Chemical Physics 81 (1983) 99-112
North-Holland Publishing Company

99

X-RAY PHOTOEMISSION STUDY OF SATELLITE STRUCTURE
ACCOMPANYING CORE IONIZATION FROM COORDINATED NITROGEN

Hans-Joachim FREUND, Harald PULM. Bernhard DICK

Lehrstuhl fiir Theoretische Chemie der Universitat zu Kéln. Greinstrasse 4. 5000 Cologne 41, West Germany

Institut fiir Anorganische Chemie der Universitéit zu Kéln, Greinstrasse

Received 25 January 1983; in final form 6 July 1983

6. 3000 Cologne 11, Weu Germuny

We compare the core ionization of free and adsorbed N, 10 N, bound head-on (with a linear N, -meial bond) 1o a metal

atom in a mononuclear nrg-;nnmemlllc compound, n’;mel\ Hs -du-arhnn\l-n velopent: ulmn\l-.h
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prehensive assignment is given for the full spectrum including main lines and satellite lines on the basis of numerical
calculations. The conclusions are compared to those earlier derived for carbon-monmide complexes und adsorbates. The
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lmporlance of aouply exciied Lunugumuons for a correct UCSCTIDUOH of sateilite excitation cncrux:‘:s is described.

1. Introduction

In 1978 Fuggle and co-workers [1.2] found in-
tense satellite structure (called shake-up) accompa-
nying the core ionization of N, and CO adsorbates.
An explanation of these results was provided by
Gunnarsson and Schonhammer [3] in terms of a
model hamiltonian treatment. These authors
showed that the 1onization probability known from
the free molecule is redistributed upon adsorption
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on the molecule by metal electrons. The shape of
the observed spectral function, e.g. energy distri-
bution of ionization probabilities, was thought to
be determined by the particular shape of the den-
sity of states of the metal substrate. Subsequently
it was shown by comparison between molecular
coordination compounds and adsorbates {4.5] that
a few metal atoms were already sufficient to repro-
duce a core- and valence-hole spectral function
that is virtnally identical to the one observed in an
adsorbate. These findings indicated that core- and
valence-ionization spectra can be interpreted in
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trum did not depend very remarkably on lhe meml
involved in the bond. It was questioned [7]. how-
ever. whether this approach is applicable 10 sys-
tems with weak subsirate—-adsorbate interaction.
Very recentiy cluster caiculations using the Xa MS
procedure [8] showed that the proposed extension

of the surface—molecule
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the case of weakly chemisorbed CO on Cu. Unfor-
tunately weakly bonded CO complexes are not
available. Other examples with weak molecule-
substrate interaction are N, adsorbates which have
been studied experimentally {2.7—13] and theoreti-
cally [14-18] in the core- and valence-electron

region on various meial subsiraies.
With N, coordinated systems we are in the
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in an adsorbaie to a \\eakly bound molecule in a
real complex. Therefore it was decided to study
the photoemission from N, adsorbates and N,
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complexes Compared to CO systems the N, sys-
tems are less stable by = 20 kcal/mol per mole-
cule-metal bond. both in complexes and ad-
sorbates. To be specific, for CO and N, adsorption
on a Ni (110) surface the bond enthalpies differ by
84.4 kJ /mol [19.20], and the reaction enthalpy for
hgand exchange in, e.g Ru(NH;)sN3* 1s lower by
74.4 kJ /mol {21,22] than 1in Ru(NH,);CO3* ¥,

We report here on the first detailed experimen-
tal and theoretical comparison between the Nls
core spectrum of a nitrogen complex namely #°-di-
carbonyl-cyclopentadienyl-dinitrogen-manganese
(I) with free nitrogen [23] on the one hand. and
N,—transition-metal adsorbates [8,24] on the other.
We have chosen this complex for three reasons- (1)
there are no other mitrogen atoms on other ligands
present 1 the complex, (n) there 1s only one
nitrogen molecule 1n the complex so that there
exists no ambiguity for assignment of the spectrum
and (a1) the equivalent CO complex 1s known [21]
The present companson leads to an assignment of
the full range of satellites accompanying Nls core
iomzation and to the distinction between those
excitations known from the free molecule and
those characteristic of the bound molecule. Also,
our study indicates that a surface—molecule de-
scription indeed is applicable to a weak
chemisorptive bond as represented by a N,—metal
adsorbate, as far as the iterpretation of the pho-
toermssion spectra is concerned

