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Density Functional calculations have been carried out to determine the photoionization cross section and the
asymmetry parameter profiles of Fe(C5H5)2, 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
Ferrocene Fe(C5H5)2 is a sandwich molecule with the iron

atom symmetrically situated between two C5H5 rings. Since its
discovery, ferrocene has been the target of many experimental
and theoretical studies to develop an understanding of the
electronic structure of organometallic compounds. Photoelectron
spectroscopy (PES) is a very powerful tool for investigating
electronic states and checking various features of the bonding
interaction between metal and ligands. Consequently, a great
deal of experimental and theoretical work has been devoted to
the photoelectron spectrum of ferrocene, both as concerns the
analysis of the ionization energy data1-3 and the photoelectron
dynamics.4-5 The PE spectrum has been long debated and a
large number of MO calculations with different degrees of
sophistication have been performed6-10 to explain the spectral
features observed in the high-resolution He(I) and He(II)
experimental spectra3. The results often appear controversial,
and the assignment of the spectrum remains not completely
definite for the first low ionizations. Four primary ionization
processes give rise to two well-resolved bands (A′ and A′′ in
ref 3), which fall in the energy region below 12 eV and are
associated with E2′, A1′, E1′, and E1′′ ionic states (if we refer to
the eclipsed conformation (D5h) of the two rings, as found in
the vapor phase.) Using intensity arguments, the authors3 have
assigned the first band (A′) to the two ionizations from metal
levels (e2′ and a1′) and the next two peaks in the band A” to
two ionizations from the ligand levels (e1′ and e1′′), so the
proposed ordering of the ion states is2E2′> 2A1′> 2E1′ > 2E1′′.
The different theoretical approaches have not managed to
reproduce the observed pattern of ionizations in a uniform and
convincing way. Only∆SCF calculations6,9 and very recent DFT
results11 agree with this assignment. More recent measurements
of relative partial photoionization cross sections and photoelec-
tron branching ratios of the valence bands4 give further support
to the experimental attributions. The variable energy PE
spectroscopy can in fact be of considerable assistance in
providing further details on the localization of the molecular
level from which the electrons are ionized. For transition metal

compounds, significant differences between metal and ligand
cross section behavior have been observed in several experi-
mental PES studies with variable photon energy.12,13 In par-
ticular, the partial photoionization cross section of the ligand
bands are generally featurless and decrease rapidly with increas-
ing photon energy, whereas the cross section of the metal bands
are much more structured and show a slower decline. Of course,
the rationalization of experimental intensity data in terms of
electronic structure of the molecular system can be strongly
supported by theory which enables a more confident correlation
between them. Furthermore, the analysis of the theoretical partial
cross section profiles allows us to assess the different contribu-
tions carried by the different dipole allowed final continuum
channels, a kind of information not generally possible in an
experiment.

In light of the several experimental studies with which to
compare it and the uncertainties still surrounding the photoion-
ization data of the ferrocene molecule, we have decided to
calculate cross section, branching ratios and asymmetry param-
eter profiles of the photoelectron bands of Fe(C5H5)2 over a
wide range of photon energies. From a theoretical standpoint,
this represents also an opportunity to verify the performances
of the computational method employed to describe the photo-
electron dynamic observables, whose description still represents
a difficult task for the quantum chemistry approaches.

In the present work, the ionizations of all orbitals, from the
outer valence orbitals to the core C 1s and Fe 1s, 2p and 3p
orbitals have been examined. To this purpose, the recently
developed B-spline One-Centre Expansion (OCE) density
functional method has been employed. This computational
approach is limited to a one-electron Kohn-Sham (KS) picture,
but the continuum unbound wave function is explicitly consid-
ered in the framework of the Density Functional Theory (DFT),
with an accurate treatment of the molecular electronic potential.
The OCE method has proven to be a reliable tool for calculating
photoionization cross section and asymmetry parameter profiles
of both valence and core level processes of a variety of
molecules.15-17 It is important to underline that this approach
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describes both the initial and the final states of the photoion-
ization processes without appealing to the rather crude muffin-
tin (MT) approximation to the molecular electronic potential.
This approximation is instead employed in the Continuum
Multiple Scattering Method (CMSM),18,19 which is the more
widely used computational technique for the photoionization
cross section calculations of larger molecules. In particular, in
the field of transition metal complexes, only quite few con-
tinuum calculations are present in the literature, mostly per-
formed with the CMSM approach or the even more drastically
simplified Gelius model.20-23

In this work, the LB94 exchange correlation potential24 in
the Ground State (GS) configuration (LB94-GS) is employed
in the OCE method; this potential is characterized by a correct
asymptotic Coulomb behavior, which improves the results for
properties sensitive to spatial regions at large distance, as in
the case of cross section. This has been verified by comparing
the theoretical results obtained for the cross sections of several
molecular systems25-27 with the LB94-GS potential and the
VWN potential28 (with the Transition State configuration). It is
important to underscore that the use of the LB94 potential in
the Ground-State configuration has the advantage of allowing
the use of the same Hamiltonian for all calculations, irrespective
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 Kohn-Sham
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)29 and a real spherical harmonics (Yl,m

R)

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

that is, employing the basis setøilm

with

Actually linear combination of spherical harmonics adapted to
the full point group of the molecule are employed.30

In the Hamiltonian matrix, the kinetic energy and the nuclear
attraction terms are easily calculated, whereas the electron-
electron interaction is treated with a Kohn-Sham (KS) ap-
proach.31 The Self-Consistent Field (SCF) electron density is
obtained by a previous KS-LCAO calculation. The SCF density
is then expanded on the OCE basis, then the Hartree potential
is computed solving the Poisson equation. The exchange
correlation potential is a function of the density and its gradient

(LB94),24 so it is calculated from the SCF density and expanded
on the OCE basis.

