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Surface states on NiO„100… and the origin of the contrast reversal
in atomically resolved scanning tunneling microscope images
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The local spin-density approximation1U method has been applied to identify the origin of surface electronic
states on the~100! surface of nickel monoxide. The results ofab initio calculations show a substantial
reduction of the forbidden gap at the surface and point to the presence of two types of electronic states
associated with the termination of the crystal lattice. The energy of one of the surface states corresponds to the
top of the valence band and the wave function of this state is predominantly localized on the oxygen surface
sites. The other state is situated at the bottom of the conduction band and its wave function is localized on the
nickel sites. The presence of these surface states explains the origin of the contrast reversal of scanning
tunneling microscope images of the~100! NiO surface observed experimentally by altering the sign of the bias
applied to the sample.@S0163-1829~97!00632-2#
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I. INTRODUCTION

The surfaces of transition-metal oxides~TMO’s! play an
important role in a wide range of phenomena and there
growing interest in various technological applications of o
ides in chemistry and materials science.1 Since the electronic
structure of a surface can differ significantly from the ele
tronic structure of the bulk material,2 it appears that transi
tions betweensurfaceelectronic states, rather than betwe
bulk electronic states, are responsible for many interes
properties of TMO’s.3

The electronic structure of a large number of TMO’s
dominated by the presence of strong on-site Coulomb re
sion ~strong correlations! betweend electrons localized on
transition metal ions. Sinced orbitals of metal ions, togethe
with p orbitals of oxygen ions, constitute the electronic sta
of interest near the Fermi energy, the problem of an adeq
description of correlation effects in anab initio computa-
tional scheme turns out to be of fundamental importance
predicting the bulk and surface properties of TMO’s fro
first principles. For many years the question of the appli
bility of the local spin-density approximation~LSDA! to the
description of the electronic structure of TMO’s remained
subject of intense debate.4–7 More recently, several alterna
tive ab initio approaches to the description of the electro
structure of bulk TMO’s have been developed to expla
sometimes qualitatively and in some cases quantitatively,
perimental results that have accumulated over the past
cade, mainly from x-ray photoelectron spectroscopy.8–10

Theseab initio methods include theGW treatment of nickel
monoxide developed by Aryasetiawan and Gunnarsson,11 the
three-particle correction to the LSDA proposed by Mang
et al.,12 the Hartree-Fock study by Towleret al.13 and the
LSDA1U method developed by Anisimovet al.14 and refor-
560163-1829/97/56~8!/4900~9!/$10.00
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mulated into a rotationally invariant form by Liechtenste
et al.15 There is a growing consensus that nickel monox
belongs to the class of charge transfer insulators, and tha
bulk electronic structure is characterized by the predo
nantly Ni d-like conduction band, and that the top of th
valence band has predominantly Op-like character.16,17 The
insulating behavior of NiO is associated with a large Hu
bard splitting of filled and emptyd states separated byU'8
eV, which is twice the width of the band gapEg'4 eV.17

The amount of reliable information about the electron
structure ofsurfacesof TMO’s is relatively limited. Partly
this results from the fact that many of the TMO’s are roo
temperature insulators and this makes them far more diffi
to study than conventional metals or semiconductors. X-
photoelectron spectroscopy~XPS!, which has provided the
largest amount of reliable experimental information abo
bulk electronic states in TMO’s,9,10 appears to be less sens
tive to the electronic structure of surface atomic layers. M
surface sensitive electron energy loss spectroscopy~EELS!
measurements18–20 carry information about the spectrum o
excitations conserving the number of electrons in the syst
As a result, EELS results are often harder to interpret th
XPS observations since the latter provide information in
somewhat simpler form of electron addition or electron
moval spectra.16