In this paper. we first describe the experimental
procedure to generate the spectra Then we pro-
ceed with a short description of the theoretical
methods used to carry through the calculations of
the core-hole spectral function. In section 3, we
describe the qualitative ideas on which our inter-
pretation is based. Section 4 contains a detailed
discussion of the experimental and theoretical re-
sults in the context of known results from the
literature. The last part contains a synopsis

* The absolute binding energies are 1509 kJ/mol for hgand
exchange 1n the CO complex [22] and 1254 kJ/mol in the
CO adsorbate [19], 76 5 kJ/mol for hgand exchange in the
N, complex [21] and 41 0 kJ/mol in the N, adsorbate [20}

2. Technical details
21 Eaperimental procedure

The photoelectron spectra were recorded using
a modified Leybold-Heraeus LHS-10 spectrome-
ter in a d E/E = constant [25] mode The samples
were prepared by sublimating the complex onto a
Lhiquid-nitrogen-cooled metal (Fe, Cu. Ag. Au) sub-
strate. The samples were kept at liquid-nitrogen
temperature during data acquisition. This was nec-
essary to prevent the complex from evaporation.
The energy scans were 50 eV wide and were covered
by 256 channels using a dwell time of 2 s/channel.
The spectrum shown in fig. 1 was recorded by
averaging the data of four scans and subtracting
the signal from the metal substrate. We have cho-
sen the highest possible intensity achievable with
the instrument at the cost of high resolution. The
resolution was kept at 1.7 eV (fwhm). In this way
we were able to get a reasonable signal-to-noise
ratio at binding energies further below the main
line. The spectra presented have been reproduced
using several different metallic substrates in order
to rule out possible contributions to the spectrum
from electrons of the metal substrates The effect
of disintegration of the complex on the spectrum
was studied by heating a sample before the spec-
trum was taken and by irradiating the sample for
30 min before data acquisition. Using this proce-
dure we can rule out the possibility of contribu-
tions from disintegration products to the spectrum
shown 1n fig. 1.
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Fig 1 Nis spectrum of (CsH;3)}CO),;MnN, recorded with
MgK a radiation
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22 Computational procedure

Calculations were done using a semi-empirical
CNDO LCAO SCF algonthm recently para-
meterized to mimic ab nitio single-particle proper-
ties of transition-metal compounds [25.27]. The
result obtained by this method is then augmented
by a configuration-interaction calculation includ-
g doubly exacited configurations [28]. In order to
describe the core-ionized species we employed the
equivalent-core method [29.30] We substitute the
atom with nuclear charge Z which 1s to be ionized
by the atom with the next higher nuclear charge
(Z + 1) and calculate the system with unaltered
number of valence electrons. This procedure al-
lows us to calculate the motion of the valence
electrons in an effectively changed core potential
and models the change in potential upon core
iomization. The excited core-ionized states were
calculated by a configuration-interaction treat-
ment including single and double excitations [28]
In all 1onic-state calculations we selected 300 con-
figurations with lowest excitation energy out of
5000 created configurations of proper symmeiry.
Relative intensities were calculated by projection
of the wavefunction of the correlated ion states
onto the wavefunctions of the neutral system.
according to the sudden approximation [31].

:cl al(‘k“::lqlcdl\p;fonzcn>lz' (1)

Within this approximation a sum rule holds stat-
ing that the first moment of the spectral funcuion
is equal to the Hartree—Fock eigenenergy [32]:

Eyr— E™" =2 (E/*" — Eg™) L. (2)

Since the states involved are hnear combinations
of determinants created from the set of self-con-
sistently determined orbitals of the neutral ¢, and
the core-ionized x, system, we can write the inten-
sity as [33]:
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which is easily programable. We include in the
intensity calculations only those doublet states that
result from spin combinations represented by a
singlet excitation in the valence shell The spectral
function calculated 1n this wayv can be used to
evaluate the sum rule. This in turn allows us to
calculate relaxauon energies since this quantuty is
given as the difference between the Hartree—Fock
eigenenergy and the true 10nzation potential.

