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Effect of surrounding point charges on the density functional
calculations of N1 O,_clusters (x = 4-12)
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Abstract

Embedded Ni O, clusters (x = 4-12) have been studied by the density-functional method using compensating point charges of
variable magnitude to calculate the ionic charge, bulk modulus, and lattice binding energy. The computations were found to be
strongly dependent on the value of the surrounding point charge array and an optimum value could be found by choosing the point
charge to reproduce the experimentally observed Ni—O lattice parameter. This simple, empirical method yields a good match be-
tween computed and experimental data, and even small variation from the optimum point charge value produces significant devi-
ation between computed and measured bulk physical parameters. The optimum point charge value depends on the cluster size, but
in all cases is significantly less than +2.0, the formal oxidation state typically employed in cluster modeling of NiO bulk and sur-
face properties. The electronic structure calculated with the optimized point charge magnitude is in general agreement with liter-
ature photoemission and XPS data and agrees with the presently accepted picture of the valence band as containing charge-trans-
fer insulator characteristics. The orbital population near the Fermi level does not depend on the cluster size and is characterized by
hybridized Ni 3d and O 2p orbitals with relative oxygen contribution of about 70%.

Keywords: nickel oxide clusters, point charge embedding, density-functional methods, electronic structure, ab initio calculations
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Introduction

The electronic structure of NiO has been under active investiga-
tion for almost 6 decades, dating from the historic studies of Nev-
ille Mott,['3] which explained the insulating nature of the par-
tially filled Ni?* 3d level with a localized, antiferromagnetically
ordered conduction band. Subsequent refinements produced the
Mott-Hubbard model,[“I®] in which an insulating gap of energy
U forms within the 3d level due to the strong Coulomb repulsion
among the highly correlated 3d electrons. NiO was considered
a prototypical Mott-Hubbard insulator for quite some time un-
til the model was challenged by a series of photoemission exper-
iments,[°Il7] supported by ab initio cluster calculations,! which
proposed the insulating nature originated from hybridization be-
tween localized nickel 3d and oxygen 2p levels. The band struc-
ture in this charge-transfer model is described by inclusion of
configurations that transfer electron density between the filled O
2p[6] band into the empty Ni 3d:

. 1
Wiy = 030 + F3d°L + 43d"L2 1)

1240

where, L represents a hole in the oxygen 2p band. The charge-
transfer model explains satellite structure in photoemission quite
well, but is less satisfactory in describing the composition of the
top of the valence band and bottom of the conduction band, and
thus the nature of the band gap. These problems occasionally give
rise to a new round of controversy,’!3! and the presently adopted
picture of the NiO band structure often includes both Mott-Hub-
bard and charge-transfer nature.

As a theoretical understanding of the electronic nature of
nickel oxide and other rocksalt 3d monoxides has developed, it
has become apparent that in many cases computational meth-
ods have proven inadequate to describe key features of the band
structure. In particular, ab initio studies of nickel oxide, espe-
cially those employing DFT methods, often fail to correctly de-
scribe the band gap, found experimentally to be in the range of
3.5-4.3 eV.['*18] Many calculations either significantly underesti-
mate the value at less than 1 eV,['120] or strongly overestimate it
at greater than 4.5 eV.[21-25]

While the controversy over the nature of the band gap is fun-
damental, there is reason to believe that some inaccuracies in
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calculations of NiO electronic properties are directly related to
practical problems in the application of the DFT ab initio meth-
ods, illustrated by recent theoretical studies of adsorption on the
NiO surface, a localized phenomenon for which cluster calcula-
tions should be particularly relevant. These results show that cal-
culated geometric and energetic parameters for chemisorbed CO,
NO, and NH; on NiO(100) are in poor agreement with experi-
mentally observed data.?I27] Even with directed efforts made to
address this problem, the agreement in adsorbate geometry be-
tween calculation and experiment remains disappointing.[>8-30]
In nonperiodic studies, NiO is usually modeled as a cluster with
fixed geometric parameters and surrounded by an array of point
charges. For NiO, in which the ions are formally Ni*" and O%,
the point charges are usually taken at ¢ = +1.8 to 2.0 and, funda-
mentally, the array is employed to compensate for the Madelung
potential of the lattice adjusted for effects that are related to the
finite cluster size.[’!]

Early NiO cluster calculations were performed on “bare”
NiO clusters, with ¢ = 0. In these calculations, accuracy was of-
ten associated with a fortuitously good choice of cluster geom-
etry and size. For example, a bare cluster calculation using the
same computational protocol was shown to produce oxide lattice
parameters comparable to experimental values for 2 x 2 x 2 clus-
ters, but overestimated the value for 4 x 4 x 4 clusters by as much
as 0.06 A.132I33 DFT computations using bare Ni O clusters(?]
gave optimized Ni—O bond lengths that were significantly un-
derestimated for NiO, Ni,O,, and Ni,O, clusters, by 21, 14, and
5.5%, respectively, and a calculated energy gap of 0.67-1.46 eV,
seriously underestimating the experimental band gap value by as
much as 3.6 eV. Semiempirical MSINDO studies employing 4 x
4x4,4%x4x8 8x8x4and8 x 8 x8NiOPZ] clusters resulted
in consistently better agreement with experimentally determined
lattice parameters and adsorbate binding energies, but still failed
to model the observed band gap, overestimating it as 5.9-7.2 eV,
depending on the cluster size and approach.

