Q between the created core hole (¢) and the Ni
3d orbitals. The ¢d’L and ¢d'°L? are lowered by Q and
2Q as compared to cd 8 this can result in a different or-
dering of the final-state levels, which is the reason for the
strong satellite structure. In Fig. 4 we show the energy
levels involved and the changes upon introducing the
XPS core hole.

Taking into consideration the O 1s XAS evidence for
oxygen holes upon Li doping as the charge compensating
states, one is tempted to expect satellite structure for
Li,Ni, _,O with high Li doping present at the O 1s core
line. A cluster calculation by Eskes and Sawatzky'® using

d'0L2 28+U ----re
> 2Q
o
(& d’L A R
2 Q
w d® 0 g1o2 cd®
—b— cd®L
GS XPS

FIG. 4. Energy-level diagram of the ground state of NiO and
the final states reached in the Ni 2p core line XPS experiment.
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a doped Cu,O; cluster shows that very-low-intensity high
binding energy satellites spread out over a wide energy
range are present. We therefore expect to see even with
O 2p holes present only one sharp O 1s core line.

The valence band of NiO and Li,Ni;_,O for x =0.4
are shown in Fig. 5. In the Li,Ni;_,O samples we find
for x 20.02 the Fermi level pinned at the top of the
valence band. In NiO the Fermi level is 1.2 eV above the
valence-band top and in Fig. 5 the spectrum is shifted
over this energy to be able to compare it with the heavily
doped one. We corrected the spectra for the x-ray Al
K aj; 4 satellites and carried out a background correction
for inelastically scattered electrons. We assume that the
background is proportional to the integrated intensity up
to the top of the valence band. After this we normalized
the two spectra to the O 2s core line intensity at 21-eV
binding energy. Upon Li doping we find that there is an
intensity decrease over the entire 10-eV spectral range,
but with relatively little change in shape. The intensity
decrease is expected because we have less Ni as compared
to O. The XPS valence-band spectrum of NiO shows less
structure at ~1 eV as compared to the XPS data of
Hiifner and Wertheim!® or the UPS data of Oh et al.'°,
in which a 150-eV photon energy is used. In both, there
is a shoulder at 2 eV which is not resolved in our data. In
a high-resolution (0.9 eV) XPS measurement on a 1% Li-
doped NiO we also find the shoulder at 2-eV binding en-
ergy (see Fig. 10 below).

The valence- and conduction-band spectral weight is
almost completely determined by Ni 3d states. The
cross-section ratio between Ni 3d and O 2p is ~25, so
we see the Ni 3d states spread out over 10 eV because of
the strong correlation effects. In the NiO XPS valence
band a Coulomb interaction (U) between 3d holes raises
the d” final state, which results in a different ordering and
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FIG. 5. The XPS valence-band spectra of NiO (solid line)
and 40% Li-doped NiO (dashed line). The energy zero is the
top of the valence band.
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a spread of 3d spectral weight over 10 eV. In the cluster
calculation below we will reproduce the XPS valence
band of NiO and compare it with the high-resolution
data of the 1% Li-doped NiO. The general conclusion
we can draw from the XPS spectra is that upon Li substi-
tution the local Ni electronic structure as probed by XPS
is not much altered.

The BIS spectra shown in Fig. 6 however show a
dramatic change upon Li substitution. The 2% Li-doped
NiO shows a single d° peak with a small tail entering the
gap. The spectrum is, except for the tail, the same as that
published by Sawatzky and Allen,* who also found a gap
of ~4 eV and the maximum intensity of the d° state at
5.0 eV from the top of the valence band. Because we can-
not determine the gap with an accuracy better than 0.3
eV, we have aligned the doped spectra at the d°-like state
at 5.0 eV from the top of the valence band.

