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Nature of the surface chemical bond in N2 on Ni„100… studied by x-ray-emission spectroscopy
and ab initio calculations
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The electronic structure of the system N2 /Ni(100) has been studied by means of angle-resolved x-ray-
emission spectroscopy~XES! and ab initio calculations. XES allows a symmetry-resolved decomposition of
the 2p density of states projected on each N atom. The calculations reproduce the experimental spectra well.
Our results show that it is necessary to use an atom-specific description rather than treating the molecule and
substrate as separate units. Hence a model of the surface chemical bond for this system is presented, in which
the N2 1p –Ni 3d interaction is important for the bond of N2 to the Ni~100! surface. The weakening of the
internal p is seen as the appearance of a nonbonding orbital whose character is essentially Ni 3d with a
contribution of N 2p lone pair on the outer nitrogen atom. Thes system strongly polarizes in order to
minimize the Pauli repulsion with the Ni 4sp states in the substrate. The traditional picture of the Blyholder
model, which in a frontier orbital framework involvess donation andp backdonation with more or less
unperturbed orbitals, is not in agreement with the experimental data and is not supported by the calculations.
In order to create the adsorbate orbitals we need to involve the whole originalp system of the free molecule,
i.e., both the 1p and 2p* orbitals.@S0163-1829~98!04415-4#
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I. INTRODUCTION

A recurrent theme in surface science concerns the un
standing of the chemical bond between an adsorbed m
ecule and a metal surface. The central task is to achie
proper description of the electronic structure of the molec
and substrate, and the changes that occur in the electr
levels upon bond formation. From numerous experimen
and theoretical efforts, different models have emerged wh
the gross features most often are described in terms o
interaction between ‘‘frontier orbitals’’ localized on the mo
ecule, and the metal electronic levels, such as thesp andd
bands. Conceptually, frontier orbitals means that it is su
cient to focus on the highest occupied and lowest unoccu
molecular orbitals~MO’s! of the free molecule which inter
act with the substrate.

However, a different approach is to start from theatomic
orbitals, using a linear combination of atomic orbitals d
scription of the electronic levels. The advantage is a m
detailed picture but at the expense of increased comple
From a theoretical point of view such an approach is rat
straightforward. However, in the past this has not been
easy path on the experimental side. For example, probes
ultraviolet photoemission spectroscopy~UPS!, which is one
of the most common techniques for probing the valence
els, do not allow a separation in terms of atomic contrib
tions to the electronic levels. On the other hand, x-r
emission spectroscopy~XES!, applied to adsorbate system
has in recent years1–6 been shown to be a spectroscopy w
suited for obtaining atom-specific electronic structure inf
570163-1829/98/57~15!/9274~11!/$15.00
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mation due to the localization of the core-excited interme
ate state. Furthermore, angle-dependent measurements
it possible to separate states of different molecular sym
try.

In the case of XES applied to the N2/Ni~100! system, the
emission from transitions of 2p→1s type is measured. This
means that spectra related to the 2p contribution to the va-
lence states are obtained. We have furthermore used the
that the chemical shift between the two N atoms is la
enough to allow a separation of the valence states on e
atom. Since the adsorbate system is oriented, we have
been able to determine thes and p symmetries of the ob-
served states. Due to the orientation of the molecule and
selection rules governing the XE process, it follows7 that, in
normal emission, orbitals with purep symmetry can be ob-
served, and in grazing emission bothp and s orbitals are
probed.

From a theoretical point of view XE spectroscopy pr
vides a very strong basis for the evaluation of methods
population analysis. Many different schemes for subdivid
the charge density into different types of contributions
signed to the respective centers have been proposed, bu
lack of a means to measure the atomic populations dire
has made all techniques somewhat arbitrary and a matte
taste. Since the XE process, for a 1s initial core hole, relies
on the projection of the localp character onto the spatiall
well-localized core orbital, this in effect provides exact
such a tool to analyze and decompose the charge density
separate atomic contributions. However, for a complete
9274 © 1998 The American Physical Society
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derstanding it is important also to consider the effects du
the core hole in the intermediate state. Recent theore
model calculations of the XE process in adsorbates give
significant modification of the interpretation using groun
state frozen orbitals or a fully relaxed core-hole state.8 There
are small changes of the relative intensities except fo
strong state close to the Fermi level appearing in the fu
relaxed core-hole state calculation. The large transition
tensity for this state is not seen in experiments, and could
an artifact of the theoretical model. We should bear in m
that the states close to the Fermi level could get somew
enhanced intensity through the metallic screening in
core-hole state.

The N2/Ni~100! system has, together with the much mo
studied system CO/Ni~100!, served as a prototype system f
molecular adsorption in general. The most common desc
tion of the surface chemical bond in these systems is
so-called Blyholder model9 which is based on the frontie
orbital concept. This model describes the bonding in term
5s donation into the substrate and a backdonation into
2p!. However, our results show that such a model
N 2/Ni~100! does not provide a correct description of t
bonding, and that an atomic-orbital based picture is nec
sary in order to describe and explain the observed spe
distributions. A short communication of the experimental
sults was published recently.5 In the present paper we de
scribe the experiment in more detail, and compare the res
with ab initio calculations on a N2/Ni 13 cluster. The experi-
mental and calculated results are mutually consistent,
lead to a more detailed and somewhat modified picture c
pared to the one previously presented.5

The paper is organized as follows: after this introductio
Sec. II discusses previous experimental and theoretical s
ies. Experimental and computational details are given
Secs. III and IV, respectively. The XES and calculated
sults are presented in Sec. V, whereas the discussion
summary are found in Secs. VI and VII, respectively.

II. PREVIOUS RESULTS ON N 2/NI „100…

N 2 is a homonuclear molecule with electronic states t
are evenly distributed on each atom. N2 is isoelectronic with
CO, and the valence levels are, usingC`v notation as for
CO, the 3s, 4s, 1p, 5s ~highest occupied level!, and 2p!