3. Qualitative considerations

For ilustrative purposes let us consider the
most simple case of a diatonuc molecule (AB)
interacting with a single metal atom (Me). The
orbitals of the neutral system resulung from the
metal d= (hereafter called d-=) molecule ~*
(hereafter called ~*) interaction (——acceplor inter-
action) and from the molecule o (hereafter called
o) metal do/s (hereafter called de) interaction
(o—donor nteraction) are schemaucally shown in
fig. 2a [5] A non-mnteracting molzcular ~ orbital
(hereafter called =) is also indicated. The orbitals
appear to be localized predominantly on the mo
parent fragments With respect to the uncoordi-
nated free molecule the unoccupied ~* orbital
becomes partly populated. while the occupied o
orbital becomes partly depopulated. If we now
introduce a core hole on the molecule. e.g. on the
center close to the metal. the Coulomb interaction
stabibizes the unoccupied —* and occupied o and ~
levels on the molecule with respect to the metal
levels. This causes the mixing between molecular
and metal levels to change. The main result 1s an
increased muaing between the =* and the d-
orbitals and a decreased mixing between the o and
the do orbitals This 1s indicated in fig 2b by
changing the weight of the LCAO coefficients on
the parent fragments. If we now project the va-
lence orbitals of the core-10mized species onto those
of the free molecule we find the =* orbitals of the
AB molecule with larger population than in the
neutral system. Population of the o orbital n-
creases with respect to the neutral coordinated
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Fig 2 Schemauc representauon of the interaction of the valence orbitals of a metal atom (Me) with a diatomic molecule (AB) 1n the
neutral (A) and the core-iomized (B) system Arrows in B indicaie possible shake-up excitations

system This redistribution of electrons in the va-
Ience region induced by the 10nization process (fig.
2b) leads to an accumulation of electronic charge
on the molecular moiety and thus to a screening of
the core hole. The details of this screening mecha-
nism determine the observed spectral function, in
particular the intensity distribution.

We use as an example to show this the one-elec-
tron states depicted in figs. 2a and 2b. In order to
calculate the intensity distribution we project the
occupied orbitals of fig. 2b onto those of fig. 2a
according to eq. (1). Clearly the overlap is not
unity since the shape of the orbitals has changed
upon ionization. If we now excite an electron into
the unoccupied orbitals, e g. 7%, out of 7 we create
a state that has a finite overlap amplitude with the
occupied orbitals of fig. 2a and therefore has a
finite ionization amplitude. The absolute magmn-
tude of this overlap amplitude is sensitive to the
size and sign of the LCAO coefficients of the
wavefunctions. These LCAO coefficients in turn

depend on the interaction between molecule and
metal. We have shown [5] that for weaker
metal-molecule interaction as compared to
carbonyl complexes the overlap amphtude of
frozen and equivalent-core-ion ground state, which
determines the shake-up intensity, should increase.
At the same time the energy separation between
satellite and main line should decrease since the
splitting between bonding and antibonding contrni-
butions gets smaller. The latter statement however,
holds only if the nature of the excited state stays
the same as the metal-molecule interaction vanes
Usually it is assumed that the excited state can be
described as a single excitation. However, if the
splitting becomes small and the overlap matrix
element for a certain singly excited state becomes
rather large then the overlap matrix element for a
double excitation involving the same orbitals but a
larger excitation energy is hikely to get large too.
The singly and doubly excited states mix, and
consequently the intensity may be partly
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transferred into the doubly excited state. After this
type of configuration mixing has been included,
the intensity of the shake-up spectrum may peak
at a higher excitation energy than expected without
this additional interaction. We conclude therefore,
that, even though the metal-molecule bond
strength gets smaller, the observed shake-up exci-
tatuon energy may increase. The intensity of the
excitation may increase as well.

