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Atomic-resolution STM of a system with strongly correlated electrons:
NiO„001… surface structure and defect sites
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Elevated-temperature scanning tunneling microscopy has been used to obtain atomic resolution images of
~001! surfaces of NiO single crystals. Empty-state images of the~131! surface show the nickel-atom sites and
filled-state images show the oxygen ions in agreement with recent theoretical studies of the electronic structure
of NiO. Empty-state and filled-state images of point defects and patterning effects observed on the upper
terraces of̂ 100& step edges are explained by directional 2p-3d covalent bonding between the oxygen and
nickel sublattices.@S0163-1829~97!02311-4#
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I. INTRODUCTION

Recent developments in the theoretical understandin
the electronic structure of transition-metal compounds1–5

~TMC’s! have confirmed Mott’s idea6 that the origin of band
gaps in these materials is associated with strong on-site
pulsion between electrons in the localizedd states of the
metal ions. Depending on the relative position of the me
d levels and the oxygenp levels on the energy scale, and o
the magnitude of the HubbardU characterizing the on-site
Coulomb electron-electron interaction, transition metal o
ides can be classified into two types. If the upper edge of
valence band is predominantly ofd or p character then the
oxide is a Mott-Hubbard or charge-transfer insulat
respectively.2 According to this classification, results of ca
culations of the electronic structure of NiO suggest that i
a charge-transfer insulator with strongly correlat
electrons.3–5

Progress in the understanding the electronic structur
TMC’s has been largely due to the development of exp
mental techniques. Results from core x-ray photoemiss
spectroscopy ~XPS! and bremsstrahlung isochrom
spectroscopy1,7,8 ~BIS! have stimulated attempts to analy
these data using either the configuration-interaction~CI!
approach9 or the Anderson impurity model.2 This methodol-
ogy has proved to be more informative than earlier studie
the transport properties of TMC’s,10 which were known to be
strongly influenced by the presence of defects and by
details of quasiparticle interactions.

In this paper we argue that the potential of experimen
550163-1829/97/55~12!/7859~5!/$10.00
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techniques applied to the study of the transport propertie
strongly correlated electronic systems such as TMC’s is
from being exhausted, and we show that a substan
amount of information inaccessible to XPS and BIS can
obtained from the analysis of scanning tunneling microsc
~STM! images of these materials. The spatial resolution t
can be achieved using a STM exceeds by orders of ma
tude that of XPS and BIS, allowing real-space observati
of the electronic structure of perfect and defective surfac
In this paper we present and analyze atomic resolution
ages of NiO surfaces containing flat areas and defects
propose a simple model explaining the origin of contr
patterns observed at step edges and around defect sites

NiO crystals adopt the rocksalt structure with a latti
parametera054.17 Å. Cleavage on~001! planes is easily
achieved and this results in a relatively flat and defect f
surface. Low-energy electron diffraction~LEED! I -V studies
on the UHV-cleaved surface have shown no detectable r
pling and revealed that the outermost ion plane relaxes
wards by;2%.11,12 Calculations13 also suggest that rum
pling values are very low and that one can therefore reg
the geometry of the~001! face as a near perfect bulk term
nation. STM studies of NiO crystals have not been report
but some researchers14 have investigated thin NiO films
grown on metal crystal substrates.

In a purely ionic picture of NiO the Ni21 ions have a
partially filled d shell in a 3d8 ground-state configuration
According to conventional band theory the partially fille
3d eg bands should result in metallic behavior,15 but in fact
due to strong on-sited-d electron-electron repulsion NiO
7859 © 1997 The American Physical Society
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becomes an insulator with a 4.3-eV bulk band gap.1 Interpre-
tation of the density of states spectra has proved v
challenging2–4,16. The current picture is that the Ni 3d and O
2p states are hybridized, giving a large degree of mix
between these states in the valence band. The condu
band spectra are dominated by Ni 3d states.2–4 Recent CI
calculations17 and electron-energy-loss spectroscopy~EELS!
studies18 indicate the existence of an empty surface state
the NiO ~001! surface at 0.6 eV above the valence-ba
edge, which originates from Nid states.

II. EXPERIMENTAL PROCEDURES

NiO crystals were grown from analar materials~impurity
content below 10 ppm! by K & R Creations, Japan. Imagin
experiments were carried out in a JEOL JSTM-4500XT
evated temperature UHV STM. NiO~001! faces were ob-
tained through room temperature~RT! cleavage in the UHV
chamber that has a base pressure of 231028 Pa. The NiO
crystals were heated radiatively by a tungsten filament n
to the sample and independent temperature calibration
sulted in an estimate of;200 °C during the STM experi
ments. This heating resulted in an order of magnitude
crease in resistivity from; 100V cm at RT. STM imaging
was attempted at RT, but was not successful. Imaging
performed using etched polycrystalline tungsten tips. A fo
grid VG Microtech rear view LEED/Auger electron spectro
copy system was used to determine the long-range or
crystal orientation, and cleanliness of the~001! cleavage sur-
faces. The results showed only very sharp~131! spots con-
sistent with earlier work11,12,19and levels of contamination
below the spectrometer detection limit.