We see the Li induced impurity states growing in the
gap extending from the foot of the d° peak at about 1 eV
above the top of the valence band for x =0.1. Atx =0.4
we find a sharp threshold in the BIS and only a small gap
is left (~0.5 eV). The threshold is slowly moving to
lower energy in going from x =0.15 to 0.4, thus increas-
ing the distance between the edge of the Li induced states
and the d°(L)-like state. At the same time there is a
strong decrease in the spectral weight at 5.0 eV corre-
sponding to the upper Hubbard band. Extrapolating to

Intensity

Energy

(ev)

FIG. 6. The conduction-band spectra of Li,Ni,_,O; the
value of x is indicated in the figure. The spectra are aligned on
the d° conduction band peak of NiO at 5 eV. The energy zero is
the top of the valence band.
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LiNiO, we would expect that LiNiO, has little d°L spec-
tral weight left at 5.0 eV.

We can compare the BIS spectra with the O 1s XAS
spectra published by Kuiper et al.!! and shown in Fig. 7.
In the O 1s XAS experiment the empty O 2p states are
probed directly and the Ni 3d structure is seen because of
the ground-state hybridization between Ni and O. The
intensity of the Li induced states in the gap in the O 1s
XAS experiment is much stronger than that found in the
BIS experiment. This supports very strongly the con-
clusion already reached by Kuiper et al.!! that the holes
compensating the Li doping in Li,Ni,_,O are of pri-
marily O 2p character.

We analyzed the intensity in the BIS spectra and we
show in Fig. 8 the difference spectra of Li,Ni;_, O for
x >0.02 as compared to x =0.02. We have assumed that
the intensity increase of the Li induced impurity states is
equal to the intensity loss of the d°-like state, so the area
between —1 and 7.1 eV is taken to be constant. By cal-
culating the area under the Li induced impurity states we
find that the growth of the intensity of the Li impurity
states is linear with the Li content. This linear increase
of the impurity states upon doping is also found in the O
1s XAS results.!! The difference spectra show even for
low Li doping a broad structure growing in the gap. For
x =0.05 the growth of the induced impurity states is

v ————
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FIG. 7. The oxygen ls absorption spectra of Li,Ni,_,O as
published by Kuiper et al.!! The value of x is indicated in the
figure. The intensity increase at 533.5-eV photon energy for
x =0.4 and 0.5 is a result of unreacted Li,O present in the sam-
ples.
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spread over 2 eV. These broad structures are also seen
with increasing Sr doping in the conduction band of
La,_,Sr,NiO,,**?! where the gap is eventually closed
upon high doping and conductivity measurements show
metallic behavior.?>?* The Li,Ni;_,O system shows
semiconducting behavior up to high Li substitution. This
is explained by Kuiper et al.!! by the influence of the Li
impurity potential, localizing the introduced O 2p holes
even up to high-Li-doping concentrations.

OXYGEN HOLE SYMMETRY CALCULATIONS

As suggested by Kuiper et al.!! it is possible that the
extra hole is actually localized around the Li impurity.
The Li!" in the lattice can be written as (Li*T)! ™, and
the Li impurity therefore has, relative to the lattice, an
attractive potential for holes. If the hole around the Li is
delocalized over four to six oxygen neighbors the symme-
try and energetics of such a localized hole can be investi-
gated if we consider a (Li)Og cluster in O, symmetry.
The Og cluster has a total of 18 p, ; orbitals (with p, be-
ing p,, p,, or p, and i the position in the cluster i €[1,6]).
These 18 O 2p,; orbitals are split in the following O,
symmetry orbital combinations: one A4,,, two Eg, three
T,,, three T,,, three T,,, and six T, orbitals. The ener-
gies of these oxygen hole symmetries are determined by
the nearest-neighbor oxygen interactions as written in
terms of Slater-Koster’® two-center transfer integrals
(ppo) and (ppm). The energies of these different sym-

xm= 0.4
{\/
m

x=0.15

W

0 ]
Energy (eV)

Intensity

FIG. 8. The change of unoccupied electronic structure upon
Li doping of NiO. The reference spectrum is the 2% Li-doped
NiO, and the difference spectra of Li,Ni,_,O are shown for
x =0.05 to 0.4. The energy zero is the top of the valence band.
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TABLE II. Oxygen hole symmetry calculations on O, symmetry using an O, cluster.

