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The Mott-Hubbard gap U and the charge-transfer gap A of solid NiO are estimated from

ab initio calculations on the NiO4'°~

cluster. Covalency in the essentially localized d" states and lo-

calization for the spatially extended O(2p) hole states are introduced by means of a limited
configuration-interaction calculation. The localized states induce a large polarization effect in the
bulk, accounted for in a semiempirical way. The values obtained for U and A are quite similar and
in the range of 4.4-5.2 eV, in good agreement with the observed gap.

I. INTRODUCTION

The nature and the magnitude of the band gap in NiO
have been the subject of many studies. The insulating be-
havior of NiO and similar antiferromagnetic oxides has
led to the introduction of the concept of the Mott-
Hubbard insulator.! In the Mott-Hubbard theory the
band gap is determined by the energy required for charge
fluctuations of the type 2d"—d" ~'4+d"*!. Because of
the large d-d Coulomb interactions this energy is very
large, 8-10 eV according to several authors.>® This
model, however, fails to explain why NiS and CuS, for
which similar Coulomb interactions must be expected,
are metallic. Nor does it explain why NiO shows only p-
type conduction.*

These observations have motivated several recent ex-
perimental and theoretical investigations. Spin-polarized
band calculations® predict a very small gap (0.3 eV), but
from *‘direct” measurements, i.e., photoelectron spectros-
copy (PES) and bremsstrahlung isochromat spectroscopy
(BIS), a gap of 4.3 eV is estimated,®” slightly larger than
the optical-absorption edge at 3.8 eV.® There is still some
discussion as to the nature of this gap and more
specifically to the interpretation of the photoemission
spectrum.

Sawatzky et al.® claim that the band gap results from
the energy difference between two localized states. The
ionized state is of |d8L") character, the first state in
the inverse-photoemission spectrum of d° character. In
their interpretation a |d®L ~') state is a d hole strongly
screened by an oxygen electron to make the character of
the hole state O(2p) rather than Ni(3d). It is not quite
clear, however, why this state is localized and how it can
be distinct from what are called the O(2p)-band hole
states.

The optical gap is usually associated with an O(2p)-
band-Ni(3d) transition. In fact, Hiifner et al. suggest
that this gap can be inferred from PES and BIS data.
The optical gap is identified with the energy between the
onset of the O(2p) ionization, assumed to be near the Fer-
mi level, and the first ]dg) state. They, and other au-
thors, reject the possibility that two Ni sites are involved
in the optical transition.
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Previous interpretations of the NiO photoemission
spectrum assigned the first peaks to Ni(d’) states, split by
crystal-field effects.”!® In the more recent interpretations
these d7 states are associated with a satellite at 7 eV for
which in previous interpretations no satisfactory explana-
tion has been given.

The present interpretations, however, are based mainly
on model calculations; Zaanen et al.%'! performed im-
purity calculations with an Anderson-Haldane Hamil-
tonian on Ni** in an O(2p) band. As a result of interac-
tions between Ni and O levels, two bound states emerge,
at the lower and upper end of the band. The lower state
has primarily O(2p) character, the upper Ni(3d) charac-
ter. Model calculations by Fujimori on the NiOg’~ clus-
ter,” including configurational mixing (d", d"+'L ',
d"*? L ~? also indicate that the lowest ionized state has
primarily |d®L ~') character. The results of these mod-
el calculations, however, are very much dependent on the
values of parameters such as the d-d Coulomb repulsion
U and the charge-transfer energy.

The model calculations indicate that from a localized
approach a correct value for the band gap can be ob-
tained. Band calculations, on the contrary, invariably
give too small a gap. Recently, Brener and Callaway'?
presented a density-functional study of the NiO¢'°~ clus-
ter. They obtain overly small values for the Mott-
Hubbard gap and for the optical excitation gap. As these
authors point out, this is probably a result of the approxi-
mations made in the local-density (LD) model.

Here we will present an ab initio cluster study which
treats the exchange in an exact way. The advantages
with respect to the LD approach are that the d" multi-
plet structure can be described and that extensions
beyond the effective one-electron model can be made in a
systematic way.

The bulk crystal is modeled by a NiO,'°~ cluster stabi-
lized by point charges. In doing this, it is assumed that
an ionic starting point is appropriate. Some covalent in-
teractions, however, can be included, 1i.e., the
Ni-nearest-O interaction and some O-O interaction.

It is expected that in the bulk solid the Ni-Ni interac-
tions are almost negligible. On both experimental and
theoretical grounds, a very small Ni(3d) bandwidth
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(<0.5 eV) is expected,’ and it has been observed that the
low-energy optical spectrum of MgO:Ni closely resembles
that of NiO."* In previous calculations very little effect
on the Ni(3d) states was found from inclusion of another
shell of O ions.'*

The description of O states may present greater
difficulties, as many next-nearest-neighbor O-O interac-
tions are neglected. Therefore, a different modeling of
the O(2p) band was additionally adopted. Calculations
were carried out on O,, clusters. In this model Ni** ions
are represented by point charges only.

State of the art quantum-chemical methods can be used
to calculate the electronic structure of the cluster. Previ-
ous work has shown that it is of crucial importance to go
beyond the effective one-electron model (Hartree-Fock)
to obtain a correct description of 3d"-like states and of
hole states in the O valence band.'* !’