The bound states are calculated by means of a generalized
diagonalization of the KS Hamiltonian matrixHKS, whereas the
inverse iteration procedure32 is employed to get the continuum

TABLE 1: Experimental and Calculated Valence
Photoelectron Spectrum of Ferrocene

experimenta
LB94-GS

(present results) VWN-TSb ADC(3)c

band IP MO -ε -ε IP

A′ (6.86)d 4e2′ (3d) (9.48)d (7.45)d (7.85)d

0.35 8a1′ (3d) 0.23 0.19 1.51
A′′ 1.91 6e1′ (π) 1.57 1.43 0.85

2.42 4e1′′ (π+d) 2.27 2.03 1.23
B 6a2′′ (π) 4.20 3.96 5.72
B 3e2′′ 4.29 4.17 5.11
B 3e2′ 4.40 4.22 5.23
B 5.34-6.44 5e1′ 4.77 4.68 6.04
B 3e1′′ 5.11 5.08 6.22
B 7a1′ (π) 5.37 5.43 5.86
C 5a2′′ 7.93 7.74 9.54
C 9.74 2e2′′ 8.25 8.08 10.07
C 6a1′ 8.27 8.18 9.95
C 2e2′ 8.45 8.36 10.37
D 4e1′ 12.45 12.63
D 2e1′′ 12.49 12.70
E 4a2′′ 16.55
E 5a1′ 16.95

a Ref 3. b Ref 11.c Ref 10.d Absolute energy for the first state. For
all other states relative energies are reported. Values in eV.

Figure 1. Contour plot relative to the 4e2′, 8a1′, and 4e1′′ DZP
eigenfunction of Fe(Cp)2. Solid, dashed and dot-dashed lines cor-
respond to positive, negative and zero contributions, respectively.
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states. The cross section and the asymmetry parameter are finally
obtained via dipole transition moments and phase shifts.19

3. Computational Details

The SCF electron density is obtained from the LCAO-ADF
program,33,34 employing the LB9424 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 cutoffRmax ) 20.022 657 au, and with the
maximum angular momentumLMAX ) 50. This choice has been
checked in a series of convergence tests performed on the
photoionization profiles using different values ofLMAX (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 geometry35 is 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 configuration.36 Of 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 molecules.24 Fur-
thermore, good prediction of the IP over the complete energy
range of the photoelectrum spectrum have been recently obtained

for a series of molecules of various complexity,25-27 so it is
worth employing the LB94 eigenvalues calculated for the
Fe(C5H5)2 molecule in order to assign the calculated states to
the observed experimental bands3. The results are reported in
Table 1 together with the experimental data3, the very recent
theoretical IPs obtained with the DFT-TS approach by Plash-
kevych and co-workers,11 very useful to test the reliability of
the present LB94 eigenvalues, and the highest level ab initio
results available in the literature.10

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 ref..11 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
of ref 11. The ordering of the ionic states in Table 1 is the same

TABLE 2: Core Photoelectron Spectrum of Ferrocene

LB94-GS

BAND MO -ε (eV) EXP IP (eV)

Fe 3p 3e1′ 60.17 66a

3a2′′ 61.44

Fe 3s 4a1′ 92.32

C 1s e 290.67 290.03b

Fe 2p 1e1′ 711.55 715.8c

1a2′′ 712.09

Fe 2s 2a1′ 821.48 845d

Fe 1s 1a1′ 6997.58 7110f

a Ref 47. The value is referred to the experimental binding energy
of the free atom.b Ref 39.c Ref 46.d Ref 45.e Complete list of the
orbital is: 1e2′′, 1e2′, 1e1′′, 2e1′, 2a2′′, 3a1′. f Ref 45.

Figure 2. Calculated cross section (central panel) and asymmetry
parameter profile (lower panel) of the Band A′ (4e2′ and 8a1′ionizations)
of Fe(Cp)2. Total asymmetry parameter: solid line. Experimental
RPPICS values (upper panel) from ref 4. The calculated data are shifted
to the experimental thresholds, ref 3.
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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 correct
ordering and energy separations of the orbitals are much more
important than the agreement between the absolute energy values
of the IPs, to associate the calculated states to the resolved
photoelectron experimental bands and correctly sum up their
cross section profiles to compare with the available cross section
data.