Compensation for the bulk crystal Madelung potential with
an array of embedding point charges improves the accuracy of
the cluster model, although care must be taken not to confuse the
charge magnitude (+¢) of bare, unshielded point charges that best
represent the Madelung potential of the lattice with the charge on
ions that compose it. The point charges also do not participate di-
rectly in bonding, but merely provide a background to compen-
sate for the lattice Coulomb potential on the cluster. The relation-
ship between the magnitude of the point charge and that of the
lattice ion formal charge is not obvious, and the use of ¢ = £2.0
is not necessarily the best choice to reproduce the actual chemi-
cal environment of the cluster in the three dimensional structure
of the bulk lattice.

Both geometric and energetic properties of nickel oxide di-
mer clusters**] have been shown to depend strongly on the mag-
nitude of the surrounding point charges. In this case, the point
charge was varied over a range of ¢ = 0 to £2.0, with a point
charge value of £1.36 most accurately reproducing the Ni—O
bond length observed in the bulk crystal structure. However, the
optimization of NiO clusters larger than dimer size, particularly
in relation to point charge values, can lead to convergence prob-
lems and have not been studied in depth.

The point charge value used to construct the array also af-
fects computational results involving chemisorbed species. A
strong correlation between point charge array and energy charac-
teristics has been found in embedded NiO cluster calculations>!
used to model the electronic structure for CO adsorbed on the
NiO(100) surface, which was observed to vary significantly when
the point charge was varied over the relatively narrow range of
q = £1.72 to 2.00. These studies indicate that point charge opti-
mization should be taken into account when performing calcula-
tions of both NiO bulk and surface properties.

For the related MgO system, a number of cluster calcula-
tions have been performed that question the validity of using the
formal lattice ion oxidation states for the point charge value, even
for highly ionic metal oxide systems. Calculations that model
MgO(100) chemisorption**# indicate that a point charge of
+2.0 significantly overestimates the effect of the surrounding
MgO crystal on adsorbate bonding and energetics. The majority
of these studies limited their calculations to a single value of g,
generally either ¢ = £1.5 or +1.8,3%#11 and did not systematically
investigate the effect of point charge on chemisorption proper-
ties. However, when specific efforts were made to determine an
optimum value for ¢ in DFT cluster calculations, it was found to
be significantly less than the formal oxidation state. For example,
Mg O, cluster calculations modeling the interaction of CO*?! and
CL*¥ with MgO(100) used a spherically expanded point charge
model (SPC)P*¥ to optimize ¢ self-consistently, and the point
charge for these systems was determined to be in the range of ¢ =
+0.85 to 1.04, depending upon cluster size.

In this work, we perform ab initio DFT optimizations of
Ni O, clusters (x = 4-12) embedded in a point charge field and
study the correlation between the electronic properties of the
NiO clusters and the value of the surrounding point charges. We
show that a simple and convenient method of selecting a reason-
able point charge value is by choosing ¢ empirically to reproduce
the bulk NiO lattice parameter upon cluster Ni—O bond optimiza-
tion. Point charge arrays with this optimized ¢ value are shown
to yield acceptable results for bulk crystal properties, including
band gap and other electronic properties. Using this approach, the
lattice binding energy and bulk modulus have been calculated for
each cluster size and compared to their experimentally observed
bulk values. The electronic band structure of both ferromagnetic
and antiferromagnetic NiO is analyzed and discussed in light of
the currently accepted picture.

Computational Procedure

Cluster calculations were performed using Gaussian03W
software.[* For cluster optimization, the density-functional
method with Beck three-parameter hybrid and Lee-Yang-Parr
exchange functionals (B3LYP) was applied.[*!4¢] Nickel cation
wavefunctions were modeled with a LanL.2DZ basis set, which
combines the D95VI#7l double-zeta functions with Los-Ala-
mos effective core potentials (ECP).[8] For oxygen anions, the
6-31G* all-electron split-valence basis setl*”] was used and in-
cluded a polarization d-function. Geometry optimization was per-
formed with the eigenvalue-following algorithm (EF)P0-521 by
varying the lattice parameter a (Ni—O bond length) while fixing
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all bond angles at 90° in an undistorted rock-salt structure. Ni O,
structures were treated as both ferromagnetic and antlferromag-
netic, since the ground state of solid NiO is antiferromagnetic
AF, below the Néel temperature of 525 K.[33 Population analysis
was performed with the help of the natural bond analysis (NBO)
utility built into the Gaussian software.