~lowest unoccupied level!. When chemisorbed on a Ni~100!
surface, the molecular axis has been found in a perpendic
geometry relative to the surface plane.10,11 This is also the
adsorption geometry for CO adsorbed on Ni~100!,12,13 but
the chemisorption strength of N2/Ni~100! is much weaker
than for CO/Ni~100! @0.5 ~Ref. 14! and 1.4 eV,15 respec-
tively#.

The results from UPS measurements16,17are complex due
to the presence of multielectron states in the spectra~the
creation of x-ray decay satellites is much less probable, s
no electron is removed from the system!. In terms of
screened one-electron states it was, however, conclude
Ref. 16 that the 5s and 1p levels coincide at 7.6 eV and tha
the 4s level is found at 12.4 eV. An interesting point whe
compared to CO/Ni~100!, also studied in that paper,16 was
that the relative shift between the 5s and 4s levels in-
creasedfrom the gas-phase values, as opposed to the cas
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CO/Ni~100! where it instead decreased. A similar behav
was found for N2/Ni~110!, studied in Ref. 17.

Furthermore, although partial occupation of the 2p! level
would be probable for N2/Ni~100!, in line with observations
for CO/Ni~100!,18 no such evidence was found. Howeve
the strong and overlapping Ni 3d band makes it very difficult
to make such observations, and the authors of Ref. 16 o
concluded that their data were not conclusive on this mat

In conjunction with the UPS measurements in Ref. 1
Hartree-Fock calculations on linear NiN2, as a model of
chemisorption on the Ni~100! surface, were also made an
presented in Ref. 19. Among other properties, the ato
contributions to the wave functions, of relevance for t
present study, were calculated. Starting with thes system, it
was found that the 3s level was slightly polarized toward
the outer N atom compared to the gas-phases andp atomic
contributions; that the 4s level clearly polarized toward the
inner N atom; and that the 5s level also clearly polarized
toward the outer N atom. No Ni contributions at all we
seen in the 3s level. Although the Ni contributions to the 4s
and 5s levels were small, a significant Ni-N2 overlap popu-
lation between the Ni and inner N atoms was found for b
levels, meaning that they equally contribute to the Ni-N2
bond. The Nis orbitals (3ds and 4sps) were described as
antibonding with the N2, thus reducing the bonding in thes
space.

Moving next to thep system, two occupiedp levels were
found: 1p- and Ni 3dp-derived levels. The 1p level was
found to be slightly polarized toward the inner N atom a
with small Ni contributions, whereas the Ni 3dp level was
found to be dominated completely by the Ni atom, but w
some contribution from the outer N atom~lone pair!. How-
ever, the overlap population for both of these levels w
practically zero and the binding energy for the whole m
ecule was only 0.1 eV, well below the experimental value
0.5 eV ~Ref. 14! for N 2/Ni~100!.

Therefore, a model was set up, now with N2 interacting
with an excited Ni atom to model the interaction with th
4sp band: by occupying the Ni 4pp orbital the possibility of
an Ni 4sp–N2 2p! interaction opens up. The results were
general agreement with the previous model, with the exc
tion of an occupiedp state made up byp orbitals distributed
on all three atoms. The overlap population for this state w
furthermore, large, and the binding energy of the cluster
creased substantially up to 1.13 eV. Thus the authors c
cluded that Ni 4sp donation to the empty N2 2p! is far
more important than Ni 3d donation, and suggested that th
should also be the case for the real situation@N 2/Ni~100!#.

This picture is thus somewhat different compared to
Blyholder model for CO adsorption: since the spatial dis
bution for thep and s systems are different for the tw
molecules, both the 4s and 5s levels are involved in the
bonding for N2, as opposed to CO, where only the 5s level
is involved. Furthermore, the Ni-to-N2 backdonation is ac-
complished via the Ni 4sp bands, not the 3d band. Never-
theless, this picture is still in line with a donation
backdonation scheme, in which the backdonation into
empty N2 2p! makes the most important contribution to th
bond. In Ref. 17 the interpretation of the experimental d
in conjunction with theoretical calculations~Hartree-Fock,
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Xa scattered wave and many-body Green’s-function te
niques! was again in terms of a s-donation –
p-backdonation scheme, but assigning the main bond
contributions to thes interaction.

For the gas-phase linear NiN2 system,20,21 as well as for
the corresponding NiCO molecule,22 it was later shown tha
the self-consistent-field~SCF! level is insufficient to describe
the bonding and reliably, more advanced multiconfigu
tional wave functions must be considered. The repulsion
by the 4s and 5s orbitals against the 4s of the metal can be
alleviated very efficiently by allowing for ans-d
hybridization,20 which requires a singlet-coupled Nid9s1

atomic configuration and unequal occupations in the two
brids; the ground state at this level of theory then becom
the 1S1 state. A somewhat different interpretatio
was reached by Kao and Messmer,21 who viewed the
results rather in terms of involvement of the Nid ~Ref. 10!
atomic configuration. Using generalized valence-bo
configuration-interaction calculations, the1S1 ground-state
was found with a shorter bonding distance~1.8 Å instead of
2.2 Å for the 3D from Ref. 16!. The calculations were inter
preted within the traditional picture of thes-donation–
p-backdonation scheme; however, the authors of this w
favored a donation from the Ni 3d band rather than from the
Ni 4sp band.

It should be realized that the previous calculations
some extent had different objectives: to model N2 chemi-
sorption in an on-top site and to describe the linear Ni-2
molecule in the gas phase. In the present work we will s
cifically discuss the N2 interaction with the surface repre
sented by cluster models, and we find best agreement
the earlier study of Brundleet al.16 in terms of the characte
of the specific molecular orbitals and the polarization effe
in the s space. However, by also including several high
levels of calculation in combination with our experimen
we are able to draw more far-reaching, and different, con
sions for thep system, as will be evident later on.

III. EXPERIMENT

The experiment was performed at the Advanced Li
Source, Berkeley, using the undulator beamline 8.0 whic
equipped with a spherical grating monochromator
‘‘Dragon’’ type. The resolution of the exciting radiation wa
set to 0.4 eV. The end station contains an electron ene
analyzer ~Scienta-200!, a multichannel plate for x-ray
absorption measurements and an XE spectrometer. All
struments are mounted on an analysis chamber which
rotate around an axis parallel to the incoming beam.

