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Abstract

Using a theoretical approach combining the local spin density approximation (LSDA) of density functional theory and the HubbardU term
(LSDA 1 U), we analyse the connection between the experimentally observed electron energy loss spectraand elevated temperature
scanning tunnelling images of surfaces of semiconducting nickel monoxide NiO and uranium dioxide UO2. We show that a combination
of electron energy loss spectroscopy, atomic-resolution tunnelling imaging and first-principles ab initio calculations provides a powerful tool
for studying electronic and structural properties of surfaces of transition metal and actinide oxides.q 2000 Elsevier Science Ltd. All rights
reserved.

1. Introduction

Sixty years ago in a pioneering paper de Boer and Verwey
(1937) drew attention to a class of ‘anomalous’ insulating
transition metal oxides, whose electronic structure could not
be described using conventional band theory. The origin of
the insulating behaviour of those oxides was unravelled by
Peierls and Mott (1937) who pointed out that band theory
fails when the inter-site quantum hopping (tunnelling) of
electrons is suppressed by the on-site Coulomb repulsion
between electrons. In the limiting case where the amplitude
of hopping (characterized by the magnitude of the overlap
integralt) is comparable or smaller than the HubbardU term
(where U is the energy of repulsion between electrons
occupying the same atomic shell), the motion of electrons
in a crystal becomes strongly correlated and the compound
exhibits properties that do not agree with predictions made
using conventional band theory (Adler, 1968). The
anomalous transport properties of transition metal oxides
studied experimentally by de Boer and Verwey (1937) and
discussed theoretically by Peierls and Mott (1937) and Mott
(1974) also manifest themselves in other transition metal

compounds (e.g. sulphades) and in compounds containing
ions of actinide elements. Metal ions in these compounds
contain partly filled d- and f-shells where electrons are
localized in the vicinity of atomic cores. The strength of
Coulomb repulsion between electrons occupying these
shells is significantly larger than the strength of Coulomb
interaction between electrons in s- and p-type materials.

Despite the fact that the fundamental nature of inter-
actions giving rise to the variety of experimentally observed
effects is simple (essentially all of the observed ‘anomalies’
result from the interplay between the intersite hopping of
electrons, the Coulomb interaction between electrons
occupying the same or neighbouring sites, and the symme-
try of atomic states involved), the problem of developing a
consistent mathematical description of properties of trans-
ition metal and actinide compounds still represents one of
the most challenging tasks in condensed matter physics and
materials science. The reason why this is so is described in a
brief note by Spalek (1990) and in a number of comprehen-
sive reviews including those by Adler (1968) and by
Brandow (1977) and also in a book by Fulde (1995). A
thorough account of spectroscopical information on NiO
and related compounds is given in a review by Hu¨fner
(1994).

So far, experimental and theoretical studies of transition
metal and actinide oxides were mainly focused on theirbulk
properties. This included investigations of transport
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properties and superconductivity occurring in some of the
oxides, and also studies of effects like colossal magneto-
resistance and various other manifestations of interaction
between localized magnetic moments.

In our work we concentrate mainly on thesurfaceproper-
ties of transition metal and actinide oxides. This field has
recently attracted attention of many research groups world-
wide. The interest in the electronic and structural properties
of transition metal and actinide oxide surfaces is primarily
driven by applications of these oxides in the field of hetero-
geneous catalysis. Hutchins et al. (1996) showed that
uranium oxides could be used as catalysts for the destruction
of volatile chloro-organic compounds. Transition metal
oxides exhibit similar catalytic properties (see Gordon et
al., 1996) and there is evidence for the existence of a link
between strong electron correlations and the catalytic
activity of oxide surfaces (Kiselev and Krylov, 1989).

Catalytic behaviour is a complex phenomenon where the
activity of a particular oxide depends on the atomic structure
of its surfaces and where the selectivity with respect to a
particular reaction depends on the type of electronic
excitations associated with a particular termination of the
surface (Ertl and Freund, 1999). Catalytic activity of oxides
also shows dependence on the presence of atomic steps and
defects on the surface. Surface energy loss spectroscopy
(surface EELS) has recently been used to characterize the
electronic structure of an oxide surface at a quantitative
level (Freitag et al., 1993; Gorschlu¨ter and Merz, 1994).
However, the level of spatial resolution accessible to surface
EELS is still too low to permit reliable identification of
contributions from individual atomic steps and defects.

