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Density Functional calculations have been carried out to determine the photoionization cross section and the
asymmetry parameter profiles of Feglis),, using an explicit treatment of the continuum wave function. An
accurate numerical treatment is employed to ensure convergence of the calculated photoemission profiles
without further potential approximation. All valence and carbon and metal core ionizations are investigated
over a wide energy range. A very satisfactory agreement is obtained with the vast experimental data available
for this molecule, indicating that the present LDA level of theory is generally adequate to interpret the complete
photoemission spectra in organometallic compounds, with the only exception being autoionization resonances,
allowing extraction of chemically relevant information from the spectra and resolution of uncertain assignments.
The analysis of the calculated cross sections allows us to definitely uphold the experimental assignment of
the first four outer valence ionizations and furthermore suggests that characteristic behaviors can be also
recognized in the core metal cross section profiles.

1. Introduction compounds, significant differences between metal and ligand
Ferrocene Fe(@ls), is a sandwich molecule with the iron  Cross section behavior have been observed in several experi-
atom symmetrically situated between tweHg rings. Sinceits ~ mental PES studies with variable photon enéfgl?.In par-
discovery, ferrocene has been the target of many experimentalticular, the partial photoionization cross section of the ligand
and theoretical studies to develop an understanding of thebands are generally featurless and decrease rapidly with increas-
electronic structure of organometallic compounds. Photoelectroning photon energy, whereas the cross section of the metal bands
spectroscopy (PES) is a very powerful tool for investigating are much more structured and show a slower decline. Of course,
electronic states and checking various features of the bondingthe rationalization of experimental intensity data in terms of
interaction between metal and ligands. Consequently, a greatelectronic structure of the molecular system can be strongly
deal of experimental and theoretical work has been devoted tosupported by theory which enables a more confident correlation
the photoelectron spectrum of ferrocene, both as concerns theébetween them. Furthermore, the analysis of the theoretical partial
analysis of the ionization energy datdand the photoelectron  cross section profiles allows us to assess the different contribu-
dynamics*~5 The PE spectrum has been long debated and ations carried by the different dipole allowed final continuum
large number of MO calculations with different degrees of channels, a kind of information not generally possible in an
sophistication have been perforniet to explain the spectral ~ experiment.
features observed in the high-resolution He(l) and He(ll) In light of the several experimental studies with which to
experimental spectfaThe results often appear controversial, compare it and the uncertainties still surrounding the photoion-
and the assignment of the spectrum remains not completelyization data of the ferrocene molecule, we have decided to
definite for the first low ionizations. Four primary ionization calculate cross section, branching ratios and asymmetry param-
processes give rise to two well-resolved bandsgAd A’ in eter profiles of the photoelectron bands of Fg{§), over a
ref 3), which fall in the energy region below 12 eV and are wide range of photon energies. From a theoretical standpoint,
associated with £, A{', E/', and B" ionic states (if we referto  this represents also an opportunity to verify the performances
the eclipsed conformatiorDg,) of the two rings, as found in  of the computational method employed to describe the photo-
the vapor phase.) Using intensity arguments, the autthenge electron dynamic observables, whose description still represents
assigned the first band (Ato the two ionizations from metal  a difficult task for the quantum chemistry approaches.

levels (&' and a@') and the next two peaks in the band A” to In the present work, the ionizations of all orbitals, from the
two ionizations from the ligand levels (eand "), so the outer valence orbitals to the core C 1s and Fe 1s, 2p and 3p
proposed ordering of the ion stategis'> 2A,'> 2E,' > 2E;". orbitals have been examined. To this purpose, the recently

The different theoretical approaches have not managed todeveloped B-spline One-Centre Expansion (OCE) density
reproduce the observed pattern of ionizations in a uniform and functional method has been employed. This computational
convincing way. OnlyASCF calculatiorfs?and very recent DFT  approach is limited to a one-electron Keh@ham (KS) picture,
resultd! agree with this assignment. More recent measurementsbut the continuum unbound wave function is explicitly consid-
of relative partial photoionization cross sections and photoelec- ered in the framework of the Density Functional Theory (DFT),
tron branching ratios of the valence bahdave further support with an accurate treatment of the molecular electronic potential.
to the experimental attributions. The variable energy PE The OCE method has proven to be a reliable tool for calculating
spectroscopy can in fact be of considerable assistance inphotoionization cross section and asymmetry parameter profiles
providing further details on the localization of the molecular of both valence and core level processes of a variety of
level from which the electrons are ionized. For transition metal moleculest>17 It is important to underline that this approach
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describes both the initial and the final states of the photoion- TABLE 1: Experimental and Calculated Valence
ization processes without appealing to the rather crude muffin- Photoelectron Spectrum of Ferrocene

tin (MT) approximation to the molecular electronic potential. LB94-GS
This approximation is instead employed in the Continuum experimeng (present results) VWN-TS ADC(3)°
Multiple Scattering Method (CMSMY:2° which is the more band P MO —e —e P
widely usgd computa.tlonal technique for the phot0|o.n|zat|o.n ~ ©.86)  4e (3d) 9.48)  (7.45) (7.85)
cross section calculations of larger molecules. In particular, in 0.35 8a (3d) 0.23 0.19 151
the field of transition metal complexes, only quite few con- A" 1.91 6e' (7) 1.57 1.43 0.85
tinuum calculations are present in the literature, mostly per- 2.42 4e" (z+d)  2.27 2.03 1.23
formed with the CMSM approach or the even more drastically B 62" (7) 4.20 3.96 5.72
simplified Gelius modefo-23 g ge{ 3-4218 j-g géé