The nickel crystal was mounted on a manipulator r
which was parallel to the incoming beam, i.e., the axis
rotation for the analysis chamber. In order to obtain h
surface sensitivity, the incoming light was impinging on t
surface at grazing angles of around 3°25°. The beam was
focused to a spot size of 1003200 mm at the sample posi
tion. This yields an estimated photon flux of about 1013–1014

photons per second within this area. The high flux is nec
sary in the XES experiments since the overall photon yiel
of the order of 1:10.11 In order to avoid radiation damage o
the overlayer during the XE measurements, caused by
high flux of the incoming light, the spectra were collected
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scanning the sample in front of the spectrometer entra
slit.

The XE spectrometer is based on a grazing incide
grating in combination with a movable multichann
detector;23 the grating used for the N spectra has a radius
5 m, and a groove density of 1200 lines/mm. The resolut
was around 0.5 eV in the XE spectra. Photoemission m
surements of the Ni Fermi edge were used to calibrate
photon energies. Ac(232) overlayer of N2/Ni~100! was
prepared by a 10-L dose at temperatures below 110 K,24 as
confirmed by photoemission and low-energy electro
diffraction measurements.

IV. COMPUTATIONAL

The calculations have been performed for N2 chemi-
sorbed on-top on a 13-atom nickel cluster. The directly
teracting central nickel atom was described including
electrons, while the surrounding 12 atoms were describe
one-electron atoms, treating only the 4sp electrons explic-
itly. For this structure the Ni-N and internal N-N distanc
were optimized, and the wave function analyzed. Spe
were generated either approximately using thep populations
on each nitrogen in the different molecular orbitals or by
explicit calculation of transition intensities in the deexcit
tion process using a frozen orbital approximation, i.e.,
ground-state orbitals were used to represent both initial
final states. Calculations were also performed for the fu
relaxed initial core-hole state, but led to an artificially hig
intensity from screening states at the Fermi level. The ori
of this effect is not quite understood, but most likely due
an imbalance in the treatment of initial and final state rel
ation effects. Earlier work on CO/Cu~100! ~Ref. 8! has
shown that, except for the region around the Fermi level,
frozen and relaxed orbital results show good agreement.
frozen-orbital description of the XE spectra seems to give
best overall agreement, and will thus be used in the pre
work to calibrate the intensities in the spectra generated f
the populations.

The calculations have been performed in C2v symmetry at
several different levels of theory, including Hartree-Fo
SCF, complete active space SCF~CASSCF! multireference
average coupled pair functional, and density-functio
theory ~DFT!. The interaction of N2 with a single Ni atom
was studied previously,20 and the interaction was found to b
dependent on a reduction of thes repulsion through ans–d
hybridization. This is dependent on having ad9s1 (1D) elec-
tronic configuration on the Ni atom, and results in the fo
mation of two, differently occupied, hybrid orbitals. Th
process requires that the 3ds and 4s orbitals are taken as
active in the CASSCF calculation, and this was thus a
done in the present study. On the cluster there are additi
possibilities to reduce thes repulsion, since the 4s may
simply polarize onto surrounding cluster atoms. This pos
bility is also included by this choice of active orbitals for th
s symmetry. In order to allow 3dp interaction with the
N 2 p!, these two orbitals were furthermore taken to be
tive giving a rather compact description with six active ele
trons in six active orbitals. In the multireference calculatio
either 32~full valence! or 24 electrons were correlated an
two different treatments were made: either the dynam
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correlation space was reduced by retaining as reference
those configurations that describe thep interaction or by
reducing the number of electrons in the correlation treatm
by excluding the 3dd orbitals together with two cluster or
bitals ~one in a2, and one, well-localized,d-type orbital in
the a1 symmetry!.

The basis sets used were a (10s5p2d)/@4s3p2d# basis in
a general contraction25 for nitrogen and the Wachter
(14s11p6d3 f )/@5s4p3d1 f # basis set for nickel.26 The re-
maining nickel atoms in the cluster were described usin
one-electron effective core potential~ECP! description in
combination with a (4s1p)/@2s1p# basis set. The one
electron ECP was developed by Panas, Siegbahn,
Wahlgren,27 and has been tested on a number of system28

The DFT calculations were performed using the deM
code29,30 on N2 chemisorbed ontop of a pyramidal Ni5 clus-
ter assuming an overall singlet spin state. The choice of s
state leads to a spin-contaminated solution, but with
open-shell orbitals localized only on the cluster. Thus it w
assumed that the spin contamination should not affect
qualitative results for the Ni-N2 interaction. In these calcu
lations all Ni atoms were treated at the all-electron level w
the purpose of studying effects of a better representatio
the Ni 3d band structure. Nitrogen was described using
triple-z plus polarization basis set while the nickel atom
were described using the SDZC basis31 extended with two
diffuse p functions and a diffused function. Gradient-
corrected functionals32 were used throughout and the N2

chemisorption geometry was optimized for fixed Ni-clus
geometry.

The full spectrum calculations were performed using
direct SCF programDISCO,33 which has recently been ex
tended to treat x-ray-absorption34 ~XA ! and x-ray-emission
spectra.8 In this approach to XES the nonorthogonal tran
tion moments are normally computed between the fully
laxed core-hole state and the final state, which is represe
by the ground-state orbitals. Thus final-state relaxation
fects are assumed to be small compared with the relaxa
of the core hole, and are thus neglected. Alternatively,
ground-state orbitals may be taken to represent both the
tial core-hole state and the final state in a frozen-orbital p
ture; this approach was used in the present work. The
lence binding energies are taken as the Koopmans va
This approach is only implemented for the Hartree-Fock c
culation, and was thus only applied to a simpler closed-s
SCF wavefunction that approximated the above-descri
CASSCF calculation. The XES spectra from the CASS
wave function were instead qualitatively generated by us
the one-center approximation, and assigning intensities
cording to the amount of localp character as given by
Mulliken population analysis. It is realized that this type
charge partitioning is not unique, and that some uncerta
in the populations assigned to each center exists. Howe
this uncertainty is smaller for a homonuclear system such
N 2, and we furthermore believe that the changes in lo
orbital character upon adsorption should be more accura
represented. The peak positions were thus assigned ac
ing to the orbital energies for the corresponding orbitals
the closed-shell SCF calculation. In order to facilitate t
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comparison with the experimental spectra, the lines w
convoluted with a Gaussian of 1.0 eV full width at ha
maximum~FWHM!.