The criteria for cutting-out embedded clusters™* require that
the clusters should be neutral, stoichiometric and have a mini-
mum amount of dangling bonds. The clusters used in this work
have been chosen to satisfy these requirements. The nickel ox-
ide solid is represented by a series of Ni O, clusters with x = 4—
12 (Fig. 1), embedded in an array of alternating positive and neg-
ative point charges of equal magnitude. The point charge array
is constructed by surrounding the cluster ions with four layers of
point charges (4 layers deep), corresponding to a net 10 x 10 x 10
system in the case of Ni,0,, 10 x 11 x 10 for NicO,, 10 x 12 x
10 for NigOg, 11 x 11 % 10 for NigO,, 10 x 13 x 10 for Ni, O,
and 11 x 12 x 10 for Ni ,O,. All point charges are situated at the
normal crystallographic lattice coordinates, keeping the distance
between neighbor charges fixed at the experimental NiO lattice
parameter of 2.084 A [5%]

For comparison purpose, periodic DFT calculations have
been performed on ferromagnetic and antiferromagnetic NiO
using the spin unrestricted B3LYP hybrid density functional
implemented with the CRYSTAL98 package.[*0I°7] Supercells
containing four atoms (2 Ni and 2 O) were used in both fer-
romagnetic and antiferromagnetic (AF,) calculations. Electron
basis sets of the form 86-411/41 for nickel and 84-11 for oxy-
gen were adopted from previous crystal calculations.[**] Even
tempered auxiliary basis sets shown to yield good results in a
previous study[®®! were used for fitting the exchange correlation
potential, and comprised 14 s-type functions with exponents be-
tween 0.07 and 4000 for oxygen, 12 s-type functions with expo-
nents between 0.1 and 6,000 for nickel, and 3d-type type func-
tions with exponents between 0.45 and 3.3 for nickel. To keep
numerical error in the DFT part of the calculation to a mini-
mum, the accuracy of the angular numerical integration dur-
ing the SCF stage of the calculation was increased to the de-
fault level used in the exchange-correlation energy estimation
and for the radial integration the number of points in the radial
quadrature was increased to 81. The accuracy of the calculation
of the bielectronic Coulomb and exchange series are controlled
by 5 ITOL parameters which were set to high levels: 7, 7, 7, 7,
and 14. The SCF thresholds for the eigenvalues and total en-
ergy were set to 7 and 6, respectively. Fock/KS matrix mixing
of 30% was used to aid with convergence. Geometry optimiza-
tions were performed utilizing the FIXINDEX option by car-
rying out 11 single-point calculations, varying the unit cell lat-
tice constant between 4.10 and 4.32 A at intervals of 0.02 A,
the theoretical lattice constant was obtained by fitting a fourth
order polynomial to the total energies. Calculations presented
were carried out at the theoretical lattice constants, which were
4.24 and 4.23 A for the ferromagnetic and antiferromagnetic
NiO systems, respectively.

Results and Discussion
Bulk Parameters
Ferromagnetic Ni O, Cluster

The effect of the point charge was first investigated for the small-
est embedded cluster, Ni,O,, in its ferromagnetic configuration.
In addition, the lattice binding energy £, and the bulk modulus
B were calculated as a function of point charge over the range of
values ¢ = 0 to £2.0. The lattice binding energy is defined as that
required to convert:

NiO, — Nig, + O, @)

and the results can be compared with the experimentally observed
value for NiO of 8.8 eV (849 kJ/mol).[*?] The bulk modulus was
estimated with the equation[33]:

3)
where £ is the harmonic force constant for isotropic compression
of the cluster and a is the equilibrium separation between nearest
Ni—O neighbors. The model assumes that the energy varies har-
monically in the vicinity of a.

The results obtained are summarized in Tablel. The aver-
age atomic charges have been calculated in two ways: as Q,,, the
Mulliken charge, computed during the lattice parameter optimi-
zation and as (), the natural charge, obtained by the NBO anal-
ysis procedure. As expected, with no point charge array the bare
ferromagnetic cluster calculations poorly reproduce bulk NiO
properties. Under these conditions, the optimized lattice param-
eter is calculated to be 1.940 A, differing from the experimen-
tal value by 0.14 A. The lattice parameter a used here is the Ni—
O nearest neighbor distance and is equal to one half the rocksalt
unit cell length. The bulk modulus calculated for this system is
overestimated at 3.46 x 10'? dyn/cm?, twice that observed exper-
imentally. The lattice energy £, = 610 kJ/mol is underestimated
by about 28%.

#9590 4959
~
(a) (b)

%
%3 904

s

(e) ()

C'o

Figure 1. Ni O_ cluster models (a) x =4, (b) x = 6, (c) x =8,
(dx=9,()x=10,(H)x=12.
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Table 1. Calculated Lattice Parameter a (A), Bulk Modulus B (10'2

dyn/cm?), Lattice Energy (kJ/mol), and Average Mulliken and Natu-
ral Charges on Ni and O Ions in the Ferromagnetic Ni,0, Cluster at
Different Values of Surrounding Point Charge g.

i a B Eiu Om On
0.0 1,940 346 610 074 114
0.5 2011 2.92 805 086 133
0.7 2.056 2.56 903 091 1.40
0.75 2.070 2.45 928 0,93 1.42
0.793 2.084 232 952 0494 143
L0 2,178 1.40 075 099 L350
1.5 2.887 1.06 1566 1.27 1.61
2.0 2.084 (fixed) 2.03 1717 1.28  L.69
Experiment  2.084" 1.73 £ 0.23" 849¢

a Ref.[55].

b Ref.[59].