In this work, the LB94 exchange correlation poteritiah B 5.34-6.44 52, 4.77 4.68 6.04
the Ground State (GS) configuration (LB94-GS) is employed g 3e" 511 5.08 6.22
in the OCE method; this potential is characterized by a correct B Ta' () 5.37 5.43 5.86
asymptotic Coulomb behavior, which improves the results for C 53" 7.93 7.74 9.54
properties sensitive to spatial regions at large distance, as in € 9.74 2¢" 8.25 8.08 10.07
the case of cross section. This has been verified by comparing g gg, g'g gég 1%2?
the theoretical results obtained for the cross sections of several p de/ 12.45 12.63 '
molecular systen?& 27 with the LB94-GS potential and the D 2e" 12.49 12.70
VWN potentiaf® (with the Transition State configuration). Itis  E 4" 16.55

E 5a’ 16.95

important to underscore that the use of the LB94 potential in
the Ground-State configuration has the advantage of allowing aRef 3.b Ref 11.¢ Ref 10.9 Absolute energy for the first state. For
the use of the same Hamiltonian for all calculations, irrespective all other states relative energies are reported. Values in eV.

of the particular orbital ionized, with a considerable computa-
tional economy when a large number of ionic states are
considered, as in the present case.

2. Theory

The present theoretical approach is based on a large scale
One Centre Expansion (OCE) to obtain accurate solution for
the bound and continuum orbitals of a one particle KeBham
Hamiltonian, in the framework of the Density Functional
Theory. We refer to ref 14 for details of the OCE- B-spline
Density Functional method.

The basis is given as products of radial B-spline functions
Bi(r)?° and a real spherical harmonicyg %)

Yim = B0, (0.0)

Any given function can be expanded in angular momentum
components, accordingly to

W&@=§awmﬁmw

that is, employing the basis sgin
f= 2 i0XiimCiim

with

Reff) = = 2B()Cy

Actually linear combination of spherical harmonics adapted to Figure 1. Contour plot relative to the 4e 8a’, and 4¢' DZP

the full point group of the. m0|ecq|e are employ&d. eigenfunction of Fe(Cp) Solid, dashed and detlashed lines cor-

In the Hamiltonian matrix, the kinetic energy and the nuclear respond to positive, negative and zero contributions, respectively.
attraction terms are easily calculated, whereas the electron
electron interaction is treated with a KohB8ham (KS) ap-
proach®! The Self-Consistent Field (SCF) electron density is (LB94)2*so itis calculated from the SCF density and expanded
obtained by a previous KS-LCAO calculation. The SCF density on the OCE basis.
is then expanded on the OCE basis, then the Hartree potential The bound states are calculated by means of a generalized
is computed solving the Poisson equation. The exchangediagonalization of the KS Hamiltonian matiiks, whereas the
correlation potential is a function of the density and its gradient inverse iteration proceduf®is employed to get the continuum
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TABLE 2: Core Photoelectron Spectrum of Ferrocene

LB94-GS
BAND MO —e(eV) EXP IP (eV)
Fe 3p 3¢ 60.17 66
33" 61.44
Fe 3s 44 92.32
Cis e 290.67 290.08
Fe 2p 1¢ 711.55 715.8
1a" 712.09
Fe 2s 2d 821.48 843
Fe 1s 1d 6997.58 7110

aRef 47. The value is referred to the experimental binding energy
of the free atom® Ref 39.¢ Ref 46.9 Ref 45.¢ Complete list of the
orbital is: 1", 1&', 1e", 2&/', 2&", 3a'. ' Ref 45.

states. The cross section and the asymmetry parameter are finally

obtained via dipole transition moments and phase sHifts.

3. Computational Details

The SCF electron density is obtained from the LCAO-ADF
program33:34 employing the LB94* exchange-correlation po-
tentials and the STO DZP basis set taken from the optimized
database included with the ADF package. The SCF procedure
is performed with the GS configuration. The center of the OCE
is set on the center of the molecule. The use of a very large
basis set expansion of the effective potential and of the explicit
continuum wave function allows to obtain results which are

expected to be convergent in the chosen Hamiltonian. Present &

calculations are performed with a radial basis set of B-splines
of order 10, defined over a radial grid consisting of 108 intervals,
up to a radial cutoffRnax = 20.022 657 au, and with the
maximum angular momentuitiax = 50. This choice has been

checked in a series of convergence tests performed on the

photoionization profiles using different valueslagfiax (30, 50,

and 60) and ensures that the reported profiles are convergent

with respect to the OCE expansion.

The bound state calculations are performed on a workstation
ALPHA 500 employing an iterative algorithm for the diago-
nalization, whereas the calculation of continuum states by
inverse iteration procedure is performed with a parallel version
of the program on a Cray T3E computer.

The experimental geomeffiis employed in all calculations.

