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Metal octaethylporphyrins (M-OEP), M-N4C20H4(C2H5)8, adsorbed at a metallic substrate are
promising candidates to provide spin dependent electric transport. Despite these systems having been
studied extensively by experiment, details of the adsorbate geometry and surface binding are still
unclear. We have carried out density functional theory calculations for cobalt octaethyl porphyrin
(Co-OEP) adsorbate at clean and oxygen-covered Ni(100) surfaces as well as for the free Co-OEP
molecule where equilibrium structures were obtained by corresponding energy optimizations. These
geometries were then used in calculations of Co-OEP carbon and nitrogen 1s core excitations yield-
ing theoretical excitation spectra to be compared with corresponding K-edge x-ray absorption fine
structure (NEXAFS) measurements. The experimental NEXAFS spectra near the carbon K-edge
of Co-OEP bulk material show large intensity close to the ionization threshold and a triple-peak
structure at lower energies, which can be reproduced by the calculations on free Co-OEP. The exper-
imental nitrogen K-edge spectra of adsorbed Co-OEP layers exhibit always a double-peak structure
below ionization threshold, independent of the layer thickness. The peaks are shifted slightly and
their separation varies with adsorbate-substrate distance. This can be explained by hybridization of
N 2p with corresponding 3d contributions of the Ni substrate in the excited final state orbitals as a re-
sult of adsorbate-substrate binding via N–Ni bond formation. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4765373]

I. INTRODUCTION

Owing to its elemental selectivity, the effect of x-ray
magnetic circular dichroism (XMCD) provides the unique
capability for studying the magnetization of paramagnetic
molecules in contact with a ferromagnetic substrate. Mag-
netic metalorganic molecules, stabilized at solid substrates,
are considered the main building blocks of future molecular
spintronic devices. Here the adsorbate-substrate interaction
in general has a strong influence on the electronic, structural,
and magnetic properties of adsorbed molecules. Studying
the influence of a well-defined substrate on the proper-
ties of magnetic metalorganic molecules is thus of high
importance.

Porphyrin molecules are of particular interest, since their
planar four-fold coordinated structure allows the incorpora-
tion of metal ions in the center which can be magnetic and
used to perform binary logic operations. For example, attach-
ing a photo-switchable ligand to a Ni porphyrin molecule
in solution allows to reversibly switch the spin state of
the molecules by visible light.1 On surfaces, coupling be-
tween the magnetic moment of the molecule and that of a
metallic ferromagnetic substrate has been observed for sev-
eral metalloporphyrins.2–5 Inserting oxygen atoms between
the porphyrin molecules and the substrate can switch the
molecule-substrate coupling to being antiferromagnetic.6, 7

Further, co-adsorption and thermal desorption of NO at the
empty ligand site of adsorbed porphyrin molecules was found
to allow reversible manipulation of the molecular spin state8

or the magnetic coupling with the ferromagnetic substrate
layer.9

While x-ray absorption spectra near the L-2,3 edge of the
metal center of metalloporphyrins reveal oxidation and spin
states, polarization-resolved absorption spectra at the nitrogen
and carbon K-edges are essential for a complete understand-
ing of the molecule-substrate interaction. The latter contain
valuable information on the molecular electronic state,10 its
orientation,3, 11–13 and substrate-induced deformation.14 In the
case of iron porphyrins on metallic substrates the four nitro-
gen atoms of the porphyrin ring are held responsible for the
ferromagnetic coupling of the molecules with the substrate
where they mediate a 90◦ superexchange coupling between
the Fe ion and the substrate atoms.3 In contrast, on the metal
substrate covered by half a monolayer of atomic oxygen the
nitrogen atoms do not significantly contribute to this coupling,
which then is of the 180◦ superexchange type. These mag-
netic couplings between metal porphyrin and metal substrate
seem to be of more general importance and may also apply
to other porphyrin adsorbates, such as cobalt octaethyl por-
phyrin (Co-OEP) or Mn-OEP, which, so far, have not been
studied in detail. Other examples include Mn-TTP adsorbed
at a Co substrate.5, 7