To better discuss the present assignment of the PE spectrum,
a brief recollection of the bonding in ferrocene can be useful.
In the D5h symmetry (with the two rings as is the gas phase),
the π orbitals of the two (C5H5)- ligands yield three sets of
orbitals: the low lying filled a1′ and a2” MOs, the set of filled
e1′′ and e1′ MOs and a higher energy empty set of antibonding
e2′ and e2′′ MOs. The 3d metal orbitals are split into three
levels: a1′ (dz2), e2′ (dx2-y2, dxy) both filled and e1′′ (dxz, dyz)
unoccupied, which are ofσ, δ, andπ symmetry respectively
with respect to the metal-ring axis. There is a strong bonding
interaction between the e1′′ (π) ring orbital and the e1′′ (3d)
metal orbital: therefore, the 4e1′′ resulting MO has a mixedπ
ligands3d metal character. The remaining 3d metal a1′ and e2′
orbitals give rise to essentially non bonding MOs (8a1′ and 4e2′)
with a largely 3d metal character. The experimental spectrum3

shows four well-separated regions of ionizations, labeled A, B,
C, and D (see Table 1). Region A contains two bands (A′ and
A′′) deriving from the highest occupied 3d metal andπ ligand
orbitals (4e2′, 8a1′, 6e1′, and 4e1′′), whose ordering is not
definitely established, as already stressed. Region B is associated
with the ionization from the remainingπ ligand orbitals (6a2′′
and 7a1′) and the higherσ ligand MOs, whereas regions C and
D are associated with the more strongly boundσ ligand MOs.

The present calculated spectrum (Table 1) is characterized
by groups of closely spaced levels separated by a clear energy
gap and reproduces correctly the experimental trend. As
mentioned earlier, the most controversial issue is the energetic

ordering of the highest four occupied molecular orbitals. The
present theoretical results associate band A′ to the 4e2′and 8a1′
metal ionizations, whereas the next 6e1′ and 4e1′′ ligand
ionizations are relative to the two peaks of band A′′, in line
with the experimental indications.3,4 The two highest occupied
molecular orbitals (4e2′and 8a1′) are calculated very close in
energy, and their essentially 3d character is clearly manifest
from Figure 1, where the isolines of the calculated relative
eigenfuntions are plotted. It is interesting to observe, just at a
qualitative level, that the 4e2′ eigenfunction also shows a small
π ligand character, associated with the slight interaction between
the e2′ 3d metal level and the higher energy empty e2′ π ring
orbital, whereas the 8a1′ eigenfunction has a not negligibleσ
ligand participation, which could be responsible for the slightly
lower energy presently found for this state with respect to the
4e2′ one. The 6e1′ and 4e1′′ MOs are associated withπ C5H5

-

ligand orbitals, as it is apparent also from Figure 1, although
the 4e1′′ eigenfunction also has a certain Fe 3d character (about
18%, according to the population analysis results).

The next group of calculated ionizations (from 4.20 to 5.37
eV of relative energy) are closely spaced and concerns the
photoemission from C5H5

- ligand orbitals. We propose to
associate these levels (6a2′′, 3e2′′, 3e2′, 5e1′, 3e1′′ and 7a1′) to
the experimental band B. In particular, the 6a2′′ and 7a1′ levels
(at 4.20 and 5.37 eV of relative energy) are associated with the
two possible combinations of the lower energy orbitals of the
two (C5H5)- fragments: the shift of more than one eV between
these two levels reflects the presence of a direct interaction
between the ligands through theπ orbitals. (This has been drawn
from the results of a simple LB94-GS calculation of the dimer

Figure 3. Partial final contributions to the 4e2′ and 8a1′ cross sections
of Fe(Cp)2 . The calculated data are shifted to the experimental
thresholds, ref 3.

Figure 4. Experimental (upper panel), ref 4, and calculated (lower
panel) branching ratio profiles of the 4e2′ and 8a1′ionizations (Band
A′) of Fe(Cp)2. The calculated data are shifted to the experimental
thresholds, ref 3.
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(C5H5
-)2). The remaining four ionizations contributing to band

B are relative to theσ ring orbitals; the energy shift between
the pairs of levels deriving from the same orbital of a C5H5

-

ring (3e2′′ and 3e2′; 5e1′ and 3e1′′) is much smaller (only 0.1
and 0.4 eV) than that found for theπ states, showing that the
direct interaction between theσ ring orbitals is less effective
along the molecular axis with respect to theπ case. It is worth
noting that a direct interaction between the C5H5

- ligands is
not surprising because their distance in Fe(C5H5)2 is only 3.31
Å, even shorter than the distance between the carbon planes in
graphite (3.35 Å)).

The following group of four closely calculated ionizations
(from 7.93 to 8.45 eV of relative energy) contributes to band
C, which appears therefore well separated by the previous band
B, in nice accord with the experiment. These levels are
associated with the 5a2′′, 2e2′′, 6a1′ and 2e2′ σ ring initial states.
The inner valence D and E bands have not yet experimentally
studied; the D band is visible only in the He(II) experimental
spectrum and appears well separated from the lower energy C
band3. The present theory predicts a gap of about 4 eV between

these bands. Almost the same energy gap separates also the D
and E calculated bands and both of them are contributed by a
pairs of levels (4e1′, 2e1′′ and 4a2′′, 5a1′ respectively) deriving
from the ionization of the inner ring orbitals. The calculated
LB94-GS core binding energies are reported in Table 2 for
completeness.