Very recently there has emerged a new technique
studying the electronic and atomic structures of TMO s
faces, namely, elevated temperature scanning tunneling
croscope~STM! imaging.21–23 It has been demonstrated th
elevated temperature STM can be successfully employe
obtain atomically resolved images of flat and defective s
faces of various materials that are insulators at room te
perature. Since the signal that forms an STM image is p
4900 © 1997 The American Physical Society
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56 4901SURFACE STATES ON NiO~100! AND THE ORIGIN . . .
duced by adding or removing electrons from the surface,
interpretation of the resulting image appears to be simila
the interpretation of an XPS spectrum. However, this an
ogy should not be carried too far since there are two imp
tant factors which distinguish the two techniques. First,
spatial resolution~in the plane parallel to the surface! that
can be achieved using STM is many orders of magnit
higher than the resolution accessible to XPS. For examp
scanning tunneling microscope has made it possible to
serve individual point defects on a NiO surface.23 Second, to
interpret a STM image one needs to know thesurfaceelec-
tronic structure, e.g., the density of single-particle surfa
states. This poses a problem that is more demanding com
tationally than a calculation of the single-particle density
states~DOS! for a unit cell in the crystal bulk.

In the past, several calculations have been perform
aimed at understanding the electronic structure of nic
monoxide surfaces. Lee and Wong24 extended the linea
combination of atomic orbitals treatment of NiO develop
by Mattheiss25 and used his parametrization of the tigh
binding matrix elements to study the electronic structure
the ~100! surface. However, the authors of Ref. 24 did n
recognize the fact that, according to their treatment, nic
monoxide was predicted to be metallic, and they erroneou
identified the band gap as a gap between filled oxygen
filled nickel states~cf. a review by Adler.4!

A configuration-interaction~CI! approach to the calcula
tion of energies of the ground and excited states of Ni io
located in the first atomic plane of the NiO~100! surface has
been developed by Freitaget al.19 The calculation was car
ried out for a cluster of one Ni and five O ions embedded
a semi-infinite lattice of pointlike ions representing the
maining nickel and oxygen sites. Freitaget al. showed that
the energies of the excited states calculated using the
approach corresponding to the dipole-forbiddend-d transi-
tions were in good agreement with the results of hig
resolution EELS measurements. Extensive experime
EELS studies carried out by Gorschlu¨ter and Merz20 have
confirmed the above findings. For the purpose of compari
with the results of the LSDA1U calculation discussed below
we note that the CI analysis19,20 was focused on intracluste
excitations, the energies of which did not exceed the width
the band gap. By contrast in this work we treat a mu
broader range of energies within an effective one-elect
picture.

More recently it has been shown that the effects ass
ated with covalent coupling between the central ion o
cluster and its nearest and even next nearest neighbors
play an important role, and may give rise to a number
readily observed phenomena.26,27 The presence of strong co
valent coupling between next nearest neighbors in the
sublattice has also been observed in STM images in the f
of c(232) patterning around defect sites and step edge23

These observations suggest that it is desirable to carry ou
ab initio study of the NiO surface using a method which do
not rely on a cluster-type geometry.

In this paper we study the electronic structure of the N
~100! surface using the so-called LSDA1U approach. This
approach was proposed by Anisimovet al.14 as a relatively
simple way of bridging the gap between the conventio
methods based on LSDA and the Hubbard model. T
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LSDA1U method can therefore be viewed as an appro
which provides an alternative to the cluster-based treatm
of the electronic structure of TMO’s. In LSDA1U the solid
is treated as a periodic continuum and correlation effects
included using a special form of the effective one-electr
potential which acts differently on the occupied and unoc
pied electronic orbitals. One of the main achievements of
LSDA1U method was an order of magnitude improveme
over the previously known LSDA results in the calculat
width of band gaps for a number of compounds includi
TMO’s ~Ref. 14! and actinide oxides.28 Subsequent
analysis17 has shown that the DOS calculated using t
LSDA1U approach agrees with experimental XPS spec
and also with the results obtained using the Anderson im
rity model.16 Below we apply the LSDA1U method in order
to understand the electronic structure of the~100! surface of
nickel monoxide, and to explain the origin of the contra
reversal of images observed when the applied sample bia
an elevated temperature scanning tunneling microscop
reversed.23 Our analysis also allows us to explain why it
much harder to obtain atomically resolved STM images
negative sample bias compared with positive bias.