V. RESULTS

A. X-ray-emission spectra

Treating x-ray emission as a two-step process, the
step is the creation of a core hole by an electron transi
from a core level to either a bound, empty valence level o
the ionization continuum followed by, in a second step,
filling of the core hole by an electron from an occupied v
lence level under emission of x rays. It is of vital importan
to use threshold excitation in the first step in order to av
multiply excited states, since they can give rise to satell
in the XE spectra which would make the assignment of
‘‘one-electron’’ states more difficult. Therefore, we alwa
excited an N 1s electron into the lowest unoccupiedp!

level.
Figure 1 shows the XA spectrum~dotted line! of

N 2/Ni~100!, taken from Ref. 35. By means of a decompo
tion based on autoionization spectra, the individual XA sp
tra for each nitrogen atom were obtained~solid line!. The
position of the N 1s→2p! resonance is estimated to 400
and 401.0 eV for the outer and inner N atoms, respectiv
We choose energies close to these values when creatin
initial state in the XE process: by exciting with a photo
energy of 400.3 eV, only the outer atom contributed to
XE spectra; and by exciting with 401.5 eV, both atoms co
tributed but with a dominating contribution from the inn

FIG. 1. X-ray-emission raw spectra. The upper panel displ
spectra recorded for an excitation energy of 400.3 eV, yield
contributions from the outer N atom only; and the lower pan
shows spectra recorded with an excitation energy of 401.5
yielding contributions from both atoms.
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atom. For each photon energy, a spectrum was recorded
grazing and a normal emission geometry by rotating the
ray spectrometer with theE vector of the incoming light
fixed parallel to the surface.

The spectra recorded in this way are shown in Fig. 2. T
energy scale refers to the emitted photon energy as reco
by the XE spectrometer, and the icons indicate the emis
geometry. The intensities are scaled in an arbitrary way.
upper part of Fig. 2 displays the spectra recorded at 400.3
excitation energy, which are associated with the outer
atom only. Going from right~high energy! to left, the first
feature, dominating in the normal-emission spectrum
also present in the grazing emission spectrum, occur
400.3 eV and is simply due to photons which are elastica
scattered by the overlayer into the XE spectrometer. In
lower part of Fig. 2, the spectra for 401.5-eV excitation e
ergy are displayed. The feature at 401.5 eV is again du
scattered photons. If we compare the remaining features
the 400.3-eV spectra, it is immediately seen that there
some differences. As the 401.5-eV spectra contain contr
tions from both atoms, it follows that the new features a
associated with the inner atom. To be more specific, the r
tive amount from each atom will depend on the relative cr
sections for exciting each of them at this particular pho
energy. This in turn is given by the XA spectrum, and w
will therefore use Fig. 1 again in order to separate the
spectra, so that the ‘‘pure’’ spectra associated with the in
N atom can be obtained. We remark at this stage that th
are no contributions from core-hole shake-up satellites in
401.5-eV spectra, that could possibly have been cre

FIG. 2. X-ray-emission raw spectra. The upper panel displ
spectra recorded for an excitation energy of 400.3 eV, yield
contributions from the outer N atom only; and the lower pa
shows spectra recorded with an excitation energy of 401.5
yielding contributions from both atoms.
a
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since the excitation energy is above threshold~400.3 eV!: the
excess energy of 1.2 eV is not enough to create any mult
excited states in the XE initial state.24

Figures 3 and 4 displays separated spectra which w
obtained in three steps: first, the 400.3-eV spectra were
tracted from the 401.5-eV spectra after the relative intensi
were set according to the XA spectrum in Fig. 1, there
yielding ‘‘pure’’ inner N atom spectra; second, the contrib
tion from scattered photons was subtracted with a mode
peak of Gaussian shape; and third, the pures spectra were
obtained by subtracting the normal-emission spectra~con-
taining only p states! from the grazing emission spectr
(p1s), using an intensity ratio of about 1:2@p:(p1s)# for
the outer atom, and 1:3 for the inner atom. These ratios
not knowna priori, but resulted from the subtraction proc
dure where a criterion based on that the background le
should be similar after a subtraction was used.

For metallic systems, such as chemisorbed molecules
position of the Fermi level is obtained from the correspon
ing core-level binding energy.36 The spectra were thus put o
a common binding-energy scale, obtained by subtracting
core-level photoemission binding energies of the two
atoms24 @N(1s) outer atom: 399.4 eV; inner: 400.7 eV#. The
figures are divided in an upper part, displaying states os
symmetry, and a lower part, displaying states ofp symme-
try.

s
g
l
,

FIG. 3. Decomposed XE spectra in terms of symmetry a
atomic site: the upper panel displays states ofs symmetry, and the
lower panel states ofp symmetry. The energy region is confined
the outer valence level.p states arising from the surface chemic
bond are indicated with a tilde symbol.
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From the symmetry and the binding energies of the sp
tral features, it is straightforward to assign all features ab
5 eV in analogy with UPS measurements.16,17 All spectral
peaks exhibit different intensities or shapes for the inner
outer N atoms. Even the 3s state shows an intensity dif
ference for the two atoms. Other interesting findings are
localization of the 4s state to the inner N atom, with n
visible spectral intensity from the outer N atom, and t
larger 5s localization to the outer N atom. Near the Ferm
level we find molecular states ofp symmetry which canno
be assigned based on the molecular orbitals of the free m
ecule. The state located on the outer N atom is centere
about 2.5-eV binding energy, while the state located on

inner N atom is centered at about 1 eV denotedp̃out andp̃ in ,
respectively.