One of the novel experimental techniques that combines
the sensitivity to the atomicand electronic structure of
surfaces is scanning tunnelling microscopy (STM), where
the observed signal is formed by electrons tunnelling
through a narrow vacuum gap between a (metallic) tip and
a surface. STM has already been applied with considerable
success to atomically resolved imaging of surfaces of metals
and doped semiconductors. However, until recently no data
have been reported in the literature on the application of
STM to the study of surfaces of insulating (at room tempera-
ture) transition metal and actinide oxides. Advances that
have been made during the last three years in this field are
associated with the development of a new approach to
tunnelling imaging of surfaces of insulating oxides that
involves carrying out observations at elevated temperature
(Castell et al., 1997a,b, 1998a,b, 1999; Muggelberg, 1997;
Muggelberg et al. 1998a,b). Dudarev et al. (1997a, 1999)
showed that to interpret STM images of transition metal and
actinide oxides it is necessary to address a number of funda-
mental issues that have not been investigated in the standard
theoretical treatment of tunnelling images developed by
Tersoff and Hamann (1985). Among them the most
important one concerns the inclusion in a computational
method of effects of strong Coulomb repulsion between
electrons occupying partly filled d- or f-shells of metal

ions. In this paper we show how this can be achieved within
the framework of the full-potential LMTO implementation
of the LSDA1 U method. The LSDA1 U method is an
approach that combines the local spin density approxi-
mation of density functional theory with the HubbardU
term. Below, we discuss applications of LSDA1 U to the
interpretation of STM images of NiO(001) and UO2(111)
surfaces. We also show how to use the LSDA1 U method
to model electron energy loss spectra (EELS) of NiO and
UO2 and how to use EELS to determine parameters
characterizing the effective strength of Coulomb repulsion
between d- or f-electrons in these two oxides.

2. The LSDA1 U method

The LSDA1 U method was proposed by Anisimov et al.
(1991) in order to bridge the gap between ab initio density
functional (DFT) methods based on local density approxi-
mation (LDA) and many-body approaches to the treatment
of strongly correlated electronic systems. While being very
successful in a number of cases, conventional DFT-LDA
approaches often fail when they are applied to the treatment
of insulating states of compounds containing partly
filled d- and f-shells. For example, in the case of uranium
dioxide UO2 all of the reported applications of DFT-LDA
have led to the prediction of a metallic ground state despite
the fact that experimentally UO2 is known to be a good
insulator, see e.g. Dudarev et al. (1997b).

The history of applications of LSDA1 U to d- and
f-electron compounds has been recently reviewed by
Anisimov et al. (1997). It is now well understood that
LSDA 1 U represents a convenient way of combining the
linear muffin-tin orbital (LMTO) implementation of DFT-
LDA (for the description of the full-potential LMTO code
used here see papers by Savrasov and Savrasov (1992) and
Savrasov (1996)), with the unrestricted Hartree–Fock
(UHF) treatment of effects of on-site repulsion between
electrons (Fradkin, 1991).

To describe the Coulomb interaction between 5f electrons
of uranium ions in UO2 or between 3d electrons of nickel
ions in NiO we use a model Hamiltonian of the form (Kotani
and Yamazaki, 1992)

Ĥ � �U
2

X
m;m0;s

n̂m;sn̂m0;2s 1
�Û 2 �J�

2

X
m±m0;s

n̂m;sn̂m0;s; �1�

where summation is performed over projections of the
orbital momentum (m;m0 � 23;22…;3 in the case of
f-electrons) and�U and �J are the spherically averaged matrix
elements of thescreenedelectron–electron interaction.
Hamiltonian (1) is similar to the one used in the original
formulation of LDA1 U proposed by Anisimov et al.
(1991).

Following the derivation given by Dudarev et al.
(1998a,b), we arrive at the following equation for the matrix

S.L. Dudarev et al. / Micron 31 (2000) 363–372364



of the effective LSDA1 U potential

Vs
jl ;

dELSDA1U

drslj
� dELSDA

drslj
1 � �U 2 �J� 1

2
djl 2 rsjl

� �
; �2�

where rsjl is the density matrix of electrons occupying a
partly filled electronic shell (5f in UO2 and 3d in NiO).
The total energy of the solid is expressed in terms of the
Kohn–Sham eigenvalues {ei} as

ELSDA1U � ELSDA�{ ei} �1
� �U 2 �J�

2

X
l;j;s

rslj r
s
jl ; �3�

where the last term is added to eliminate double counting of
electrons.