¢ Ref [32]

Embedding the cluster in a field of point charges significantly
improves the agreement between calculated and experimentally
observed properties. As q is increased, the Ni—O lattice param-
eter a and lattice energy £, both increase while the bulk modu-
lus B decreases. For the ferromagnetic Ni,O, cluster, the lattice
parameter becomes equal to the experimental value of 2.084 A
at a point charge value of ¢ = £0.795. At this value, £, and B
are within reasonable agreement of their experimental value as
well. The optimized point charge value varies only slightly with
reasonable choice of basis sets. Substituting 6-311G+ for the 6-
31G* oxygen basis set returns ¢ = +£0.720 as an optimum value,
whereas replacing the nickel LanL.2DZ basis set with 6-31G* in-
creases it to ¢ = +0.845. Further increase in ¢ results in overesti-
mation of a and an increasingly poor agreement of £, and B with
their observed bulk value. For ¢ = 1.5, still significantly below
the formal charge of ¢ = 2.0, the lattice parameter a is 2.887 A,
or approximately 40% higher than the experimentally observed
value.

At ¢ = 2.0, convergence problems arise due to the enor-
mously high Madelung potential represented by the point charge
field and an optimized lattice parameter cannot be obtained.
However, the bulk modulus and lattice energy can be calculated
by assuming a Ni-O bond length of 2.084 A, equal to that ob-
served experimentally. While this assumption produces a reason-
able value for the bulk modulus, the calculated lattice energy is
more than twice the experimental value. Furthermore, frequency
analysis, described below, results in the appearance of imaginary
modes during the optimization of the lattice parameter for ¢ >
1.5, indicating instability in the calculation of the embedded clus-
ter. No imaginary frequencies were observed in the lattice opti-
mization for Ni,O, clusters with ¢ < 1.0.

The average ionic charge also shows strong dependence on
the embedded point charge value. While O calculations produce
larger values than those using 0, ,, all are consistently well below
the formal charge of 2.0. Mulliken analysis tends to underesti-
mate charge calculations for ionic systems more severely because

it divides shared electron density in overlap terms evenly be-
tween the two ions whereas NBO analysis distributes the overlap
density by summing predefined “natural” atomic orbital assign-
ments. Both Q,, and Q, are clearly proportional to ¢, although
both also clearly underestimate the actual charge and the discrep-
ancy is typical of that for charge calculations of strongly ionic
systems by density functional methods. For example, in periodic
DFT studies of the NiO lattice, the calculated atomic charge has
typically been reported to lie within £1.53 to 1.67, while SCF
calculations on the same system produce more reasonable val-
ues in the range of 1.8-1.9.18] The large difference between the
charge distribution calculated by DFT and SCF methods has been
well recognized in the literature and is a result of the protocol
for assigning electron density among shared, valence-level elec-
trons.[%] While the charge calculations are known to underesti-
mate the atomic charge, they produce reasonable trends in com-
paring charge variation for systems using the same computational
protocols.

To ensure a large enough point charge array had been cho-
sen in the present calculations to make them independent of array
size, the effect of the array size was studied for the Ni,O, cluster
by embedding it in a field comprised of a larger, 20 x 20 x 20 ar-
ray. The optimized lattice parameter a was found to be equal to
that calculated with 10 x 10 x 10 array with the same optimized q
value, while the lattice energy differed from that shown in Table
1 for the 10 x 10 x 10 array by only several kJ/mol. Therefore,
the 10 x 10 x 10 point charge array was employed in the remain-
der of the calculations and is assumed to be large enough to satis-
factorily simulate the Madelung potential of the lattice.

Optimized Ni O, Clusters

Below its Néel temperature of 525 K, bulk nickel oxide
is antiferromagnetic in AF, form with ordered spin-up (o) and
spin-down (P) electrons in alternating (111) nickel planes. Opti-
mized point charge values calculated for the spin-paired Ni O (x
= 4-12) embedded clusters are given in Table2, where ¢ is cal-
culated to reproduce the experimentally observed nickel oxide
lattice parameter, as described earlier. Figure 2 shows the elec-
tron spin coupling schemes for Ni O, that reproduce the spin or-
der of the ferromagnetic and AF, antiferromagnetic structures for

Table 2. Bulk Modulus B (10'? dyn/cm?), Lattice Energy £, (kJ/
mol), and Average Mulliken and Natural Charges on Ni and O Ions
Calculated at Optimum Point Charge Value ¢ for Antiferromagnetic
(AF,) Ni O, (x = 4-12) Clusters.