Valence Photoionization Profiles. The calculated cross
section and asymmetry parameter profiles of the band A′ (4e2′
and 8a1′ orbitals) are reported in Figure 2 together with the
experimental RPPICS (Relative Partial Photoionization Cross
Section) from ref 4, useful for a direct comparison. The
theoretical total cross section exhibits a steep decrease after the
threshold followed by small maxima. A first weak maximum
is visible around 25 eV photon energy, whereas a more
pronounced feature is present around 45 eV. Eventually, a very
weak and broad feature lies at higher energy (around 90 eV).
The examination of the separate cross section of the 4e2′ and
8a1′ ionizations contributing to band A′ reveals that the maxima
in the total profile are essentially associated with the 8a1′
ionization, whereas the 4e2′ cross section shows a monotonic
decrease with photon energy, apart from a weak increase just
around 45 eV, much less pronounced than that in the case of
the 8a1′ profile. The e2′ band appears always more intense than
the 8a1′ band, apart from a narrow energy region just above the
threshold. The different behavior of the ionization continua of
two essentially 3d metal MOs can be related to the different
ionization channels available for the e2′ and a1′ ionizations (ke1′,

Figure 5. Calculated cross section (central panel) and asymmetry
parameter profile (lower panel) of the Band A′′ (6e1′ and 4e1′′
ionizations) of Fe(Cp)2. Total asymmetry parameter:solid line. Experi-
mental RPPICS values (upper panel) from ref 4. The calculated data
are shifted to the experimental thresholds, ref 3.

Figure 6. Experimental (upper panel), ref 4, and calculated (lower
panel) branching ratio profiles of the 6e1′ and 4e1′′ ionizations′(Band
A′′) of Fe(Cp)2. The calculated data are shifted to the experimental
thresholds, ref 3.
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ke2′ and ke2′′ for e2′ electrons and ka2′′ and ke1′ continua for
a1′ electrons) and their relative contributions to the final
continuum wave functions, as it is shown in detail in Figure 3.
It is well apparent that the 4e2′ cross section is dominated by
the final ke2′ continuum contribution in all energy range,
whereas the ke1′ continuum gives the most important contribu-
tion to the intensity of the 8a1′ ionization, in particular in the
energy region around 40 eV. The analysis of the partial
continuum contributions allows therefore to associate the shape
resonance calculated around 45 eV to the 8a1′f ke1′ transition;
all the other continuum channels essentially contribute to the
background of the cross section. To verify if this shape
resonance could be associated with a virtual valence state, we
have performed a minimal basis set calculation whose results
do not indicate however any eigenvalue higher than 14 eV.
Therefore, this higher energy feature cannot be explained with
this simple model. As concerns the comparison with the
experimental data (see Figure 2), it is apparent the lack in the
calculated profiles of the strong minimum present both in the
partial and total experimental profiles around 55 eV. This sharp
structure has been previously attributed to resonant photoemis-
sion of 3d electrons in the vicinity of 3p-3d giant resonant
absorption, a kind of process that the present level of the theory
cannot describe. The absence of such structures in the calculated
profiles can be an indirect evidence of the experimental
assignment to an autoionization. This multielectron processes
can be treated by the Time Dependent extension of the present
theory (TD-DFT), as it has been recently shown in the case of
atoms37 and small molecules,38 but at the moment, the TD-DF
code is still impracticable for larger systems. Apart from the
minimum, the other experimental features of the band A′ profile
are correctly described by the theory. In particular a good accord

is found for the energy position of the quite pronounced
maximum observed around 42 eV in the experiment and
calculated around 45 eV, as previously discussed. Also, the
relative intensities of the 4e2′ and 8a1′ profiles are correctly
reproduced by the calculations, with the 4e2′ cross section always
more intense than the 8a1′ one. It is interesting to underline
that a similar behavior has been found also in the calculated 3d
metal band cross sections of Cr(C6H6)2

27, where the 8a1g

(HOMO) profile (band A) displays a large shape resonance
around 40 eV, whereas the 4e2g one (band B) decreases over
the whole energy range. The nature of the initial states is the
same in the two organometallic compounds with the a1g and a1′
levels corresponding to the 3dz2 metal MO and the e2g and e2′
levels representing the dx2-y2, dxy metal MO, in Cr(C6H6)2 and
Fe(C5H5)2 molecules, respectively. In this respect therefore, the
behavior of the cross section profile could be used as a
fingerprint of the symmetry of the 3d metal initial state. The
different behavior of the 3d metal ionization continua is
associated with the different final channels available for the
relative ionizations, in line with a previous hypothesis.4

The Figure 4 compares the experimental and calculated
branching ratios of the 4e2′ and 8a1′ ionizations. Also, in these
curves, the agreement between theory and experiment is very
satisfactory: the experimental profiles again highlight the
difference in cross section behavior between the 4e2′ and 8a1′
bands with a larger cross section of 4e2′ band in all energy range.
More important, significant deviations are observed from the
statistical ratio 2:1 due to orbital occupancies, which are
followed very well by the calculated profiles, with the exception
of the near threshold region. A change in the slope is observed
just before the region of the autoionization. The behavior of
the calculated curves is the same although the slope change is

Figure 7. Calculated (lower panels) and experimental (upper panels), ref 5, asymmetry parameter profiles for the Fe 3d 8a1′ and 4e2′ orbitals and
for the π ligand 6e1′ and 4e1′′ orbitals of Fe(Cp)2 . The calculated data are shifted to the experimental thresholds, ref 3.
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somehow more pronounced for the lack of the autoionization
structures in the theoretical profiles.

