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A phenomenon of partial localization of core holes has been discovered. Green’s function calculations on a
linear NiN2 cluster used as a model of the weak chemisorption N2/Ni(100)c(2×2) system show that the N1s
core holes in the ionized states of the cluster are not fully localized on the inequivalent nitrogen atoms as has
been previously believed. The core holes in some of the states are considerably delocalized. This leads to
distinct interference effects in angularly resolved X-ray photoelectron spectra.

Introduction

It is a founding tenet in the field of core-level spectroscopies
that core holes of systems with identical but chemically
inequivalent atoms are localized on the respective sites. The
localization originates from the fact that core levels do not
strongly interact with each other. One example where even a
slight inequivalence leads to localization of core holes is the
CO2 molecule. There is almost no direct interaction between
the O1s core levels (the splitting between the O1s orbital
energies is 0.001 eV), and at theD∞h geometry, the O1s core
orbitals are completely delocalized between the two oxygen sites
only by virtue of the high symmetry itself. Vibronic coupling
between these nearly degenerate delocalized levels leads to a
strong excitation of the nontotally symmetric vibrational mode
and to symmetry breaking upon ionization of the O1s electrons.1

It is not evident a priori, however, that the interaction between
core levels is always weak enough to result in localized core
holes. Furthermore, core holes can also interact through many-
electron excitations accompanying ionization.

The N2/Ni(100) chemisorption system is examined here for
the localization of the N1s core holes. This system is very
relevant to the problem for several reasons: N2 molecules are
adsorbed vertically on Ni(100), and consequently, the nitrogen
atoms are inequivalent; the interaction between the N1s levels
in the N2 molecule is not negligible (the splitting between the
N1s orbitals is∼0.06 eV); the N2 molecules are very weakly
bound to the Ni surface (the energy of desorption is 0.47 eV2);
strong many-body effects accompany ionization of the N1s
electrons.3

The experimental N1s X-ray photoelectron spectrum (XPS)
of the N2/Ni(100)c(2×2) system consists of two intense lines
split by ∼1.3 eV and a broad intense structure at∼6 eV above
these lines.4 The origin of these spectral features has been the
subject of numerous and controversial discussions for more than
20 years (see ref 5 and references therein). By means of angle-
resolved XPS, the splitting between the two lowest-energy lines
has been attributed to the ionization of the two inequivalent
nitrogen atoms.2,4 The component with the lowest energy has

been assigned to the ionization of the outermost nitrogen.2,4 The
authors of these experimental works used the fact that the
amplitude of the electron wave emitted by an atom is strongly
peaked in the forward direction due to the scattering by an atom
in front of the emitting one.6 This feature of the high-energy
electron scattering has also been used to separate the N1s XPS
of the inequivalent nitrogens.4

Because of strong many-body effects in the N1s XPS of N2/
Ni(100), a theoretical treatment of the N1s ionization has to
properly account for electron correlation. In the literature one
can find only few ab initio many-body calculations done on
the core-hole states of the N2/Ni system.7,8 In these works the
chemisorption system was modeled by a linear NiN2 cluster.
The use of the cluster approach for calculations of adsorbate
core-hole spectra is justified to some extent by the local character
of excitations forming the spectra of adsorbates, as is demon-
strated by their similarity to the spectra of the corresponding
transition-metal compounds.9

In previous studies it has been a priori assumed that core
holes of inequivalent atoms must be localized, and the ionization
was considered as two independent processes localized on the
respective atoms. The experimental procedure to separate the
spectra of the inner and outer nitrogens in N2/Ni(100)c(2×2) is
also based on this assumption.4 Our present approach conceptu-
ally differs from previous treatments, in that we consider the
simultaneous ionization of the two inequivalent nitrogen atoms
of NiN2.