X S q B E, Oy O

4 2 0.804 2.28 958 0.94 1.44
6 0 0.684 1.95 895 0.88 1.41
8 0 0.628 2.04 875 0.86 1.41
9 1 0.564 1.85 849 0.84 1.39
10 0 0.598 2.02 866 0.85 1.40
12 0 0.509 1.77 835 0.82 1.38

S, the total spin of the cluster.
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(a) (b) |
Figure 2. Ni O, cluster: (a) Ferromagnetic spin ordering, (b) AF, an-

tiferromagnetic spin ordering. Semitransparent areas designate (111)
planes of the same spin direction.

this cluster. Antiferromagnetic coupling can be included in the
density functional calculations for some, but not all, of the clus-
ters considered here and not all spin S = 0 systems can be config-
ured to reproduce the antiferromagnetic AF, ordering observed
in the bulk. The Ni O, cluster contains an odd number of nickel
ions and cannot balance a and 3 spins completely, and the mini-
mum spin AF, ordered system for this cluster is S = 1. While an
S = 0 spin arrangement for the Ni,O, cluster can be envisioned,
the spins are incorrectly aligned for AF, antiferromagnetism. AF,
spin ordering produces an S = 2 system for the cluster and is the
cluster system used here. Finally, for the NigO, system, an anti-
ferromagetic AF, configuration with paired o and 8 spins (S = 0)
can be formed, but the two spins are not symmetrically equivalent
within the cluster. Thus, of the clusters considered here only the
Ni(Oq, Ni,,O,, and Ni,,O,, accurately represent the spin config-
uration for an antiferromagnetic AF, bulk material.

The results in Table 2 indicate that an increased cluster
size requires a smaller value of the optimum point charge, with
g varying from 0.804 for Ni,0, to 0.509 for Ni ,O,, among the
clusters considered here. As the cluster size is increased, calcu-
lated values of both the bulk modulus and the lattice energy also
improve and approach that observed experimentally, with excel-
lent agreement achieved for the Ni ,O,, cluster at its optimum ¢
value. The average atomic charge changes insignificantly as the
cluster size is increased and remains in the range 0.82—0.94 (Mul-
liken charge) or 1.38—1.44 (natural charge) for all clusters. The
nonlinearity in x (cluster size) for calculated values of ¢, B, and
E,., is a function of cluster symmetry, and clusters are more ac-
curate in reproducing bulk values if the cluster is more compact,
which more efficiently increases the number of nearest-neighbors
and decreases the number of dangling bonds.

For comparison to the AF, embedded cluster calculations,
optimal point charge values for the ferromagnetic clusters are
listed in Table3. Antiferromagnetically and ferromagnetically or-
dered Ni O clusters show similar trends in the manner in which
bulk modulus and lattice energy improve with cluster size. How-
ever, the optimized point charge ¢ values obtained in the ferro-
magnetic calculations are slightly smaller than those observed for
their corresponding antiferromagnetic clusters, and the difference
becomes greater with increased cluster size. The lattice energy is
smaller by approximately 10 kJ/mol for the ferromagnetic clus-
ters, consistent with other computational data.?3! The Mulliken

and natural atomic charges and the bulk modulus values are com-
parable to those of the antiferromagnetic clusters and at constant
g do not significantly change with the increased cluster size.

Electronic Structure
HOMO-LUMO Energy Gap

The HOMO-LUMO energy gap (£ g) calculated for a clus-
ter is often taken to be a measure of the band gap of the bulk ma-
terial.[2] Experimental values are generally measured optically,
and the presently accepted value for the optical NiO band gap
lies within the range of 3.5-4.3 eV.[7lIl!8] The band gap of NiO is
often poorly estimated by computational techniques, a problem
compounded by the controversy over the composition of states at
the top of the valence band (HOMO states) and the bottom of the
conduction band (LUMO states). This is further exacerbated by
difficulties in the measurement of the fundamental gap itself. NiO
states in the band gap vicinity are predicted by the Mott-Hubbard
model to be primarily of Ni 3d nature, whereas the charge-trans-
fer insulator model predicts hybridized Ni 3d-O 2p states near
the Fermi level at the top of the valence band. Since the bottom
of the conduction band is primarily of Ni 3d nature, it has been
proposed!(!] that the optical measurements might overestimate
the oxygen 2p hybridization at the top of the NiO valence band
since the optical measurements favor Al = %1 transitions by di-
pole selection rules. While the maximum in the measured optical
adsorption coefficient is found at about 4.3 eV, the spectrum has
been reported to show a weak onset of absorption detectable as
low as 3.1 eVI®I that could more potentially be associated with
the computed HOMO-LUMO value of the energy gap, E o

Cluster calculations, performed with the optimum point
charge values reported in Tables 2 and 3, were used to estimate
the NiO band gap energy, £ o The calculated £ value, measured
as the difference in energy between the bottom of the LUMO
state and top of the HOMO state, is shown in Table4 as a function
of cluster size for both ferromagnetic and antiferromagnetic clus-
ters. The agreement with experiment is quite good. For all but the
smallest cluster of x = 4, the calculated energy gap is comparable
to or only a few tenths of an eV below that observed experimen-
tally. The magnitude of E, for each cluster is strongly dependent

Table 3. Bulk Modulus B (10'? dyn/cm?), Lattice Energy E, , (kJ/
mol), and Average Mulliken and Natural Charges on Ni and O Ions
Calculated at Optimum Point Charge Value ¢ for Ferromagnetic
Ni O, (x = 4-12) Clusters.

X S q B E,, Oy Oy

4 4 0.795 2.32 952 0.94 1.43
6 6 0.667 1.95 884 0.88 1.41
8 8 0.614 1.90 866 0.86 1.40
9 9 0.534 1.82 833 0.84 1.39
10 10 0.582 1.93 856 0.85 1.40
12 12 0.479 1.68 821 0.82 1.38

S, the total spin of the cluster.
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Table 4. Energy Gap (eV) Between HOMO and LUMO for Ni O,
(x =4-12) Ferromagnetic and Antiferromagnetic (AF,) Clusters Cal-
culated at the Optimum Point Charge Value ¢ Taken from Tables 2
and 3.