Consider now the results for the band A′′ of ferrocene which
is assigned to the 6e1′ and 4e1′′ ligand ionizations. The calculated
cross sections of the two MOs and of their sum are reported in
Figure 5, together with the experimental data.4 The 6e1′ and
4e1′′ theoretical profiles show a quite different behavior at the
threshold, with the 4e1′′ cross section much more intense than
the 6e1′ one, whereas around 14 eV a shape resonance can be
identified in both profiles. This structure is also present in the
lower energy total cross section. Above 15 eV the two partial
and the total cross sections show a similar monotonic decrease
with photon energy; this behavior reproduces correctly the trend
observed for the experimental data (upper panel) and in
particular the relative intensities of the partial and the total
profiles. The narrow resonances calculated just above the
threshold are not present in the measure.

A closer inspection of the behavior of the 6e1′ and 4e1′′ bands
is possible through the branching ratios plots presented in Figure

6, where the experimental and theoretical data are compared.
The agreement between theory and experiment4 is nice. The
calculated curves correctly display the change of the oscillation
amplitude observed around 45 eV, although they appear slightly
shifted toward lower energy with respect to the experiment. This
discrepancy can be related to the quite attractive character of
the LB94-GS potential which generally lowers the calculated
energies of the cross section profiles with respect to the results
obtainable with the VWN-TS potential. Again, it is remarkable
the strong deviation from the 1:1 statistical ratio, as well as the
out of phase oscillations in the two cross sections at low energy,
both well reproduced by the calculations, so that the assignment
would be completely definite of this basis alone. In fact, the
experimental branching ratio behavior has allowed to assign the
two measured cross sections to the 4e2′′ and 6e1′ ionizations,
as reported in Figure 6. In particular the lower intensity observed
for the e1′′ band at low energy and its increase in the region
around 45 eV has been considered as an evidence of a partial
3d metal character of the orbital ionized.4 The theoretical results

Figure 8. Calculated cross section (central panel) and asymmetry
parameter profile (lower panel) of the Band B of Fe(Cp)2. Experimental
RPPICS values (upper panel) from ref 4. The calculated data are shifted
to the experimental threshold value 12.75 eV, ref 3.

Figure 9. Calculated cross section (central panel) and asymmetry
parameter profile (lower panel) of the Band C of Fe(Cp)2. Experimental
RPPICS values (upper panel) from ref 4. The calculated data are shifted
to the experimental threshold value 16.60 eV, ref 3.
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confirm the experimental attribution; however, in addition to
the composition of the initial states the different intensity
observed for the 4e1′′/6e1′ branching ratio can also be related
to the symmetry properties of the initial state and the consequent
different ionization channels available for the continuum states.

In summary the present results for the A′ and A′′ bands of
the PE spectrum of ferrocene indicate that the initial states of
mainly 3d metal or ligand character can be clearly distinguished
by their cross section behavior. These findings confirm the
qualitative deduction drawn from the trends experimentally
observed and point out in particular that the information content
of the calculated cross section data in organometallic compounds
is such as to provide strong support to the interpretation of PE
spectra, in terms of the symmetry and AO composition of the
relevant orbitals.

The calculated asymmetry parameter profiles of the bands
A′ and A′′ are reported in Figures 2 and 5, respectively. The A′
bandâ profile appears quite structured in the lower energy range
and it is possible to identify clearly the counterparts of the
structures also found in the total cross section of the band A′,
in particular a minimum near the threshold and the maximum
around 45 eV. At higher energy, only very smooth features are
present. The asymmetry parameter profile of band A” (Figure
5) shows a rapid increase just above the threshold again
resembling the trend followed by the calculated cross section
profile. A definite minimum is instead present around 45 eV.
The lower energy part of the calculated asymmetry parameter
profiles can be compared with the experimental data available5

in Figure 7. Here, theâ profiles of the single MOs contributing
to the A′ and A′′ bands are shown. The minimum in the

experimental profile of the 8a1′ and 4e2′ 3d Fe MOs is well
apparent around 14 eV, which is well reproduced by the
calculation. The experimental data relative to the ligand MOs
show instead a monotonic increase in this energy range, as
correctly predicted also by the theory. Also, the relative trends
of the calculated profiles of the two couple of MOs in each
band follow the observed curves and can confirm the experi-
mental attribution of the initial states. The present results suggest
therefore that possible relationships can be found between the
asymmetry parameter profiles and the metal or ligand character
of the ionized orbitals and underline also the interest to extend
the experimental measure toward higher energies where stronger
resonance in the 3d metal cross sections are present.