In the case of 3d" states Hartree-Fock (HF) calcula-
tions predict highly localized 3d orbitals and correspond-
ingly an overly small value for the effective crystal-field
splitting. Configurational mixing with appropriately re-
laxed |d"*'L ') charge-transfer (CT) states introduces
a substantial amount of delocalization and yields a much
improved d-d spectrum.

The inclusion of CT states is most elegantly carried out
in a so-called first-order configuration-interaction calcula-
tion (FOCI).'® This type of calculation allows for the
(large) relaxation effects in the CT states. The correlation
effects included are of a molecular, nondynamical nature
and typical for open-shell systems.

From FOCI calculations on the NiO¢'°~ cluster it was
found that the ground state has primarily |d®) character
but with considerable |d9L_'> mixing, in accordance
with the view held by other authors.>!!

The open-shell correlation effects also improve the
description of the O(2p) hole states. Here, they account
for localization and polarization effects in the O(2p)
band. In HF calculations these are only obtained in a
broken-symmetry calculation,'® at the expense of neglect-
ing O-0O interactions. A FOCI calculation enables a more
balanced treatment of localization and delocalization
effects. The energy gain expected in NiOg clusters is 34
eV compared to symmetry-restricted HF calculations.

In the following we shall study, both by HF and CI cal-
culations, the ionization and electron-addition spectra of
NiO,'°~, as well as direct O(2p)—Ni(3d) and (3d —4s)-
like transitions. Results for the ground state will only be
given in relation to these spectra; for a detailed discussion
of the electronic structure of the ground state, the reader
is referred to Ref. 16.

The present calculations should give some insight into
the nature of the states involved in the band-gap transi-
tion. Quantitatively correct results for charge-fluctuation
energies or transition energies can only be given when
dielectric, extra-cluster, effects are accounted for. These
effects will be very large in electron-loss or electron-
addition processes. They will be discussed in Sec. IV.

II. METHOD

Most calculations were carried out on a NiOg cluster
with octahedral symmetry. The Ni-O distance was kept
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fixed at the experimental value of 2.08 A.'” Four layers
of point charges at lattice sites were used to represent the
external Coulomb potential. The charges are obtained by
a least-squares fit of the potential they generate in the
cluster region to the actual Madelung potential in this re-
gion.'®

The O, clusters (n =13 or 19) also have octahedral
symmetry. There is one, central, O?>~ jon surrounded by
one layer of 12 ions (O;) or by two layers of 12 and 6
ions, respectively (O,o). The Ni’* ions at internal sites (6
in Oy, 14 in O}y) were represented by + 2e point charges.
The external potential was again represented by a finite
set of point charges obtained in a similar procedure as for
the NiOg cluster.

For Ni a large, contracted, Gaussian basis set!® was
employed, which gives near-HF results for the d-d spec-
trum, ionization energy, and electron affinity of the free
Ni’* ion. For O an optimized O~ set was used.'® For
the O, clusters a more contracted set was used, derived
from the set optimized by Huzinaga.!” Exponents and
contraction coefficients are listed in Refs. 14 and 16.

The electronic-structure calculation for each state
starts with a spin-restricted HF-SCF (self-consistent-field)
calculation which yields a set of one-electron molecular
orbitals. Such a SCF calculation may be performed for a
distinct, one-configurational state or for a weighted aver-
age of states, e.g., all states in the cluster arising from the
d" manifold. For the SCF calculations the
MOLECULE /ALCHEMY package was used.?’

The orbitals obtained in a SCF calculation are usually
divided in two classes: the internal orbitals and the exter-
nal or virtual orbitals. The former are occupied in the
state under consideration, the latter are empty. The
internal orbitals can be subdivided into core orbitals, cor-
responding to deep levels, and valence orbitals, slightly
below the Fermi level. In NiOg orbitals with predom-
inant Ni(ls) through Ni(3p) and O(1s) through O(2s)
character are ranked among the core orbitals. Ni(3d)-
and O(2p)-like orbitals are valence orbitals.

Inspection of the atomic experimental and Hartree-
Fock ionization energies and electron affinities listed in
Table I shows that the removal or addition of an electron
is accompanied by a large change in the electronic corre-
lation energy. Inclusion of these correlation effects gives
rise to higher ionization energies ( +2.4 eV for the ioniza-
tion of a d electron from Ni’*) and smaller electron
affinities (—3.0 eV for addition of a d electron to Ni?*).

A similar estimate for the correlation-energy effect
upon ionization of a p electron from O?~ is not possible,
as the free O~ ion is unstable and hence no experimental
and numerical Hartree-Fock (NHF) data are available.
From HF and configuration-interaction calculations on
oxygen ions surrounded by a set of point charges
representing the NiO field, and using a large basis set, the
correlation effect is estimated to be 0.4 eV for ionization
of a 2p electron from O?~.

Correlation-energy effects of comparable magnitude
will occur upon ionization or addition of an electron in a
cluster. In addition, there are also several correlation
effects which differentiate between states with the same
number of electrons. For d-d transitions between d”"
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TABLE 1. Energy levels of nickel ions. Comparison of ex-
perimental and theoretical [numerical Hartree-Fock (NHF)]
transition energies. All transition energies are given with
respect to the ground state of the ions; values in square brackets
are with respect to the *4,, ground state of Ni**. Determina-
tion of CEC (in units of eV).