III. RESULTS AND DISCUSSION

Figure 1 shows a STM image of the typical mesosco
topography that is generated by cleavage. Relatively la
~001! terraces can be seen that are separated by monoat
steps that run predominantly in̂010& directions. Step struc

FIG. 1. Topography of the NiO cleavage surface showing la
~001! terraces and monoatomic^010& steps. The STM image is 12
395 nm2 and was taken at13.5 V sample bias, 1.0 nA tunnelin
current.
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tures that lie at right angles to those in Fig. 1 were obser
in other regions of the sample. Bright areas in this image
due to regions where contamination has accumulated.
terraces generally have a low defect density and are arran
in the bulk terminated~131! structure shown in the sche
matic inset in Fig. 2.

An empty-states image of such a region obtained
10.7 eV sample bias is shown in Fig. 2. We interpret th
image as resulting from tunneling into the unoccupied s
face states found on this surface by EELS~Ref. 18! and CI
calculations.17 Since this state is localized on Ni sites w
interpret the lattice seen in Fig. 2 as being the Ni sublatt
However, we cannot at this stage rule out the possibility t
the lattice seen in Fig. 2 is the oxygen sublattice becaus
the finite covalent mixing between Nid and Op states and
because Op states probably extend further into the vacuu
Further support of our interpretation of Fig. 2 as an image
the Ni sublattice is provided by images of point defec
which we discuss in the next paragraph. Throughout our
tensive STM study numerous empty states atomic resolu
images were obtained of similar quality to that shown in F
2. However, it should be stressed that acquiring these ima
was not routine and involved operating at low sample bia
that frequently resulted in tip crashes. Filled-states ato
resolution images were obtained less often than empty-st
images and also show~131! periodicity but in many cases
the atomic corrugations are barely distinguishable above
noise level@see Fig. 3~b!#. Due to these experimental diffi
culties it was not possible to obtain filled and empty st
images of identical regions of the surface.

Typical empty- and filled-states images of isolated po
defects, which are occasionally observed on the terraces
shown in Fig. 3. We were unable to obtain filled- and emp
states images from the same region of the sample, but F
3~a! and 3~b! are typical of many observations of the sam
defect contrast patterns seen in empty and filled states.
will argue that the point defects shown in Figs. 3~a! and 3~b!
are both located on the Ni sublattice.

Figure 4~a! shows the bulk density of states for antiferr
magnetic NiO calculated using a linear muffin-tin orbit
version of the local density approximation including th
HubbardU term with U58 eV.3,20 It is clear that there is
substantial coupling between Op and Ni d states in the
valence band. This implies that covalent bonding in NiO

e

FIG. 2. Empty-state image~10.7 V sample bias, 1.0 nA tunnel
ing current! of the ~131! terrace termination showing the Ni-io
sites and a bright adsorbate. The schematic inset indicates
atomic arrangement of the~001! surface where the Ni ions ar
bright and the O ions are small and dark. Only the Ni ions can
seen in the STM image.



ic
en

e
a

fol-
he
-
ory
or
n

ct
.
en
two

re-
we
rast

tice
s
re
ate
he

ha

sh
y

g-

t
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almost entirely due to overlap between oxygen 2p states and
nickel 3d states.d-d overlap between nearest-neighbor~NN!
Ni ions is about 5 times weaker.21 Therefore, to a first ap-
proximation, thed-d hopping may be ignored. A schemat
diagram illustrating the real-space geometry of coval
bonding between oxygenp states and nickeld states is
shown in Fig. 4~b!. Since thep states on each oxygen ion ar
orthogonal, the two simple cubic sublattices, shaded d
and light gray in Fig. 4~b!, are electronically decoupled in

FIG. 3. ~a! Empty-states~11.2 V sample bias, 1.0 nA tunneling
current! and~b! filled-states (21.3 V sample bias, 1.0 nA tunneling
current! STM images of a single point defect. In~a! the defect
appears bright and is surrounded by four bright SNN Ni sites t
are in registry with the Ni~131! sublattice~indicated by the over-
laid mesh!. In ~b! the defect center again lies on the overlaid me
which is identical to that shown in~a!. The bright spots seen awa
from the defect are therefore on the oxygen sublattice.
t

rk

the sense that an electron cannot hop between them. It
lows that Ni ions are electronically coupled along t
^100& directions throughd-p hopping via intermediate oxy
gen ions, a picture that is consistent with Anderson’s the
of superexchange.22 Therefore, second-nearest-neighb
~SNN! Ni ions are effectively more strongly coupled tha
NN Ni ions.