In this work, we present detailed theoretical results of C
and N K-edge x-ray absorption spectra obtained by density
functional theory (DFT) for free Co-OEP molecules as well
as for adsorbed Co-OEP at clean and oxygen-covered sin-
gle crystal Ni(100) substrate using cluster models. The results
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are interpreted by electronic structure analyses of excited fi-
nal states and compared with measured (polarization-resolved
and integrated) K-edge x-ray absorption fine structure
(NEXAFS) spectra for corresponding adsorbate systems and
a Co-OEP bulk reference sample.

In Sec. II we introduce the models and discuss de-
tails of the computational methods used in the spectrum
calculations. Section III describes experimental details con-
nected with sample preparation and NEXAFS measurements
while Sec. IV presents results and discussion. Finally, Sec. V
summarizes our conclusions.

II. THEORETICAL DETAILS

A. Geometric and electronic structure, cluster models

The free Co-OEP molecule is composed of an almost
planar central CoN4C20H4 part which is surrounded by eight
ethyl groups pointing to the same side away from the plane,
yielding a CoN4C36H44 molecule, see Fig. 1. Due to its four-
fold rotational symmetry there is only one type of nitrogen
while five different carbon species, labeled C1 to C5 appear
in Co-OEP, as shown in the figure.

The Co-OEP molecule adsorbed at metal substrate was
reported to stabilize with its plane parallel to the surface.13, 15

This adsorbate geometry is confirmed by theoretical optimiza-
tions for Co-OEP on Ni (100). Here the substrate surface is
modeled by one fixed Ni layer of (100) orientation (form-
ing a square lattice) while the Co-OEP adsorbate is relaxed at
three different lateral surface sites: With the central Co atom
at the four-fold hollow surface site, on top of a Ni center, and
at a two-fold bridging surface site. For all sites the equilib-
rium geometry is obtained by periodic DFT calculations ap-
plying the projector augmented plane wave method16 as im-
plemented in Vienna ab initio simulation package (VASP)17

together with the generalized gradient corrected PBE func-
tional according to Perdew et al.18 Here a 8 × 8 Ni(100)

FIG. 1. Geometric structure of the free Co-OEP molecule for (a) a side view
and (b) a top view. Atoms are shown by balls of different radii and labeled
accordingly.

surface supercell, corresponding to a periodicity length of
20.4478 Å is used. As a main result, the Co-OEP is found
to stabilize the most favorably with its Co center above the
four-fold hollow site of the Ni(100) layer and its N atoms get-
ting closest to Ni surface atoms. The N centers inside the ad-
sorbed Co-OEP form a square with a N-N distance of 2.93 Å
which is somewhat larger than the nearest neighbor Ni-Ni dis-
tance, 2.49 Å, of the Ni(100) layer. Thus, corresponding N–
Ni bonds do not point entirely perpendicular to the surface.
Further, the Co-OEP plane is curved slightly due to repulsion
between the Ni atoms and hydrogen at the Co-OEP periph-
ery. The shortest N-Ni distance amounts to 1.87 Å which is
smaller than the shortest C–Ni distance 2.03 Å at the sur-
face. Therefore, the electronic coupling of the Co-OEP ad-
sorbate with the Ni substrate may be expected to involve
nitrogen atoms of the adsorbate to a larger extent than carbon
atoms.