State Expt.? NHF AEcgc®

Ni*+ ‘F (d") [35.34] [32.93] [2.41]
4p 2.13 2.67 —0.54

G 2.38 2.70 —0.32

p 2.83 3.58 —0.75

H 322 3.58 —0.36

a’D 3.30 3.90 —0.60

’F 5.27 6.24 —0.97

b*D 8.26 9.82 —1.56

Ni+ D (d®) [—18.22] [—15.25] [—2.97]
“F (dBs) 0.89 —0.63 1.52

Ni?+ SF (d7s) 6.80 5.66 1.14

From Reference 21.
*AEcpc = AE  — AENHF-

states, three types of correlation energy are important.

First, there is 3d correlation, which results from sym-
metry reduction by the crystal field with respect to the
free-ion spherical symmetry. This effect is incorporated
in a small configuration-interaction calculation. For each
spatial symmetry representation I' and spin S, a number
of many-electron functions can be constructed by distri-
buting the n electrons in all possible ways over the
five 3d-like orbitals. These functions are called
configuration state functions (CSF’s) and correlated wave
functions are obtained as independent linear combina-
tions of these CSF’s from diagonalization of the Hamil-
ton matrix in this basis. This procedure is called ligand-
field CI (LF-CI) and is formally equivalent to the inter-
mediate crystal-field model.

Second, we have the differential d-d correlations be-
tween the free-ion states. Like the ionization and
electron-addition energy correction, these can be ob-
tained semiempirically and then incorporated in the clus-
ter energies by the method described by Pueyo and
Richardson.?? For each atomic state of spin S and angu-
lar momentum L a differential correlation-energy correc-
tion (CEC) with respect to the ground state is defined:

AEXE =AESL —AEL . (1)

AE and AEyg are the observed and Hartree-Fock

transition energies with respect to the ground state
(SoLo). The CEC is represented in the | SL ) basis by a
diagonal matrix:

VsoLoSoLe =0 » )
Vsr s =DEE 8SS'SLL" . 3)

The AEZL . values of Ni** are listed in Table I. This ma-
trix is transformed to the strong-field basis | ST') of the
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crystal-field symmetry and added to the LF-CI matrix of
CSF’s. The fact that this basis is not exactly equal to the
strong-field basis, but also contains contributions from
anion-p —metal-d overlap, is usually neglected. LF-CI
plus CEC calculations were carried out with the program
cI-cec.?

The third type of correlation is the specific open-shell
correlation, which in the case of the d” states introduces
additional Ni(3d)-O(2p) covalency. Ideally, incorpora-
tion of this effect would require a full-valence FOCI.
This involves all CSF’s that can be obtained by distribut-
ing all valence electrons in all possible ways over the
valence orbitals, plus all CSF’s that are obtained when
one electron is transferred from the valence set to the vir-
tual set.

For d" states other than d°, the FOCI list of CSF’s
tends to become very large due to the large number of
spin couplings. This is partly caused by the low (Abelian)
symmetry that must be used in the CI calculations (D, ).
This does not result in a physical symmetry lowering as
O, -symmetry-adapted integrals can be used. There are
several ways to reduce the number of CSF’s:'*!® by delet-
ing all CSF’s that differ more than a double electron
transfer from all d” states, by numerical selection based
on perturbation theory, or by reducing the number of vir-
tual orbitals.

In the present work an approximation to the FOCI
method itself is used: the so-called multireference singles
CI (MRS-CI). A large reference set is constructed which
consists of all d” CSF’s of a given spin and spatial sym-
metry (ST) and all singly excited CT [O(2p)-Ni(3d)]
CSF’s of the same symmetry. The full list of CSF’s in-
cludes these CSF’s and all CSF’s that are obtained by a
single valence—to-virtual electron transfer with respect
to a reference CSF. These single-electron transfers are
responsible for the relaxation in the CT part of the wave
function. As a simplified example, consider a one-
determinantal d ! CSF of symmetry A:

Vi i, hlhdy | 4)

i is a valence orbital, / a ligand valence orbital, and u
some symmetry representation. A CT CSF is then

i, 03dydy | (5)

Examples of (spin-adapted) relaxation CSF’s for the CT
states are

(|i,\dydyu, | — |i,Tyddyu, |)/V2 (6a)
and
(2] i#lld,ﬁ}j# |
— I‘l.-'ul}\dkgku# l - |i#l_;\d;\¢7;\u#)| /‘/_2 s
(6b)

with a virtual orbital u,,.

The present procedure ensures that each CSF differs at
most by two electron transfers from a d” state of symme-
try ST.

For the *4,, ground state of NiO¢'°~ a MRS-CI can
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be carried out with 78 virtual orbitals. The quartet states
of Ni(d7)O,’~ are calculated with the same set, but for
the doublet state a further reduction to 35 virtual orbitals
is necessary. For the d° states of NiOg!'~ a full FOCI
calculation can be carried out with the large virtual set.

The LF-CI list of CSF’s is a subset of the MRS-CI list.
For technical reasons the differential atomic correlation
effects are not as easily incorporated into the MRS-CI list
as into the LF-CI list. Therefore a “molecular” CEC is
defined for each state iST:

AEgI{C =AE fE-CI+CEC —AE fF[jCI . M

AE is with respect to the d” ground state of the cluster.
This AE k¢ is added to AEygs.cp» scaled by A2, A% being
the sum of the squared coefficients of the d" CSF’s in the
MRS-CI wave function.