The Hubbard correction to the LSDA potential in Eq. (2)
affects the dispersion of electronic states and, for a
sufficiently large value of�U; it leads to the formation of a
band gap in the otherwise metallic spectrum of excitations
(Anisimov et al., 1991). The Hubbard correction term also
changes the total energy of the solid, Eq. (3), altering the
position of the minimum of the total energy functional and
affecting the predicted equilibrium structure of the solid. In
the case of NiO and UO2 predictions following from
LSDA 1 U calculations (Dudarev et al., 1998b) agree better
with experimental data than results obtained using conven-
tional LSDA.

Summarizing the points described in this section, we
would like to emphasize that LSDA1 U approach

represents an attempt to develop an effectiveone-particle
approach to the electronic structure of materials with
strongly correlated electrons. The mean-field (or equi-
valently, the unrestricted Hartree–Fock) approximation on
which the LSDA1 U approach is based, should be expected
to break down in cases where fluctuations of occupation
numbers become significant. The treatment of phenomena
associated with fluctuating occupation numbers requires
going beyond LSDA1 U and in recent years significant
progress has been made in the development of more
mathematically exact approaches to the treatment of
electron–electron interactions in real systems (Lichtenstein
and Katsnelson, 1998).

3. Electronic structure of NiO and UO2 and the
interpretation of EELS spectra

In this paper we consider applications of LSDA1 U to
the interpretation of STM images of two oxides: nickel
oxide NiO and uranium dioxide UO2. Why is it necessary
to use LSDA1 U instead of DFT-LDA to understand
tunnelling of electrons at surfaces of these two oxides?
NiO represents a classical example of the violation of
rules of conventional band theory (De Boer and Verwey,
1937; Adler, 1968). In the absence of magnetic ordering
DFT-LDA predicts metallic ground state for NiO, and the
situation improves only marginally if antiferromagnetic
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Fig. 1. A graphical illustration of the procedure that was followed to determine the magnitude of the Hubbard�U for NiO. The upper row shows the
experimentally measured oxygen K edge EELS spectrum of NiO. The middle row of graphs shows a series of simulated EELS spectra representing the
distribution of the density of empty oxygen 2p states broadened with a 0.5 eV wide gaussian function. The bottom row of graphs shows the total energy of one
unit cell of NiO plotted as a function of the lattice parameter. The choice of�U � 6:2 eV and �J � 0:95 eV makes it possible to reproduce well the
experimentally observed EELS spectraand it also gives rise to the value of the equilibrium lattice constant that is close to the value observed experimentally.



order is taken into account, see Anisimov et al. (1991). The
main deficiency of DFT-LDA calculations is that it predicts
that semiconducting NiO is a pure Mott–Hubbard insulator
while spectroscopical data (Hu¨fner, 1994) show that it has a
very significant charge transfer character. Moreover, the
size of the band gap in NiO following from a DFT-LDA
calculation (0.4 eV) is too small in comparison with the
band gap observed experimentally (4.3 eV).

In the case of uranium dioxide DFT-LDA calculations
lead to the prediction of a metallic ground state even if
the experimentally observed type of antiferromagnetic
ordering is taken into account (Dudarev et al., 1997b).
The band gap in UO2 observed experimentally is close to
2 eV, and reproducing this value correctly is essential for
interpreting the experimentally observed scanning tunnel-
ling images. Therefore, both in the case of NiO and in the
case of UO2 taking the Hubbard�U term into account is
necessary to describe adequately the spectrum of one-
electron excitations of the material. In the case of NiO the
origin of the observed insulating ground state is associated
with the presence of strong Coulomb repulsion between the
3d electrons localized on Ni sites. In the case of UO2 the
insulating nature of the ground state results from the
presence of Hubbard correlations in the band of uranium
5f states.