The optimized geometry of the free Co-OEP molecule as
well as of the Co-OEP adsorbate at the clean Ni(100) surface
from the periodic DFT model calculations serves as a basis
to construct model clusters for the evaluation of theoretical
core excitation spectra of free and adsorbed Co-OEP. As men-
tioned above, the geometry data suggest stronger electronic
coupling with the Ni substrate for the N atoms than for the C
atoms of Co-OEP. Therefore, the substrate part of the Ni/Co-
OEP adsorbate system is modeled by a small cluster of four Ni
atoms (2 × 2 array) of the first Ni surface layer closest to and
underneath the central nitrogen atoms of the adsorbate in their
geometry taken from the surface optimizations, see Fig. 2(a).
The resulting Ni4-(Co-OEP) cluster is used to calculate theo-
retical N and C 1s core excitations of Co-OEP modeling the
adsorbate system which will be presented below. It must be
emphasized that this simulation is rather crude due to the lim-
ited size of the substrate cluster. However, qualitative trends
are found to be visible already in this approximation. This
is also suggested by preliminary test calculations with larger
and computationally more demanding clusters including Ni12

and Ni16 substrate parts (truncated and complete planar 4 × 4
arrays).

In addition to the Ni4-(Co-OEP) cluster simulating the
Co-OEP adsorbate at the clean Ni(100) surface, the adsorp-
tion of Co-OEP at the Ni surface covered with 1

2 ML oxygen

FIG. 2. Geometric structure of model clusters representing Co-OEP ad-
sorbed at the clean and oxygen-covered Ni(100) surface, see text. (a) Top
view of the Ni4-(Co-OEP) cluster; (b) side view of the Ni4O-(Co-OEP) clus-
ter. Atoms are shown by balls of different radii and labeled accordingly.
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(in c(2×2) geometry) is modeled by a Ni4O-(Co-OEP) clus-
ter. This includes, apart from the representation of the Ni sub-
strate by a Ni4 cluster, one oxygen atom between Ni4 and Co-
OEP located in the substrate hollow site as shown in Fig. 2(b).
The oxygen is directly below the cobalt atom of the Co-OEP
at a distance d(O-Co) = 1.74 Å as evaluated by optimizing
the geometry of Co-OEP with one oxygen atom binding to
the central Co atom.

B. NEXAFS spectrum calculations

The local clusters obtained from the geometry opti-
mizations discussed above are used to evaluate electronic
ground as well as nitrogen and carbon 1s core excited states
within DFT. In the calculations the gradient corrected re-
vised Perdew-Burke-Ernzerhof (RPBE) exchange-correlation
functional18, 19 is employed and all calculations are performed
with the cluster code StoBe.20

The computation of theoretical C and N 1s x-ray ab-
sorption spectra of the Co-OEP molecule in the different
clusters considers core to unoccupied orbital excitations
resulting from dipole transitions. Thus, polarization-resolved
spectral intensities I(E, e) are determined by corresponding
dipole transition matrix elements, vectors m = (mx, my, mz),
together with angle-dependent parameters of the incoming
radiation, characterized by the polarization vector e = (ex, ey,
ez), as

I(E, e) = κ · E · (m e)2, m = 〈ϕf |q · r|ϕcore〉. (1)

Here κ is a global scaling factor, E denotes the transition
energy, and transition dipole vectors m involve the initial core
orbital ϕcore and excited final state orbitals ϕf. In addition,
averaging (1) over all polarization directions in the case of
disorder yields the polarization-averaged intensity as

I(E) =
∫

I(E, e) d� = 2π/3 · κ · E · (m2
x + m2

y + m2
z

)
. (2)

Both polarization-averaged and polarization-resolved inten-
sities will be considered in the analysis. The evaluation of all
core excited final states with corresponding transition ener-
gies E and matrix elements m is achieved within the transition
potential approach21 in combination with a double basis set
technique.22 This approximation involves a half-occupied
1s core orbital at the excitation site, nitrogen or carbon in
Co-OEP, thereby accounting for partial electronic relaxation
due to the presence of the excited electron.23 The transition
energies and corresponding dipole transition matrix elements
in (1), (2) are convoluted using Gaussian broadening of vary-
ing width to simulate instrumental, vibrational, and life-time
broadening. For both carbon (nitrogen) 1s excitations a full
width at half maximum (FWHM) value of 0.5 eV (1.2 eV) is
applied below the ionization threshold while the broadening
is increased linearly to 2 eV (4 eV) up to 20 eV above
threshold and kept fixed at this value for higher energies.

