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The band 아ructure of nickel monoxide having a cation defect rock salt structure is calculated by means of the tight- 

binding extended Hiickel method. The calculation is also made for the net charge, the DOS, the COOP, the electron 

density of the constituent atoms, and the O Is binding energy shift when one of the adjacent nickel atoms is defected. 

It is found that the band gap near the F on the Brillouin zone is about 0.2 eV, and that all of the properties calculated 

including the electronic structure of the oxygen atom are more effectively affected by the surface defect than the 

inside one. The core O Is binding energy shift is calculated by the use of valence potential method and the results 

are very satisfactory in comparison with the XPS experimental findings.

Introduction

Nickel oxide with the rock salt structure has been known 

to show antiferromagnetic insulating1'3 behavior when it has 

stoichiom아ric structure. Mattheiss4-5 attempted to explain the 

behavior with its band structure by the use of augmented 

plane wave method, but was not so successful in describing 

the insulating nature. The insulating magnetic behavior was 

successfully explained by Oguchi et al* by the use of band 

theory based on the local spin density functional method.

The nickel oxide shows, however, a considerable semicon

ductivity when it is heated in the air. The heating introduces 

Ni2+ vacancies into the NiO structure, and these vacancies 

cause the oxidation of Ni2+ ions around the vacancy to Ni34 

ions at the same time. The conduction is explained as a 

result of the migration of this Ni3+ ions as a consequence 

of electron hopping between the Ni2+ and Ni3+ ions.8 The 

vacancy gives the oxide the catalytic activity in addition.9*"12 

It has been known that the defected nickel oxide interact 

with oxygen molecule to dissociate it, and that the defects 

play an important role in the catalytic activity.1112

The X-ray photoelectron spectra of the defected nickel 

oxide show extra O Is peaks of higher binding energy in 

addition to the typical O Is peak of the perfect metal oxide 

oxygen.13 The shifted 0 Is binding energies are attributed 

to the presence of Ni3+ ions and/or other impurities such 

as OH」，COf, and (为-ions around the oxygen atoms.14 

Meanwhile, the temperature programmed thermal desorption 

spectrum shows also the presence of three oxygen species 

of different desorption energy. They are attributed to the 

different coordination number the oxygen atom takes in the 

oxide.15 It will be interesting to find out how the band struc

ture changes and what extent the core electron binding ene

rgy of oxygen changes upon the defect introduction.

No theoretical works of this kind has been reported for 

the transition metal oxides with a semiempirical method yet. 

The band structure, the density of 야ate (DOS), the crystal 

orbital overlap population (COOP), and the core electron 

binding energy shift of oxygen atom are calculated in conne-

We dedicate this work to professor Woon-Sun Ahn on the occa

sion of this retirement.

Figure 1. Unit cell of nickel oxide and its corresponding Bril

louin zone.

ction with the cation defect in nickel oxide in this work. 

The calculation is made with the tight binding EH type me

thod, with which Hoffmann16~19 and Whangbo et initia

ted the theoretical study of solid state compounds successfu

lly.

Results

Band structure of NiO. The unit cell of nickel oxide 

is taken as shown in Figure 1 with corresponding fee Bril

louin zone, and a cation defect is introduced, when it is re-
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Figure 2. Tot지 d-band structure of the cation defected NiO 

unit cell alon용 the symmetry direction, I'tXtW-tLtI'tK

quired, by removing the nickel atom at the center of the 

octahedron formed by oxygen atoms. The band structure of 

the defected nickel oxide is calculated along the several sym

metry directions of the Brillouin zone,22 and the results are 

shown in Figure 2 and 3. The parameters and the lattice 

constants used in this calculation are given in the appendix 

at the end of this paper.