Symmetry Energy ((ppo),(pp)) Energy (eV)
Ay, —2(ppo)+2ppm) 1.40
E, (ppo)—(ppm) —0.70
Ty (ppo)—(ppm) —0.70
T, —(ppo)+(ppm) 0.70
T,, —2ppm) —0.30
Ty, (ppm)+V [(ppm)+2(ppa)+(ppm))?] 0.73
Ty, (ppm)—V [(pp7 ) +2((ppo) +(pp7) )] —0.43

metries are given in Table II. The lowest energy for a
hole is found by taking (ppo) <0, (pp7) >0, and (pp7)=
~—0.3(ppo) which is a relation also found in tight-
binding calculations of transition-metal oxides.” The
lowest-energy states are of E, and T, symmetry con-
trary to the A, symmetry suggested by Kuiper et al.''.
The Li impurity potential will split these symmetries fur-
ther, because the Eg symmetry consists of a combination
of o-bonding orbitals with lobes pointing toward the Li
impurity in contrast to the 7-bonding orbital combina-
tions of 7', symmetry. The attractive Li impurity poten-
tial will lower the E; symmetry orbitals.

We can compare the results of the calculation with one
hole in the Og4 cluster with the results of a fcc oxygen lat-
tice linear combination of atomic orbitals tight-binding
calculation. In this calculation also only the nearest-
neighbor oxygen interaction transfer integrals (ppo) and
(pp) are used. Every k point can be projected onto or-
bital combinations belonging to the different symmetries
of O, found in the cluster calculation. The density of
states for a hole in every symmetry can be found. The re-
sults are shown in Fig. 9 for (ppo)=—0.55 eV and
(ppm)=0.15 eV. These values of (ppo) and (pp ) result
in a total oxygen bandwidth of ~4 eV, a value which is
observed in the late-transition-metal oxides.?® In Fig. 9
we also indicated the energy positions of the cluster cal-
culation as vertical solid lines.

The E, symmetry oxygen holes have the same symme-
try as the 3d orbitals dxz—yz and d322—r2' In systems in

which we have one hole in the double degenerate
transition-metal 3d e, symmetry orbitals, for instance,
Cu?*, this leads to a Jahn-Teller distortion and a splitting
of the degeneracy. It is however not clear if such a split-
ting and lattice distortion for two E, symmetry oxygen
hole combinations actually occurs. In these calculations
we assumed that the hole is delocalized on four to six ox-
ygens. Hartree-Fock molecular cluster calculations?”-?8
however suggest that a hole around a Li impurity is local-
ized on one neighboring oxygen, leading to a local sym-
metry of C,, and an electric dipole. Evidence that the Li
impurity in NiO has an electric dipole moment also
comes from dielectric loss measurements.%?°

MODEL HAMILTONIAN CLUSTER CALCULATIONS

To determine values for the various interactions dis-
cussed above and to investigate the doping behavior

theoretically we compare the experimental spectra to the
results of cluster calculations. The aim of the cluster cal-
culation is to obtain (a) the Ni 3d electron removal spec-
tral weight, to be compared with the Ni valence-band
XPS, (b) the character (symmetry, spin, and orbital com-
position) of the first ionization state of NiO, and (c) the
electron addition spectral weight of hole-doped NiO.
The model calculations use a NiOg cluster in octahedral
symmetry. The model Hamiltonian is given by

H=H,+H,, 2)
Hy=3E (m)d}d,+3E,(mp}p,

+3T,y(m)d)p,, +phd,) (3)
m
Total
Ayg
T~
Tag
3
(=)
[=8 T1u
[3Y]
o

Energy (eVv)

FIG. 9. The oxygen 2p dos in a tight binding calculation of a
fcc oxygen lattice. The negative energy indicates the lowest en-
ergy of the oxygen hole. The oxygen 2p dos is projected on
different O, symmetries. The vertical bars indicate the energy
positions of these O;, symmetries in an Og¢ cluster calculation.