There are a few structures in the separated spectra w
probably can be attributed to artifacts in the subtraction p
cedure. There is some weak intensity in the outer atoms
symmetry spectra around 2 eV. The outer atom has a pea
2.5 eV in thep spectrum, which might yield some remainin
intensity in thes spectrum. There is a shoulder on the inn
nitrogen 5s peak which we cannot assume to be real. T
inner nitrogens symmetry spectrum involves two subtra
tions, and the shoulder appears in an emission energy re
involving both the 1p and 5s peaks on the outer atom.

FIG. 4. Decomposed XE spectra in terms of symmetry a
atomic site: the upper panel displays states ofs symmetry, and the
lower panel states ofp symmetry. The energy region is extended
include the inner valence region.
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B. Generation of theoretical spectra

The present implementation of the theoretical treatmen
XE spectra is valid for a single-determinant SCF wave fu
tion, while for a more accurate description of the adsorba
substrate interaction a more advanced, multiconfigura
~CASSCF! wave function is required. For this CASSC
wave function we will thus generate more qualitative spec
based on thep-populations as given by the Mulliken popu
lation analysis; this corresponds to the one-center appr
mation for an initial 1s core-hole state. In order to calibrat
this approach we will compute full spectra for the SCF ca
and compare with those obtained from the population an
sis of the SCF wave function. The introduction of dynamic
correlation, as in the MR-ACPF scheme based on
CASSCF orbitals, implies in principle a step away from t
strict molecular-orbital interpretation of the wave functio
here the orbitals are defined in terms of eigenvectors of
density matrix. Orbitals with high occupation numbers c
still be identified with their CASSCF counterparts, and w
will use the comparison between the CASSCF populati
and those obtained at the correlated level to discuss tre
obtained from higher level calculations, i.e., whether int
duction of dynamical correlation increases or decreases
population on a center in a particular orbital. In the pres
section we will focus on the calibration of the one-cent
population-based spectrum interpretation with the full cal
lation of the spectra. The computed XE spectrum from
SCF wave function and the corresponding spectrum base
the one-center approximation~SCF orbitals! Mulliken p
populations are compared in Figs. 5 and 6.

d

FIG. 5. Calculated XE spectra for N2/Ni 13. Here the intensities
are given by the explicit dipole transition matrix elements using
ground-state orbitals to describe the initial and final states of the
process. The discrete orbital spectra are broadened by a Gau
with a FWHM of 1.7 eV. The spectra have further been normaliz
so that thes and p spectra have the same area on the inner
outer atoms, respectively.
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It should be noted that the computed spectrum was g
erated within a ground-state, or frozen-orbital, picture to
cilitate the comparison with the population-based spec
which were generated from the ground-state populations
the latter case thep populations on each nitrogen were sim
ply read off from the list of Mulliken populations, convo
luted with a Gaussian of FWHM 1.7 eV, and plotted agai
the orbital energies on a binding-energy scale. All pe
were normalized such that the highest peak had unit in
sity. Comparing the thus-generated spectra, we find that
one-center approximation as an interpretation of the spe
holds very well in spite of the quite extended basis sets u
in the present work. In the 4s orbital thep population on the
outer nitrogen is 0.11, where the sign indicates that it
sults mainly from antibonding combinations with other fun
tions in the orbital, and has the character of an overlap po
lation. This does not convert into an intensity in the fu
calculation of the spectrum, and should thus be ignored
discussing the contributions to the spectrum for the CASS
wave function. Similarly the small populations on the inn
nitrogen at 11 and 8 eV mainly have contributions from t
diffuse part of thep basis, and do not show up in the expli
itly computed spectrum. The peak at 4.9 eV, which shows
weakly on each nitrogen in the population spectrum, but
in the computed spectrum, can be traced to overlap pop
tions, and will be discounted.

In thep symmetry the 1p and the weak peak~population
0.09 on the outer nitrogen! at 10.4 eV are accurately repro
duced, while the smaller feature at 7.9 eV~populations 0.04
and 0.02 for inner and outer nitrogen, respectively! is only
seen in the computed spectrum for the outer atom. All in
the one-center approximation based on the population an
sis seems to work quite well in reproducing the features
the XE spectra.

FIG. 6. Calculated Hartree-Fock SCF atomic Mullikenpp and
ps populations for the system N2/Ni 13. The intensities are here
given by the respectivep populations on each molecular orbita
The discrete orbital spectra are broadened by a Gaussian w
FWHM of 1.7 eV.
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From the CASSCF calculation, we can now derive thep
populations which are displayed in the form of a synthe
spectrum in Fig. 7. In order to obtain a more quantitat
picture of the population analysis from both the SCF a
CASSCF calculations, the result are also summarized
Table I.

C. CSOV analysis

In order to determine the different contributions to t
bonding we have decomposed the total interaction ene
according to the constrained space orbital variation~CSOV!
~Refs. 37 and 38! scheme. Here the wave function for th
noninteracting units~N 2 and cluster! is determined, after
which the adsorbate is placed at the optimized geometry

a

FIG. 7. Calculated CASSCF atomic Mullikenpp andps popu-
lations for the system N2/Ni 13. The orbital energies were take
from the SCF calculation. Intensities are here given by the resp
tive p populations for each molecular orbital. The discrete orb
spectra are broadened by a Gaussian with a FWHM of 1.7 eV.

TABLE I. Mulliken population analysis.

Calculation Orbital Nin p Nout p Nin s Nout s Ni d

SCF 3s -0.193 -0.262 -0.703 -0.769 0.006
4s -0.331 0.122 -1.156 -0.606 -0.06
5s -0.368 -0.888 -0.196 -0.552 -0.03
1p -1.010 -0.880 - - -0.049

pouter -0.003 -0.085 - - -1.809
pin -0.039 -0.015 - - -0.025

CASSCF 3s -0.188 -0.247 -0.737 -0.750 0.006
4s -0.358 0.110 -1.128 -0.608 -0.00
5s -0.362 -0.880 -0.171 -0.614 0.000
1p -1.036 -0.892 - - -0.014

pouter -0.018 -0.118 - - -1.677
pin -0.032 -0.006 - - 0.000
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the cluster. The original wave function is kept frozen, exc
for orthogonality of the orbitals of the combined system, a
the energy is computed for this initial, frozen system. T
different interactions~substrate and adsorbate polarizatio
charge transfer, etc.! are then introduced stepwise, and t
interaction energy is thus separated into the different con
butions. The procedure is not well defined for correla
wave functions, and we will thus perform the analysis for t
SCF wave function only, with the caveat that the system
unbound at this level; however, since we find quite subst
tial initial repulsion and polarization effects, it will still be o
interest to analyze the origin of these.