In the transition potential approach the electronic core
hole relaxation of the excited final state is not fully accounted
for. This incomplete relaxation can be corrected in an approx-
imate way by shifting all excitation energies by the difference
of the ionization potential computed with the transition poten-

tial method and the corresponding value from �Kohn-Sham
(�SCF) calculations. This results in a global downward shift
of about 2 eV, depending on the excitation site. Further, rela-
tivistic corrections are included by applying an additional up-
ward shift of the computed spectra by 0.08 eV for C 1s excita-
tion and 0.18 eV for N 1s excitation.24 Successful applications
of the present approach to gas phase, adsorbed molecules, and
surfaces can be found in Refs. 25–34. For further details of the
method consult Refs. 21–26.

III. EXPERIMENTAL DETAILS

X-ray absorption (NEXAFS) measurements were per-
formed for the different adsorbate systems with the substrate
consisting of a Cu(100) single crystal covered by a thin epi-
taxial Ni film with or without adsorbed oxygen. The sample
preparation was carried out under ultrahigh vacuum condi-
tions (p = 2 × 10−10 mbar). A Cu(100) single crystal was
cleaned by cycles of Ar+ sputtering at 1.0 keV and anneal-
ing to 900 K where the surface quality was checked by low-
energy electron diffraction. Epitaxial Ni films were produced
by electron-beam evaporation either on the clean or on a pre-
oxidized Cu(100) single crystal at room temperature. The
oxidized Cu(100) surface was prepared following Ref. 35.
Ni growth on the Cu surface covered by 0.5 monolayers of
atomic oxygen occurs in a surfactant-assisted mode35, 36 with
the oxygen atoms in c(2×2) positions.

Co(II)-2,3,7,8,12,13,17,18-octaethylporphyrin molecules
(Co-OEP), purchased from Sigma-Aldrich, were evaporated
by sublimating molecular powder from a crucible at about
485 K onto the sample held at room temperature. The thick-
ness of the Ni film and the coverage with porphyrin molecules
were determined by intensity oscillations of medium-energy
electron diffraction and by a quartz microbalance, respec-
tively, and were cross-checked by the signal-to-background
ratio edge jump at the respective x-ray absorption edges. A
coverage of Co-OEP in the submonolayer regime ensures di-
rect contact between the molecules and the substrate. We de-
posited 0.7 monolayers (ML) of Co-OEP on oxygen-covered
Ni films, while on the bare Ni substrates samples with a
molecular coverage of 0.8 and 0.6 ML were prepared for mea-
surements at the N K and the C K edges, respectively. A full
ML corresponds to a coverage of about 0.8 molecules/nm2.
Bulk porphyrin reference samples were prepared by pressing
molecular powder onto a thin indium foil.

NEXAFS measurements were performed using linearly
p-polarized x-rays of the helical undulator beam line UE56/2-
PGM1 (bulk Co-OEP and Co-OEP on Ni films) and the bend-
ing magnet beam line PM3 (Co-OEP on O-Ni) of BESSY
II in Berlin, with a degree of polarization larger than 95%.
Spectra were acquired in total-electron-yield mode by record-
ing the sample drain current as a function of photon energy.
They were normalized to the total electron yield of a freshly
evaporated gold grid upstream to the experiment and subse-
quently divided by the corresponding spectra of a bare and
oxygen-covered Ni film, respectively, without adsorption of
Co-OEP, which were also normalized to the electron yield of
the gold grid. Spectra were taken between normal and grazing
incidence, defined by angles of 0◦, 54◦, and 70◦, respectively,
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FIG. 3. (a) Theoretical C 1s core excitation spectrum of a free Co-OEP
molecule (total spectrum, “Theo.”) compared with experimental C K-edge
NEXAFS data (“Exp.”) for crystalline Co-OEP powder. (b) Decomposi-
tion of the total theoretical spectrum into contributions from the five non-
equivalent carbon species, C1 to C5, in free Co-OEP, see Fig. 1(b). The two
dashed vertical lines indicate the energy range of the computed ionization
potentials for C1 to C5.