1618 J. van ELP, H. ESKES, P. KUIPER, AND G. A. SAWATZKY 45

H= 3 U(mm',nn')dd,dd, . @)
m,m’',n,n’

’

The indices m, m’, n, and n’ denote orbital and spin
quantum numbers. We include all the Ni 34 orbitals, but
only the oxygen orbital combinations which can hybri-
dize with the Ni 3d orbitals. As a “vacuum” for NiO we
take the Ni** (d®) Hund’s-rule ground state (* 4 2 in Oy
symmetry with two e, holes) and a closed oxygen 2p
shell. The operator d,, creates a Ni 3d hole with energy
E,(m). We have included a point charge crystal field
splitting (10Dgq), which splits the 3d orbital energies in a
double degenerate e, level at E;(e,)=E;—6Dq and a tri-
ple degenerate 1,, level at E,(t,,)=E,+4Dq. The value
used in NiO for 10Dgq (10Dg =0.7 eV) is equal to a value
found in an impurity calculation®® of the optical spec-
trum of NiO and is consistent with the experimental data.

The operator P:L creates an O 2p hole with energy
E,(m). The ligand hole wave functions consist of linear
combinations of oxygen 2p orbitals with the appropriate
(d orbital) symmetries. As discussed above, the Slater-
Koster?* oxygen nearest-neighbor interactions (ppo ) and
(ppm) split the oxygen states into a double degenerate
state with e, symmetry at E,(e,)=E,+((ppo)—(ppm))
and a triple degenerate state with 7,, symmetry at
E,(ty,)=E,—((ppo)—(ppm)). The value of
(ppo)—(ppm) for NiO is governed by the width of the
oxygen band in NiO (~4 eV) and is consistent with
band-structure calculations and photon-dependent nor-
mal emission experiments on a single crystal of Ni0Q.2

The last term of H|, describes the one-particle hybridi-
zation between the Ni 3d states and the ligand orbitals.
T,, is the transfer integral for Ni3d -O 2p hybridization.
This is written in terms of Slater-Koster’* (pdo) and
(pd ) transfer integrals. We define A as the energy need-
ed in the ground state for removing an electron from the
O 2p occupied states to a Ni 3d empty state
(A :EP —Ed)

H | describes the two-particle 3d Coulomb and ex-
change interactions U. The calculation includes the d-d
Coulomb and exchange interactions using the full atomic
multiplet theory as specified in terms of the Racah A4, B,
and C parameters. For NiO the B and C parameters of
the unscreened atomic values of Ni** are taken as tabu-
lated by Griffith.?!

In this Hamiltonian we have neglected the Ni 4s,4p
levels and the empty O bands. These levels are assumed
to be at high energy so that their influence through hy-
bridization can be treated as a renormalization of the
effective parameters. We also neglect the O-O Coulomb
interaction. The many-body Hamiltonian is solved exact-
ly by means of a continued fraction expansion of the
Green’s function giving directly the electron removal or
addition spectra.

For the actual calculation of the NiO 3d removal spec-
tral weight we treat three parameters as free variables.
These are the charge-transfer energy A, the Racah A pa-
rameter responsible for the d-d Coulomb interaction and
the Ni-O transfer integral (pdo). The transfer integral
(pd ) is taken to be —0.45(pd o ).3? The parameters for
the NiO electron removal spectral weight are obtained

from the experimental data with the following criteria:
(a) the spectral weight must be spread over 10 eV, (b) the
intensity around 8-eV binding energy must be about 30%
of the intensity in the main line and the shoulder, and (c)
a gap of about 5 eV must exist, which is larger than the
experimental value to take the translational invariance
into account.