II. THE LSDA 1U METHOD

To explain the idea of the rotationally invariant LSDA1
U method15 let us consider the difference between electro
interacting as parts of an individual ion or as constituents
an ion embedded in a solid or a liquid. The energy
electron-electron interaction is given by the expectat
value of the relevant part of the Hamiltonian29

Ĥ int5
1

2 (
s,s8

E drdr 8Ĉs
†~r !Ĉs8

†
~r 8!Vc~r ,r 8!

3Ĉs8~r 8!Ĉs~r !, ~1!

where Vc(r ,r 8) is the potential of the screened Coulom
interaction, averaged over the~variational! ground state of
the systemuF&. In the case of an individual ion theC op-
erators entering Eq.~1! may be expressed in terms of a set
atomic orbitals$f j (r )% representing the eigenfunctions o
the system:

Ĉs~r !5(
j

f j~r !â j s , ~2!

where s denotes the projection of spin. This leads to t
standard Hartree-Fock expression for the energy of elect
electron interaction,

^FuĤ intuF&5
1

2(j ,k (
s,s8

~^ jkuĤ intu jk&nj snks8

2dss8^ jkuĤ intuk j&nj snks!, ~3!

where nj s5^Fuâ j s
† â j suF& are the occupation numbers o

the relevant orbitals and

^ jkuĤ intu lm&5E drdr 8f j* ~r !fk* ~r 8!Vc~r ,r 8!f l~r !fm~r 8!.

~4!
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4902 56S. L. DUDAREV et al.
Since the statesuf j& are the eigenstates of an individual io
the occupation numbersnj s equal either 1 or 0.

If an ion is embedded in a solid and the amplitude
electron hopping between ions is substantial, the evalua
of the expectation valuêFuĤ intuF& requires that theC op-
erators are expressed in terms of creation and annihila
operators of quasiparticles

Ĉs~r !5(
a

xa~r !âas , ~5!

the wave functions of which are now linear combinations
atomic orbitalsxa(r )5( jAj af j (r ). The expectation value
of the energy of interaction between electrons occupy
atomic orbitals of an ion is now given by

^FuĤ intuF&5
1

2 (
j ,k,l ,m

(
s,s8

~^ jkuĤ intu lm&r l j
s rmk

s8

2dss8^ jkuĤ intu lm&rm j
s r lk

s !, ~6!

where r l j
s 5(aAlanasAj a* is the density matrix30 and

nas50,1 are the quasiparticle occupation numbers. The
pearance of the density matrix in Eq.~6! is not surprising
since an ion embedded in a solid represents an open sy
interacting with the environment and therefore its quant
state cannot generally be described by a wave function30 ~un-
less this state is a pure state! nor can it be characterized by
set of occupation numbers$nj s% of a set of fixed basis func
tions. We also note that since Eq.~6! has the form of a trace
of a product of matrices, it is invariant with respect to a
unitary ~for example, rotational! transformation of the basi
functions$f j (r )%.

Now, following the methodology of the LSDA1U ap-
proach, we note that for the majority of orbitals~in the case
of a transition-metal ion we mean all orbitals except tho
belonging to the partly filledd shell! the expectation value o
the Hamiltonian~1! may be cast in the form of a functiona
of the density of electronsns(r ). However, for a localized
orbital ~e.g., for thed orbital of a transition metal ion!, the
appropriate form of this functional remains unknown. It
known that the major source of error of conventional LSD
calculations in the present context is associated with an
adequate description of the Coulomb interaction betw
electrons occupying a localized orbital. We therefore foc
on thedifferencebetween the expectation value ofĤ int cal-
culated using a localized basis set~6!, and the corresponding
quantity ^FuĤ intuF&LSDA evaluated assuming that it is
functional of ns(r ) ~or, as in the case of thed orbital, is a
function of the total number of electrons with a given pr
jection of spin in this shell!. Since for any choice of the bas
functions there always exists a unitary transformation dia
nalizing r l j

s for a given orbital, we arrive at

^FuĤ intuF&LSDA5
U

2
~N↑1N↓!~N↑1N↓21!