Results and Discussion

The algebraic diagrammatic construction scheme for the one-
particle Green’s function consistent through fourth order in the
Coulomb interaction (GF ADC(4))10 has been used to calculate
the energies and intensities of spectral lines. The calculations
have been done using a contracted Gaussian basis set of size
[8s,6p,3d] for Ni and [4s,2p,1d] for N, at the equilibrium
geometry optimized at the CASSCF level. Full details of the
calculations are given in ref 11.

A simple two-level model provides a good starting point to
analyze the localization phenomenon. Let us introduce a
Hamiltonian matrix which describes the interaction of basis
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states localized on different centers

where theε1 andε2 are the energies of these states and theU
is the (real) interaction between them. We now introduce a
measure of localization, thedegree of localization, given by

where ∆ ) ε2 - ε1 and C1 and C2 are the eigenvector
components. The degree of localization is the difference of the
probabilities for the eigenvectors of the Hamiltonian eq 1 to be
localized on the different centers. It is seen from eq 2 that the
range of energy splitting∆ where the eigenstates are consider-
ably delocalized is dictated by the interaction matrix element
U. When∆ ) 0 the degree of localization is exactly equal to
0 (completely delocalized states). WhenU ) 0 the degree of
localization is equal to 1 (completely localized states). We can
generally expectU * 0, and the localization is only partial and
depends on the interplay between the splitting∆ and interaction
U.

The degree of localization for the O1s and N1s Hartree-
Fock (HF) orbitals of CO2 and NiN2 is shown in Figure 1 as
functions of∆R, which is the linear asymmetric displacement
of the O2 unit in CO2 and the displacement of the N2 unit relative
to the equilibrium Ni-N2 distance in NiN2. The very abrupt
response in the case of CO2 illustrates the immediate localization
of the O1s orbitals when the symmetric geometry is slightly
distorted. In the case of NiN2, the N1s orbitals are almost
completely delocalized at the equilibrium geometry (dl ) 0.03)
despite the inequivalence. The region of Ni-N distance in
which the N1s orbitals are still significantly delocalized is
remarkably wide. This different behavior of CO2 and NiN2 is
connected to the very different strength of the interaction
between atomic core levels in these systems. Interestingly, the
degree of localization for NiN2 first increases when pulling the
N2 unit away from the Ni atom (Figure 1). At large Ni-N2

distances the degree of localization decreases, asymptotically
approaching the expected case of completely delocalized N1s
orbitals of an isolated N2 molecule. Thus, at the independent-
particle level, the nitrogen core holes in NiN2 are fully
delocalized.

The results of the GF calculations for the most intense lines
in the N1s XPS of NiN2 are presented in Table 1 together with
the experimental data for the chemisorbed system. As one can
see,the core holes in all the states are only partially localized
on the inequiValent nitrogen atoms. Because of the partial
localization, it is not possible to cleanly separate the spectra of
the inner and outer nitrogens, and hence we listed in the same
column the experimental energies of the lines in both the “inner”
and “outer” nitrogen spectra.4 For the same reason we show
in the table, rather than the intensities, the computed spectro-
scopic amplitudesxc

(n) ) 〈Ψn
N-1|âc|Ψ0

N〉, whereΨ0
N andΨn

N-1

denote the ground state of theN electron system and thenth
state of the ionized system, respectively, whileâc is the
annihilation operator for the core orbital. The sudden removal
of a core Hartree-Fock particle from the exact ground state
|Ψ0

N〉 of the system leads toâc|Ψ0
N〉 which is not an eigenstate

of the ion. The spectroscopic factor|xc
(n)|2 is the probability to

find âc|Ψ0
N〉 in the exact eigenstate|Ψn

N-1〉 of the ion. The
actual spectral intensities obtained for the ionization of a core
electron are related to the spectroscopic amplitudes and will be
discussed later.