One of the central points of any application of LSDA1 U
consists in the determination of values of�U and �J entering
Eqs. (1)–(3). In principle, these two quantities can be

evaluated by carrying out a supercell calculation, see
Anisimov et al., 1991. However, presently it is known that
values of �U obtained from supercell calculations are not
very reliable and in some cases the error in the determin-
ation of �U may be as large as 50% (the value of�J character-
izing individual atoms changes only little when a solid is
formed and it is therefore possible to use atomic values of
this parameter in calculations, see Anisimov et al., 1993).
To determine the value of�U characterizing the strength of
Coulomb repulsion between 3d electrons in NiO and 5f
electrons in UO2 we have therefore followed a different
route. Our approach is based on the realization of the fact
that, since the LSDA1 U method described above contains
essentially only one ‘adjustable’ parameter�U 2 �J; see Eqs.
(2) and (3), it should be possible to use complementary
experimental information to deduce the value of�U 2 �J
that matches all the available experimental data in the best
possible way. For example, we should expect that if the
value of �U 2 �J is chosen adequately then a self-consistent
calculation should describe well both the excitation spectra
of the compoundand its equilibrium properties, e.g. its
lattice parameter and elastic constants. An illustration of
the procedure that we followed for the case of NiO is
given in Fig. 1.

To simulate the experimentally observed EELS spectra
we evaluated the partial densities of states projected on
orbitals of given symmetry localized on various atoms in
a unit cell. Fig. 1 shows a comparison of experimentally

S.L. Dudarev et al. / Micron 31 (2000) 363–372366

Fig. 2. The density of uranium 5f and 6d states and oxygen 2p state in uranium dioxide. Both the LSDA and LSDA1 U calculations were performed assuming
the experimentally observed antiferromagnetic ground state. The band gap obtained for�U � 4:5 eV and �J � 0:5 eV equals 2.1 eV.



observed and theoretically simulated electron energy loss
spectra of NiO. It also illustrates the dependence of the
equilibrium elastic properties of NiO on the choice of�U
and �J entering the model Hamiltonian (1). The experimental
energy loss spectra of NiO were obtained at the University
of Cambridge, UK, using a dedicated scanning transmission
electron microscope equipped with a Gatan Imaging Filter
(UHV GIF model 678). The system uses a cold field
emission gun and this facilitates the level of resolution of
the order of 0.4–0.5 eV (as measured at the full width at half
maximum of the zero loss peak). The near edge structure of
the O K spectrum obtained in this way (the top row of
graphs in Fig. 1) results from transitions from the occupied

O 1s core levels to the conduction band states. Due to
dominantly dipole selection rules and the necessary overlap
of the initial and final states for the transition to be observed
the final states probed are of p-symmetry and are localized
on the oxygen sites.

Fig. 1 shows that as the value of�U increases, the first peak
in the EELS curve (peak A in the classification by Kanda et
al., 1998) moves to the right and its intensity decreases. The
origin of this effect can be explained in simple terms as
resulting from the suppression of covalent bonding between
oxygen 2p and nickel 3d states due to strong electron–
electron correlations in the 3d shell. This conclusion also
agrees with results of XANES calculations performed by
Rez et al. (1995) for NiO clusters. Fig. 3 from the paper
by Rez et al. (1995) shows that the first peak in the
experimental EELS spectrum of NiO is shifted to the right
in comparison with the position of the same peak predicted
by LSDA calculations. LSDA calculations also have the
tendency to overestimate the intensity of peak A in the
simulated EELS spectra of NiO in agreement with results
shown in Fig. 1.

Fig. 2 shows the partial densities of states of uranium
dioxide calculated using DFT-LDA (where no Hubbard
correction was included) and LSDA1 U taking the spin–
orbit interaction into account. Fig. 2 shows that in the case
where the Hubbard correction term is not taken into account
the Fermi level is situated in the lower part of the uranium 5f
band giving rise to the prediction of a metallic ground state
of this oxide. The LSDA1 U calculations correctly
describe UO2 as an antiferromagnetic Mott–Hubbard
insulator where the band gap of the order of 2.1 eV separates
filled and empty parts of the uranium 5f band. Although the
inclusion of spin–orbit interaction in the computational
scheme (this interaction was not taken into account in our
previous calculations, see Dudarev et al., 1997b) does not
influence particularly strongly the distribution of the density
of states shown in Fig. 2, by taking it into account it appears
to be possible to eliminate the remaining degeneracy of f
states and to improve the convergence of the method. If the
spin–orbit coupling is not included in the computational
scheme, the calculated size of the band gap turns out to be
slightly smallerEg , 1:4 eV (Dudarev et al., 1997b) than
the experimental value of 2.1 eV. The inclusion of (l·s)
coupling also leads to the appearance of a non-zero orbital
contribution to the magnetic moment localized on uranium
ions. In the case of nickel oxide this additional contribution
to the magnetic moment is small (,0.2mB per ion), but in
the case of uranium dioxide the orbital contribution to the
magnetic moment is quite substantial:mL , 23:6mB: The
total magnetic moment of a uranium ion is given by
the differenceumL 2 mSu , 1:7mB which is very close to the
experimentally observed value of 1.73mB.