The calculations of wave functions for the CT states
themselves also require inclusion of open-shell correlation
effects. In this case, they are responsible for localization
effects. In the same simplified model as used above for d”
states, a CT-state wave function looks like

|i,i,0,T,1, | (“SCF state”), (8a)
with correlation and/or relaxation contributions:
|l T, | — i, 0L hu, V2,
_ _ - _ _ (8b)
(2] iﬂlal,\lkiir | — | i”l(,lkl;\ur | — | iulalkl;\u, [)Ve6 .

o and A are subspecies of the same representation, and u
and 7 chosen such that yXo X7 contains A. Here the
following approximation to FOCI will be made. First, we
distribute the appropriate number of electrons over all
orbitals which are open in the dominating CSF. Then all
single and double electron transfers are made with the re-
striction of, at most, one external electron. Subsequently,
a numerical selection of CSF’s based on second-order per-
turbation theory is carried out.'®

All CI calculations were carried out with the CI pack-
age developed by Hegarty.?*

III. RESULTS

A. Ground state: Ni(d?)0,'°~

The total energy and wave function of the 3A2g state
were calculated in both the LF-CI and MRS-CI models,
using orbitals optimized for the d® average of states
(Table II). The Ni(3d) orbitals and O(2p) orbitals are
well separated. Because of overlap of diffuse functions in
the basis set, the formal charge on Ni is not 2e but only
1.3e (Table III). The MRS-CI calculation introduces a
delocalization of the hole by mixing in CT states. The
| d¥) term is still the dominating term in the wave func-
tion, with coefficient 0.98. The energy lowering is only
0.6 eV.

B. Charge-transfer transitions

The lowest CT states will be the triplets arising from
(ej 15, ti,). This configuration contains a *T,, and a
3T2g state, which are not separable on a SCF level. Their

TABLE II. Total energy and wave function of the NiO4'°~
cluster ground state (*4,,).

E? Configurational compositions
LF-CI —1968.0274 100% e} 12 (d*®)
MR-SCI —1968.0512 96% e2tl(d®)

*Total energies calculated with d3-average-of-state optimized
orbitals in a.u.

energies were calculated with an orbital set optimized in
a SCF calculation on the average of these two states.
Large reorganization effects with respect to the
|d®) A, state are observed (Table III). Although the
localized, open 3d orbitals show an increase in occupancy
of 1.0e, the total charge on Ni is only increased by 0.4e.
The closed-shell orbitals adapt themselves to the new sit-
uation, such that negative charge flows back to the oxy-
gen sites. The admixture of the diffuse Ni basis functions
in the O(2p) orbitals becomes less.

The effects of FOCI with respect to the (symmetry-
restricted) SCF are drastic (Table IV). The 3A2g-3T,g
transition energy is reduced by ~3 eV. This is of the
same order as the localization energy found for O(2p)
ionizations in CrO2~. "

As the number of electrons stays the same in CT exci-
tations, the differential correlation effects are smaller
than in the calculation of ionization energies or electron
affinities. However, the localized 3d states and the spa-
tially extended O(2p) states are sufficiently different to
cause a differential correlation-energy effect for an
O(2p)—Ni(3d) excitation. This may be estimated from
the correlation-energy change in the process Nit(d®s)-
Ni*(d®). Applying this correction (Table I) brings the
CT state at about 6.2 eV above the | d®) states, in good
agreement with the value found for MgO:Ni.?> Bulk po-
larization (Sec. IV) and band-broadening contributions
will reduce this value in NiO.

C. |d®)-|d’ 4s ) -like transitions

The difference between the independently calculated
SCF energies (ASCF) for the excitation *4,,-’T, in
NiO4!%~ is 8.1 eV. The correlation-energy correction, de-
rived from the 3F(d®)->F(d”4s) transition (Table I),
would increase the value to 9.2 eV (Table 1V). From
open-shell correlation, only a very small differential ener-
gy effect is expected and, therefore, it seems safe to put
the onset of these excitations 2—3 eV above the onset of
the CT excitations.

D. 3d ionizations: NiOQg’~

The basis of the calculations of the energies of the
Ni(d7)O,’~ states is a SCF on the average of | d’) states
d’). Subsequently, a LF-CI calculation gives the ener-
gies of all states in this configuration. The Mulliken
charge analysis of the d’ optimized orbitals shows large
reorganization effects with respect to the 34, state
(Table IIT). The loss of one electron from the 3d orbitals
is overcompensated, resulting in a Ni charge of 1.2e.
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TABLE III. Mulliken charge populations, given for open shells and summed over all orbitals (total).

State Ni s Ni p Ni d Os Op
NiO,'"~
3Ay, e, 1.92 0.00 0.08
Total 5.95 12.42 8.34 24.01 35.27
3Thg+3Tog e 2.95 0.02 0.03
fhe 5.00
Total 5.81 12.23 9.11 24.06 34.79
NiOy’
d’ e, 2.42 0.02 0.37
te 4.09 0.11
Total 6.20 12.80 7.79 23.99 34.21

This reorganization occurs mainly in the closed orbitals,
which show an increased admixture of diffuse Ni s, p, and
d functions.

The LF-CI energies of the d’ states cover a range of 10
eV (Table V). The range is reduced to 8 eV when
atomic-energy corrections (CEC’s) are included.

The results of the MRS-CI calculations on the d” states
are presented in Table VI. It is clear that the reduction
of the number of virtual orbitals increases the total ener-
gies, but the differential effects are acceptable.