4. Results and discussion
4 1. Experimental results

N, on N1{8.11} and CO on Cu [34] represent. as
menuoned before, cases of rather weak chermisorp-
tion as compared to CO adsorption on other tran-
sition metals. The model outlined in the previous
section predicts rather intense satellite structure
for these weakly chemisorbed systems in general. if
the metal-molecule interaction determines the in-
tensity of the satellite structure. For N, adsorbates
these satelhites have indeed been observed [8.11]. It
has been claimed that in those cases the complete
spectral function and particularly the fine struc-
ture of the main line is mainly connected with the
particular shape of the density of states of the
substrate and that the structure in the main lines
not due to the inequivalency of the nitrogen atoms
[7]. This argument was based on the shght dif-
ferences observed 1n the fine structure of the lead-
ing peak when adsorption on various substrates
was compared [7].

For N, complexes there exist only very frag-
mentary data on Nls satellites [35], while there 1s a
full body of measurements on Nls mamn hnes
[35-39}], namely to demonstrate the inequivalency
of the two nitrogen atoms after coordination to a
metal atom. Leigh et al. [35] were the first 10
report on the sphit N1s photoemission signal from
rhenium—-N, complexes. Their spectra do show
satellite structure on the high-binding-energy side
of the Nlis main line but these authors did not
discuss the extra structure. Our spectrum (see fig.
1) shows intense satellite structure on the high-
binding-energy side of the N1s main line. with an
energy separation of 7-8 eV. Binder and Sellmann

Nis

W(I10)/N,

‘ Ni(110)/ N,

CHs (COLMNN,

1 13
L40 430 420 410 436
Eg 7 (eV)

Fig 3 Companson of NIs spectra of free N, [23]
(CsH HCO),MnN, and the adsorbate systems Ni(110)/N.
[9] and W(110)/N, {24] The binding energies of the leading
peak in the adsorbate systems have been aligned with those of
the complex

[36] have studied the identical complex but did not
investuigate the satellite region. Thev studied the
main line with higher resolution and found a split
main hne with a peak separation of =2 eV. It
should be noted that the spectrum of Binder and
Sellmann [36] very well fits underneath our main
hine.

Fig. 3 compares the spectra of the N, complex
with those of free N. [23] and N, adsorbates [9.24]
taken from the literature. Fig 3 is intended to use
the known assignment of the satellite structure of
free N, [40] to establish a comprehensive assign-
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ment for the coordinated systems.

The two satellites at lowest excitation energy in
the free molecule have been assigned to be due to
the two doublet states resulting from the 1m,— 1=}
excitation 1n the presence of the core hole [40]. It is
known that the states oniginating from a lm,—1x*
excitation are split by = 7 eV as a result of config-
uration 1nteraction [40]*. The intensity of the
shake-up satellites caused by these states 1s rather
small The intensity of the satellite above 16 eV
excitation energy 1s by a factor of 3 larger than
that of the one at = 10 eV. This latter satellite
borrows its mntensity through secondary spin cou-
phng [5]. The satellites as well as the mam line
shift towards lower binding energy upon coordina-
tion (see fig. 3) since in the presence of the hole
the excited electrons feel the changed potential
caused by extramolecular screening by metal elec-
trons The vanious peaks are shifted towards lower
binding energies by shghtly different amounts due
1o the fact that the final state (w*) of the excita-
tion 1s not 1dentical to the free molecule. In partic-
ular the lm,—In* satellite at small excitation en-
ergy 1s shafted close to the region of very intense
satellites. which inhibits us to locate this peak
definitely. In addition to the peaks that are due to
excitauons on the adsorbed molecule the most
mtense satellite occurs at = 7 eV below the main
line We assign this peak to excitations between
those orbitals resulting from the coupling between
N, and metal levels as discussed 1n section 3. The
clectronic excitations giving rise to this satellite
peak take place into the same level (w*) as in the
case of the local intramolecular N, satellites, but
start from an orbital with large metal character as
opposed to the high N, character for the starting
level of the local N, excitation (see fig 2b). This
will be discussed further below. The structure at
= 29 eV excitation energy has not been discussed
so far. It 1s not clear how to assign it. Whether it i1s
due to shake-off structures (observed in this en-
ergy range for CO coordinated systems) could be
decided on the basis of the Auger N-KLL spec-
trum of the complex [4]. Studies in this direction
are in progress.