Cross sections and asymmetry parameter profiles calculated
for bands B and C are reported in Figures 8 and 9 together
with the experimental data from Ref 4. These bands are
associated with the lowerπ and the firstσ ligand ionizations
(see Table 1). As it is well apparent in the two figures, the cross
section profiles of both B and C bands exhibit a monotonic
decrease with photon energy with only one significant difference
at threshold where the intensity of B band is stronger than that
of C band, due to the larger number of ionizations contributing
to it. The theoretical results reproduce correctly the experimental
behavior in all energy range and confirm the common trend
followed by the cross sections of the C5H5

- ligand ionizations
bands in ferrocene.

The calculated asymmetry parameter of B band (Figure 8)
shows some oscillations at low energies while very smooth
structures are present in theâ profile above 40 eV. The
asymmetry parameter of the C band (Figure 9) appears less

Figure 10. Experimental (upper panel) [4] and calculated (lower panel) valence-band branching ratios of Fe(Cp)2. The calculated data are shifted
to the experimental thresholds, ref 3.
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structured with a monotonic increase from the threshold up to
45 eV.

A last comparison between experimental and theoretical
results relative to the valence ionizations is reported in Figure
10, where the branching ratios of the A′, A′′, B, and C bands
are shown. Again, the overall agreement of the theoretical curves
with the experimental ones is excellent and is clearly able to
discriminate without ambiguity between different bands, al-
though at low energy some discrepancies are apparent, namely
a too high calculated profile for the C band with respect to the
B band.

The last inner valence ring ionizations give rise to the D and
E bands (see Table 1) whose calculated results are reported in
Figure 11. No experimental data are available for comparison.
The cross section of band D presents a maximum around 40
eV followed by a rapid decline with photon energy. The
asymmetry parameter profile appears quite structured up to 80
eV, whereas at higher energy, the behavior is rather smooth
and without structures. The next band E displays two important
structures near the threshold and a weaker feature around 65
eV. It appears that quite typical pattern are calculated for the
inner valence bands at variance with the behaviors of the profiles
of the outer valence ligand bands. The structures present in the

asymmetry parameter profile of band E extend in the same
energy range of the corresponding ones in the cross section. It
is important to underscore that the features present in the
asymmetry parameter profiles of all the ligand valence bands
are strong enough to be experimentally detected and often fall
in an energy region where the cross section profile is already
very weak.

Core Photoionization Profiles.Consider first the core results
relative to the C 1s profiles which are collected in Figure 12.
The experimental continuum resonances derived from electron
energy loss spectrum39 are also reported for comparison. The
theoretical C 1s cross section has been obtained as the sum of
the partial contributions of each core C 1s orbital (1e2′′, 1e2′,
1e1′′, 2e1′, 2a2′′, 3a1′, see also Table 2). Two near, well-resolved
peaks are present just above the ionization threshold (at 295
and 298 eV respectively) showing a pattern very similar to that
calculated also in the C 1s continuum spectrum of Cr(C6H6)2

and free C6H6
27, and found in the C 1s spectra of other six-

electrons aromatics,40,41 where two continuum resonances are
also observed. In the case of the Fe(C5H5)2 molecule the
inspection of the calculated partial final channel cross section
profiles contributing to all the C 1s initial states allow to attribute
the two peaks calculated just above the C 1s ionization threshold
as follows: both maxima mainly derive from the 1e1′′ and 2e1′
initial orbitals; the other C 1s initial states contribute only to
the background of the total C 1s cross section in this energy
region. The first peak (at 295 eV) can be attributed to the 2e1′f
ka2′ and 1e1′′f ka1′′ transitions, whereas the second one (at
298 eV) to the 2e1′f ke2′ and 1e1′′f ke2′′ transitions (the other
possible final channels allowed for these two initial orbitals give
only minor contributions to these two peaks). On the basis of a
minimal basis set (MBS) calculation, performed with the LB94-
GS potential, we can found the eigenvalues of the quasi bound
virtual valence states of interest: 1a2′ 9.18 eV and 1a1′′ 9.21
eV; 7e2′ 11.53 eV and 6e2′′ 11.56 eV. These values appear
realistic, apart from the slight overestimate of the absolute
energies: in fact, the energy shift between 1a2′, 1a1′′ and 7e2′,
6e2′′ final virtual orbitals is about 2.4 eV from the MBS
calculation and 3 eV from the continuum calculation. It has
also to be underlined that these four MBS virtual states have
an essentially Carbon 2p character. In summary, we can
conclude that the two C 1s continuum peaks in Fe(C5H5)2 can
be interpreted as shape resonances determined by cyclopenta-
dienyl rings in analogy with the interpretation given for the
similar structures in the C 1s cross section of Cr(C6H6)2.27

Actually, the only significant difference near the threshold
between the two organometallic compounds is a shift of the
energy position of the two maxima, which are calculated at
higher photon energy for Cr(C6H6)2 (at 297.2 and 299.9 eV
respectively) with respect to Fe(C5H5)2. Being the shift in the
C 1s experimental thresholds very small (290.03 eV in
Fe(C5H5)2 and 289.7 eV in Cr(C6H6)2) this effect is therefore
due to the continuum, which shifts the profiles depending on
the effective molecular potential.