The initial repulsion between the adsorbate and subst
with their frozen noninteracting wave functions is quite su
stantial, 4.73 eV, with the main origin of the repulsion in t
s space. When the adsorbate and clusters orbitals ~a1 or-
bitals inC2v symmetry! are allowed to relax, the energy ga
is 3.67 eV, which still leaves the molecule unbound
somewhat more than 1 eV. Thep system~cluster and adsor
bate! only contributes 0.49 eV to reduce the repulsion, wh
leaves a 0.05-eV contribution remaining in the fully relax
binding energy of20.52 eV~where the negative sign reflec
the fact that at this level of calculation the molecule is n
bound to the surface!.

VI. DISCUSSION

The general trends in the spectra are well reproduced
the calculations. The different features in the spectra will
assigned to orbital characters from transition moment ca
lations and Mulliken population analysis. In the XES expe
ment, with an initial 1s hole state, only thep population can
be measured, while thes populations remain undetected. W
therefore mainly use the population analysis~see Table I! in
our discussion of orbital characters. We will also use
wave functions of the DFT calculation, where more Ni ato
could be described at the all-electron level, for additio
information. Based on our combined results, a model for
chemical bonding of chemisorbed N2 on Ni~100! will be
presented.

A. Orbital characters

The orbitals of interest are the N2 valence orbitals, and
the combinations that these make with the orbitals of
cluster, in particular the Ni 3d. In the gas phase, for the fre
molecule, the molecular orbitals are symmetrically distr
uted between the two centers, but the interaction with
surface causes a polarization and reorganization of the o
als. This reorganization involves not only the outermo
highest-energy orbitals, but the effects may be seen als
the chemically inert 3s orbital which becomes slightly po
larized toward the outer nitrogen. The effect is not large,
results in somewhat morepz character on the outer atom tha
on the inner, as seen from Table I. The orbital is mai
dominated by 2s character, and thes populations are no
affected. However, it is clear that even the deep-lyings
orbital is slightly perturbed through the interaction with t
substrate.

In the s manifold, the slightly antibonding 4s orbital
polarizes in the opposite sense from the 3s, and about three
t
d
e
,

i-
d
e
is
n-

te
-

t

y
e
u-
-

e
s
l
e

e

-
e
it-
t,
on

t

times as muchp character is found on the inner nitroge
The population on the outer nitrogen is due to overlap w
the other centers~Sec. V B! since the transition moment ca
culation shows only a negligible contribution, in accordan
with the experiment. From the calculations we find a fac
of 2 highers population on the inner nitrogen, indicating th
the s contribution to the orbital also polarizes to the inn
atom, but much less so than thep contribution. Even though
the orbital strongly polarizes toward the inner atom, it
clear that it is still a molecular orbital, and that it is main
the p contribution that polarizes toward the inner nitroge
The internally bonding 5s orbital of chemisorbed N2 con-
tains mainlyp character, with most of it located on the out
atom. In this case the totals population is lower, and show
an even larger asymmetry. There is no contribution of
character in any of thes orbitals, indicating no direct over
lap with the substrate, only an internal polarization of t
orbitals. At a somewhat lower binding energy we find thr
orbitals with small Np contributions which do not posses
any appreciable intensity in the transition moment calcu
tion due to their rather diffuse character.

The 1p orbital is found in a~formally! bondingcombi-
nation with the Ni 3dp orbital, but the 3d contribution is low
~0.01! at this level of calculation. Interestingly, when dy
namical correlation is introduced through the MR-ACPF p
cedure, the contribution from 3d is found to increase to
about 0.1 electrons in this bondingp orbital. The asymmetry
within the nitrogen molecule is similarly increased from 1.
~inner! and 0.89~outer! to 1.02 and 0.77, respectively. Thu
a result of the dynamical correlation is a slight charge tra
fer from thep-orbital to the 3d orbital in a bonding combi-
nation. The main 3dp contribution is found in the interaction
with the orbital that is traditionally denotedp!, which we
find to be a basicallynonbondingcombination with very
little weight on the inner nitrogen atom, and about 0.1 el
tron on the outer. This trend is again strengthened as a re
of introducing a dynamical correlation, and an additional 0
electron is transferred from the 3d to theouter nitrogen. In
the higher molecular orbitals we find smallp contributions,
mainly on the inner nitrogen. However, the transition m
ments for these orbitals are still higher on the outer nitrog
atom. This is the only discrepancy with the experime
where the intensity for the orbitals close to the Fermi leve
seen in both the inner and outer nitrogen spectra. The w
function in the DFT calculation provides some extra insig
the Ni 3d contributions to the 1p orbital and the nonbonding
outer nitrogenp orbital are well reproduced. Since there a
five all-electron Ni atoms included in the DFT calculatio
the Ni 3d states become spread over a number of orbit
showing the development of ad band. The outer nitrogen
nonbonding contributions are spread over the main par
the Ni 3d ‘‘band.’’ The highest orbitals in the DFT calcula
tion show an indication of a small 2p contribution on the
inner nitrogen atom in an antibonding phase with the ou
nitrogen atom. We could view this effect as a contribution
p! character in the orbitals close to the Fermi level.