The lowest-energy core-hole state is mostly localized on the
outer nitrogen and is separated by 1.47 eV from the next state,
which is mainly localized on the inner nitrogen, in accord with
previous theoretical treatments7,8 and the experimental assign-
ment.2,4 According to our calculation these two states areπ f
π* shake-downsatellites. Despite their rather large splitting
these states are not completely localized on the inequivalent
atoms. The next two states, which are almost purelyπ f π*
shake-down, are perceptibly delocalized. Themain linesof the
spectrum correspond to the states computed at 6.48 and 6.90
eV. They are responsible for the intense and very broad band
of the spectrum known as “giant satellite”. The two nearly
degenerateσ f σ* states at 8.01 eV are pronouncedly
delocalized.

To analyze the localization phenomenon quantitatively, in
terms of eq 1, we used a technique for the block-diagonalization
of Hermitian matrices.12 With this method one can project the
large configuration space of a secular problem onto a small
subspace of “effective” or “dressed” configurations of interest,
obtaining a small matrix of the effective interaction among them.
This is in fact the exact effective Hamiltonian (EEH) which
describes the coupling among the selected basis configurations
“dressed” by the interaction with all the remaining configura-
tions. In our case, we thus obtain the EEH matrixH, eq 1, of
the interaction between the dressed core holes. We refer the
reader to ref 12 for a thorough description of the formalism
and to ref 11 for an explicit application.

It is convenient to transform all quantities to a representation
where the N1s orbitals are localized on the inequivalent nitrogen
atoms. This localized representation will be used throughout.
Let us first briefly return to the Hartree-Fock treatment, where
we consider dressed atomic core orbitals. The EEH calculation
shows that the interaction between the Nin1s and Nout1s dressed
orbitals of NiN2 is significantly stronger than that of the O1s
dressed orbitals in CO2: the matrix elementU of the interaction
is 0.046 and 0.0006 eV, respectively. This matrix element is
essentially independent of the displacement of the N2 or O2 units
and is thus an inherent property of the unit itself. On the
contrary, the splitting∆ between the dressed core orbitals is
very sensitive to the displacement and hence constitutes the
driving factor for the change in degree of localization as a

Figure 1. Degree of localizationdl as a function of the linear
asymmetric displacement∆R of the O2 unit in the CO2 molecule and
as a function of the Ni-N2 distance∆R relative to the equilibrium
position of the N2 unit in the NiN2 cluster. To get continuous curves
we dropped the absolute signs in eq 2. Note the different scaling of
the ∆R axis before and after the breaking point.

H ) (ε1 U
U ε2

) (1)

dl ) |C1
2 - C2

2|/(C1
2 + C2

2) ) |∆|/x∆2 + 4U2 (2)
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function of the strength of the external perturbation (i.e., the
interaction with the Ni atom for NiN2 and with the C atom for
CO2).

The above treatment can be also applied to many-electron
core-hole states. We computed the 2× 2 EEH for the core-
hole states corresponding to the most intense lines in the
spectrum of NiN2, the pair at 409.00, 410.47 eV and the pair at
415.48, 415.90 eV. This calculation yields values of the
interaction between the dressed Nin1s-1 and Nout1s-1 configura-
tions of 0.043 eV for the first pair and 0.034 eV for the second
pair, which are surprisingly close to the value obtained at the
HF level (0.046 eV). The splittings between the dressed
configurations for the two pairs are however quite different:
1.46 and 0.42 eV, respectively. These results provide quantita-
tive insight into the mechanisms of core-hole localization as a
pure many-body effect: the interaction of the NinN1s-1 con-
figuration with higher excitations differs considerably from that
of the Nout1s-1 configuration and results in a much larger
effective splitting compared to the orbital picture.

We now turn to the calculation of XPS intensities. Here,
one has to take into account possible interference effects due
to partial localization. The intensity of thenth ionic state in
the XPS reads13

whereτc denotes the photoionization amplitude of the N1s level
of the inner (c ) in) and outer (c ) out) nitrogens andxc(n) are
the spectroscopic amplitudes of the single hole Nc1s-1 states.
In the dipole approximation the photoionization amplitudes are
given byτc ) AB < kB|rb|c>, where|c〉 is the core orbital to be
ionized,|kB〉 is the wave function of the photoelectron, andAB is
the polarization of the ionizing photon.