2
J

2
@N↑~N↑21!1N↓~N↓21!#, ~7!

where U and J are the screened Coulomb and exchan
parameters31 and N↑ and N↓ are the total numbers of elec
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trons with spin up~down! occupying thed orbital of one of
the transition metal ions. Subtracting Eq.~7! from Eq. ~6!
and differentiating the result with respect tor l j

s , we obtain
the required invariant form of the LSDA1U correction
DVjl

s to the effective one-electron potentialVjl
s , namely,

DVjl
s [

d

dr l j
s

@^FuĤ intuF&2^FuĤ intuF&LSDA#

5(
m,k

@^ jkuĤ intu lm&rmk
2s1~^ jkuĤ intu lm&

2^ jkuĤ intuml&!rmk
s #2Ud j l F S (

s8,k

rkk
s8D 2

1

2G
1Jd j l F S (

k
rkk

s D 2
1

2G . ~8!

This simple formula~8! can be used as a correction to th
exchange-correlation potential of density-functional theo
to describe correlations between valence electrons occup
localized orbitals. In what follows we consider an applicati
of the above formalism to the case of nickel monoxide wh
this correction has been added to the effective potential
ing on electrons occupyingd orbitals of Ni ions.

III. ELECTRONIC STATES ON THE „100… SURFACE
OF NICKEL MONOXIDE

The results described below have been obtained usin
modified version of the LSDA1U method implemented with
the full-potential code written by Savrasov and Savraso32

and Liechtenstein.15 Since we are interested in understandi
the origin of the changes in the electronic structure ass
ated with the termination of the crystal lattice, it is useful
consider first the electronic structure ofbulk nickel monox-
ide. Figure 1 shows a plot of the density ofd states of nickel
ions and the density ofp states of oxygen ions. The calcula
tion was performed assuming that the lattice constant of N
is a054.194 Å~57.927 a.u.! and that the radii of the muffin-
tin ~MT! spheres are equal toRNi52.076 a.u. and
RO51.887 a.u. In choosing the values ofU and J we fol-
lowed Ref. 14 and assumedU5F058.0 eV and
J5(F21F4)/1450.95 eV. The resulting insulating antifer
romagnetic ground state of NiO is characterized by a m
netic moment ofm51.74mB per Ni site and by a band gap
Eg , of 3.50 eV. In agreement with the results obtained p
viously using a different version of the LSDA1U method,17

the electronic structure of NiO in the vicinity of the Ferm
energy is characterized by a broad forbidden gap above
valence band which consists of filled oxygenp states and a
smaller admixture of nickelt2g and eg d states. Therefore
the top of the valence band has predominantly oxygenp
character. The conduction band is formed by weakly hybr
ized emptyeg states of Ni ions with a small~although iden-
tifiable! admixture of oxygenp states. This picture contrast
with the result of an LSDA calculation predicting only a ve
narrow (;0.2 eV! band gap separating fillednickel d and
empty nickeld states. Since this value of the band gap do
not agree with the results of our experimental STM wo
described in Ref. 23, we conclude that the density of o
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56 4903SURFACE STATES ON NiO~100! AND THE ORIGIN . . .
particle electronic states calculated using LSDA cannot
used to explain the contrast of STM images.

In order to analyze the electronic structure of the~100!
surface, we have carried out a series of calculations assum
that nickel and oxygen ions occupy lattice sites belonging
a periodic system of slabs separated by layers of em
spheres. We have found that in order to reach a conver
result we had to use a geometry in which every seven la
of nickel monoxide were separated by six layers of em
spheres. To describe Coulomb repulsion between elect
in the 3d shell of Ni atoms, in our slab calculations we us
the same values ofU58.0 eV andJ50.95 eV that we em-
ployed when we analyzed the band structure of bulk NiO
is likely that weakening of screening of electron-electron
teractions at the crystal-vacuum interface may give rise
larger value ofU for nickel ions situated on the surfac
However, given that the predominant contribution to scre
ing comes from electrons belonging to the same ion,31 the
expected modification of the value ofU associated with the
presence of the surface is likely to be relatively small and
the context of the present study may be disregarded.