4, Results and Discussion

Photoelectron Spectrum.Before analyzing the continuum
results, it is convenient to discuss the valence photoelectron
spectrum obtained with the LB94-GS potential. It is well-known
that the Kohn-Sham (KS) orbital formulation of the DFT
together with the transition state (TS) approach, where the KS
eigenvalue is optimized for a transition state with a fractional
occupation number, provides a way to calculate the ionization
potential with good accuracy. However, if the exact KS potential
were employed, a theorem states that the first IP would equal
the HOMO KS eigenvalue at the GS configurati§iOf course,
the exact KS potential is not known, but the presently employed
LB94 potential, having the correct asymptotic behavior, has
shown very good agreement between the HOMO IP and the
HOMO KS eigenvalue in atoms and small molece&ur-
thermore, good prediction of the IP over the complete energy
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Figure 2. Calculated cross section (central panel) and asymmetry
parameter profile (lower panel) of the Bant(Ae’ and 8gionizations)

of Fe(Cp). Total asymmetry parameter: solid line. Experimental
RPPICS values (upper panel) from ref 4. The calculated data are shifted
to the experimental thresholds, ref 3.

for a series of molecules of various complexity?” so it is
worth employing the LB94 eigenvalues calculated for the
Fe(GHs), molecule in order to assign the calculated states to
the observed experimental bahd$he results are reported in
Table 1 together with the experimental cfatdne very recent
theoretical IPs obtained with the DFT-TS approach by Plash-
kevych and co-workerks, very useful to test the reliability of
the present LB94 eigenvalues, and the highest level ab initio
results available in the literatut®.

Looking at the data collected in Table 1, it is worth noting
that the first absolute LB94-GS eigenvalue is strongly over-
estimated, whereas the energy shifts of the following states agree
very well both with the experimental data and the VWN-TS
results from refl! We have also performed VWN-TS calcula-
tions of the valence ionization potentials, with the same STO-
DZP basis set, which completely agree with the calculated IPs

range of the photoelectrum spectrum have been recently obtainedf ref 11. The ordering of the ionic states in Table 1 is the same
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Figure 3. Partial final contributions to the 4eand 8a’ cross sections . PN
of Fe(Cp} . The calculated data are shifted to the experimental 025 { ~__-—~ o
thresholds, ref 3.
15 35 55

in both calculations and correctly reproduces the experimental
assignment relative to the first four ionizations. In any case,
we believe that for the purposes of the present work, the correctFigure 4. Experimental (upper panel), ref 4, and calculated (lower
ordering and energy separations of the orbitals are much morePanel) branching ratio profiles of the Aand 8aionizations (Band
important than the agreement between the absolute energy Valufﬁ) of Fe(Cp}. The calculated data are shifted to the experimental
. resholds, ref 3.

of the IPs, to associate the calculated states to the resolve
photoelectron experimental bands and correctly sum up their ordering of the highest four occupied molecular orbitals. The
cross section profiles to compare with the available cross sectionpresent theoretical results associate bahtbAhe 4¢'and 8a’
data. metal ionizations, whereas the next;6@and 4¢" ligand

To better discuss the present assignment of the PE spectrumionizations are relative to the two peaks of band, A line
a brief recollection of the bonding in ferrocene can be useful. with the experimental indicatiorfst The two highest occupied
In the Ds, symmetry (with the two rings as is the gas phase), molecular orbitals (4¢and 8a’) are calculated very close in
the o orbitals of the two (GHs)~ ligands yield three sets of  energy, and their essentially 3d character is clearly manifest
orbitals: the low lying filled & and @” MOs, the set of filled from Figure 1, where the isolines of the calculated relative
e/ and @ MOs and a higher energy empty set of antibonding eigenfuntions are plotted. It is interesting to observe, just at a
&' and " MOs. The 3d metal orbitals are split into three qualitative level, that the 4eeigenfunction also shows a small
levels: a' (dp), &' (dw-y2, dxy) both filled and €' (dy, dy,) s ligand character, associated with the slight interaction between
unoccupied, which are af, 6, andsz symmetry respectively  the &' 3d metal level and the higher energy empty se ring
with respect to the metal-ring axis. There is a strong bonding orbital, whereas the 8aeigenfunction has a not negligibte
interaction between the;'¢ (:r) ring orbital and the £ (3d) ligand participation, which could be responsible for the slightly
metal orbital: therefore, the 4éresulting MO has a mixed lower energy presently found for this state with respect to the
ligand—3d metal character. The remaining 3d metalead ¢' 4e) one. The 6¢ and 4¢" MOs are associated witlhh CsHs~
orbitals give rise to essentially non bonding MOs;(@end 4¢') ligand orbitals, as it is apparent also from Figure 1, although
with a largely 3d metal character. The experimental speétrum the 4" eigenfunction also has a certain Fe 3d character (about
shows four well-separated regions of ionizations, labeled A, B, 18%, according to the population analysis results).
C, and D (see Table 1). Region A contains two bandsafd The next group of calculated ionizations (from 4.20 to 5.37
A") deriving from the highest occupied 3d metal antigand eV of relative energy) are closely spaced and concerns the
orbitals (4¢’, 8a’', 6&', and 4¢"), whose ordering is not photoemission from €Hs~ ligand orbitals. We propose to
definitely established, as already stressed. Region B is associate@ssociate these levels (8a3e'’, 3&', 5&', 3" and 7a’) to
with the ionization from the remaining ligand orbitals (6g’ the experimental band B. In particular, the'6and 73’ levels
and 7a’) and the higheo ligand MOs, whereas regions C and (at 4.20 and 5.37 eV of relative energy) are associated with the
D are associated with the more strongly bounligand MOs. two possible combinations of the lower energy orbitals of the