between the direction of the x-ray beam and the surface nor-
mal. The photon energy resolution was set to 100 meV at the
C K-edge, and to 150 meV at the N K-edge. Calibration of the
photon energy was carried out by means of absorption mea-
surements of gaseous N2, setting the position of the first N π*
resonance to 400.88 eV.37 Low photon flux densities at the
sample of about 1013 s−1cm−2 were used to prevent radiation
damage. This is confirmed by comparisons of spectra taken
immediately after sample preparation and at later times.

In the following we apply the experimental energy scale
with the above calibration in all graphs where experimental
spectra are presented (Figs. 3, 5(b)–5(d), 6(a), 7(b)–7(d), and
9(a)). This allows direct comparison with future experiments.
If experimental spectra are compared with those from theory
(Figs. 3, 5(b)–5(d), and 7(b)–7(d)), we apply an additional
global shift (0.3 eV to lower energies for C 1s, 0.3 eV to
higher energies for N 1s) to all theoretical spectra in order
to facilitate the visual comparison of peak separations. In all
graphs with theoretical spectra only (Figs. 4, 5(a), 6(b), 7(a),
8, and 9(b)) we use the theoretical energy scale to allow im-
mediate comparison with subsequent calculations. However,
we point out that for all qualitative comparisons of the spectra
and their interpretation these shifts can be safely ignored.

IV. RESULTS AND DISCUSSION

A. Carbon K-edge NEXAFS spectra for Co-OEP

Figure 3(a) shows the calculated carbon 1s core ex-
citation spectrum for a free Co-OEP molecule (“Theo.”)
and compares with experimental C K-edge NEXAFS data
(“Exp.”) obtained at 300 K for crystalline Co-OEP powder.
The crystalline Co-OEP powder yields a rather broad peak
of large intensity near 287.5 eV (included only in parts in
Fig. 3(a)) and a triple-peak structure in the energy range be-
tween 284 eV and 286 eV. The latter three peaks at 284.3 eV,
285.0 eV, and 285.7 eV are close in width, 0.5 eV,

0.4 eV, and 0.45 eV FWHM, respectively. The theoretical car-
bon 1s core excitation spectrum for a free Co-OEP molecule
reveals also a triple-peak structure in the energy range be-
tween 284.0 eV and 286.0 eV and a large broad peak at
287.7 eV, near the ionization threshold. While the peak sepa-
rations of the triple-peak structure are slightly smaller than in
experiment, the comparison between theory and experiment
suggests good agreement up to the ionization threshold. (The
energy range of the computed ionization potentials for the dif-
ferent carbon species in Co-OEP is shown by dashed lines in
Fig. 3). The small differences can be explained by the fact
that the crystalline powder sample used in the experiment
allows for weak electronic coupling between adjacent Co-
OEP molecules which is not described by the calculations for
a gas phase molecule.

Figure 3(b) shows a decomposition of the total theoreti-
cal spectrum into contributions from the five non-equivalent
carbon species in free Co-OEP, denoted C1 to C5, see
Fig. 1(b). Obviously, contributions from the C1 and C2
species, located at the ethyl periphery of the molecule, ap-
pear only above 287 eV, i.e., energetically well outside the
triple-peak region. On the other hand, the triple-peak struc-
ture in the energy range between 284 and 286 eV is identified
as being almost exclusively due to core excitations of carbon
species C3, C4, and C5 residing in the inner porphyrin part of
Co-OEP, see Fig. 1(b), where the peaks discriminate clearly
between the species. The two outer peaks, at 284.3 eV and
285.7 eV, originate from excitations at both C3 and C4 of
about the same intensity. In contrast, the central peak at
285.1 eV is determined by excitations at the C5 species which
is next to nitrogen in the molecule. Finally, the large peak near
287 eV in the total spectrum, i.e., near the ionization thresh-
old, contains contributions from core excitations at all carbon
sites C1 to C5 where those at C3 and C5 dominate.