In Fig. 10 we show the fit and the high-resolution ex-
perimental data of 1% Li-doped NiO and in Table III we
list our parameters used. We have found no reasonable
parameter set which produces the correct intensity for
the shoulder at 2-eV binding energy (labeled B in Fig. 10)
and the spread in the high binding energy satellite (la-
beled C). So we reproduced the intensity difference be-
tween the main line (A4) and shoulder (B) as compared to
the satellite (C). The high binding energy satellite (C) is
more spread out in the experiment. This could be due to
lifetime effects or because these states hybridize with the
d’L? final states present at this position which are spread
out considerably because of the ligand hole band. In an
impurity calculation by Zaanen,® in which the O 2p
bandwidth is fully taken into account, the spectral weight
at this high binding energy (C) is spread out much
stronger. Photoemission from the O 2p orbitals is about
4% of the Ni 3d spectral weight; one can take this into
account by adding 4% O 2p spectral weight around 4+2
eV. Taking these considerations into account the fit is
reasonable. We find a calculated gap of 5.0 eV. The elec-
tron addition spectral weight is characterized by one
state of mainly d° character (97% d°) as expected and
one mainly d '°L final state at 4 +A.

In Fig. 11 we show the electron removal spectral
weight for changes in the parameter set. A smaller hy-
bridization ((pdo)=1.0 eV) reduces the spread in spec-
tral weight and increases the spectral weight at higher
binding energy. This indicates that we are in the charge-
transfer regime, because with a smaller hybridization
spectral weight will be transferred from the d "L states to
the d" ! states. increasing the Racah A parameter as
compared to A increases the intensity at higher binding
energy and also results in a small increase in spread of the
spectral weight. All three parameters determine the in-

TABLE III. The model parameter values used in the NiOg
cluster calculation. Energies are in eV.

Parameter Value
Racah A4 6.6
Racah B 0.13
Racah C 0.60
A 6.2
(pdo) 1.3
(pd) -0.6
(ppo) —0.55
(ppm) 0.15
10Dgq 0.7
U(“T,,) 6.7
UCE,) 10.0
Epp 5.0
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tensity slope and the spread in spectral weight. The gap
is mainly determined by A4 and A.

In Fig. 10 we also show the different final-state sym-
metries and their spectral weights. The 4Eg final state
can only be reached because of hybridization in the
ground state and its intensity is a result of the removal of
the charge-transferred ninth d electron of d°L. This final
state is of mainly d®L character because it cannot hybri-
dize with a d” final state. In Table IV we list the amount
of d7,d®L etc. present in the first ionization states.

The first ionization state is of 2Eg symmetry, a state in
which the extra hole has the 3d e, majority spin symme-
try, and the d®L component has the strongest contribu-
tion indicating that the extra hole has gone mainly on ox-
ygen (L). The second ionization state is the *T', high-
spin state. This first ionization state of ZEg character is
not found as the first ionization state in the cluster calcu-
lation of Fujimori and Minami.® They find a 4T1g sym-
metry state as the first ionization state and basically the
first states (*T',,, 2E,, and ’T),) in the same order as in a
ligand field interpretation.* The impurity calculation of
Zaanen® shows both 2E, and ‘T, spectral weights as
first ionization states. This is most likely a result of the
use of a smaller ionic contribution to the ligand field

—— T

expt.

theory

Intensity

s Al

| PR |
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Binding energy (eV)

FIG. 10. The XPS valence-band spectrum (top, experiment
of 1% Li-doped NiO compared to the electron removal spectral
weight of the cluster calculation (top, theory). The vertical bars
indicate the position and intensity of the final states. In the bot-
tom we show the electron removal spectral weight for the
different final-state symmetries CE,, *T,, *T),, and ‘E,). The
energy zero is the top of the valence band.
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TABLE IV. Occupation numbers of the ground state and
first two ionization states of NiO.