Assuming that the wave function of the photoelectron is
essentially a plane wave, assuming that the core orbital
ionization cross sections of the two atoms are equal if the
scattering by the other atom is neglected, and taking into account
the forward peaking of the scattering amplitude,6 we write

whereR andâ are parameters controlling the amount of electron
scattering in the photoionization of the inner and outer nitrogen
cores, respectively, andγ controls the forward peaking of the
scattering amplitude.θ is the polar angle of emission from the
N-N axis, k is the electron wavenumber, andR is the N-N
distance.

The intensity angular dependence for two of the line pairs in
the spectrum, calculated using the above model, is shown in
Figure 2. The parameters have been chosen to fit the relative
intensity and halfwidth of the small angle peak in the respective
experimental data4 (shown in the inset in Figure 2a). As the
figure shows, the intensity of the 410.47 eV line has a distinct
interference pattern. The angular distribution of the 409.00 eV
line is instead close to uniform, but still one can clearly see a
modulation of the intensity due to the interference caused by
the partial localization. Forall the other spectral lines listed in
Table 1, the angular dependence of the intensity considerably
deviates from a uniform distribution. Particularly pronounced
are the interference patterns for the pair ofσ f σ* shake-up
satellites at 417.01 and 417.09 eV (Figure 2b). If the core holes
were localized, one line from each pair would exhibit an
essentially isotropic angular distribution of the intensity.

To validate and generalize our finding of partial localization
of core holes, we also computed by the same methods and
quality of basis set11 the P2s XPS of a linear NiP2 molecule at
the SCF optimized geometry. The 2s level of phosphorus is a
(shallow) core level. The direct interaction of the P2s orbitals
in NiP2 is much stronger than that of the N1s orbitals in NiN2

(the splittings between the orbitals are 0.9 and 0.1 eV,
respectively). The GF computed ionization energies of the two
lowest-energy states in NiP2 are 188.24 and 189.71 eV, and
their degree of localization (0.886 and 0.945) is substantially
smaller than in NiN2, although their splitting is very similar.

To further illuminate the role of the direct interaction in the
core-hole localization-delocalization phenomenon, we have

TABLE 1: Energies, Degrees of Localizationdl
(n),a and Spectroscopic Amplitudesxc

(n) of the Nc1s Ionized States of the NiN2
Cluster

a dl
(n) ) |xin

(n)2
- xout

(n)2|/xin
(n)2

+ xout
(n)2

). A localized representation is used;c refers to the inner and outer nitrogen atoms. Shown are the GF ADC(4)
results obtained for the maximal dimension of the configuration space (114 414 configurations) in comparison to the experiment for the N2/
Ni(100)c(2×2) system. All energies in eV.b The contributions in parentheses denote small admixtures to the ionic states in order of decreasing
importance.

I(n) ∼ |∑
c

τcxc
(n)|2 c ) in, out (3)

τin ) τ[1 + R(1 + e-γθ2
)eikR(1-cosθ)]

τout ) τ[eikRcosθ + â(1 + e-γ(θ-π)2
)eikR(1+cosθ)] (4)
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calculated the N1s XPS of a linear NiN2 cluster with an
artificially short N-N distance of 1.5 au. At this N-N distance
the N1s core orbitals are split by 1.1 eV and they are
considerably delocalized (dl ) 0.38). The direct interaction
between the dressed N1s orbitals obtained by the EEH method
is 0.51 eV, and their splitting is 0.42 eV. This strong interaction
is the main reason why the core holes remain rather delocalized
also at the level of the GF ADC(4) approach which incorporates
a great part of electron correlation in calculations of ionized
states (see Table 2). Many-body effects although increasing
the degree of localization for most of the states are not strong
enough to make the core-hole states localized to the extent seen
for the case of the equilibrium N-N distance in NiN2. What
is important is that the core holes in some of the ionized states
(the states at 419.00, 419.29, and 420.30 eV) are even more
delocalized (the degree of localization is 0.238, 0.290, and 0.205,
respectively) than the N1s coreorbitals. This implies that many-