The present calculated spectrum (Table 1) is characterizedtwo (CsHs)~ fragments: the shift of more than one eV between
by groups of closely spaced levels separated by a clear energythese two levels reflects the presence of a direct interaction
gap and reproduces correctly the experimental trend. As between the ligands through theorbitals. (This has been drawn
mentioned earlier, the most controversial issue is the energeticfrom the results of a simple LB94-GS calculation of the dimer

Photon Energy (eV)



9804 J. Phys. Chem. A, Vol. 105, No. 42, 2001

Fronzoni et al.

. . . Can
| 8ranching Ratio +z@ ., x=@
1800 4 o, 07
| . e et
38 =&+ .
E ‘A s =€ .
o | o =¢ Lo,
Bt
- t §
E 2 - - : |
CH et e
g %, ° o} 0-5¢,
= | - *
£ 2 ¢ u » LI |
& 600 °, %, . . .
(-] a .
a ‘ - - -
7 883. AAA .
8go,2a88 5 4 - -
| . 8588 §F222a 4 ,

Cross Section (Mb)

Branching Ratio

15 35 55 75
Photon Energy (eV)

Figure 6. Experimental (upper panel), ref 4, and calculated (lower
panel) branching ratio profiles of the 6@nd 4¢" ionizations'(Band
A") of Fe(Cp). The calculated data are shifted to the experimental
thresholds, ref 3.

Asymmetry Parameter

-0.4 T T T T T T T T T T T
15 35 55 75 95 115

these bands. Almost the same energy gap separates also the D
Photon Energy (eV)

] ) and E calculated bands and both of them are contributed by a
Eg‘;rn‘:efér %?(')‘#Lat‘agv\zfssaizgt'%? (tﬁ‘z“tggnz,a}’;?ég ?”:n ssig?,me"y pairs of levels (4¢, 2e'" and 4a", 5a’ respectively) deriving
ionizations) of Fe(Cp) Total asymmetry parameter:solid line. Experi- from the |on|zat|9n pf the inner ring orbitals. The calculated
mental RPPICS values (upper panel) from ref 4. The calculated data LB94-GS core binding energies are reported in Table 2 for
are shifted to the experimental thresholds, ref 3. completeness.
Valence Photoionization Profiles. The calculated cross

(CsHs7)2). The remaining four ionizations contributing to band section and asymmetry parameter profiles of the ban@&’
B are relative to they ring orbitals; the energy shift between and 8a' orbitals) are reported in Figure 2 together with the
the pairs of levels deriving from the same orbital of gHg" experimental RPPICS (Relative Partial Photoionization Cross
ring (3e" and 3¢'; 5¢' and 3¢") is much smaller (only 0.1 Section) from ref 4, useful for a direct comparison. The
and 0.4 eV) than that found for the states, showing that the theoretical total cross section exhibits a steep decrease after the
direct interaction between the ring orbitals is less effective  threshold followed by small maxima. A first weak maximum
along the molecular axis with respect to thease. It is worth is visible around 25 eV photon energy, whereas a more
noting that a direct interaction between theHg ™ ligands is pronounced feature is present around 45 eV. Eventually, a very
not surprising because their distance in F#{£), is only 3.31 weak and broad feature lies at higher energy (around 90 eV).
A, even shorter than the distance between the carbon planes ifThe examination of the separate cross section of theatel
graphite (3.35 A)). 8a' ionizations contributing to band' Aeveals that the maxima

The following group of four closely calculated ionizations in the total profile are essentially associated with the' 8a
(from 7.93 to 8.45 eV of relative energy) contributes to band ionization, whereas the 4ecross section shows a monotonic
C, which appears therefore well separated by the previous banddecrease with photon energy, apart from a weak increase just
B, in nice accord with the experiment. These levels are around 45 eV, much less pronounced than that in the case of
associated with the 54 2e)", 6a’ and 2¢' o ring initial states. the 83’ profile. The @ band appears always more intense than
The inner valence D and E bands have not yet experimentally the 83’ band, apart from a narrow energy region just above the
studied; the D band is visible only in the He(ll) experimental threshold. The different behavior of the ionization continua of
spectrum and appears well separated from the lower energy Ctwo essentially 3d metal MOs can be related to the different
band. The present theory predicts a gap of about 4 eV between ionization channels available for thg and g’ ionizations (ke
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Figure 7. Calculated (lower panels) and experimental (upper panels), ref 5, asymmetry parameter profiles for the;Far@d4ga orbitals and
for the z ligand 6€' and 4¢" orbitals of Fe(Cp) . The calculated data are shifted to the experimental thresholds, ref 3.