There are significant differences between the LF-CI
and MRS-CI spectra, resulting from configurational mix-
ing with (relaxed) CT states in the latter. The energy
changes in the spectrum are connected with a change in
the effective crystal-field splitting [AE(*T,,-*4,,)],
which increases from 1.1 eV in the LF-CI model to 1.6
eV in the MRS-CI model. This means that the effective
crystal-field splitting in Ni** is larger than the Ni’*
splitting by a factor of 1.5.

Compared to the results for the 3A2‘g ground state, the
ionized states show an enhanced admixture of the CT
states. The ]d7) states, however, are still the predom-
inant terms in the wave function, with coefficients >0.93.
This implies that both the orbital relaxation and
enhanced CT mixing are important in increasing the co-
valency in the ionized state. The energy lowering for the
ionized state is now 1.6 eV with respect to LF-CI com-
pared to 0.6 eV in the ground state.

The cluster 3d ionization energy (Vp) as calculated
from the MRS-CI energies of the 3A2g and 4T1g states is
9.6 eV. Dynamical correlation effects will increase this
value by 2.4 eV, resulting in Vp(d)=12.0 eV, with

TABLE IV. Excitation energies in NiO,'°~. ValuesineV.

State ASCF* FOCI
Ty, (CT) 10.7 7.8
Ty (CT) 10.8 7.9
Ty (d—s) 8.1 9.2¢

“With respect to Escg of * A, (d*).
®With respect to Eygs.ci of > 4,, (d¥).
‘With CEC.

respect to vacuum. Note that all states which arise from
a single electron ionization, i.e., 2Eg(egl t‘z’g ), 4T]g(eg2 tgg ),

and ?T (e} 13, ), are in the lower part of the spectrum.

E. 2p ionizations

The lowest 2p ionized state in NiOg’~ is the 4ng state
from the (egztggtfg) configuration. In the ASCF spec-
trum this state is 2.5 eV above the *T,(d”) LF-CI state
(Table VII).

The CI calculation on this 4T2g state shows a further
energy lowering of 3.5 eV, of the same order as was found
for CT excitations in the NiO4!°~ cluster. At the CI level
its position is therefore only 0.7 eV above the 4T,g(d7)
state and well below that of most of the other d’ states
(Table VI). The SCF state is the predominant term in the
wave function; the other contributions are CSF’s with
one electron in the virtual set [type (8b), Sec. II]. There is
very little admixture from the 4ng(d") state, although
their energies seem to be almost the same. In the present
calculations a large mixing is not expected. Because of
major truncations with respect to the full FOCI CSF
space made in the calculation of the wave function for ei-
ther state, the states will not be degenerate within one
calculation. Even if a CSF space could be used which
comprises both present CI spaces, a large mixing can
only accidentally occur if the states are truly degenerate.
In other cases the effect will be small, as the direct cou-
pling between the states is zero and only higher-order
coupling occurs. The ionization energy with respect to
vacuum for a 2p ionization from NiO(,m~ is, on the basis
of FOCI results, 10.3 eV. Dynamical correlation effects
(Sec. IT) will raise this value by 0.4 eV to 10.7 eV.

It is assumed that the relaxation and localization
effects are about equal for all O(2p) ionized states.
Hence, the theoretical bandwidth of the O(2p) ionization
is set equal to the range of O(2p) orbital energies in
NiOQ,'%: 3.5eV.

An alternative approach is to consider an O;; or Oq
cluster. In both clusters a hole in a ¢, orbital can local-
ize on the central atom. A Mulliken analysis of the °T,
state shows that this localization does occur and is com-
plete, despite the possibility of delocalization over neigh-
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TABLE V. LF-CI spectrum without and with CEC of d’ states of NiOQ,’~.
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Energies in eV.

Configurational composition of states given in percentages.

State AE

1,6

AE +AEcgc el i, e 13, elt3, g 13,
T 0.0 0.0 11 89
P 0.86 0.87 100
’E, 1.69 1.19 1 6 93
‘A, 1.98 1.99 100
2T, 2.41 2.01 1 13 86
Ty, 2.51 201 2 4 94
T, 3.03 2.52 89 11
T, 3.16 2.41 0 23 77
1A, 3.34 3.03 100
Ty, 3.57 3.95 1 74 25
Ty, 391 3.26 2 93 5
’E, 4.24 3.57 5 95 0
Th 4.66 4.02 34 54 12
Ty, 4.76 4.07 56 35 9
’E, 4.89 4.41 84 13 3
Ty, 5.99 4.98 6 43 51
Ty, 6.29 5.37 40 45 15
24,5, 6.40 5.44 100
’The 9.53 8.06 58 16 26
’E, 9.65 8.11 10 86 4

boring atoms. Formally, such a localized state would be
at the center of the O(2p) band. The bandwidth of the
O(2p) states is 3.5 eV (both experimental'® and theoreti-
cal) and, therefore, an ionization energy of 10.1 eV with
respect to vacuum is expected, in good agreement with
the value obtained for the NiOg cluster (Table VII).