The reliability of the present C 1s theoretical results is
supported by the comparison with the experimental data
available in the energy region just above the threshold (panel b
of Figure 12). As we can see, the agreement with the experiment
is very nice, in particular as concerns the energy position; also,
the relative intensities of the two continuum shape resonances
are well-described. The region at higher energy presents two
smooth structures around 330 and 360 eV, which cannot be
related to any virtual valence states due to their very high energy
positions. In summary, the comparison between the Fe(C5H5)2

Figure 11. Calculated cross sections and asymmetry parameter profiles
of the D and E inner valence Bands of Fe(Cp)2 .
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and Cr(C6H6)2 results suggests that the behavior of the C 1s
cross section near the threshold is determined essentially by
the ligand fragments, with very small effect due to the
coordination with the metal atom. This can be associated with
the similarity of the initial states with the C 1s character in the
two kind of ligands (C5H5

- and C6H6) and to the fact that at
low photon energies the continuum states do not penetrate into
the system and feel essentially the potential of the ligand
fragments.

The C 1s asymmetry parameter profile (Figure 12) does not
show important features; a regular increase characterizes the
region above the threshold, whereas at higher energies a quite
constant trend is apparent.

Consider now the results relative to the metal core Fe 1s
ionization, which are reported in Figure 13, together with the
experimental XANES spectrum from ref 42. The calculated Fe
1s cross section profile shows a strong resonance at threshold
characterized by a shoulder on the low energy side and followed
by a series of broad and smooth oscillations. The lower energy
part of the calculated spectrum is in good accord with the
experimental XANES spectrum42, as it is shown in panel b of
Figure 13. An important observation is that the weak feature
labeled D in the experiment is not reproduced by the calculation.
This “bump” has been previously assigned to a multielectron
shake-up satellite,42 which cannot be described by the present
level of theory. The shoulder B and the main structure C are

Figure 12. Calculated core C 1s cross section and asymmetry parameter profile (panela) of Fe(Cp)2. Comparison between calculated cross section
and experimental ISEELS spectrum from ref 39 in the lower energy range (panelb). The calculated data are shifted to the experimental C 1s
threshold, ref 44.

Photoionization Processes in Fe(C5H5)2 J. Phys. Chem. A, Vol. 105, No. 42, 20019809



instead well-reproduced in the calculated spectrum and are
associated with a shape resonance contributed by two compo-
nents, as it is apparent from panel a, where the partial continuum
contributions to the cross section are also shown. These are
associated with p-like electron waves, namely ka2′′ and ke1′
channels, which gain their oscillator strength from the atomic s
f p nature of the transitions. In particular, the lower energy
shoulder derives from the 1a1′fke1′ transition, whereas the main
peak is associated with the 1a1′fka2′′ transition. The calculated
energy splitting between these two continuum components (ka2′′
corresponds to the pz electron wave and ke1′ to the px, py waves)
is 4.8 eV. It is interesting to note that this value is higher than
that found in the calculated Cr 1s cross section of Cr(C6H6)2,27

which closely resembles the present Fe1s profile, apart from a
less pronounced lower energy shoulder of the shape resonance
at threshold, due to the smallest splitting of the p waves (3.4
eV). The higher energy part of the Fe 1s profile shows a series
of oscillations which can be the first terms of EXAFS oscilla-
tions. Also, this part of the spectrum is very similar to the Cr
1s profile in Cr(C6H6)2. The comparison between the metal 1s
continuum results of Fe(C5H5)2 and Cr(C6H6)2 seems to indicate
that the spectra are not influenced by the change of the central
metal atom if the nature of the ligands in the metal complexes
remains substantially the same.

The Fe 1s asymmetry parameter profile (Figure 13) is very
structured, at variance with the behavior observed for the C 1s
results, in particular at the threshold where a significant
correspondence with the structures in the cross section is
apparent. Also at higher energies rather wide structures are
present.

The results relative to the Fe 2s and 3s ionizations are not
reported because they are essentially the same as those of Fe

1s, with only the exception of the absolute cross section values,
which differ by a factor of about 4 and 8 respectively with
respect to the Fe 1s values.