More detailed information about the characteristics of the
C core excitations can be obtained by analyses of correspond-
ing final state orbitals. As examples, Fig. 4 shows the partial
spectra obtained for core excitations at C3, C4, and C5, see
Fig. 1(b). The spectra also include discrete excitation energies
given by vertical lines of lengths characterizing corresponding
excitation probabilities. In addition, iso-surface plots of final
state orbitals of selected excitations (1), (2) are shown above
each spectrum. The analysis shows first that all final state or-
bitals involved in the core excitations of the triple-peak struc-
ture between 284 eV and 287 eV and the large intensity peak
below ionization threshold are described as π* type with re-
spect to the porphyrin plane. Here bonding/antibonding C 2p
mixtures (with smaller N 2p contributions) dominate where
the amount of antibonding character determines the energetic
order of the excitations in a complex way. This is obvious
from the orbital plots of Figs. 4(a)–4(c) where the C 2p char-
acter at the excitation center is always combined with anti-
bonding 2p functions at nearby carbon centers. Further, the
final state orbitals of Figs. 4(a)–4(c) include only little 2p
contributions from nitrogen near the molecule center. Thus,
corresponding excitations are not expected to be influenced
strongly by bond formation of the nitrogen with a metal sub-
strate when the Co-OEP molecule adsorbs at the surface. This
will be discussed below.
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FIG. 4. Theoretical C 1s core excitation spectra of different carbon species
in free Co-OEP, for (a) C3, (b) C4, and (c) C5, see Fig. 1(b). The spectra,
taken from Fig. 3(b), include discrete excitation energies between 284 eV and
287 eV given by vertical lines of lengths characterizing corresponding excita-
tion probabilities. The dashed vertical lines indicate the computed ionization
potentials for the carbon species. The iso-surface plots above each spectrum
illustrate representative final state orbitals (1), (2) of selected peaks labeled
accordingly. The arrows in the plots point at corresponding carbon excitation
centers.

Interestingly, for excitations at C3, C4, and C5 the two
lowest peaks (1), (2) are always separated energetically by
1.5 eV, where those for C3 and C4 are energetically very sim-
ilar, while the two C5-derived peaks are shifted to higher en-
ergy by 0.8 eV with the second peak yielding only little inten-
sity and explaining the triple-peak structure. This may suggest
additional local charging at the C5 carbon atom (closest to ni-
trogen in the molecule) which is confirmed qualitatively by
population analyses. However, a quantitative account of the
effect remains difficult.

Figure 5(a) compares the theoretical polarization-
averaged C 1s core excitation spectrum of the free Co-OEP

FIG. 5. (a) Theoretical polarization-averaged C 1s core excitation spectra
for (α) the free Co-OEP molecule, (β) the Ni4O-(Co-OEP) cluster, and (γ )
the Ni4-(Co-OEP) cluster, see text and Figs. 1 and 2. The vertical lines in-
dicate positions of the energetically lowest peak in each spectrum. (b)–(d)
Comparison of the theoretical spectra (α), (β), (γ ) with corresponding exper-
imental polarization-averaged C K-edge NEXAFS data, see text. The vertical
dotted lines indicate positions of the theoretical ionization threshold in each
spectrum.