The band structures of Figure 2 shows the Fermi energy 

level £/ at — 8.74 eV and d-band width of 4.4 eV. The calcu

lated value of the d-band width agrees well with the value 

4.3 eV, which is calculated using localized orbitals obtained 

in a self-consistent manner by Hugel et al? Also, it is shown 

that the d-band structure near the Fermi level along the 

symmetry direction, HX with a Ni defect at the octahedral 

center in Figure 3(a) and at the edge in Figure 3(b). The 

band gap between the valence and the conduction bands 

of the defected NiO calculated is about 0.2 eV near the r 

in contrast to the perfect NiO (in private calculation), sho

wing that it behaves as a semiconductor in agreement with 

the experimental observation.823 However, in most of the sy

mmetry directions the band gap are close to Fermi level 

to be a metal or semimetal. Also, when the edge Ni atom 

(surface atom) is defected, the band gap is too narrow to 

be a semiconductor except near the r direction, presumably 

due to the edge effect in Figure 3(b). It has been known 

that the delocalized energy-band formalism such as EHT 

type fail to properly describe the electron structure of transi

tion metal oxides.19

Electronic structure of the oxygen atom. A model 

consisting of two NiO unit cells is taken as shown in Figure 

4 in order to find the effect of cation vacancy on the oxygen 

atom. The properties of oxygen atom at the octahedral center 

is then investigated with the cation defect placed on the 

octahedral surface number 1 and 2, corresponding to the 

surface (top and bottom plane) and inside lattice sites (body

Figure 3. The d-band structure near the Fermi level along the 

symmetry direction, r-*X with the Ni defect (a) at the octahedral 

center, and (b) at the edge.

centered) of the nickel oxide, respectively. The properties 

are investigated by calculating the DOS, the COOP, the elec

tron density, and the 0 Is electron binding energy shift. 

The charges of the oxygen and nickel atoms adjacent to the 

defect site calculated are shown in Table 1.



Figure 4. A model consisting of two NiO unit cells. Nick이 atom 

numbered 1 corresponds to the surface atom, and the one num

bered 2 the inner atom of the oxide.

Change of net charge

Table 1. The average changes of net charge on the central 

oxygen atom and the adjacent nickel atoms due to a Ni de

fect

Centered oxygen The nearest neighbor nickel

p 0.000 0.000

ID -0.040 +0.264

SD -0.075 + 0.258

P: Perfect NiO structure, SD: Surface Ni atom (no. 1) is defected. 

ID: Inner Ni atom (no. 2) is defected. The following tables are 

the same notation.

In this work, the cation defect site considered is limited 

to the octahedral nickel positions only, and their effects on 

the central oxygen atom and the adjacent nickel atoms are 

considered exclusively. According to the Table 1, the defect 

decreases in general the net charge on the oxygen atom 

while it increases the net charge on the adjacent nickel 

atoms. The옪e net charge decrease of the oxygen atom, which 

corresponds to the decrease of its oxidation degree, will de- 

shieled the nuclear to the core eletrori옹 to increase their 

binding energies. The changes of electron densities in the

Figure 5. Projected DOS of the oxygen />-orbitals in (a) perfect, 

(b) surface nickel defected, and (c) inner nickel defected NiO 

models.

various orbitals of the oxygen atom and the adjacent nickel 

atoms are calculated in order to find the effects of the defect 

introduction at the level of electronic energy, and the results 

are shown in Table 2. The corresponding DOS of the oxygen 

/>-orbitals and the nickel J-orbitals are shown in Figure 5 

and 6.

Table 2 shows that the surface Ni defect increases the 

electron density of the oxygen ^-orbital, while the inner de

fect increases that of the oxygen />x-orbitaL The total electron 

density of the />-orbitals is increased more when the defect 

is on the surface rather than it is in the inside. It is clear 

that the defect gives a different degree of effect on the oxy

gen atom depending on its location. This means that oxygen 

atom can assume a few different oxidized states in the de

fected NiO. The identical effects can be seen in Figure 5. 

That is, the 力厂orbital DOS changes most significantly when 

the surface nickel atom is defected, while the change takes 

place in the 丸广。rbital DOS significantly when one of the 

inner atom is defected.

A=defective structure — perfect structure.