Ground state Ionization states

2Eg 4Tlg

d? 0.819 d’ 0.171 0.324
d°L 0.176 diL 0.659 0.583
d°L? 0.005 d°L? 0.164 0.091
d'°L? 0.006 0.002

splitting (10Dg =0.4 eV) and the use of a single O 2p den-
sity of states instead of different O, symmetry O 2p densi-
ty of states. The difference between the E, and T, sym-
metry projected density of states in the ligand band is
considerable as shown above. In our oxygen cluster cal-
culation this O 2p splitting results in ligand hole states
which are 2((ppo)—(ppw)) apart with the E, as the
lowest one. This has a large effect on the first ionization
state, because U ~A .

By using the same model Hamiltonian and the parame-
ters obtained by comparing the NiO valence-band spec-
trum to the 3d electron removal spectral weight we can
also calculate the energies of the d-d optical transitions
from the ground state of NiO. In Table V we compare
our calculated values with the experimental d-d optical

T — T T

(a)
A=6.6 eV
(pdo)=1.3 eV

e o

(b)
A=6.6 eV
(pde)=1.0 eV

. .|‘ .|.| | i d, ‘I

Intensity

(c)
A= 5.6 eV
(pdo)=1.3 eV

ST I

(@
A=7.6 eV
(pda)=1.3 eV

. |||l .A..lulll I
1l .

L I | |

15 10 5
Binding energy (eV)

FIG. 11. The effect of different parameters on the 3d electron
removal spectral weight. (a) The standard parameter set of
Table III. (b) pdo=1.0 eV instead of 1.3 eV. (c) and (d)
Change of the Racah A parameter. 4 =5.6 ¢V (c) and 4 =7.6
eV (d).
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TABLE V. Energy and symmetry of the calculated d-d opti-
cal forbidden absorptions in NiO using the parameters of Table
III. The values of the experimental absorption energies as mea-
sured by Newman and Chrenko? are also listed. Energies are
given in eV.

Energy position

Theory Experiment Symmetry
1.22 1.13 3T2g
1.68 1.75 'E,
1.98 1.95 T,
2.64 2.75 "4,
3.00 2.95 Ty,
3.37 3.25 3T,
3.49 3.52 'T,

absorption energies as measured by Newman and Chren-
ko.** The agreement is within 0.1 eV for all energy posi-
tions calculated which is quite good. The energy of the
first d-d optical transition (> 4,, —>T,,) has always been
identified as the ligand field splitting between 3d e, and
t,, orbitals. Its value is larger than the included point
charge crystal field splitting (10Dg). This is a result of
the different hybridization contributions to the 3A2g
ground state and the 3T2g excited state. This agreement
is a strong confirmation for the value taken for the point
charge crystal field splitting (10Dg =0.7 eV).

To determine in what region of the Zaanen, Sawatzky,
and Allen®® (ZSA) classification scheme NiO should be
placed we have to compare U with A. If we determine U
from the lowest free ion multiplets of d’, d? and d° we
find U(4Tlg)=A +B =6.7 eV. Compared with A=6.2
eV this would place NiO in the intermediate region of the
ZSA (Ref. 35) diagram. If however we have a critical
look at the character of the first ionization state (Table
IV) we find much more d®L character than d’ character.
The U determined above is the U belonging to the ioniza-
tion state of 4T1g symmetry, which is not the first ioniza-
tion state found. The U belonging to the first ionization
state has a value U(zEg )=10.0 eV, much larger than A.
So we would like to place NiO in the charge-transfer re-
gime of the ZSA phase diagram.®