To assess the behavior of the tails of wave functio
propagating into the vacuum region, we analyzed the de
ties of 1s states centered on empty lattice sites. In our c
culations we assumed that the atomic structure of the N
~100! surface is an ideal termination of the bulk crystal stru
ture with no relaxation. This assumption is based on exp
mental low-energy electron diffraction data showing no d
tectable rumpling and an inward surface relaxation
exceeding;2%.33,34 The ground state of NiO found in ou
slab calculation was antiferromagnetic with magnetic m
ments localized on Ni sites. The magnitude of the magn
moments was found to be less than 2% different from
corresponding bulk value of 1.74mB , i.e., 1.7261mB .

In Fig. 2 the distribution of ionic charges near the~100!
surface of NiO is shown as a function of the atomic lay
numberM . PositiveM50,1,2,3 corresponds to layers fille

FIG. 1. Projected DOS of bulk nickel monoxide calculated
the LSDA1U approximation with a lattice constant ofa057.927
a.u. and assumingF058.0 eV,F258.21 eV, andF455.15 eV. The
ground state of NiO is antiferromagnetic and insulating with a ba
gap of approximately 3.5 eV.
e

ing
o
ty
nt
rs
y
ns

It
-
a

-

n

s
i-

l-
O
-
i-
-
t

-
ic
e

r

with oxygen and nickel ions while negativeM521,22 cor-
responds to vacuum layers filled with empty spheres. T
fact that the bulk asymptotic values of ionic charg
ZNi'10.75 andZO'20.75 do not coincide with the ex
pected standard ‘‘ionic’’ valuesZNi512 and ZO522 is
associated with the known arbitrariness of the definition
ionic charges. Indeed, due to the delocalization of electro
orbitals the magnitude of ionic charges depends largely
the choice of the MT sphere radii. Nevertheless, despite
presence of this arbitrariness, it is possible to observe tre
associated with the redistribution of electron density near
surface. Figure 2 shows that the surface Ni ions are subs
tially more positively charged than Ni ions situated in t
crystal bulk. The surface oxygen ions turn out to be le
negatively charged than oxygen ions in the crystal bulk. G
bal charge neutrality conservation is maintained through
differing amounts of charge spilling into the vacuum regi
from oxygen and nickel ions.

To understand the origin of the changes in the electro
structure of nickel monoxide associated with the terminat
of the crystal lattice, in Figs. 3 and 4 we have plotted t
DOS of nickel 3d states and oxygen 2p states for bulk and
several surface atomic layers parallel to the~100! plane. The
plots at the top of both figures show the density of 1s states
localized in empty spheres positioned in the vacuum regi
above nickel and oxygen surface sites. The DOS shown
Figs. 3 and 4 were evaluated using 45k points. Figures 3 and
4 show a reduction of the forbidden gap separating the fi
~hole! and empty~electron! states at the surface~for the case
shown in Figs. 3 and 4,Eg' 3.31 eV!. The primary reason
for this reduction is the modification of the Madelung pote
tial for ions situated at the surface. The change in the Ma
lung energy at the surface, which is associated with the
mination of the crystal lattice, increases on-site energies
electronic states at oxygen sites and reduces them at n
sites. The existence of this effect was pointed out by Poth

d

FIG. 2. Distribution of charges of nickel and oxygen ions ne
the ~100! surface of nickel monoxide calculated using the LSD
1U approach. The calculation was performed assuming a bulk
minated crystal structure and bulk values of the parametersU andJ
characterizing the Coulomb on-site interaction between nicked
electrons. Charges corresponding to the vacuum region have
evaluated for empty spheres situated above nickel and oxygen
face lattice sites.
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4904 56S. L. DUDAREV et al.
zen and Sawatzky35 but the magnitude of the effect, accor
ing to our calculations, appears to be somewhat smaller
that estimated on the basis of an ionic model in Ref. 35.