molecule with corresponding spectra for the Ni4O-(Co-OEP)
and Ni4-(Co-OEP) clusters used to simulate the electronic
coupling of Co-OEP with a Ni(100) surface with and without
oxygen coverage. The total spectra result from stoichiometri-
cally weighted superpositions of partial spectra of core excita-
tions at C1 to C5, see Figs. 1 and 2. The comparison reveals an
interesting behavior of the spectra in their dependence on the
electronic coupling of the Co-OEP molecule with the metal
clusters which is believed to be relevant also for the extended
adsorbate system. The total spectra of the three clusters are
quite similar exhibiting a triple-peak structure at lower en-
ergy where the separation between the peaks is almost identi-
cal. The only difference is a small global shift of the peaks by
0.2 eV to lower energy in going from the free molecule to that
coupling with the Ni4O subunit and a shift by 0.4 eV when
Co-OEP interacts directly with the Ni4 subunit. Here the oxy-
gen of the Ni4O subunit can be thought of as a spacer atom
weakening the electronic coupling of the Co-OEP molecule
with the Ni4 cluster, see Fig. 2(b), which could explain the
different size of the spectral shifts. Thus, the overall weak de-
pendence of the spectra on the electronic substrate coupling
in the present models suggests that corresponding carbon K-
edge NEXAFS spectra of adsorbed Co-OEP are quite close to
those of the unperturbed free molecule.

Figures 5(b)–5(d) compare calculated carbon 1s core
excitation spectra for free Co-OEP, Ni4O-(Co-OEP), and
Ni4-(Co-OEP) with corresponding experimental C K-edge
NEXAFS data for (b) crystalline Co-OEP powder, (c) Co-
OEP adsorbed on oxygen-covered Ni(100) acquired at 140 K,
and (d) Co-OEP on clean Ni(100) acquired at 300 K, where
the theoretical spectra are taken from Fig. 5(a). Figure 5(b)
refers to an experimental spectrum of the disordered Co-OEP
bulk sample (of Fig. 3) while in Figs. 5(c) and 5(d) the
experimental spectra are represented by polarization-resolved
spectra for magic angle photon incidence (θ = 54◦). Here the
theoretical spectra are shifted by 0.3 eV to lower energies to
facilitate a visual comparison of peak separations. Obviously,
the experimental results confirm the theoretical triple-peak
structure in the energy range between 283.5 eV and 286.0 eV
rather nicely.

In addition, polarization-resolved theoretical spectra can
be compared with results from corresponding experimental
NEXAFS spectra for different photon polarization directions.
Figure 6(a) shows experimental polarization-resolved C
K-edge NEXAFS spectra for Co-OEP adsorbed at the c(2×2)
oxygen covered and clean Ni(100) surface measured at 140
and 300 K, respectively. Figure 6(b) exhibits corresponding
theoretical C 1s core excitation spectra for the Ni4O-(Co-
OEP) and Ni4-(Co-OEP) cluster. In both figures three
different polar angles of incidence of the photon beam are
considered, grazing (θ = 70◦), magic (θ = 54◦), and normal
incidence (θ = 0◦). For all polar angles θ the photon polar-
ization vector lies inside the plane through the surface normal
and, for simplicity, the dependence on the azimuthal angle
ϕ is averaged in the theoretical spectra. Obviously, there is a
rather strong angle dependence of the experimental spectra
for both the oxygen-covered and the clean Ni(100) surface,
see Fig. 6(a). For grazing incidence with the polarization vec-
tor pointing almost perpendicular to the surface the spectra
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FIG. 6. (a) Experimental polarization-resolved C K-edge NEXAFS spectra
for Co-OEP adsorbed on oxygen-covered (c(2×2), top) and clean Ni(100)
(bottom) referring to three different angles θ of photon incidence, θ = 70◦,
54◦, 0◦, see text. (b) Theoretical polarization-resolved C 1s core excitation
spectra for the Ni4O-(Co-OEP) cluster (top, (β)) and the Ni4-(Co-OEP) clus-
ter (bottom, (γ )), see Figs. 2(c) and 2(d). The photon incidence angles θ ,
sketched in the inset, are identical to those in (a). The dashed vertical lines
indicate the computed ionization potentials for the carbon species.

yield triple-peak structures in the energy range between
283.5 eV and 286.0 eV where the peaks are much more pro-
nounced for Co-OEP at the oxygen-covered than at the clean
Ni(100) surface. These peaks are greatly reduced for normal
photon incidence. Assuming the Co-OEP adsorbate to lie flat
at the surface this angle behavior of the experimental spectra
indicates strongly that the final state orbitals corresponding to
excitations between 283.5 eV and 286.0 eV are of dominant
π* type symmetry. The effect is most obvious for the adsor-
bate at the oxygen-covered Ni(100) surface where it is weakly
bound and in its electronic behavior similar to free Co-OEP.