Antiferromagnetic and

Ferromagnetic clusters minimum spin clusters?®

X E @  E,®) E, (o) E, ()
4 4.8 4.8 4.8 4.6
6 4.2 4.1 4.0 4.0
8 4.3 43 4.0 4.3
9 3.9 34 3.6 3.7
10 4.1 4.1 4.1 4.1
12 3.8 3.6 3.7 3.7

2 x =4 and 9 values taken for minimum value spin state of S =1
and 2, respectively.

on g. For example, if the Ni-O bond length is fixed at the ex-
perimentally observed value (2.084 A) and the formal charge (g
= £2.0) is used to construct the point charge array, as is typical
practice in metal oxide cluster calculations, Eg is significantly
overestimated and ranges from 5.2 to 6.7 eV, depending upon
cluster size.

In both ferromagnetic and antiferromagnetic cases, E_ de-
creases slightly with cluster size, although the most substantial
change occurs in going from the minimum cluster size of x = 4
to the next smallest at x = 6. The largest antiferromagnetic cluster
studied here, Ni ,O,,, yields a value of £ , that is approximately
0.3-0.6 eV below the optical gap. In light of the trend of decreas-
ing E_ with increasing cluster size, the slightly lower computed
band gap value might be taken in support that optical measure-
ments overestimate the energy gap of the material, and that the
transition at the gap involves Ni 3d valence states into Ni 3d con-
duction states. However, population analysis described below
shows that the embedded cluster calculations place significant O
2p character at the top of the valence band, in agreement with
the charge-transfer insulator model of the band structure. The
lower value for the calculated band gap value should, therefore,
be taken as a measurement of the accuracy of the calculation in
reproducing the observed optical band gap transition.

Cluster geometry is, again, a factor in the calculation. More
compact clusters produce lower energy values in a trend similar
to that observed for bulk modulus and lattice energy in which a
slight trend reversal is observed in going from Ni O, to Ni, O,
since x = 9 produces a more compact cluster than x = 10. The dif-
ference between £ for majority (o) and minority () electrons in
Table 4 is also related to the cluster and spin-orbitals symmetry
for the ferromagnetic and S # 0 AF, spin-paired NiO clusters. By
symmetry, the bulk AF, antiferromagnetic o and 3 subbands are
equivalent and yield equal E,

Band Structure and Population Analysis

The energy-level diagram representing the band structure of
the Ni O, cluster is shown in Figure 3 for Ni 3s and higher levels.
The overall picture of the band structure is as expected. The more
strongly bound Ni 3s and Ni 3p core levels are localized and con-

sist of unhybridized atomic nickel wavefunctions, and the O 2s
wavefunctions form a shallow, localized core state approximately
12 eV below the bottom of the valence band. In both ferromag-
netic and antiferromagnetic Ni O, clusters, higher energy states
begin to show signs of admixture of other levels. While the Ni
3p band essentially contains only pure Ni 3p states, the next band
separated from the Ni 3p level by approximately 50 eV, consists
primarily of O 2s but contains a small amount of less than 7% Ni
3s and 3d character.

The NiO valence band almost exclusively consists of Ni
3d and O 2p atomic wavefunctions, with a small amount of O
2s and Ni 4s admixture. In the ferromagnetic Ni O, cluster, the
band contains 48 o-spin and 36 B-spin orbitals, consistent with
the experimental data and previous ab initio calculations.!8] Pop-
ulation analysis for majority-spin (i) electrons indicates that the
top of the valence band contains a large amount of O 2p charac-
ter (Fig. 4a). Although the nature of the top of the valence band
remains controversial,[!?164-66] 3 large contribution by the O 2p
to this region has been found both experimentally!'”l and com-
putationally by cluster?2124] and periodic lattice methods.[>31158]
The Ni 3d states dominate the bottom of the valence band but
also show some contribution to the top of the valence band com-
prising about 30% of the total states within 1 eV of the Fermi
level by population analysis. The low energy portion of the con-
duction band is primarily composed of minority () spins of Ni
3d character, with only a small contribution of O 2p (Fig. 4b).
Since the minimum HOMO-LUMO transition involves minority
spins (Table 4), the optical band gap transition is predominately p
— d compatible with the 3d®IL — 3d[°] charge-transfer insulator
model. Increasing the cluster size does not increase the amount
of Ni 3d at the top of the valence band, as can be seen for the
N,,0,, cluster in Figure 5, where now 96 a-spin and 72 B-spin
orbitals contribute to the valence and conduction bands.