¥ See also ref [41] for the sphtung of the =—=a* excitation 1n
free N,

This quahlitative discussion. presented so far,
shows that a comprehensive, unique interpretation
of the satellite structure of compounds and ad-
sorbates can indeed be found on the basis of a
surface—molecule concept. The excitations on the
adsorbed molecule can be 1dentified in ccmparison
with the free molecule. Intermolecular excitations
are found. the intensities of which are in accord
with qualitative predictions.

4.2. Theoretical results and comparison to
e.\permzent

In order to lend additional theoretical support
to our qualitative interpretation we present the
results of a configuration-interaction study on the
entire complex to describe the two possible Nls
core-hole ionizations of the complex as well as the
electronic structure of the neutral system Fig 4
contains the charge distribution calculated for the
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Fig 4. Atomic electron densities for the neutral molecule and
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charge density upon core ionizanon of the metal adjacent
nitrogen (N1), the second i1s the charge density upon core
ionization of the mitrogen further separated from the metal
(N2)
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Fig 5 Calculated Nls spectrum of (CsH; ) CO),MnN.. Energies are gnen relaine 1o the hne at lowest binding energy  Spectrum

comvoluted by a lorentzian of fwhm 1 7 eV

ground state of the reutral system and for the two
equivalent-core states. The important result for the
further discussion 1s the charge distribution on the
nitrogen moiety for the neutral system. We find
the nitrogen atom separated from the metal atom
negatively charged, while the metal adjacent
nitrogen carries a positive charge. Using this charge
distribution we calculate a relative chemical shaft
for the two nitrogen atoms of 2.46 eV with the
metal adjacent nitrogen at higher binding energy.
We used the ground-state potential model as dis-
cussed by Gelius [42] and employ the optimal
parameter for mtrogen [30]. For comparison with
experimentally observed chemical shifts differen-
tial relaxation energies have to be included. In
order to do this according to the procedure out-
lined in section 3 the complete spectral function of
each core hole has to be known. Fig. 5 shows the
supernimposed spectral functions of the two core
holes. Fig. 6 shows the separate contributions. The

sum rule {eq. (2)] »1elds a relarxation energy by 0.3
€V larger for the metal adjacent miirogen as com-
pared to the second nitrogen which then decreases
the relative chemucal shift 10 2.06 eV. keeping the
sequence of the core ionizations as expected from
ground-state charge distribution. The calculated
chemical shift of 2.06 €V compares forwvitously
well with the experimental value of Binder and
Sellmann [36].

The consequences of the ionization process for
the electron distribunion for both nitrogen atoms
are shown in fig. 7. In fig. 7 the densiy-difference
maps in the plane indicated in the inserts of fig. 6
are plotted. The = axs is a measure for the charge
density. The difference 1s taken between the frozen
ion state. described by the valence-electron wave-
function of the neutral system. and the
equivalent-core-ion ground state. For both hole
states a rather high electron density accumulates
on the ionized atom to screen the core hole. The
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Fig 7. Three-dimensional plots of the prnimary hole states
marhked (p5 _; — pr ) 1in fig 6a and fig 6b The plane chosen in
the molecule 1s indicated

size of the peak indicates the localization of the
screening charge. The absence of “negative™ peaks
of comparable size is another indication for this
localization. It seems reasonable by inspection of
fig. 7 that the relaxation energy is similar for the
two core holes. The slightly larger relaxation en-
ergy of the metal adjacent nitrogen. however. has a
rather strong influence on the relative intensities

of the shake-up satellites for the two core holes
(see fig 6) This is a quantitative documentation of
the statement made in section 3 that the satellite
intensity is very sensitive to the size of the LCAO
coefficients of the wavefunctions. This will be dis-
cussed m detail further below.