In the Li Ni; _, O system the Li substitution can go up
to x =0.5 continuously, along with a continuous change
in electronic structure as shown above. It is therefore
useful to look at the results of a hole-doped NiO cluster
calculation. We use the same parameters as determined
for NiO and assumed that the parameters obtained are
still valid for LiNiO, with, however, three holes in the
ground state instead of two. As stated above we neglect
the oxygen 2p-2p Coulomb interactions, which might, be-
cause of the considerable amount of L? state present, not
be valid any more. Even more important is that we as-
sume that the extra doped hole in LiNiO, is localized
around the Ni instead of around a Li as is suggested by
Kuiper et al.,'! or localized on one oxygen around a
Li.?"?® The structure of LiNiO, is such that a hole in a
o-bonding oxygen near a Li automatically has a Ni on
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the other side. So a hole near a Li is, in LiNiO,, also near
a Ni. In the calculations, however, the L states are delo-
calized over four to six oxygen neighbors with appropri-
ate phase factors. If the hole is localized on one single
oxygen the phase coherence is lost. This leads to a lower
transfer integral. Instead of V3(pdo) we have
V'3/2(pd o) for the o-bonding oxygen hole and (pd7) in-
stead of 2(pd ) for the 7-bonding oxygen. The ground-
state occupation will change because of this different hy-
bridization. The energy positions of the electron addition
final states will not change much because they depend
most strongly on 10Dgq and the Racah B and C parame-
ters. The intensity however can change. The results of
the cluster calculation on the electronic structure of
LiNiO, can be compared with the experimental data for
x =0.4.

Using the parameters of NiO we find that in LiNiO,
the d®L level is below the d’ level which is a direct result
of U > A in NiO. So in defining a new A for LiNiO, one
would find that A is negative.

In the 3d electron addition spectral weight (see Fig. 12)
for the hole-doped 2Eg ground state we find the three
strongest final states spread out over 3 eV. These states
are of mainly d? character with 3A2g, lEg, and ' 4 1g Sym-
metry. The intensity of these three states is roughly ex-
pected to be equal because the ground state has
(e 1 )2(eg 1) holes (for a part on Ni or in the O 2p orbit-
als). This results in a *4 2 first electron addition (BIS)
final state by filling up the (e, !) and in higher-energy
final states of lEg and ' 4 1g Symmetries through filling up
an (e, 7). The final states at about 6-eV higher energy are
mainly of d°L character. The broad structures growing
in the gap observed in the BIS data upon Li doping is ex-
plained as being a result of different multiplets reached
upon electron addition. The gap between the first elec-
tron removal and first electron addition final states in the
cluster calculation has disappeared for the hole-doped
zEg ground state. The actual gap in the highly doped
Li,Ni;_,O is of the order of 0.5 eV and is most likely a
result of a potential localizing the doped oxygen holes,

BIS

Intensity

1l

(o] 5 10
Energy (eV)

L

FIG. 12. The calculated 3d electron addition spectral weight
of the hole-doped ’E, ground state. The symmetry of the
strongest three mainly d® final states is shown.
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0 1s XAS

Intensity

530 535
Absorption energy (eV)

FIG. 13. The calculated O 2p electron addition spectral
weight of the hole-doped 2E, ground state. The symmetry of
the strongest three mainly d°® final states is shown. The energy
scale of the spectrum is shifted to the O 1s absorption energy of
the highly Li-doped NiO spectra.

and/or of a Coulomb interaction between the O 2p holes.