Figs. 3 and 4 show, respectively, the experimentally
observed and simulated EELS spectra of UO2 and the
dependence of the total energy of a unit cell of UO2

evaluated using DFT-LDA and LSDA1 U approaches.
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Fig. 3. Electron energy loss spectrum of uranium dioxide observed experi-
mentally and simulated theoretically following the procedure described
above. The simulated spectra represent densities of oxygen 2p states convo-
luted with a 0.5 eV wide gaussian function.

Fig. 4. Dependence of the total energy of a unit cell of uranium dioxide on
the lattice constant. The experimentally observed value of the lattice
constant equals 5.46 A˚ . The value of the bulk modulus determined using
the curve shown on the right equals 2:02× 1011 Pa and compares favour-
ably with the experimentally observed value of 2:07× 1011 Pa: The experi-
mentally observed value of the equilibrium lattice constant is indicated by
an arrow.
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Fig. 5. Valence electron charge density distribution (a) calculated numerically for the NiO(001) antiferromagnetically ordered surface and the distribution of
the density ofemptystates (b) calculated for the same surface by summing over a 1 eV interval corresponding to the bottom of the conduction band. Distances
parallel and normal to the surface are expressed in units of the respective lattice constant.



The choice of �U � 4:5 eV leads to the best agreement
between the data observed experimentally and simulated
using ab initio methods. By comparing the experimental
and simulated EELS spectra and also using information
on the structural stability of NiO and UO2 we have therefore
determined values of parameters entering Hamiltonian (1)
for these two oxides. In the next section we are going to use
this information in order to interpret scanning tunnelling
images of surfaces of NiO and UO2.

4. Electronic states on NiO(001) and UO2(111) surfaces
and STM images

In the previous section we investigated how the value of
Hubbard �U; which is the only adjustable parameter entering
an LSDA1 U electronic structure calculation, can be
determined from the analysis of electron energy loss
spectra. In what follows we are going to use values of�U
found above for NiO and UO2 to investigate thesurface
electronic structure of the two oxides and to interpret experi-
mental scanning tunnelling images of NiO(100) and
UO2(111) surfaces.

In the Bardeen approximation (Bardeen, 1961; Tersoff
and Hamann, 1985) the tunnelling current is propor-
tional to the square of the transition matrix element
tTS between electronic statesCT and CS belonging to
the tip and the sample. The magnitude of this matrix
element is given by

tTS � "2

2m

Z
A

dA

"
CT�x; y; zA�x; y�� 22r

Cp
S�x; y; zA�x; y��

2 Cp
S�x; y; zA�x; y�� 22r

CT�x; y; zA�x; y��
#
; �4�

where the integration is performed over an arbitrary surface
A separating the entire space into two parts, one including
the tip and the other including the sample, in such a way that
the effective one-electron potential vanishes everywhere at
this surface. The tunnelling current is given by the Fermi
golden rule as

I � 2p
"

X
S;T

�nT 2 nS�utTSu2d�ET 2 ES�; �5�

wherenT andnS are the occupation numbers of one-electron
states of the tip and the sample, respectively. For a finite
absolute temperatureQ these occupation numbers are given
by

nT � �exp�ET=kBQ�1 1�21 nS � �exp�ES=kBQ�1 1�21
;

�6�
where the definition ofET includes the shift associated with
the applied bias. From Eqs. (4) and (5) it follows that the
contrast of an STM image may be understood qualitatively
in terms of the distribution of charge density in the vacuum

region above the surface (see e.g. the analysis of STM
images of TiO2 performed by Diebold et al., 1996).