The DOS spectra shown in Figs. 3 and 4 exhibit two sh
peaks at opposite edges of the forbidden gap. The im
tance of these two peaks becomes apparent from a com
son between DOS calculated for the surface layer and for
first layer of empty spheres. Indeed, these peaks give ris
the highest peaks in the DOS of the first ‘‘vacuum’’ laye
To understand the origin of these surface states conside
crystal-field splitting of oxygenp and nickeld states in the
electrostatic field ofC4v symmetry created by the five nea
est neighbors of a given ion at the surface~note that in the
bulk there is no splitting of either oxygenp or nickel d eg
states!. A simple perturbation calculation36 for oxygen p
states results in

ex5ey5
5ZNie

2

a0
2

1

5

ZNie
2

a0

^r 2&p

a0
2 ,

ez5
5ZNie

2

a0
1

2

5

ZNie
2

a0

^r 2&p

a0
2 , ~9!

where ^r 2&p5*drr 4uRl 51(r )u2 and ZNi.0 is the effective
charge of a nickel ion. Hence the top of the valence ban
the ~100! surface is formed by oxygenp states ofpz sym-
metry.

FIG. 3. Projected DOS of nickel 3d-states evaluated for nicke
ions belonging to the first four surface layers of nickel monoxi
The top panel shows the density of 1s states corresponding t
empty spheres in the vacuum region above the nickel sites.
chemical potential is in the middle of the band gap.
an
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A similar calculation for the two nickeld eg states form-
ing the conduction band gives rise to

e3z22r 25
5ZOe2

a0
1

2

7

ZOe2

a0

^r 2&d

a0
2 ,

ex22y25
5ZOe2

a0
2

2

7

ZOe2

a0

^r 2&d

a0
2 , ~10!

where ^r 2&d5*drr 4uRl 52(r )u2 and ZO,0 is the effective
ionic charge of an oxygen ion. Equation~10! shows that the
bottom edge of the conduction band is formed by nicked
states ofd3z22r 2 symmetry. Figures 3 and 4 therefore sho
that oxygenpz states and Nid3z22r 2 states are responsibl
for the behavior of wave functions in the vacuum regi
above the~100! surface. These figures also show that t
surface states are not confined to the first surface layer,
that they penetrate to the subsurface and even the se
subsurface layers. This penetration of surface states into
surface layers is mediated by strong covalent coupling
tween oxygenpz states and nickeld3z22r 2 states, which
gives rise to an effective second nearest neighbor Ni-Ni c
pling. Enhanced second nearest neighbor coupling, du
strong nearest neighbor Ni-O covalent bonding, is consis
with experimental results27,23for NiO showing strong second
nearest neighbor coupling in the plane of the~100! surface.

.

he

FIG. 4. Projected DOS of oxygen 2p states evaluated for oxy
gen ions belonging to the first four surface layers of nickel mon
ide. The top panel shows the density of 1s states corresponding to
empty spheres in the vacuum region above the oxygen sites.



ta

tiv
b

iO

n

ni
c

an
e
th
e
a
n
e
tiv
te
ia
ac

ro

t

ac
in

th
e
a

cle
s

h

in
m

M
,
ias,
s in

s to
ern
gs.
ace

all.
lmost

ice
1
we

ce,
h of

in
ce

im-
the
nc-

he
ure

her

inly
ey
his
es

es

een

ive
the
the

ble

all
on-
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IV. THE ORIGIN OF THE CONTRAST REVERSAL
OF STM IMAGES

We now address the interpretation of two experimen
STM observations of the NiO~100! surface. The first con-
cerns the contrast reversal that has been observed23 at posi-
tive and negative bias. The second observation concerns
lower contrast that is found at negative rather than at posi
sample bias. We will show how both observations may
interpreted theoretically.

Recent atomically resolved STM observations of the N
~100! surface23 have shown that at positive sample bias~cor-
responding to imagingvia empty states in the NiO! the Ni
sublattice is imaged. At negative sample bias~corresponding
to imagingvia filled states in the NiO! the oxygen sublattice
is seen. Thus, there is a reversal in the contrast seen u
positive and negative biases.

In the previous section we showed that the electro
structure of the~100! surface is characterized by the presen
of two types of surface states. At the top of the valence b
there are filled surface states consisting primarily of oxyg
pz orbitals. Empty surface states beneath the bottom of
conduction band are constituted primarily from nick
d3z22r 2 orbitals. It is well established that surface states m
make a substantial, and sometimes dominant, contributio
the tunneling current.37 We will show that the reason for th
contrast reversal is that tunneling into the sample at posi
bias occurs through the unoccupied surface states cen
primarily on nickel sites, whereas at negative sample b
tunneling out of the sample occurs from the occupied surf
state centered primarily onoxygensites.