To explain the different spectral weight in the O 1s
XAS spectra for high Li doping as compared with the
BIS spectra we determined the electron addition spectral
weight for adding an electron explicitly to the sym-
metrized oxygen 2p orbitals. In this way we take the
different ground-state occupations of d 8] into account,
which influences the final-state spectral weights strongly
because of the optical selection rule in which the main
absorption process is d°L—cd®. We neglect the
influence of the oxygen core hole (¢) because if we have a
pure cd?® final state the core hole is on an oxygen and the
extra 3d added electron is on the Ni ion, well separated
from each other. The first electron addition final states
have an additional d°L contribution, so that a core hole
can influence the result somewhat. We show the results
in Fig. 13. We find the same three symmetry final states
(respectively, *A,,, 'E,, and ' 4,,) as seen in the BIS but
the intensity distribution is very different. The mainly
cd’L final states at about 6-eV higher energy have little
intensity left. To understand the asymmetric intensity
distribution we must inspect the orbital composition of
d3L in the ZEg ground state. We have 65.9% d 81 char-
acter, which is split in d8L of (egT)z(L (eg 1)) character
with 34.1%, (e, 1)(L(e,1))e, ) character with 29.7%,
and the remaining 2.1% consists of (£,,)*(L(t,,)) com-
binations of 2Eg symmetry mixed in the ground state.
The 3A2g symmetry final state is reached by filling up the
ligand hole in (egT)z(L(egl)). These different orbital
compositions present in the doped ground state explain
the much stronger intensity of the *4,, cd® final state
reached in the O 1s XAS. The different shape in the O
1s XAS as compared with the BIS is a direct result of the
different fractional parentage found in annihilating a Ni
3d hole as compared to an O 2p hole.

Although the doped ground-state (ZEg) symmetry in
the the calculations is different from what we expect (hole
around Li instead of Ni), the general explanation for the

BIS and the difference between BIS and O 1s XAS will
not change. Experimentally the added hole is coupled
antiferromagnetically, resulting in low-spin “Ni**.” But
here also the two original holes of the Ni can change
through Li doping to lAlg and lEg symmetries. So the
general picture stays unchanged.

In the O 1s XAS data for x =0.4 a small shoulder at
higher absorption energy is observed (see Fig. 7). The
¢d’L final state is for x =0.4 decreased to negligible in-
tensity. The structure coming up at 533.5-eV absorption
energy is a result of unreacted Li,O present as can be de-
duced from the Li,O O 1s XAS spectrum.

Kuiper et al.!! suggested that the sharp structure seen
in the O 1s XAS spectrum is due to O 2p states split off
from the O 2p band because of the Li impurity potential.
From the BIS measurements however we find spectral
weight extending over the whole gap region. The
difference between BIS and XAS could then be due to the
influence of the core hole in XAS. However, we have
shown that the spectral weight in the gap in BIS probably
is due to multiplet structure rather than banding. The
sharper structure seen in XAS can then be explained by
different fractional parentage due to different selection
rules. These broad structures seen in the gap are com-
pletely different than those found in a similar study on
the Li, Co,_, O system’® in which the gap stays open up
to the highest possible Li substitution (x =0.2) and the
Fermi level is pinned in the gap.

CONCLUSIONS

We have presented spectroscopic data on Li, Ni,_,O.
The XPS data show that upon Li addition the local Ni
electronic structure as probed by XPS is not much al-
tered. The BIS data show a dramatic change upon Li
substitution and, by comparing it with the O 1s XAS
data, we find that the holes compensating the Li'*
charge in Li,Ni, _ O are of mainly oxygen character. In
contrast to the O 1s spectra we observe in the BIS spectra
a broad structure growing in the gap. By using a model
cluster calculation we find model parameters describing
the electronic structure of NiO. The first ionization state
is of ZEg character. On doping with holes this is expected
to be the charge compensating state and the magnetic
moment of this charge compensating state looks macros-
copically like Ni** in low spin (S =1). Calculations us-
ing the hole-doped 2Eg symmetry state as the ground
state explains the difference observed in the unoccupied
states as probed with O 1s XAS or BIS. A different frac-
tional parentage upon annihilating a Ni 3d or O 2p hole
is most likely responsible for the sharp feature seen in the
O 1s XAS experiment. For low Li doping the hole will be
localized around a Li impurity in a mainly oxygen orbital
combination of E, symmetry if we do not allow for a lo-
cal distortion to lower symmetry. Allowing this, the hole
has a tendency to localize on one single oxygen, forming
a dipole moment with the Li. However, our results alone
cannot distinguish between these two cases.
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