In Figure 14 the Fe 2p core ionization is considered; the 1a2′′
and 1e1′ contributions relative to the splitting of the 2p orbitals
in the D5h symmetry are also reported. Several structures are
present in the cross section profiles: a narrow peak just above
the threshold (at 719.29 eV), a second more intense and large
peak (around 740 eV) and a third less intense structure (around
792 eV), which is the first of a series of damped oscillations.
The analysis of the initial partial contributions shows that the
first resonance derives its intensity essentially from the 1e1′
initial state while the second and third structures are actually
the sum of the 1e1′ and 1a2′′ initial contributions. A more
detailed interpretation requires the analysis also of the partial
final continuum contribution accessible from each initial state.
On ionization from metal 2p orbitals we expect d-like electron
waves to dominate the cross section, namely ka1′ (dz2 wave),
ke1′′ (dxz, dyz waves) and ke2′ (dx2-y2, dxy waves) channels; both
the 1e1′ and 1a2” initial states have access to the a1′ and e1′′
ionization channels. The calculations show that the ke2′
continuum is the most responsible for the intensity of the first
peak while both the ke2′ and ke1′′ channels are involved in the
strongest resonance around 740 eV and in the first oscillation
at 792 eV. The dominant contribution is always associated with
the ke2′ continuum. The a1′ continuum carries only minor
intensity increasing substantially the background of the cross
section profile. A close resemblance of the calculated Fe 2p
cross section profile with the Cr 2p continuum results in
Cr(C6H6)2 molecule27 is apparent, as found also for the metal
1s ionizations results. In summary, the core continuum spectra
of these two organometallic compounds, which share ligands

Figure 13. Calculated core Fe1s cross section and asymmetry parameter profile (panela) of Fe(Cp)2. Partial final continuum contributions (ke1′
and ka2′′)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 Fe1s threshold, ref 45.
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of similar nature, exhibit very similar behavior and no obvious
dependence on the central metal atom is apparent. As concerns
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 et al.43

However, apart from further difficulties due to the presence of
the preedge L3 and L2 spin-orbit components, the measured
oscillator strength for the below edge absorptions is much higher
than the calculated absolute cross section values (almost 1 order
of magnitude). Therefore, the continuum resonances are hidden
in the background of the experimental spectrum. Higher
resolution photoabsorption measurements could probably reveal
also the continuum resonance present between the two Fe 2p
ionization thresholds and few tens of eV above the L2 edge.

Consider finally the Fe 3p ionization, whose results are
collected in Figure 15. The 3p orbital is not properly a core
orbital, however its energy (around 60 eV) is well separated
from the valence shell energies so that it can be discussed
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
energies only smooth oscillations are present in the cross section.
The initial partial contribution reported in the upper panel show
that both the 3e1′ and 3a2′′ initial states contribute to the intensity
of the strong peak at the threshold. The analysis of the partial

final contributions indicates instead that the intensity derives
from the ka1′ 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
considering the simple model of the minimal basis set calcula-
tions; in this way, we can identify the first virtual valence level
of a1′ symmetry above the threshold as a quasi-bound state
involved in the resonance. This is the 9a1′ level whose
composition 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 the 3p-4d atomic
transition is more intense than the 3p-4s one. Also, the Fe3p
cross section profile looks very similar to that calculated for
the Cr3p ionization in Cr(C6H6)2.27

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

The continuum photoionization observables of ferrocene,
cross section, branching ratios, and asymmetry parameter
profiles have been calculated and analyzed in detail, exploring
the complete energy range from valence to metal core ioniza-
tions.

Figure 14. Calculated core Fe 2p cross section and asymmetry
parameter profile of Fe(Cp)2. Initial orbital contributions (1e1′ and 1a2′′)
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)2. Initial orbital contributions (3e1′ and 3a2′′)
are also reported. The calculated data are shifted to the Fe3p free atom
experimental threshold, ref 47.
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The valence photoelectron spectrum obtained with the LB94-
GS potential is in good accord with the experiment both as
concerns the energetic ordering and the spacing among the
observed ionizations. This has allowed to associate the calculated
states to the resolved experimental bands and sum up correctly
their cross section profiles. The outer valence cross section
profiles and branching ratios have been compared with the
experimental data showing a good agreement between theory
and experiment. This indicates the capability of the computa-
tional method employed to deal with large system containing
transition metal atom. Most important, the level of agreement
between theory and experiment is such as to discriminate very
clearly between cross sections and angular distributions due to
different initial orbitals, so that the LDA description presently
adopted appears generally adequate to give a detailed interpreta-
tion of photoemission data in organometallic compounds and
to resolve assignment problems in the spectra.

The calculated shape resonances have been analyzed in terms
of both the initial and final states contributing to them, adding
new information generally not obtainable from the experimental
data. Several comparison with analogous results obtained for
the Cr(C6H6)2 molecule are made, to highlight possible relation-
ships in the cross section profiles. The theoretical results indicate
that the initial states of mainly 3d metal and mainly ligand
character can be clearly distinguished by their cross section
behavior and point out the important information content which
can be drawn from this continuum observable. As concerns the
asymmetry parameter profiles, the calculations indicate the
presence of important structures in the valence region, even at
high energies, which could be experimentally detected.

The core C 1s features near to the threshold are interpreted
as shape resonances to quasi-bound valence virtual orbitals of
the cyclopentadienyl ring in line with the interpretation given
also for the analogous structures in the C 1s cross section of
Cr(C6H6)2. The metal core cross sections (Fe 1s, 2p, and 3p)
display in general very sharp structures at threshold followed
by broad oscillations and show strong similarity with the cross
section profiles calculated for the same Cr core ionizations in
Cr(C6H6)2. Apparently, the cross section behavior of the core
metal orbitals does not seem influenced by the change of the
central metal atom in these two organometallic compounds. It
is expected a stronger sensitivity of the metal core results in
response to a different chemical environment of the central atom.
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