F. Electron affinity

SCF calculations (Table VIII) on separate |d°®) and
|d'OL ") states show that in NiOg''~ the |d°) state
are far below the |d'°L ~!) (CT) states. The FOCI cal-
culation (Table VIII) increases the effective crystal-field
splitting by only 20%. The CT energies, on the other
hand, are lowered by ~3.5 eV, as in the NiO,'°~ and
NiOg’~ clusters. The first |d'°L ~') state is found at
about 10 eV above the 2Eg | d®) state, in agreement with
the assignment made by Hiifner.”

From the total FOCI energies a FOCI electron affinity
of 2.6 eV is calculated. Correlation-energy effects (Table
II) will decrease this value to ~ —0.4 eV.

IV. ESTIMATION OF THE CRYSTAL BAND GAP

A. Mott-Hubbard and charge-transfer gaps

In the following, U is defined as the minimum energy
required to remove an electron of mainly d character
from one site in the crystal and add it to another site,
infinitely far away. By this definition U is the Mott-
Hubbard gap, the sum of the smallest d ionization and
the smallest d-electron affinity.

In addition, the charge-transfer gap A is defined as the
sum of the smallest O(2p) ionization energy and the
smallest d-electron affinity.

In Table IX a summary is given of the ionization ener-

TABLE VI. LF-CI, MR-SCI, and FOCI spectra of NiOg’~ (d7). Calculations were carried out with
d’-average-of-configuration orbitals. All transition energies are given by eV. Ground-state total ener-

gies given in a.u.

State LF-CI MR-SCI* MR-SCI® MR-SCI +CEC®
‘T, (—1967.6309) (—1967.6984) (—1967.6776) 0.0
8
’E, 1.69 0.83 0.39
Ty, 0.86 127 1.26 127
2T,y 241
T, 2.51 2.12 171
T, 3.16 2.66 2.00
v 3.03 2.84 3.05 2.59
Ay, 1.98 2.83 2.62 2.63

*78 virtual orbitals.
®35 virtual orbitals.
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TABLE VII. Relative energies of O(2p) ionized states (eV).

State ASCF FOCI
NiOg’ ™ 4T, * 13.2 10.3
0,57 T,° 11.8
0,07 2T,¢ 11.8

aWith respect to NiOg'"~ (3A2g ).
®With respect to O3>~ (14,
“With respect to 0,4’ ~ (' 4 g

).
1g)-

gies and electron affinities obtained with the cluster cal-
culations. Using these values we find U=12.2 eV. The
contribution of the empirical correlation energy is very
small, only 0.6 eV.

For A we obtain 10.3 eV from NiO,’~ calculations and
10.0 eV from O, calculations. Here the correlation con-
tribution is larger, 2.6 eV, as there is no near cancellation
for the ionization and addition processes.

The values of U and A are still much too large com-
pared to the experimental band gap of 4.3 eV. This is
clearly a consequence of the cluster approach, which
neglects polarization effects in rest of the crystal.

B. Bulk polarization

The total polarization in the crystal upon ionization or
electron addition can be divided into an intracluster and
an extracluster contribution. The first are included in
SCF and FOCI calculations. The extracluster contribu-
tion comprises the polarization from bands and ions out-
side the cluster. The most efficient way to calculate this
contribution is to estimate the polarization of the whole
crystal and then subtract the cluster contribution.

To this end, the crystal is assumed to consist of a set of
dipole polarizabilities located at the oxygen sites. The
size of the polarizabilities is obtained from the Clausius-
Mossotti relation:

e=1_4m 4 .

€+2 3 843
where € is the optical dielectric constant and 2a the lat-
tice constant. When the empirical value of 5.76 is used,®
a=2.64 A’ results. This polarizability is much larger
than that obtained in a finite-field calculation on an O*~
ion, with one of the basis sets used in the present work.
In such a calculation, a=0.80 A %is found.'* Test calcu-

TABLE VIIIL. Energy levels of NiOg''~. Transition energies
from 2E, are given in eV, total energies in a.u.
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TABLE IX. Summary of cluster-ionization energies, electron
affinities, and charge-fluctuation energies (in eV).

MRS-CI

ASCF with FOCI  +AEcgc +AE ¢
Vip(d) 10.8 9.6 12.0 8.5
Vip(p)? 13.2 10.3 10.7 9.1
Vip(p)® 11.8 (10.0) 10.4 8.3
E, (d) 2.3 2.6 —0.4 -39
U 13.1 12.2 11.6 4.6
A 155—14.1 129-127 103—100 52—44

2NiQg cluster.

®0, cluster. Second column contains ASCF value minus %W
[O(2p) bandwidth].

Including polarization corrections; see text.

lations have shown that the presence of diffuse functions
on Ni greatly increases the polarizability.

The polarization energy for an added point charge in
the crystal has been calculated with classical models.
Both take account of the interaction between the induced
dipoles. The Mott-Littleton (ML) method?® uses an ap-
proximate formula for the induced moment at each site
(except for the nearest-neighbor states in the so-called
first-order Mott-Littleton theory). The direct-reaction-
field (DRF) method?’ solves the self-consistency problem
for a limited set of polarizabilities. The results obtained
with either method are displayed in Table X, and are
quite similar.

For the correction of U, twice the extracluster contri-
bution for the removal of a point charge |e | is needed.
From a separate SCF calculation on the O¢'2~ cluster,
the intracluster contribution is found to be 1.5 eV, corre-
sponding to an effective polarizability on each ion of 0.77
A 3. The bulk polarization is about 5.0 eV (Table X) and
hence U=(11.6—2X3.5)=4.6¢V.