ke, and ke'" for &' electrons and kd and ke' continua for is found for the energy position of the quite pronounced
a;' electrons) and their relative contributions to the final maximum observed around 42 eV in the experiment and
continuum wave functions, as it is shown in detail in Figure 3. calculated around 45 eV, as previously discussed. Also, the
It is well apparent that the 4ecross section is dominated by relative intensities of the 4eand 8a' profiles are correctly
the final ke' continuum contribution in all energy range, reproduced by the calculations, with the'4goss section always
whereas the kécontinuum gives the most important contribu- more intense than the 8aone. It is interesting to underline
tion to the intensity of the 8aionization, in particular in the that a similar behavior has been found also in the calculated 3d
energy region around 40 eV. The analysis of the partial metal band cross sections of Cgt),?’, where the 8g
continuum contributions allows therefore to associate the shape(HOMO) profile (band A) displays a large shape resonance
resonance calculated around 45 eV to thg-8&ke;' transition; around 40 eV, whereas theg®ne (band B) decreases over
all the other continuum channels essentially contribute to the the whole energy range. The nature of the initial states is the
background of the cross section. To verify if this shape same in the two organometallic compounds with thgaad a'
resonance could be associated with a virtual valence state, wdevels corresponding to the 3dnetal MO and the g and &'

have performed a minimal basis set calculation whose resultslevels representing they,, dyy, metal MO, in Cr(GHg)2 and

do not indicate however any eigenvalue higher than 14 eV. Fe(GHs), molecules, respectively. In this respect therefore, the
Therefore, this higher energy feature cannot be explained with behavior of the cross section profile could be used as a
this simple model. As concerns the comparison with the fingerprint of the symmetry of the 3d metal initial state. The
experimental data (see Figure 2), it is apparent the lack in the different behavior of the 3d metal ionization continua is
calculated profiles of the strong minimum present both in the associated with the different final channels available for the
partial and total experimental profiles around 55 eV. This sharp relative ionizations, in line with a previous hypothesis.
structure has been previously attributed to resonant photoemis- The Figure 4 compares the experimental and calculated
sion of 3d electrons in the vicinity of 3g3d giant resonant  branching ratios of the 4eand 8@’ ionizations. Also, in these
absorption, a kind of process that the present level of the theorycurves, the agreement between theory and experiment is very
cannot describe. The absence of such structures in the calculatedatisfactory: the experimental profiles again highlight the
profiles can be an indirect evidence of the experimental difference in cross section behavior between thg ded 8a’
assignment to an autoionization. This multielectron processesbands with a larger cross section of'4gand in all energy range.
can be treated by the Time Dependent extension of the presenMore important, significant deviations are observed from the
theory (TD-DFT), as it has been recently shown in the case of statistical ratio 2:1 due to orbital occupancies, which are
atom$” and small molecule® but at the moment, the TD-DF  followed very well by the calculated profiles, with the exception
code is still impracticable for larger systems. Apart from the of the near threshold region. A change in the slope is observed
minimum, the other experimental features of the bahgrAfile just before the region of the autoionization. The behavior of
are correctly described by the theory. In particular a good accord the calculated curves is the same although the slope change is
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to the experimental threshold value 12.75 eV, ref 3. to the experimental threshold value 16.60 eV, ref 3.

somehow more pronounced for the lack of the autoionization 6, where the experimental and theoretical data are compared.
structures in the theoretical profiles. The agreement between theory and experifhennice. The

Consider now the results for the band &f ferrocene which calculated curves correctly display the change of the oscillation
is assigned to the §eand 4¢" ligand ionizations. The calculated amplitude observed around 45 eV, although they appear slightly
cross sections of the two MOs and of their sum are reported in shifted toward lower energy with respect to the experiment. This
Figure 5, together with the experimental datéhe 6’ and discrepancy can be related to the quite attractive character of
4g'" theoretical profiles show a quite different behavior at the the LB94-GS potential which generally lowers the calculated
threshold, with the 4€ cross section much more intense than energies of the cross section profiles with respect to the results
the 6@’ one, whereas around 14 eV a shape resonance can b@btainable with the VWN-TS potential. Again, it is remarkable
identified in both profiles. This structure is also present in the the strong deviation from the 1:1 statistical ratio, as well as the
lower energy total cross section. Above 15 eV the two partial out of phase oscillations in the two cross sections at low energy,
and the total cross sections show a similar monotonic decreaseboth well reproduced by the calculations, so that the assignment
with photon energy; this behavior reproduces correctly the trend would be completely definite of this basis alone. In fact, the
observed for the experimental data (upper panel) and in experimental branching ratio behavior has allowed to assign the
particular the relative intensities of the partial and the total two measured cross sections to the'4and 6¢’ ionizations,
profiles. The narrow resonances calculated just above theas reported in Figure 6. In particular the lower intensity observed
threshold are not present in the measure. for the " band at low energy and its increase in the region

A closer inspection of the behavior of the;6and 4¢"" bands around 45 eV has been considered as an evidence of a partial
is possible through the branching ratios plots presented in Figure3d metal character of the orbital ioniz&@he theoretical results
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Figure 10. Experimental (upper panel) [4] and calculated (lower panel) valence-band branching ratios ob.FE{€mpalculated data are shifted
to the experimental thresholds, ref 3.