The calculated satellite excitation energies (see
fig 5) as well as the overall relative 1ntensities are
1in quahtative agreement with the expenment of
fig 1. Out of the 600 excited states used to calcu-
late the spectral function of the two N1is core holes
only 142 states get non-zero ntensity. At this
point it 1s interesting to invesugate the influence of
double excitations on satellite intensity and excita-
tion energy. We have therefore attempted an
equivalent calculation using onlv singly excited
states. The result is presented for the two hole
states 1n fig. 8. The qualitauve result i1s sinmlar to
the one found for the full calculanon. 1n particular
as far as the trend in satellite intensities for the
two different core holes 1s concerned. The relative
satellite intensity. however. 15 much smaller 1n fig.
8 compared to fig. 6. Also. the excitauon energy is
smaller as compared to an equivalent calculation
of coordinated CO [43]. From this we learn that in
the case of coordinated N. the doubly excited
states play an important role to reproduce the
observed rather large excitation energy and the
intense satellite structure. This result discussed
already qualitatively 1n secuon 3 15 quite in accord
with chemucal inwuinion. It 1s well known that a
Hartree—Foch description fails 1o correctly de-
scribe the dissociation of a system. or the bonding
1n a weaklv interacting system. In order to achieve
the correct behaviour. correlation has 1o be 1aken
mto account For a closed-shell system the lowest-
order contributions in a configuration-interaction
expansion to describe the correlated wavefuncuon
are doubly excaited configurations [44] This is a
reason why doubly excited states do not contribute
as significantly in coordinated CO systems. where
the metal-molecule bond is stronger [43].

Let us now investigate in detail the nature of
the ion states involved in the most intense shake-up
transitions. Using the electron density distribution
mserted in figs. 6a and 6b we can achieve this goal.
We start with the Nls core hole on the metal
adjacent nitrogen. On the nght-hand side of fig 6a
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Fig 8 (a) Same as fig 6a using only singly excited ion states (b) Same as fig 6b using only singly excited 10n states

the electron-density difference map (see also fig 7
for a defimtion of the plotting plane) calculated
from the frozen ion state, described by the va-
lence-electron wavefunction of the neutral system,
and the equivalent-core-ion ground state 1s plotted.

Sohd lines represent electron gain in the ion, while
broken hnes represent electron loss. The effect of
core-hole creation on the valence-electron distribu-
tion is obvious: A rather high electron density
accumulates on the 10nized atom to screen the core
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hole. As a consequence the valence-electron den-
sity is redistributed all over the system Within the
plane plotted, the entire N, moiety gains electrons,
even the non-ionized nitrogen atom, while the
metal atom looses electrons. The integrated total
densities per atom are shown 1n fig 6 for compari-
son. The net effect of the Nls ijomization in the
complex is a loss of 0.3 e relative to the neutral
system, where the metal center already carnes 0 52
e positive charge. This loss 1s small compared 10
the electron-density loss calculated for Ni-CO (0.9
e) upon creation of a Cls hole. The larger charge
transfer in the latter system 1s partly due to the
higher electron density on the metal atom in the
neutral N1-CO system In both cases. namely Cls
iomzation in N1-CO and Nis iomization in the
manganese complex the metal atom carries an
absolute charge of =0.9 e after ionization. This
charge is transferred from the metal towards the
coordinated molecule through a channel of ©= sym-
metry We see from the plots of the hole states that
simultaneously a small amount of charge 1s trans-
ferred back towards the metal through a ¢ chan-
nel This 1s due to the increased coupling between
unoccupied = orbitals of the coordinated molecule
but decreased couphng of the occupied o orbitals
of the coordinated molecule to the metal after
iomzation as pointed out in section 3.

As examples for excited 10n states we show the
electron redistribution upon electron excitation for
two states. To map out electron distributions the
equivalent-core ground state has been subtracted
from the excited states We have calculated the
plots for those states that lead to large overlap
with the frozen state. The largest contributing
determinant, according to eq. (3). to the most
intense satellites results from the HOMO-LUMO
excitation 1 the core-ionized complex. The
character of these orbitals is shown in fig 9. The
HOMO can be looked at as the bonding combina-
tion of the 1m, N, orbital and a metal d orbital.
while the LUMO is the anuibonding combination
of the same orbitals (see section 3). The distribu-
tion of atomic-orbital coefficients on the N, morety
constituting the molecular orbitals of the ion is
very similar to the distibution 1n coordinated CO
[431 The corresponding orbitals for the Ni-CO
system have been included in fig 9 for comparison