A similar procedure is adopted to correct A. First, 3.5
eV is subtracted for polarization upon electron addition.
The FOCI ionization energy is corrected as follows. The
localization energy includes the polarization energy of
five oxygen ions and the nickel ion induced by a hole on a
sixth oxygen ion. This polarization energy is 1.2 eV. The
bulk polarization is 2.8 eV and hence we must subtract
another 1.6 eV from A, resulting in A=(10.3
—3.5—1.6)=5.2¢eV.

TABLE X. Polarization energy in NiO (eV) when an excess
charge is placed at a lattice site (effective polarizability of 2.64

State ASCF FOCI Alatall oxygen sites).
E, (e]15,) (—1967.9426) (—1967.9556)* Method Ni site O site
2T,y (egt34) 0.74 0.89* Mott-Littleton (ML) 4.6 2.9
First-order ML? 5.4
2 4,6 .5 b
Tig (eg tig 1) 14.24 10.85 Direct reaction field® 4.8 2.8
‘4, (215, al,) —0.84

2Calculated using d°-average-of-configuration orbitals.
®Calculated using 2T, SCF orbitals.

*The first layer of (six) oxygen ions is treated exactly.
YAll oxygen sites within a radius of 30 a.u. taken into account:
344 for the Ni site, 488 for the O site.
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When the O, Vp is used, 2.1 eV must be subtracted, as
now the intracluster oxygen atoms only contribute 0.7 eV

in the SCF polarization energy. So we obtain
A=(10.0—-3.5—-2.1)=4.4¢V.

V. DISCUSSION

The present results have been obtained from quantum-
chemical calculations with additional semiempirical
corrections. This procedure is warranted only if the vari-
ous contributions can be well defined and mutually
separated. In the present study we have chosen a local-
ized starting point and treated a small cluster quantum
mechanically and the remaining long-range interactions
classically, using empirical information. Empirical data
have also been used in the cluster calculation to deal with
the dynamic correlation energies which are mainly atom-
ic. The “molecular” effects of intracluster binding, polar-
ization, relaxation, and correlation resulting from near
degeneracy of the valence levels on the metal ion and the
anions have been accounted for in ab initio calculations.

In these calculations we employ a stabilizing Madelung
field simulating the electrostatic influence of the rest of
the crystal. The main effect of this field is a virtually uni-
form shift of the energy states belonging to a cluster with
a given net charge. Its inclusion is necessary in order to
obtain ionization and affinity energies that can be com-
pared with experiment. The influence of the field on the
self-consistently determined charge distributions and CI
coefficients turned out to be small. This holds a fortiori
for the electronic polarization fields induced by local ion-
ization and charge-transfer processes. It may be noted
that in this type of calculation, where a fixed number of
electrons is assigned to a cluster, the external field must
be generated by a charge distribution that integrates to a
total charge exactly compensating the excess charge on
the cluster. Given the structure of the crystal, this means
that the only consistent point-charge representation is
that given by the Madelung procedure. The resulting
field in the cluster region may, of course, be approximat-
ed by any computationally convenient model of sufficient
accuracy.

Of course, a fully-quantum-mechanical calculation in-
cluding all three effects—molecular binding, dynamic
correlation, and long-range polarization—would be more
satisfying. It would also deal with higher-order couplings
between these effects. At the moment such a calculation
is not quite feasible, but we believe that the adopted
method is sensible and enables (cautious) comparison
with experiment.

As stated in the Introduction, the cluster model was
chosen to allow a more sophisticated treatment of elec-
tron correlation effects than is possible in band calcula-
tions. The cluster model is a first approximation to a
model in which Ni?* is considered an isolated impurity
in an extended O(2p) band. Previous calculations'* have
shown that at the Hartree-Fock level the Ni-O interac-
tions are negligible beyond the nearest neighbors. For
the CI calculation as well only small contributions are ex-
pected from the inclusion of O(2p) levels which are not at
nearest-neighbor sites, as the interaction matrix element
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is expected to decrease exponentially with increasing dis-
tance. In fact, cluster and impurity calculations for NiO
with an Anderson-Haldane—model Hamiltonian indicate
that the cluster model is a very good approximation.'!??

The small Ni-Ni interactions are included when a
resymmetrization to periodic symmetry is carried out for
a set of localized cluster solutions. It is still impossible to
carry out this calculation, but previous work on CuCl in-
dicates that only a small effect on the energy is to be ex-
pected.'*%

The experimental photoemission spectrum shows two
distinct peaks near the Fermi level, separated by 1.6 eV.
On the basis of our results we suggest that these corre-
spond to *T, +*E, and °T, | d”) final states, respective-
ly. These states are the only ones that can result from the
emission of a single d electron.

These peaks are superimposed on a broad band of
O(2p) ionized states. The width observed in experimental
spectra (3.5 eV) agrees with the width inferred from clus-
ter calculations.

From our calculations, the estimates for the lowest ion-
ization energies are 8.5 eV for Ni(3d) and 8.3 eV for
O(2p), with respect to vacuum. As these values include
large and different polarization and correlation energies,
the difference between these Vjp values can only give a
crude estimate of their relative position in the photoemis-
sion spectrum. The difference is so small and the correc-
tions so large that no definite conclusion concerning the
nature of the lowest ionized state can be drawn.