confirm the experimental attribution; however, in addition to experimental profile of the 8aand 4¢' 3d Fe MOs is well
the composition of the initial states the different intensity apparent around 14 eV, which is well reproduced by the
observed for the 48/6e' branching ratio can also be related calculation. The experimental data relative to the ligand MOs
to the symmetry properties of the initial state and the consequentshow instead a monotonic increase in this energy range, as
different ionization channels available for the continuum states. correctly predicted also by the theory. Also, the relative trends
In summary the present results for thé ad A’ bands of of the calculated profiles of the two couple of MOs in each
the PE spectrum of ferrocene indicate that the initial states of band follow the observed curves and can confirm the experi-
mainly 3d metal or ligand character can be clearly distinguished mental attribution of the initial states. The present results suggest
by their cross section behavior. These findings confirm the therefore that possible relationships can be found between the
qualitative deduction drawn from the trends experimentally asymmetry parameter profiles and the metal or ligand character
observed and point out in particular that the information content of the ionized orbitals and underline also the interest to extend
of the calculated cross section data in organometallic compoundsthe experimental measure toward higher energies where stronger
is such as to provide strong support to the interpretation of PE resonance in the 3d metal cross sections are present.
spectra, in terms of the symmetry and AO composition of the  Cross sections and asymmetry parameter profiles calculated
relevant orbitals. for bands B and C are reported in Figures 8 and 9 together
The calculated asymmetry parameter profiles of the bandswith the experimental data from Ref 4. These bands are
A’ and A" are reported in Figures 2 and 5, respectively. The A associated with the lower and the firsto ligand ionizations
bandp profile appears quite structured in the lower energy range (see Table 1). As it is well apparent in the two figures, the cross
and it is possible to identify clearly the counterparts of the section profiles of both B and C bands exhibit a monotonic
structures also found in the total cross section of the band A decrease with photon energy with only one significant difference
in particular a minimum near the threshold and the maximum at threshold where the intensity of B band is stronger than that
around 45 eV. At higher energy, only very smooth features are of C band, due to the larger number of ionizations contributing
present. The asymmetry parameter profile of band A” (Figure to it. The theoretical results reproduce correctly the experimental
5) shows a rapid increase just above the threshold againbehavior in all energy range and confirm the common trend
resembling the trend followed by the calculated cross section followed by the cross sections of theHs~ ligand ionizations
profile. A definite minimum is instead present around 45 eV. bands in ferrocene.
The lower energy part of the calculated asymmetry parameter The calculated asymmetry parameter of B band (Figure 8)
profiles can be compared with the experimental data avaflable shows some oscillations at low energies while very smooth
in Figure 7. Here, th@ profiles of the single MOs contributing  structures are present in thg profile above 40 eV. The
to the A and A’ bands are shown. The minimum in the asymmetry parameter of the C band (Figure 9) appears less
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16 asymmetry parameter profile of band E extend in the same

Band D energy range of the corresponding ones in the cross section. It

12 ] is important to underscore that the features present in the
asymmetry parameter profiles of all the ligand valence bands

s | are strong enough to be experimentally detected and often fall
in an energy region where the cross section profile is already
very weak.

4 Core Photoionization Profiles.Consider first the core results
relative to the C 1s profiles which are collected in Figure 12.

. ————

0 The experimental continuum resonances derived from electron

Cross Section (Mb)

T T T T

g 16 energy loss spectruthare also reported for comparison. The
£ theoretical C 1s cross section has been obtained as the sum of
£ 12 the partial contributions of each core C 1s orbital,(1d e,
“; le", 2¢', 28", 3&/', see also Table 2). Two near, well-resolved
5 peaks are present just above the ionization threshold (at 295
E 08 1 and 298 eV respectively) showing a pattern very similar to that
E’ calculated also in the C 1s continuum spectrum of GHgL

04 A and free GHg??, and found in the C 1s spectra of other six-

electrons aromatic®;4! where two continuum resonances are

, ;
] Band E also observed. In the case of the Fg{g), molecule the
inspection of the calculated partial final channel cross section
1 profiles contributing to all the C 1s initial states allow to attribute
the two peaks calculated just above the C 1s ionization threshold
1 as follows: both maxima mainly derive from the;1eand 2¢’
initial orbitals; the other C 1s initial states contribute only to
the background of the total C 1s cross section in this energy
T T ¥ T

0 region. The first peak (at 295 eV) can be attributed to the2e

1.6 - ' I ] ka' and 1le"— ka'' transitions, whereas the second one (at
14 298 eV) to the 2¢— ke’ and 1¢"'— ke)'' transitions (the other

1 possible final channels allowed for these two initial orbitals give
127 only minor contributions to these two peaks). On the basis of a
1.0 minimal basis set (MBS) calculation, performed with the LB94-
05 - GS potential, we can found the eigenvalues of the quasi bound

virtual valence states of interest: ,18.18 eV and 1& 9.21
0.6 7 eV; 7e' 11.53 eV and 6¢ 11.56 eV. These values appear
T T T T T T T T T

Cross section (Mb)
~ W -

-
1

Asymmetry Parameter

0.4 realistic, apart from the slight overestimate of the absolute
40 80 120 160 200 energies: in fact, the energy shift between' 1a4a" and 7¢,
Photon Energy (eV) 6e" final virtual orbitals is about 2.4 eV from the MBS

Figure 11. Calculated cross sections and asymmetry parameter profiles calculation and 3 eV from the continuum Ca_‘lcu'ation' It has
of the D and E inner valence Bands of Fe(Cp) also to be underlined that these four MBS virtual states have

an essentially Carbon 2p character. In summary, we can

structured with a monotonic increase from the threshold up to conclude that the two C 1s continuum peaks in e can
45 eV. be interpreted as shape resonances determined by cyclopenta-