body effects, in principle, must not necessarily favor localization
of inequivalent core holes but can even strengthen their
delocalization compared to that obtained at the independent-
particle level. The two lowest-energy intense lines in the N1s
XPS of the NiN2 cluster with the short N-N distance are split
by 1.69 eV and exhibit reasonably delocalized core holes in
these states (dl ) 0.837 and 0.896, respectively). The splitting
is comparable to that in the spectrum of the NiN2 cluster
calculated at the equilibrium geometry (1.47 eV), but the core
holes are substantially more delocalized than in the latter case.
This example clearly intimates that a large splitting of core level
lines observed in a particular XPS is not indicative itself of
core holes localized on inequivalent atoms.

To shed light on the role of many-body interactions in the
core-hole localization-delocalization phenomenon, we con-
structed an 8× 8 EEH for all the states listed in Table 2. The
basis of twocin

-1 andcout
-1 single-hole dressed configurations

and six satellite dressed configurations (cin
-1 σ f σ*, cout

-1 σ
f σ*, cin

-1 π f 1π*, cout
-1 π f 1π*, cin

-1 π f 2π*, cout
-1 π

f 2π*) has been chosen for the EEH analysis (1π* and 2π*
denote the two lowest in energy unoccupiedπ orbitals). The
interaction between thecin

-1 and cout
-1 dressed single-hole

configurations obtained by the EEH method for this many-body
case is very close to that of the Hartree-Fock case (the matrix
element in both cases is 0.51 eV). All the dressed satellite
configurations localized on the inner and outer nitrogens are
closely spaced within an energy interval of 0.6 eV, and they
strongly interact with each other. This explains why the
satellites do not enter the spectrum as pairs, in contrast to the
case of the equilibrium geometry where the pairwise character
is observed for all the states listed in Table 1. Very important
is that the interaction between the single-hole and some of the
dressed satellite configurations localized ondifferentatomic sites
is even stronger than the interaction between the dressed N1s
orbitals. For example, the matrix element of the interaction
between thecout

-1 andcin
-1 π f 1π* dressed configurations is

0.71. Thus, the delocalization of inequivalent core holes can
be enhanced by many-body effects not only due to decreasing
the splitting between states but also due to strengthening the
interaction between configurations. This suggests existence of
systems where many-body excitations significantly enhance the
delocalization of core holes.

Interestingly, the two lowest-energy lines in the N1s XPS of
NiN2 with the short N-N distance are the main lines, in contrast
to the case of the equilibrium geometry where the lowest-energy
lines are shake-down satellites. Thus, the perturbation of the

Figure 2. Angular dependences of the intensitiesIn of two pairs of
lines in the N1s spectrum of the NiN2 cluster. (a)I410.47and I409.00are
the solid and dashed lines, respectively. Shown in the inset is the
experimental angular dependence of the intensity ratio of the lowest-
energy lines in the C1s and O1s XPS of CO/Ni(100)c(2×2) (solid line)
and of the 400.7 and 399.4 eV lines in the N1s XPS of N2/Ni(100)-
c(2×2) (dots).4 (b) I417.01(solid line) andI417.09(dashed line). The angular
dependence was calculated using the following values of the parameters
in the model eq 4:R ) 2.0,â ) 1.0,γ ) 6.56, andR ) 2.069 au. The
ionization by photons of energy 1486 eV (Al KR) has been assumed.