Population analysis for antiferromagnetic Ni O, gives qual-
itatively the same picture (Fig. 6a), although the distribution of
spin states is slightly different than observed for the ferromagnetic

L L - | ooonduction bmd v
= - - L wadence band
: — _— —
'S
3 =
™ -.I
= ¥
v :
] — - = } iy fa)
N '
4
—_ —_— LR
= - L3l
a () (e)

Figure 3. Molecular orbital band structure for the optimized Ni O,
cluster: (a) a electrons in the ferromagnetic configuration; (b) B elec-
trons in the ferromagnetic configuration; (c) a and B electrons in the
antiferromagnetic configuration.
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Figure 6. Population diagram for the majority-spin o and minority-spin p electrons in the valence and
lower conduction band region of the optimized antiferromagnetic NicO, (a) and Ni ,O, (b) clusters.

cluster. In clusters that accurately reproduce the AF, spin order,
a and B bands are symmetrically equivalent and only one set is
shown in Figure 6a. The upper part of the valence band is still
dominated by the O 2p states at about 70% of the total number
of states. The bottom of the conduction band is still predomi-
nately Ni 3d, but the admixture of O 2p is slightly greater. Again,
increasing cluster size does not significantly change the picture
(Fig. 6b).

To further illustrate the composition of the valence band
edge, Table5 contains the numerical values from population anal-
ysis for the fraction of states with Ni 3d character within the up-
per 1 eV of the valence band for the series of Ni O embedded
clusters. The remaining fraction is essentially all O 2p. The high-
est occupied a spin molecular orbital has been taken as the ref-
erence point for the top of the valence band. For all clusters, in
both ferromagnetic and antiferromagnetic spin configurations, the
O 2p orbitals can be clearly seen to dominate the top of the va-
lence band. Increasing the cluster size does not change the popu-
lation distribution of this region and the relative proportion of Ni
3d wavefunctions remains within 26-30% of the total number of
states. However, the Ni 3d wavefunctions are distributed differ-
ently between the a and 3 subbands for ferromagnetic and anti-
ferromagnetic clusters. In the ferromagnetic NiO system, Ni 3d
electrons comprise ~15-20% of the top 1 eV of the majority o
subband and ~34-42% to the minority [} subband. For the antifer-
romagnetic clusters, the fraction of Ni 3d character is calculated
to be ~27% in this highest 1 eV of the valence band and is equal
for o and B subbands.

Density of States

Population analysis determines the fractional contribution of
each orbital used in a calculation to each state, but does not rep-
resent the density of states g(g) within each energy value interval
de. The density of states can be determined by:3!

elz)ds = L 4)
L.
where V' is the volume of the unit cell and n, is the number of

one electron levels in the energy range ¢ to de. Since cluster cal-
culations produce a relatively small number of molecular orbitals

Table 5. Relative Fraction of Ni 3d States in the Upper 1 eV of the
Valence Band.

Antiferromagnetic and

Ferromagnetic minimum spin clusters?®
X a p Total a p Total
4 0.15 041 0.28 0.18 0.36 0.27
6 0.18 040 0.29 0.26 0.26 0.26
8 0.18 041  0.30 0.26 0.27 0.27
9 0.19 034 0.26 0.25 0.26 0.26
10 0.18 042 0.30 0.26 0.26 0.26
12 020 038 029 0.27 0.27 0.27

2 x =4 and 9 values taken for minimum value spin state of S =1 and
2, respectively.
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Figure 7. Density of states representation for the optimized (a) ferromagnetic and (b) antiferromagnetic

Ni,,0,, clusters.

with discrete energy values, the appropriate approximation for
cluster calculations is to sum the number of states falling into a
small energy interval, Ae. The normalizing volume ¥ can be de-
fined as the volume that contains one NiO diatomic cluster mole-
cule since the primitive unit of a rocksalt lattice contains two at-
oms. Hence, in cluster calculations, the density of states can be
obtained from the following relationship:

.

gle)Ae =2 5)
where n_ is the number of energy levels in the range € to (¢ + Ag)
and N is the number of NiO units contained in the cluster (in the
case of Ni;,0,,, N=12).

The total DOS representations for the ferromagnetic and
antiferromagnetic spin-ordered systems are depicted in Figure
7 for the Ni,O, cluster. In both cases, A¢ is taken to be equal
0.5 eV. The shape and the bandwidth of the valence and con-
duction bands are qualitatively compatible with the spectra ob-
tained by XPS and BIS,[®] although satellite structure observed
experimentally as a small shoulder approximately 6 eV below
the Fermi level is not resolved in the summed-state DOS esti-
mation. The absence of energy states in the bottom of the va-
lence band that would give rise to this feature can be explained
by the finite size of Ni,,0O,, cluster, which requires a fairly large
Ag to avoid grainy DOS curves and does not estimate states
with low intensity very well. The separation between the most
intense DOS features composed of O 2s and O 2p wavefunc-
tions is about 16 eV, reproducing the experimental value of 16
eV between O 2s and O 2p peak maxima observed in NiO XPS
studies.[07]

Comparison of Cluster and Periodic DFT Calculations

Periodic DFT calculations have been performed on ferro-
magnetic and antiferromagnetic NiO supercells, as described
in the computational procedure section above. The resulting to-
tal density of states for the two bulk structures is shown in Fig-
ure 8 in the range of the valence and lower conduction bands.
The antiferromagnetic electronic band structure of NiO using
B3LYP periodic methods have been reported in earlier studies,
and the results presented here agree with those previously pub-
lished.381681691 To our best knowledge, there exists no previous
studies that address the DOS of the ferromagnetic band structure
using periodic B3LYP methods.