Table 2. The changes of electron density of oxygen and the adjacent nickel atoms due to the Ni defect

electron density change of oxygen atom

As 서b A/>2 Atotal

P 0.000 0.000 0.000 0.000 0.000

ID 0.003 0.071 -0.033 - 0.002 0.039

SD 0.003 - 0.002 - 0.033 0.105 0.073

electron density change of the nearest neighbor nickel

As A力 △由 皿 △dA/ N说 Zy l顼嵐 A奴 Atotal

P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

ID ; -0.012 0.008 - 0.012 0.000 - 0.390 - 0.650 0.000 0.000 0.000 -1.056

SD -0.008 0.004 - 0.008 0.004 - 0.334 - 0.692 0.000 0.000 0.001 -1.038
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Rgure 6. The total d-DOS of NiO in the states of (a) perfect, 

(b) surface nickel defected, and (c) inner nickel defected NiO 

models.
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Figure 7. COOP of the Ni-Ni in (a) perfect, and (b) surface 

Ni defected NiO.

Table 2 shows at the same time that the defect causes 

the electron densities of the Ni eg orbital (如一『,and d^) 

to be decreased. This decrease of the electron density 

means, in turn, the increased oxidation state of the nickel

-5 
-20 -15 -10 -5

E(ev)

Figure 8. COOP of the Ni-0 in (a) perfect, and (b) surface Ni 

defected NiO.

Table 3. The calculated valence potential of oxygen atom and 

the binding energy shift of 0 is electron due to the Ni defect 

(eV).

The theoretical

Defect site P ID SD

Valence potential -197.5 -196.1 — 195.3

Bindin횸 energy shi仕 (ABE) 0.0 1.4 2.2

The experimental

Oxygen atoms I II III

Binding energy (a) 529.7 531.4

(b) 529.6 531.0 531.4

Binding energy shift (a) 0.0 1.7

observed (ABE) (b) 0.0 1.4 1.8

(a) ref. 13, (b) ref. 14. The theoretical and the experimental ABE 

are calculated in reference to the perfect structure of NiO(P) 

and to the oxygen atom(I), respectively.

atom. The change of the Ni d-DOS due to the defect shows 

also the decrease of electron density on the nickel atom. 

According to Figure 6, the Ni d-DOS below the fenni level 

decreases by the Ni defect, and this decrease means, in turn, 

a decrease of electrons in the d-orbital since the integral 

of the density of states below the fermi energy level multi

plied by two gives the number of electrons.24

The COOP calculated shows that the nearest Ni-Ni bond

ing decreases while the nearest Ni-0 bonding increases in 

the region below the fermi level when the surface Ni atom 

is defected. The inner Ni atom defect causes a less effect 

on the COOP.

Binding energy shifts of oxygen core electron. The 

0 Is binding energy shifts of a non-stoichiometric NiO are 

calculated with the valence potential model25'29 by the EHT
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Figure 9・ The change of net charge (ANC), electron density 

(AED) of oxygen atom, the shift of 0 Is electron binding energy 

(ABE) due to defected Ni (P, SD and ID), and experimental 

ABE (I, II, III).14 

method, and the results are given in Table 3.

As shown in Table 3, the valence potential of the oxygen 

atom is affected by the defect to different degrees depending 

on the defect site, and so is the core electron binding energy 

accordingly. The calculated shifts agree very well with those 

measured with photoelectron spectra of NiO.13,14 It is now 

clear that the several O Is peaks of the XPS of pure NiO 

are due to the defects. It is certain that the several oxidized 

states of oxygen atoms in NiO is inherent one due to the 

defects.

Finally, the core electron binding energy shift, the electron 

density change, and the net charge of oxygen atom are 

shown altogether in connection with the defect site (Figure 

9). It can be seen that all of these properties are affected 

much more by the surface Ni defect than the inside one.
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Appendix. The calculation were made with the tight- 

binding EHT method using PC/386 and PC/486. The EH- 

MACC and EHPC of QCPE 571 (VAX version)30 were con

verted into the MS-Fortran version and this program was 

complied by MS-Fortran version 5.0 under OS/2 version 1.1. 

The parameters used in this calculation are obtained by the 

charge iteration method due to Hoffmann.31 The lattice 
constant used in this calculation is 4.1769 A23 and 26 K point 

set is used.
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