TABLE 2: Energies, Degrees of Localizationdl
(n),a and Spectroscopic Amplitudesxc

(n) of the Nc1s Ionized States of the NiN2
Cluster Calculated for the N-N Distance of 1.5 au

a dl
(n) ) |xin

(n)2
- xout

(n)2|/xin
(n)2

+ xout
(n)2

). A localized representation is used;c refers to the inner and outer nitrogen atoms. Shown are the GF ADC(4)
results for reasonably intense lines obtained for the maximal dimension of the configuration space (114 414 configurations). All energies in eV.
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electronic subsystem of the NiN2 cluster due to shortening the
N-N distance significantly changes the efficiency of the core-
hole screening. The EEH technique allows us to extract some
important details of the difference between the core-hole
screening in the NiN2 cluster taken at its equilibrium geometry
and the cluster with the artificially short N-N distance. In a
manner used in our recent work14 for the analysis of the core-
hole screening in weak and strong chemisorption systems, we
constructed the 2× 2 exact effective Hamiltonians for the most
intense lines in the N1s XPS in the basis of dressed single-hole
(cin

-1, cout
-1) and charge-transfer (cin

-1 π f π*, cout
-1 π f

π*) configurations using the computed ionization potentials and
spectroscopic amplitudes. Extending the configuration space
step by step (starting from the space comprising all single
excitations of the two N1s-1 single-hole configurations) by
allowing double excitations in increasing number of virtual
orbitals, we were able to monitor the increase of dynamical
screening contributions to the ionic states. The relaxation
patterns for the dressed configurations obtained for the two
geometries of the NiN2 cluster are shown in Figure 3. It is
clearly seen that the dressedc-1π f π* configurations relax
stronger in the case of the equilibrium N-N distance. These
configurations become lowest in energy at the dimension of
the space about 114.000 for the case of the equilibrium
geometry. Contrary to that the relaxation of the dressedc-1π
f π* configurations for the case of the short N-N distance is
not so efficient, and the dressed single-hole configurations
remain lowest in energy up to the maximal dimension of the
configuration space. The character of theπ and π* orbitals
has substantially changed upon shortening of the N-N distance,
and this leads to a different behavior of the ionized states.

Conclusions

Our accurateab initio calculations show that the adsorbate
core holes in the ionized states of nonsymmetrical molecular

systems are not completely localized on the inequivalent atoms
as has been generally believed. The degree of localization is
different for different states, and the core holes in some satellite
states are considerably delocalized. The good agreement
between the N1s spectrum computed for the NiN2 molecule and
the experimental spectrum of the N2/Ni(100)c(2×2) solid-state
system makes clear that the partial localization phenomenon is
also to be expected for this system. The presence of a surface
rather than a single Ni atom could even strengthen the effect.
There are no reasons to anticipate the opposite. This partial
localization, which is of interest by itself, leads to distinct
interference effects in the angularly resolved core-hole spectra,
and in principle, this phenomenon can be detected experimen-
tally. The EEH analysis carried out here will be a very useful
and simple tool to interpret further data in this light. We surmise
that the partial localization of core holes can be observed also
in some physisorbed systems. The EEH analysis also shows
that many-body effects can enhance delocalization of inequiva-
lent core holes. Thus a search for systems where inequivalent
core holes are delocalized due to many-body excitations is of
special interest for further understanding of the localization-
delocalization phenomena.
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(4) Mårtensson, N.; Nilsson, A. J.Electron. Spectrosc.1990, 52, 1.
Nilsson, A.; Tillborg, H.; Mårtensson, N.Phys. ReV. Lett.1991, 67, 1015.

(5) Tillborg, H.; Nilsson, A.; Mårtensson, N. J.Electron. Spectrosc.
1993, 62, 73.

(6) Kono, S.; Goldberg, S. M.; Hall, N. F. T.; Fadley, C. S.Phys. ReV.
1980, B22, 6085. Fink, M.; Yates, A. C.At. Data1970, 1, 385. Zähringer,
K.; Mayer, H.-D.; Cederbaum, L. S.Phys. ReV. 1992, A46, 5643.

(7) Freund, H.-J.; Messmer, R. P.; Kao, C. M.; Plummer, E. W.Phys.
ReV. 1985, B31, 4848.

(8) Ohno, M.; Decleva, P.Surf. Sci.1992, 269/270, 264;Chem. Phys.
1992, 160, 341.
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