We cannot rule out that the experimentally observed
tensity close to the Fermi level from the inner nitrogen c
be related to core-hole-induced effects. We expect a la
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modification of intensities between a computed froz
ground state and a relaxed core-hole state for final st
close to the Fermi level.8,39

The calculations provide some further information abo
the unoccupied orbitals above the Fermi level. There is ap!

virtual orbital with an equal contribution of Ni 3d, Ni 4p,
and N 2p which is antibonding between Ni and the mo
ecule. This orbital has been observed in inverse photoe
sion of N2 on Ni~100! at 4.5 eV above the Fermi level.40

Our results show that both the 1p and 2p! receive some
contribution from Ni 3d. It is interesting to compare with th
isoelectronic CO adsorption system. An XAS study of C
on Ni~100! chemisorbed at the on-top site showed that th
is a large contribution of Ni 3d character in the empty 2p!

level,41 which is different from the conclusions of Ref. 1
where an interaction with the Ni 4sp band was assumed
Furthermore, a high-energy excited valence-band photoe
sion spectrum showed an enhanced intensity of the 1p or-
bital relative to thes orbitals.42 This was related to a contri
bution from Ni 3d, which has a much higher atomi
photoemission cross section than C and O 2p.

B. Surface chemical bond

From our results we can derive a model of the surfa
chemical bond which is different from the traditional Bly
holder model. Instead of as donation, we show that the
main effect from thes system is a repulsive interaction. Th
p interaction cannot be explained only by considering
backdonation into the 2p! level. In order to create adsorba
orbitals, we need to involve the whole originalp system of
the free molecule,i.e., both the 1p and 2p* orbitals.

Figure 8 shows, in a simple MO picture, the interacti
of the p system with the Ni 3d. If we only consider the Ni
atom which is directly involved in the bonding, thep system
will involve three atoms, and threep orbitals will thus be
generated in an allylic configuration.43 The lowest orbital
will ~quite generally! always be bonding between all thre
centers, and the highest orbital will be antibonding. The
termediate orbital should be antibonding between the
atoms. In the case of a symmetric molecule, such as C2,
there is no contribution on the center atom and this orb

FIG. 8. Schematic illustration of the N2 1p – Ni 3d interaction
in terms of the atomic N 2pp and Ni 3dp orbitals.
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can be denoted nonbonding. However, in an asymme
molecule there could be a contribution from the center ato
and the orbital would become bonding and antibonding w
respect to the different end atoms. In our case we can
from the discussion in Sec. VI A, that this simple picture
consistent, and three differentp orbitals are generated, a
shown in Fig. 8. The bonding orbital is similar to the fre
molecule 1p orbital, only slightly polarized on the inne
nitrogen atom with a small but significant contribution fro
the Ni 3d orbital. Since the 1p population is smaller com-
pared with the free molecule, we have weakened the N
bond and instead formed a~weak! covalent Ni-N interaction.
The intermediate orbital is essentially nonbonding with
main contribution from the metal. The antibonding orbital
unoccupied, and the molecular character is similar to
2p! orbital of the free molecule, with major contribution
from the Ni 3d and 4p orbitals. This orbital structure wa
previously discussed in cases of simple metal dinitrogen
carbonyls compounds involving only one molecul
ligand.44,45,43

For the real surface, these three orbitals will under
changes due to the interaction with extended states in
metal. In order to keep the picture simple, we can envis
that each level becomes broadened with the bandwidth of
interacting substrate states.46,47 Since the contribution of Ni
3d in the bonding orbital is rather small, the width will b
governed by the discrete molecular 1p level. The nonbond-
ing orbital is dominated by the Ni 3d orbital, and in this case
we can anticipate a broadening with the width of the Ni 3d
band. From Fig. 3 we can estimate the FWHM to 3 e
which is close to the FWHM of the Ni 3d band in the bulk.
The antibonding state will be even further broadened thro
the interaction with both Ni 3d and 4p. In particular, the
bandwidth of Ni 4p is much larger than the 3d-bandwidth.
Through this broadening the three levels will partly overl
each other. This can be seen in the continuous distribu
between the bonding and nonbonding states in Fig. 3. S
the antibonding states are broadened to a much larger ex
we can easily envisage a small tail extending all the w
down to the Fermi level, where it starts to overlap with t
nonbonding states. In this case we will also see a small c
tribution on the inner nitrogen atom in the nonbonding stat
as seen in the small structure close to the Fermi level in
inner nitrogen spectrum in Fig. 3.

In the interaction with the surface the nitrogens system
will experience a repulsion against the 4sp orbitals of the
cluster; this repulsion must be reduced in order for the m
ecule to approach closely enough to form a bond to the
face. In the interaction with a single nickel atom there a
only two possibilities to reduce the repulsion: either throu
an s-d hybridization20 or through the formation of a 4sp
polarized orbital, where thes-d hybridization is energetically
more favorable. At the surface it becomes instead even m
favorable to polarize the central 4sp density out toward the
surrounding metal centers, and this is the solution we find
be energetically more stable in the calculations. We find
Ni atom to be in ad9 state, where the 4s electron has been
polarized out on the cluster.

The repulsion can be understood in more detail from
CSOV decomposition of the interaction energies~cf. Sec.
V C!. As the N2 is brought close to the surface, the larg
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57 9283NATURE OF THE SURFACE CHEMICAL BOND IN N2 . . .
Pauli repulsion is mainly relieved through a polarization
the 4sp density from the central Ni atom; this is also ind
cated in the population analysis as a loss of the 4s electron
leading to a higher charge by about half a unit charge on
central Ni atom compared to in the naked cluster. As a re
of this, we see a stabilization of the 4s and 5s levels
through the interaction with the less screened Ni nucl
charge; the 4s is stabilized by 1.6 eV, and the 5s by 1 eV.
Thus the polarization of the substrate allows a dative-t
stabilizing interaction48 between mainly the N2 4s lone pair
and the substrate. There is an additional stabilizing ef
seen from the polarization of the adsorbate, which can
viewed as a reduction of the antibonding character of thes
orbital. This is seen as a slight bond shortening, and an
crease of the internal N-N vibrational frequency when o
the s interactions are included in the wave function.