A last comparison between experimental and theoretical dienyl rings in analogy with the interpretation given for the
results relative to the valence ionizations is reported in Figure Similar structures in the C 1s cross section of GHg2.?’
10, where the branching ratios of the, A", B, and C bands  Actually, the only significant difference near the threshold
are shown. Again, the overall agreement of the theoretical curvesPetween the two organometallic compounds is a shift of the
with the experimental ones is excellent and is clearly able to €nergy position of the two maxima, which are calculated at
discriminate without ambiguity between different bands, al- higher photon energy for CrgBe), (at 297.2 and 299.9 eV
though at low energy some discrepancies are apparent, namelyespectively) with respect to Fe{ds).. Being the shift in the
a too high calculated profile for the C band with respect to the C 1s experimental thresholds very small (290.03 eV in
B band. Fe(GHs), and 289.7 eV in Cr(gHe)2) this effect is therefore

The last inner valence ring ionizations give rise to the D and due to the continuum, which shifts the profiles depending on
E bands (see Table 1) whose calculated results are reported irfhe effective molecular potential.
Figure 11. No experimental data are available for comparison. The reliability of the present C 1s theoretical results is
The cross section of band D presents a maximum around 40supported by the comparison with the experimental data
eV followed by a rapid decline with photon energy. The available in the energy region just above the threshold (panel b
asymmetry parameter profile appears quite structured up to 800f Figure 12). As we can see, the agreement with the experiment
eV, whereas at higher energy, the behavior is rather smoothis very nice, in particular as concerns the energy position; also,
and without structures. The next band E displays two important the relative intensities of the two continuum shape resonances
structures near the threshold and a weaker feature around 6%re well-described. The region at higher energy presents two
eV. It appears that quite typical pattern are calculated for the smooth structures around 330 and 360 eV, which cannot be
inner valence bands at variance with the behaviors of the profilesrelated to any virtual valence states due to their very high energy
of the outer valence ligand bands. The structures present in thepositions. In summary, the comparison between the &)
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Figure 12. Calculated core C 1s cross section and asymmetry parameter profile §pan&le(Cp). Comparison between calculated cross section
and experimental ISEELS spectrum from ref 39 in the lower energy range (pan€he calculated data are shifted to the experimental C 1s
threshold, ref 44.

and Cr(GHe). results suggests that the behavior of the C 1s  Consider now the results relative to the metal core Fe 1s
cross section near the threshold is determined essentially byionization, which are reported in Figure 13, together with the
the ligand fragments, with very small effect due to the experimental XANES spectrum from ref 42. The calculated Fe
coordination with the metal atom. This can be associated with 1s cross section profile shows a strong resonance at threshold
the similarity of the initial states with the C 1s character in the characterized by a shoulder on the low energy side and followed
two kind of ligands (GHs~ and GHg) and to the fact that at by a series of broad and smooth oscillations. The lower energy
low photon energies the continuum states do not penetrate intopart of the calculated spectrum is in good accord with the
the system and feel essentially the potential of the ligand experimental XANES spectruty as it is shown in panel b of
fragments. Figure 13. An important observation is that the weak feature
The C 1s asymmetry parameter profile (Figure 12) does not labeled D in the experiment is not reproduced by the calculation.
show important features; a regular increase characterizes theThis “bump” has been previously assigned to a multielectron
region above the threshold, whereas at higher energies a quiteshake-up satellité? which cannot be described by the present
constant trend is apparent. level of theory. The shoulder B and the main structure C are
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Figure 13. Calculated core Fels cross section and asymmetry parameter profile #pahéie(Cp}. Partial final continuum contributions (Ke
and ka'")are also reported. Comparison between experimental XANES spectrum from ref 42 and calculated cross section in the lower energy range
(panel B. The calculated data are shifted to the experimental Fels threshold, ref 45.