HOMO LUMO
= | Q@ =V
ocd o | &FO d%
2 N1-5243 N1 5545
N2-I5517 N2 ;.917
Mn @lo @!C
I N1 - 3438 N1 - 5371
N2 - 3753 N2 -5772
T Cleagn C'®
N1 6007 N1 LB12
N N2 LL17 N2 4215
HOMOD LU0
g QL @0
2N i
l - 8705 L5T
1
|
1
T €?:2315 ®Lo7o::
0 i o'D
5033 3iLL

Fig 9 Schemauc representanon of the highew occupred
(HOMO) and lowest unoccupred (LUNMO)Y molecular orbital of
(C.HHCO) - MnNT 1n the region of the metal-N, bond The
HOMO and LUMO of MiCO ™ upon Cls 1omzaton are shown
for companson [43]

[43] The unoccupied hnear combination has a
rather large coefficient on the iomzed center. while
the occupied hinear combination has a larger coef-
ficient on the non-ionized nitrogen atom. There-
fore upon excitation charge 1s transferred towards
the iomized center. It is interesting to note that
through the excitation a considerable charge trans-
fer comes from the non-ionized nitrogen. This 1s
clearly seen 1n the first plot for one of the intense
satellites. The second mitrogen looses 0.1 e. while
the 10nized center gains 0.04 e with respect to the
equivalent-core ground state. A very similar situa-
tion 1s found for the other excited states below 16
eV excitation energy as exemplified. The state
above 16 eV excitation energy belongs to the
la,—1=a¥ excitation in free N,. For comparison we
show 1n fig. 10 the calculated spectrum of free N..
The intensity of this state 1s rather low. but s
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Fig 10 Calculated N1s spectrum of free N, using only those doublet spin combinanons where the valence excitation can be described

by 4 singlet state [5]

energy is close to the observed peak

The discussion for the hole and excited hole
states of the mitrogen further separated from the
metal center proceeds very much in the same way
The calculated (see fig 6b) reduced satellite inten-
sity in the case of this N, 1onmization can be traced
back to the smaller overlap of determinants created
from the HOMO-LUMO excitation and the frozen
1on state As seen in fig. 9 the distribution of
atomuc coefficients in the HOMO and the LUMO
for this ionization 1s slightly different from the one
found for the ionization of the metal adjacent
nitrogen. In particular, the coefficients on the N,
moiety are more balanced 1n the occupied bonding
combination, while the unoccupied antibonding
combination has a large coefficient on the metal
adjacent nitrogen. An excitation into this orbital
therefore does not contribute to a screening of the
hole on ionized nitrogen. This rationalizes the
calculated differences in satellite intensity and re-

laxation energy between the two inequivalent
nitrogen core holes

5. Conclusions

From our study we draw the following conclu-
sions.

(a) The photelectron spectrum of the Nls elec-
trons of a coordinated nitrogen molecule bound
within a finite complex exhibits strong satellite
structure similar to nitrogen adsorbates on transi-
tion-metal surfaces.

(b) The intensities of the satellites relative to
the main hnes for the coordinated nitrogen mole-
cule are larger than for coordinated carbon mon-
oxide. The excitation energy is larger than in the
case of carbon monoxide.

(c) The expenimental spectrum can be repro-
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duced by a configuration-interaction calculation
using LCAO MO SCF wavefunctions on the basis
of the equivalent-core approximation. The two
inequivalent nitrogen atoms in the coordinated
system lead to ion states that are energetically
shifted relative to each other, with the nitrogen
further separated from the metal at lower binding
energies lonization of the metal adjacent nitrogen
leads to more intense satellite structure than the
1omzation of the mitrogen atom further separated
from the metal. This can be rationalized by
one-electron considerations involving the HOMO
and LUMO of the two equivalent-core-10n ground
states The larger excitation energy of the satellites
in coordinated nitrogen systems with respect to
coordinated CO can be traced back to strong
contributions of doubly excited states due to the
weaker bonding in N, coordinated systems

(d) The spectrum of the finite complex shows
all the characteristics of the photoelectron spectra
of nitrogen adsorbed on transition-metal surfaces
The analysis presented lends support to an inter-
pretation of the core spectra of adsorbed nitrogen
i terms of the iomzation of two inequivalent
nitrogen atoms rather than in terms of substrate
band structure. It supports a ‘“‘surface—molecule™
concept for the interpretation of photoelectron
spectra even for weakly chemisorbed molecules
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