Calculations of the charge density distributions and distri-
butions of emptyelectronic states integrated over a 1 eV
interval of energies corresponding to the bottom of the
conduction band were performed for antiferromagnetically
ordered slabs of NiO and UO2. For both cases, we used 18
k-points in the full (1× 1) surface Brillouin zone and the
same values of the Hubbard�U and the exchange integral�J
as we obtained from the analysis of the total energy and
EELS spectra describe above. It is likely that the value of
�U characterizing the strength of electron–electron repulsion
in a localized shell of an ion situated at the surface should be
expected to be larger than the value of�U characterizing
electron–electron interaction in the crystal bulk. However,
given the insulating nature of both NiO and UO2 it is reason-
able to expect that the low mobility of carriers will give rise
to practically the same degree of screening of the effective
electron–electron interaction in the bulk as well as at the
surface region of both oxides. This consideration justifies
the use of ‘bulk’ values of�U and �J in surface electronic
structure calculations.

Fig. 5(a) and (b) shows the charge density and empty state
distributions calculated for the (001) unreconstructed and
unrelaxed surface of NiO. Oxygen ions have larger radii
and therefore the cross-section of the charge density distri-
bution shown in Fig. 5(a) has peaks above oxygen sites.
Nickel ions have ‘flat’ tops and do not stick far out into
the vacuum region. At the same time, the real-space distri-
bution of emptystates shown in Fig. 5(b) is dominated by
the nickel 3z2–r2 d-states that protrude far into the vacuum
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Fig. 6. Empty states STM image of NiO, (Vsample� 1:3 V; Itunnel� 1:0 nA),
(001) (1× 1) UHV cleavage surfaces, where the bright dots show the Ni
ions.
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Fig. 7. Valence electron charge density distribution (a) calculated numerically for the UO2(111) antiferromagnetically ordered surface and the distribution of
the density ofemptystates (b) calculated for the same surface by summing over a 1 eV interval corresponding to the bottom of the conduction band. Distances
parallel and normal to the surface are expressed in units of the respective lattice constant.



region and that are mainly responsible for tunnelling of
electrons into the conduction band of the oxide at positive
applied bias. The experimental STM image of the (001)
surface of NiO shown in Fig. 6 was obtained using posi-
tive applied bias. By comparing Figs. 5 and 6 we can
conclude that in images obtained using positive applied
bias electrons tunnel predominantly into nickel 3d-states
and it is therefore the nickel sublattice of NiO that is seen
in Fig. 6.

A similar approach applied to the (111) surface of
uranium dioxide shows that in this case the conclusions
that can be derived from the comparison of experimental
STM images and simulated charge density/empty state
distributions are less straightforward. Fig. 7 (a) and (b)
shows the charge density and empty state distributions
calculated for the (111) unreconstructed and unrelaxed
surface of UO2. According to Fig. 7(a), the charge density
near the UO2(111) surface is peaked above oxygen ions
while the empty states distribution (Fig. 7(b)) has maxima
situated above uranium sites. This analysis seems to suggest
that the surface lattice sites seen as bright in experimental
STM images of UO2 (one of these images is shown in Fig. 8)
probably correspond to uranium ions. However, the differ-
ence in the position and in the height of the maxima of the
distributions shown in Fig. 7(a) and (b) for UO2(111) is
significantly smaller than the difference in the shape of
distributions shown in Fig. 5(a) and (b) which corresponds
to the (001) surface of NiO. We therefore conclude that
while in the case of NiO(001) the experimental STM images
can be interpreted unambiguously on the basis of
LSDA 1 U calculations described above, in the case of
UO2(111) further analysis is required in order to investigate
the part played by the effects of surface reconstruction,
surface–tip interactions and also by effects of strong
electron–phonon coupling present in this oxide.

5. Summary

In this paper we described a new approach to modelling

of electron energy loss spectra, equilibrium properties and
scanning tunnelling images of surfaces of two metal oxides
characterized by the presence of strong correlations between
valence electrons. We showed that to describe the properties
of NiO it was necessary to take into account the Hubbard
correlations between 3d electrons of nickel ions. In the case
of UO2 a similar correction needs to be introduced in the
description of the 5f uranium states. We have also shown
how by combining information obtained using comple-
mentary experimental methods with results of first-
principles theoretical calculations it has become possible
to formulate a new approach to the characterization of
surfaces of transition metal and actinide compounds.
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