In the Bardeen approximation the tunneling current is p
portional to the square of the transition matrix elementtTS
between electronic statesCT and CS belonging to the tip
and the sample. The magnitude of this matrix elemen
given by

tTS5
\2

2mE
A
dAFCT„x,y,zA~x,y!…

]

]r
CS* „x,y,zA~x,y!…

2CS* „x,y,zA~x,y!…
]

]r
CT„x,y,zA~x,y!…G , ~11!

where the integration is performed over an arbitrary surf
A separating the entire space into two parts, one includ
the tip and the other including the sample in such a way
the effective one-electron potential vanishes everywher
this surface. The tunneling current can be evaluated by
plying the standard expression from perturbation theory

I 5
2p

\ (
S,T

~nT2nS!utTSu2d~ET2ES!, ~12!

wherenT andnS are the occupation numbers of quasiparti
states of the tip and sample, respectively. For a finite ab
lute temperatureQ these occupation numbers are

nT5@exp~ET /kBQ!11#21,

nS5@exp~ES /kBQ!11#21, ~13!

where the definition ofET includes the shift associated wit
the applied bias. From Eqs.~11! and ~12! it follows that the
l
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contrast of an STM image may be understood qualitatively
terms of the distribution of charge density in the vacuu
region above the surface~see, e.g., a recent analysis of ST
images of TiO2 by Diebold et al.38! In our case, therefore
we identify the sublattices seen at positive and negative b
by comparing the charge densities at the relevant energie
the empty spheres above the surface.

We have adopted a simple procedure that enables u
represent the results in the form of a black and white patt
that may be compared with STM images. The DOS of Fi
3 and 4 show that the dispersion of the two bands of surf
states, seen at the two edges of the forbidden gap, is sm
These states can therefore be viewed as a sequence of a
nonoverlapping filledpz and emptyd3z22r 2 orbitals sticking
out of the surface from oxygen and nickel surface latt
sites, respectively. This is seen clearly in the spectra ofs
states associated with the first layer of empty spheres. If
consider a 1s orbital of the form

Cs~r !5
A~E!

ur2r0u
expS 2A2muEu

\2 ur2r0u D , ~14!

centered at a particular pointr0 in the vacuum region, it
follows that the amplitudeA(E) is related to the density
D1s(E) of 1s states via

uA~E!u25A muEu

2p2\2

D1s~E!

12expS 22A2muEu

\2 RED
,

~15!

whereRE is the radius of the relevant empty sphere. Sin
for a nondispersive band, the phase associated with eac
the orbitals is unimportant, Eqs.~14! and ~15! provide a
simple way of estimating the density of electronic states
the asymptotic region corresponding to a typical tip-surfa
separation of the order of several ansgstroms. An STM
age can then be simulated by plotting the logarithm of
normalized density of states in the vacuum region as a fu
tion of the coordinate of the tip in a plane parallel to t
surface. Two STM images generated by using this proced
for positive and negative bias are shown in Fig. 5 toget
with a schematic drawing of the NiO~100! surface. These
images show that at positive bias electrons tunnel ma
from the tip to the nickel sites while at negative bias th
come out of the surface primarily from the oxygen sites. T
explains the origin of the contrast reversal of STM imag
shown in Ref. 23.

Figure 6 shows two atomically resolved STM imag
taken at positive~a! and negative~b! sample biases. The
relative positions of the images of the sublattices have b
adjusted so that the bright Ni ions in~a! are coincident with
the spaces between the bright O ions in~b! in accordance
with the results of Ref. 23.