The band gap of the antiferromagnetic NiO is calculated to
be 4.2 eV, in excellent agreement with optical measurements and
only slightly higher than the 3.7 eV value of the Ni,,0,, cluster
calculated with the optimized embedded charge of ¢ = 0.509. For
the ferromagnetic system, separation between the top of the va-
lence band and the bottom of the conduction band for the a (ma-
jority) spins is 3.8 eV and for the B (minority) spins is 3.2 eV,
with the B transition underestimating the true band gap slightly
more than does the cluster calculation. While band widths and
relative positions are comparable for the cluster and periodic
techniques, the shape of the valence and conduction bands differs
somewhat, in part due to the limited number of states contribut-
ing to the cluster calculations. Nevertheless, the cluster results
are within reasonable accuracy of the periodic calculations. The
cluster calculations using our optimal point charge method for es-
timating the embedding point charge can, therefore, be taken as a
significant improvement over previous cluster calculation meth-
ods in their agreement with periodic derived band gap values.
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from periodic calculations.

Figure 9 shows the composition of the valence and conduc-
tion band features resulting from the periodic calculations of the
ferromagnetic and antiferromagnetic NiO electronic structure. As
found in the cluster calculations, the periodic results also show
strong admixture of nickel 3d and oxygen 2p levels in the va-
lence band region, with the top of the valence band containing
significant amounts of O 2p character. The very narrow feature

that comprises the bottom of the conduction band in the periodic
calculations for the antiferromagnetic NiO system is reasonably
well predicted by the cluster model although slightly broader.
This broadening is, as stated previously, most likely due to using
a finite cluster with limited numbers of orbitals (312 total elec-
trons for the largest cluster, Ni,,O,,) to describe an infinite bulk
electronic structure.
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Figure 9. Projected density of states for the valence band and the lowermost part of the conduction
band for (a) majority-spin a ferromagnetic, (b) minority-spin § ferromagnetic and (c) o + f antiferro-
magnetic NiO structures from periodic calculations.
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Most significant is the agreement between periodic and clus-
ter calculations to reproduce the character at the top of the va-
lence band and the bottom of the conduction band. Noncontro-
versially, the bottom of the conduction band is comprised almost
entirely of Ni 3d states. More significantly, the top of the valence
band shows substantial O 2p nature although the periodic results
predict a smaller contribution from the oxygen states at the top
of the valence band than do the cluster calculations. Ni 3d states
comprise 37% of the o subband character and 82% of the  sub-
band within the top 1 eV of the ferromagnetic valence band, as
opposed to 15-20% of the o subband and 34-42% 3 subband in
the cluster calculations. For the antiferromagnetic NiO system,
the nickel 3d contribution to the top 1 eV of the valence band
structure is 66% with periodic methods but only approximately
27% with the cluster models. In both periodic and cluster calcu-
lations, only Ni 3d and O 2p states contribute significantly to the
valence band, with negligible contributions from Ni 4s and Ni 2p
states, and the remainder of this valence band region is predomi-
nately O 2p. Thus, the periodic calculations predict about a 50%
smaller contribution from oxygen-derived states to the top of the
valence band than do the cluster calculations, indicating that even
the largest cluster still overestimates the hybridization between
the oxygen and nickel states.

Conclusions

In this work, we propose a simple and convenient empirical
method for estimating the point charge, ¢, for embedded clus-
ter calculations by density functional methods appropriate for
modeling transition metal oxide systems. An optimized point
charge value was obtained for a series of nickel oxide clusters,
Ni O, (x = 4-12) by choosing ¢ to reproduce the experimen-
tally observed lattice parameter a. The effect of the point charge
was then studied for several bulk NiO properties, including lat-
tice energy £, bulk modulus B, valence band gap £, and ionic
charge Q for point charge array values of 0 < g <2.0. The bulk
parameters are strongly dependent on the magnitude of the sur-
rounding point charge array and reproduce experimental data
quite well at the optimum point charge value, diverging signif-
icantly for smaller and larger ¢. The optimum value of ¢ de-
pends upon cluster size, decreasing as the cluster size increases,
but in all cases is significantly less that the formal charge ¢ =
+2.0 often used in embedded cluster calculations for divalent
oxides. For the largest cluster studied here, Ni,,0,,, ¢ = +0.479
and 0.507 for ferromagnetic and antiferromagnetic spin ordered
clusters, respectively.

The electronic structure of NiO clusters is also well repro-
duced for all but the smallest cluster sizes of x = 4 for ferromag-
netic and x = 4 and 6 for antiferromagnetic clusters and is in gen-
eral agreement with both experimental and calculated valence
band structures. There is some controversy over the composition
of the top of the valence band, and the present study places sub-
stantial O 2p character in this region, in agreement with a num-
ber of other computational studies. The total contribution of Ni
3d orbitals in the top 1 eV of the valence band region is only very
weakly dependent of the cluster size, and is calculated to range
from 26 to 30% of the total orbital content. Again, the largest

change in composition occurs at small cluster size. The overall
density of states shape and bandgap value are generally consis-
tent with the results of periodic calculations, although the clusters
most likely overestimate the contribution from the O 2p states to
the top of the valence band.
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