instead well-reproduced in the calculated spectrum and arels, with only the exception of the absolute cross section values,
associated with a shape resonance contributed by two compo-which differ by a factor of about 4 and 8 respectively with
nents, as it is apparent from panel a, where the partial continuumrespect to the Fe 1s values.
contributions to the cross section are also shown. These are In Figure 14 the Fe 2p core ionization is considered; th€ 1a
associated with p-like electron waves, namely'kand ke' and 1g¢' contributions relative to the splitting of the 2p orbitals
channels, which gain their oscillator strength from the atomic s in the Ds, symmetry are also reported. Several structures are
— p nature of the transitions. In particular, the lower energy present in the cross section profiles: a narrow peak just above
shoulder derives from the 1&a-ke,' transition, whereas the main  the threshold (at 719.29 eV), a second more intense and large
peak is associated with the laka" transition. The calculated  peak (around 740 eV) and a third less intense structure (around
energy splitting between these two continuum components (ka 792 eV), which is the first of a series of damped oscillations.
corresponds to the;electron wave and keto the g, p, waves) The analysis of the initial partial contributions shows that the
is 4.8 eV. It is interesting to note that this value is higher than first resonance derives its intensity essentially from th¢ le
that found in the calculated Cr 1s cross section of @,%’ initial state while the second and third structures are actually
which closely resembles the present Fels profile, apart from athe sum of the 1£ and 1a" initial contributions. A more
less pronounced lower energy shoulder of the shape resonanceletailed interpretation requires the analysis also of the partial
at threshold, due to the smallest splitting of the p waves (3.4 final continuum contribution accessible from each initial state.
eV). The higher energy part of the Fe 1s profile shows a series On ionization from metal 2p orbitals we expect d-like electron
of oscillations which can be the first terms of EXAFS oscilla- waves to dominate the cross section, namely ki, wave),
tions. Also, this part of the spectrum is very similar to the Cr Kke;" (dx, dy; waves) and kg (dx—y2, Gy Waves) channels; both
1s profile in Cr(GHe)2. The comparison between the metal 1s the 1g' and 1a” initial states have access to th¢ and "
continuum results of Fe@ls), and Cr(GHe)2 seems to indicate  ionization channels. The calculations show that the' ke
that the spectra are not influenced by the change of the centralcontinuum is the most responsible for the intensity of the first
metal atom if the nature of the ligands in the metal complexes peak while both the kéand ke channels are involved in the
remains substantially the same. strongest resonance around 740 eV and in the first oscillation
The Fe 1s asymmetry parameter profile (Figure 13) is very at 792 eV. The dominant contribution is always associated with
structured, at variance with the behavior observed for the C 1sthe ke' continuum. The @ continuum carries only minor
results, in particular at the threshold where a significant intensity increasing substantially the background of the cross
correspondence with the structures in the cross section issection profile. A close resemblance of the calculated Fe 2p
apparent. Also at higher energies rather wide structures arecross section profile with the Cr 2p continuum results in
present. Cr(CGsHg)2 moleculé” is apparent, as found also for the metal
The results relative to the Fe 2s and 3s ionizations are not 1s ionizations results. In summary, the core continuum spectra
reported because they are essentially the same as those of Fef these two organometallic compounds, which share ligands
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are also reported. The calculated data are shifted to the experimental __ .
Fe 2p threshold, ref 46. Figure 15. Calculated core Fe3p cross section and asymmetry

parameter profile of Fe(Cp)lnitial orbital contributions (3¢ and 3a")

of similar nature, exhibit very similar behavior and no obvious are also reported. The calculated data are shifted to the Fe3p free atom
dependence on the central metal atom is apparent. As concern§xperimental threshold, ref 47.
the comparison with experimental data, the only available
spectrum at our knowledge is relative to a EELS measurement
(around the Fe 2p ionization thresholds) of Hitchcock ¢€al.
However, apart from further difficulties due to the presence of
the preedge 4§ and L, spin—orbit components, the measured
oscillator strength for the below edge absorptions is much higher
than the calculated absolute cross section values (almost 1 orde
of magnitude). Therefore, the continuum resonances are hidde
in the background of the experimental spectrum. Higher
resolution photoabsorption measurements could probably reveal
also the continuum resonance present between the two Fe 2
ionization thresholds and few tens of eV above thestige.

Consider finally the Fe 3p ionization, whose results are

cotl)l_?clteg In F'guff 15. The 3p ortz;tzlols \r}ot_ prop”erly a cotred transition is more intense than the-3f#s one. Also, the Fe3p
;)r ! at,h OWTver Its k(]-:-nl:-:'rgy (a_roun th et 2 IS web sg_para € dcross section profile looks very similar to that calculated for
rom the valence shell energies so that it can be discussedy, Crap ionization in Cr(gHe)».2”

together with the other core orbitals. The strong difference of

the Fe 3p profile with respect to the Fe 2p one is immediately

apparent, at variance with the situation found for the core metal
ns ionizations. The cross section is dominated by a very sharp
and intense peak near the threshold followed by a minimum
(at 88.4 eV) which can be associated with a Cooper minimum
because the 3p wave function has a radial node. This is an
atomic effect, and in fact a minimum at 83.8 eV has been

calculated for free Fe atom, using the LB94 potential. At higher ~ The continuum photoionization observables of ferrocene,

energies only smooth oscillations are present in the cross sectioncross section, branching ratios, and asymmetry parameter
The initial partial contribution reported in the upper panel show profiles have been calculated and analyzed in detail, exploring
that both the 3¢ and 32" initial states contribute to the intensity  the complete energy range from valence to metal core ioniza-
of the strong peak at the threshold. The analysis of the partial tions.

final contributions indicates instead that the intensity derives
from the ka' continuum channel both for the two initial states,
at variance with the Fe 2p ionization where this channel gives
only minor contribution. This final state could correspond both
to d-like or s-like electron waves. We could rationalize this result
Eonsidering the simple model of the minimal basis set calcula-
n[ions; in this way, we can identify the first virtual valence level
of &' symmetry above the threshold as a quasi-bound state
involved in the resonance. This is the ;9devel whose
omposition shows a strong Fe 4s character and a smallest 3d
one. It is probable however that the Fe 3d contribution carries
most of the intensity of the resonance because thet8mtomic

The asymmetry parameter profile (Figure 15) appears very
structured at low energy and in particular shows a strongly
decrease toward zero at the Cooper minimum with rapid
variations in the vicinity of this minimum, as expected in the
atomic species.

Conclusions
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