It is seen that there is much higher contrast at posit
bias than at negative bias. This can also be explained on
basis of the model described above. Close inspection of
DOS shown in Fig. 3 reveals a small but distinguisha
peak in the DOS for empty spheres situated above thenickel
surface sites at the top of the valence band. A similar sm
peak can also be noticed in Fig. 4 at the bottom of the c
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FIG. 5. ~a! The ~100! surface of nickel monoxide, top view. Oxygen sites are shown in black, nickel sites are shown in gray and
In the antiferromagnetic ground state the white and gray sites belong to magnetic sublattices with opposite projection of momentu~b! A
simulated STM image of the~100! surface of NiO for12 V sample bias assuming that a tip-surface separation equals;4 Å. ~c! A
simulated STM image of the~100! surface of NiO simulated for22 V sample bias for the tip-surface separation of;4 Å. For cases~b! and
~c! the absolute temperature was assumed to be 450 K. Note the contrast reversal in~b! and ~c!.
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duction band for empty spheres situated aboveoxygensites.
Numerical integration of the DOS of the first layer of emp
spheres over the energy interval between20.4 eV and 0.1
eV ~corresponding to the oxygen-derived 2pz-type surface
state! shows that approximately 83% of its weight corr
sponds to the empty spheres above oxygen sites and 17
associated with empty spheres above nickel sites. For
empty states peak at approximately13.4 eV with respect to
the top of the valence band~the nickel 3d3z22r 2-type surface
state! the distribution of weights in the first vacuum layer
different, namely, 91% is now concentrated in the sph
above nickel sites while only 9% is in the spheres abo
oxygen sites.

The tunneling current is proportional to the density
states,D, times the barrier transmission coeffcient:
is
he

e
e

f

I;Dexp~22dA2muEu/\2!. ~16!

Using this equation, we arrive at the following estimate f
the corrugation height:

dd5dNi2dO5
1

2
A \2

2muEu
lnS DNi

DO
D , ~17!

where the subscripts refer to the nickel and oxygen si
From a slab calculation we know that the top of the valen
band lies approximately 10 eV below the vacuum level. S
stituting this value into Eq.~17! and using the ratios
DNi /DO517/83, 91/9 for filled and empty surface states,
spectively, in the first layer of empty spheres, we obt
dd;0.49 Å for a negative anddd;0.88 Å for a positive
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applied bias. Therefore we predict the contrast to be
times higher at a positive bias than at a negative bias. T
agrees qualitatively with the experimental images shown

FIG. 6. Empty states~a!, ~11.1 V sample bias, 1.0 nA tunnelin
current! and filled states~b!, (21.5 V sample bias, 1.0 nA tunnelin
current! atomically resolved STM images of the~100! surface of
NiO. The two images have been presented so that the bright Ni
seen in~a! are located between the bright O sites imaged in~b! ~see
text!. The average corrugation heights are approximately 0.3 Å
~a! and 0.15 Å in~b!.
x-
4
s

Ap
h

o
is
n

Fig. 6. Our calculated corrugation heights are both lar
than those observed experimentally, which suggests tha
the experiment the tip was scanned at a height above the
layer of empty spheres, i.e., higher than 2.1 Å.

There is another factor which affects the STM imag
The filled oxygen surface states are situated at a much lo
energy than the empty nickel surface states. As a resu
this energy difference, the rate of exponential decay of
oxygen surface states into the vacuum is greater than the
characterizing the decay of the nickel surface states. Th
fore, the tunneling current which can be achieved at a gi
tip-surface separation, turns out to be much lower in the c
of tunneling via oxygen sites~negative bias! than in the case
of tunneling via nickel sites~positive bias!. Therefore, to
obtain the same level of tunneling current at a negative b
as at a given positive bias, the tip has to be closer to
surface. This may result in a considerable increase in
surface interaction and a higher noise level, which we s
pect may be the principal reason for the difference in no
levels seen in Figs. 6~a! and ~b!.

V. CONCLUSIONS

We have reported the results of an application of
LSDA1U method to the electronic structure of the~100!
surface of nickel monoxide. We found that the electron
structure of the~100! surface is of the charge transfer typ
and is characterized by the presence of strong on-site re
sion between valence electrons ind orbitals of nickel ions.
We found two types of surface state associated with
~100! termination of the lattice, one~filled! state originating
primarily from pz orbitals of oxygen ions and anothe
~empty! originating primarily fromd3z22r 2 orbitals of nickel
ions. These surface states explain the origin of the cont
reversal of STM images observed experimentally when
sample bias is reversed.
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