To summarize the interactions in thes system the domi-
nating interaction is the Pauli repulsion between the ad
bate and the substrate 4sp charge density. As this is relieve
through the polarization of the substrate, the adsorbats
levels become electrostatically stabilized through interac
with the nuclear charge of the nearest Ni atom; we see v
little involvement from Ni in these orbitals. Finally, the po
larization of the 4s orbital toward the substrate allows
reduction of the internal antibonding character, and result
a strengthening of the N-N bond, even though the 5s bond-
ing orbital polarizes the opposite way and some bond
character is thus lost. The reason that it is the 4s and not the
5s that polarizes toward the surface is probably due to
larger spatial extent of the 5s, which would result in an even
larger repulsion against the substrate.

The main part of the bonding occurs through the inter
tion of the 1p orbital with the Ni d band, with a partial
split-off of a nonbonding lone pair state on the outer ato
This picture does not include any direct bonding involvi
the basically unperturbed 2p! level as in the usual pictoria
description of the Blyholder model. However, the 2p! or-
bital contributes to the modification of the bonding 1p level
and the formation of the nonbonding intermediate level~Fig.
8!. In addition, it is present as a virtual, unoccupied level
the SCF and DFT calculations and as a correlating orb
~occupation 0.07 electrons! in the CASSCF calculations. In
the latter case this orbital has a dual character, provid
radial correlation for the 3dp ~i.e., it contains some forma
4d character! in addition to describing the 3d-p interaction;
the main part of the population in this orbital is actually
Ni d character with very small contributions from the N 2p.
Although this interaction is very important for the energeti
resulting in a slightly positive~0.3 eV! binding energy at this
level compared with the20.5 eV from the SCF wave func
tion, we see only minor effects on the occupied levels.

The interpretation of the XE spectra in the recent sh
communication regarding thep states is thus slightly
modified.5 The twop states were interpreted as a N 2p lone
pair state on the outer nitrogen atom and a local N 2p–Ni 3d
bonding state on the inner nitrogen atom. From the pres
work, we instead interpret thep state on the inner nitroge
atom as appearing due to an overlap of the nonbonding
bital with a contribution from the antibonding 2p! orbital. It
was assumed in the previous paper that most of the bon
with the Ni 3d takes place through the inner atomp states.
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We now see that the main bonding contribution comes fr
the only slightly perturbed 1p orbital interacting with the Ni
3d.

VII. CONCLUSIONS AND SUMMARY

In summary, by means of XES we have resolved thep
contributions to the electronic structure for each of the t
nitrogen atoms in the system N2/Ni~100!. The symmetry of
the states, i.e., whether they haves or p character, has also
been determined.Ab initio calculations have been performe
in order to provide further information on the atomic-orbit
contributions to the surface chemical bond, as well as on
energetics in the bond formation.

The XE spectra show that the two nitrogen atoms cont
ute quite differently to thes and p systems of the chemi
sorbed molecule, whereas in the gas phase the two atom
equivalent. Thes system is found to redistribute compare
to the gas phase, such that the 2p contributions to the 4s
orbital localize completely on the inner N atom, whereas
5s orbital is more located on the outer N atom. This
confirmed by the calculations, where it is also found that
2s orbitals ~which we do not probe in our experiment! also
polarize in the same directions, but not to the same ext
The driving force for the redistribution is a Pauli repulsio
between the N2 s system and the Ni 4sp bands. We note
that the calculated results for the atomic-orbital populatio
for the s system are in overall agreement with the results
the theoretical study by Hermannet al.19 and Hornet al.17 on
NiN 2.

In the p system, basically three states are seen in the
spectra: the 1p level, with intensity from both N atoms; an
two states~compared to the gas-phase distribution! near the
Fermi level with 2p contributions polarized to the outer an
inner N atoms, respectively. These two orbitals are form
from the original 1p and 2p* orbitals of the free molecule
Interestingly, it is found that there is some Ni 3d contribu-
tion in the ‘‘1p ’’ level, and, from the analysis of our calcu
lations, we find that all three states can be understood as
result of an N2 1p –Ni 3d interaction. Furthermore, there i
no sign in the calculations of any population of the gas ph
N 2 2p! corresponding to a donation from the nickel. This
in contradiction to the traditional Blyholder model, which
based on as donation combined with a backdonation in
thep* level. Instead, both from experiment and calculatio
we see a partial breaking of the internalp bond with forma-
tion of a covalent 1p-3d interaction between the inner nitro
gen and the nickel combined with formation of a nonbond
lone-pair state on the outer nitrogen. Thep* level is mainly
unoccupied, but is seen in the XE spectra as a small co
bution at the Fermi level. Since this level interacts both w
the 3d and 4sp bands, it becomes substantially broaden
with a small tail extending below the Fermi level into th
occupied density of states.

In other words, we arrive at a picture of the surfa
chemical bond which is contradictory to the normal ‘‘fronti
orbital’’ models: even for a system like N2/Ni~100!, with a
rather small chemisorption energy, the effects on the m
ecule are still large enough that a picture where the molec
is treated as a unit based on the gas-phase molecular-o
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structure is not meaningful. Instead, we believe that in or
to understand all aspects of the surface chemical bond,
has to start from an atomic-orbital based view, as has
come possible through the x-ray-emission spectroscopy
cussed in the present work.
.
y

s-

n-

en

h
ve
ys

ys
r
de
g

en

y

m

y

o

r
ne
e-
is-

ACKNOWLEDGMENTS

This research was supported by the Swedish Natural
ence Research Council~NFR! and by the Go¨ran Gustafssons
Foundation for Research in Natural Science and Medicin
ta

nt

ially

D.

m.

em.

.

.

,
ev.
1N. Wassdahl, A. Nilsson, T. Wiell, H. Tillborg, L. C. Duda, J. H
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réal, 1992. The present version of the program was substant
modified by L. G. M. Pettersson.

31H. Tatewaki and S. Huzinaga, J. Chem. Phys.71, 4339~1979!.
32J. P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!; J. P.

Perdew, inElectronic Structure of Solids, edited by P. Ziesche
and H. Eischrig~Akademie Verlag, Berlin, 1991!; J. P. Perdew,
J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson,
J. Singh, and C. Fiolhais, Phys. Rev. B46, 6671~1992!.
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