We find that the character of the final states after emis-
sion of a d electron is 90% or more |d’), without any
spectacularly enhanced |d®L ~') admixture. Such an
enhanced mixing would have lead to a much larger value
for the effective crystal-field splitting than was found in
our calculations, and which is necessary to explain the
observed peaks near the Fermi level.

In model calculations” the |d®L ~!) and |d7) states
are greatly mixed. The degree of mixing, however, is
strongly dependent on the relative position of the unper-
turbed Ni and O levels. In the analysis of the results of
these model calculations,® the lower state which results
from the Ni(d)-O(p) interactions is called “‘screened,” and
the upper is called ‘“‘unscreened.” In our calculations,
where there are many more degrees of freedom, such dis-
tinctly “‘screened” and ‘“‘unscreened” states do not occur.
In fact, all |d7) states, whether arising from an €, Or a
tag ionization, or from a more-electron process, show
about the same amount of relaxation, i.e., charge reor-
ganization takes place in the same way for all states.

Considering this, it seems likely that the satellite ob-
served at about 7 eV below the first peak is due to d” final
states which are in the upper part of the crystal-field
spectrum (Table V). This would explain why they are
enhanced in resonance spectra.'® Formerly this satellite
has been associated with “‘unscreened” final states.®

The estimated charge-fluctuation energies U and A are
in the range of 4.4-5.2 eV and therefore it seems that the
hopping model for conduction is supported by the
present results. Which quantity A or U determines the
band gap cannot be predicted on the basis of our results,
due to the large uncertainty in the relative positions of
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the first ionization energies. As the effective mass of the
O(2p) holes is much smaller, it is expected that in either
case p-hole conductivity will be predominant.

The results presented in Table IX show clearly the im-
portance of going beyond Hartree-Fock calculations,
especially in case of the calculation of A, where open-
shell and dynamic correlation effects reduce this parame-
ter by ~5 eV. The value of U obtained in our calcula-
tions is smaller than previous theoretical estimates of 7-9
eV.% In these calculations the covalent Ni-O interactions
were not explicitly considered.

Our U value is larger than the value recently found in a
LD cluster study.'? The difference is even larger when
we consider the fact that in the LD calculations extra-
cluster effects were not taken into account. This large
difference may be an artifact of the approximate treat-
ment of the exchange in the LD method, which intro-
duces an unphysical self-repulsion for the electrons. This
interaction is particularly large for localized electrons;
hence orbitals optimized in the LD model tend to become
quite delocalized, as was found by Brener and Callaway.
This results in an overly small effective d-d repulsion U
and in quite similar p and d states, which again results in
an overly small CT gap.

When the calculated value for U in the NiO crystal is
compared to the free-ion (Ni?t) value of 17.1 eV,2! it
must be concluded that more than 50% of the reduction
results from extracluster polarization, and the remaining
part from intracluster binding and polarization. For A
the situation is similar. Hence, it seems that a cluster
must at least be embedded in an environment of point
charges and polarizabilities.

It must be expected that intracluster excitations which
bring about a large charge-redistribution effect, e.g., CT
transitions, will also induce polarization in the rest of the
crystal. For CT excitations this effect was estimated as
follows. Two adjacent charges are placed in a NiO crys-
tal: — |e| at a Ni site and |e | at an O site. The
Mott-Littleton energy is then 1.8 eV. This situation
would correspond to a fully localized O(2p) hole, so the
FOCI-CI energy is corrected by this amount, after
correction for the polarization of the five O?~ ions inside
the cluster, which is 0.7 eV. So the CT energy is reduced
by 1.1 eV. In these calculations, therefore, the optical CT
gap is found to be 5.1 eV, close to the charge-fluctuation
energies U and A. The optical dielectric constant of NiO
is almost twice as large as €, in MgO:Ni. This partly ex-
plains the large decrease in CT excitation energy going
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from MgO:Ni to NiO. Other effects, such as the lattice
polarization, may also contribute, but we feel that it is
quite unlikely that a 1% change in the NiO distance
alone may cause such a change.’!

VI. CONCLUSIONS

The present analysis has shown that a good estimate
for the charge-fluctuation energy in NiO can be obtained,
based on calculations on a NiO4'°~ cluster. Bulk polar-
ization effects, however, are large and must be accounted
for.

It has, again, been established that it is important to go
beyond one-electron models in the calculation of the
wave function of the cluster. The specific open-shell
correlation introduces effects which are underemphasized
in Hartree-Fock theory. For |d") states an increased
covalency results from interaction with |d"*'L~")
states. In O(2p) hole states, localization effects are intro-
duced which have a large energy effect on A. Dynamic
correlations are largely atomic.

Although there are still considerable uncertainties in
the relative positions of the calculated Ni(3d) and O(2p)
ionization energies, the results can be brought into good
agreement with the experimental ionization spectrum.

A similar situation is found in case of U and A. They
seem to be of the same order of magnitude, and both
agree with the experimental value. The size and sign of
their difference, however, is yet impossible to predict.

The importance of the bulk polarization is part of the
explanation of why NiS is a conductor. The S*>~ ions
have a larger polarizability than the O?~ ions, so U and A
will be reduced. A will get an additional reduction as the
ionization energy of S*~ is expected to be smaller than
that of O>~. The combination of these two effects may
well cause the gap to become zero.

It is apparent that, although the results from cluster
calculations with semiempirical corrections agree well
with the experimental data, it is desirable to develop a
computational scheme which includes dynamic correla-
tion and extracluster polarization.
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