Assume the defect is located on the O sublattice@see Fig.
4~b!, left#. The NN oxygen sites are coupled to the defe
through fourfold symmetricdx22y2 states on NN nickel sites
There aretwo paths by which an electron can hop betwe
NN oxygen sites in the surface. Each path consists of
hops via a NN Ni site. But there is onlyonepath of length
two hops between SNN oxygen sites in the surface. The
fore, if the defect is located on the oxygen sublattice
expect the four NN oxygen sites to show a stronger cont
effect than the four SNN sites.

Assume now that the defect is located on the Ni sublat
@see Fig. 4~b!, right#. We have already seen that NN Ni site
are electronically decoupled. However, SNN Ni sites a
coupled by a single path of length two hops via intermedi
oxygen p states. Therefore, if the defect is located on t

t

,

FIG. 4. ~a! Calculated density of bulk states of antiferroma
netic NiO.~b! Schematic representation of covalent 2p-3d bonding
between Ni and O ions on the~001! surface of NiO and defects a
Ni and O sites.
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FIG. 5. Empty-states STM images~9311 nm2) of terraces separated by monoatomic steps taken at sample biases of~a! 13.5 V, ~b!
12.5 V, ~c! 10.7 V, and 1.0 nA tunneling currents. As the sample bias is lowered the mainly topographic contrast in~a! is affected by the
presence of local electronic perturbations on the upper part of step edges~b! which manifests itself as a local brightening in the image.
low voltages~c! the brightening is resolved intoc(232! patterning, but this occurs only above^100& step edges, not^110& step edges, which
are also present in the image.
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nickel sublattice we expect the four SNN Ni sites to show
stronger contrast effect than the four NN Ni sites.

The key difference between the expected contrast patt
is the separations between the defect center and the near
sites showing altered contrast. For a Ni-site defects should
be 4.17 Å, and for an O-site defects should be 2.95 Å. It is
clear from Fig. 3~a! thats is 4.17 Å and therefore the defec
is located on a Ni site. Since this site is also located on
lattice that is imaged away from the defect we conclude t
it is the Ni sublattice that is imaged in Figs. 2 and 3~a!.

Consider Fig. 3~b!. The size and orientation of the regio
around the defect showing strong contrast are the same
Fig. 3~a!. If the defect center were located on the oxyg
sublattice we would expect the contrast pattern to be rota
by 45° and the size to be 1/A2 smaller. The mesh in Fig. 3~b!
is identical to that in Fig. 3~a!, and it passes through th
defect center. The four NN sites to the defect center on
same sublattice show slightly weaker contrast than the
SNN sites. This is inconsistent with the defect center be
located on the oxygen sublattice. We again conclude that
defect is located on the Ni sublattice. The fact that the m
is locatedbetweenrows of brighter sites seen away from th
defect indicates that the perfect lattice of brighter sites s
in filled-states images is theoxygensublattice. This inference
and the smaller corrugations seen in Fig. 3~b! than in Fig.
3~a! are consistent with a large contribution to the valen
band states from both sublattices, as seen in Fig. 4, a
greater extension of oxygenpz states into the vacuum tha
nickel d3z22r2 states.

The overall darkening in Fig. 3~a! and brightening in Fig.
3~b! around the defect center indicate that both defects
negatively charged. Since both defects also lie on the
sublattice it is probable that they are the same type of def
e.g., a Ni vacancy.

The brightening of the SNN Ni ions shown in Fig. 3~a!
displaysc(232! symmetry. This patterning can also be o
served at the top of̂100& step edges. Figure 5 shows
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variable bias series of empty-states images. In Fig. 5~a! the
gross terrace structure can be identified. When the sam
bias is lowered in Fig. 5~b! the top of thê 100& terrace steps
is highlighted. In Fig. 5~c!, taken at even lower voltage,
c~232! pattern is resolved, resembling that of Fig. 3~a!.
These images can be interpreted following the same a
ments as those above. Bright rows of Ni sites parallel
the ^100& step edges may be seen. The row spacing of 4
Å indicates that everysecondNi site is highlighted, as in Fig.
3~a!. But this pattern is absent along the^110& step edges.
These features are entirely consistent with strongp-d cou-
pling along^100& and its absence alonĝ110& directions, as
shown in Fig. 4.

IV. CONCLUSION

We have reported atomic resolution STM observations
the ~001! surface of NiO single crystals obtained at elevat
temperature. The nickel sites are seen in empty-states im
and the oxygen sites are seen in filled-states images. T
results provide experimental evidence that NiO is a char
transfer insulator with strongly correlated electrons and no
Mott-Hubbard insulator.
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