These findings are consistent with the analysis of the cor-
responding final state orbitals in the calculated spectra of free
Co-OEP discussed earlier. For Co-OEP at the clean Ni(100)
surface the measured triple-peak structure between 283.5 eV
and 286.0 eV is shifted to lower energy by 0.3 eV compared
with Co-OEP at the oxygen-covered Ni(100) surface which
is consistent with the theoretical shift discussed above, see
Fig. 5. The measured triple-peak structure for Co-OEP at
clean Ni(100) is somewhat washed out. This may hint at
additional intensity due to a stronger involvement of carbon-
derived orbitals in the electronic coupling with the Ni sub-
strate. But also other effects, like the influence of tempera-

ture – the spectra were taken at room temperature – cannot
be excluded. Interestingly, the energetically lowest peak at
283.5 eV in the spectra for Co-OEP at clean Ni(100) seems
to remain strong for all polarization angles which is not yet
fully understood. It may suggest that, apart from π* type, also
σ* type orbitals of Co-OEP with carbon character hybridiz-
ing with Ni contributions appear in the excitation spectrum.
These orbitals are not fully accounted for by the small cluster
models used in the calculations of the theoretical spectra. Al-
ternatively, slight buckling of the Co-OEP adsorbate may in-
fluence the spectra since the corresponding peaks derive from
carbon atoms being part of the porphinato core.

The theoretical C K-edge NEXAFS spectra for adsorbed
Co-OEP, given in Fig. 6(b), yield a triple-peak structure in
the energy range between 284.0 eV and 286.0 eV confirming
the experimental spectra for bulk and adsorbed Co-OEP, see
Figs. 3(a) and 6(a). Further, the dependence of the theoretical
peak heights on the photon polarization direction substanti-
ates that the origin of the peaks is due to excitations of carbon
core electrons to empty orbitals of π* type symmetry dis-
cussed earlier and compatible with the experimental findings.
However, for adsorption at both the oxygen-covered and clean
Ni(100) surface the spectral intensity between 284.0 eV and
286.0 eV vanishes at normal photon incidence, θ = 0◦. This is
in contrast to the experimental spectra of Fig. 6(a) where at θ

= 0◦ there is still appreciable intensity for Co-OEP adsorbed
at both substrates. This may indicate that some molecules are
adsorbed at step edges revealing a different electronic struc-
ture in the experiment which needs to be investigated further.

B. Nitrogen K-edge NEXAFS spectra for Co-OEP

Figure 7(a) compares calculated polarization-averaged
nitrogen 1s core excitation spectra for (α) the free Co-OEP
molecule, (β) the Ni4O-(Co-OEP) cluster, and (γ ) the Ni4-
(Co-OEP) cluster, see Figs. 1 and 2. The theoretical spectra
refer to one of the four nitrogen atoms in Co-OEP which

FIG. 7. (a) Theoretical N 1s core excitation spectra for (α) the free Co-OEP
molecule, (β) the Ni4O-(Co-OEP) cluster, and (γ ) the Ni4-(Co-OEP) cluster,
see text and Figs. 1 and 2. The vertical lines indicate positions of the two
peaks in the free Co-OEP spectrum. (b)–(d) Comparison of the theoretical
spectra (α), (β), (γ ) with corresponding experimental polarization-averaged
N K-edge NEXAFS data, see text. The vertical dotted lines indicate positions
of the theoretical ionization threshold in each spectrum.
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are equivalent due to symmetry. Clearly, all spectra ex-
hibit a double-peak structure in the energy range between
398.0 eV and 402.0 eV with peaks that are similar in width
and only slightly different in height. The separation between
the two peaks, amounting to 2.66 eV for free Co-OEP, is re-
duced somewhat to 2.40 eV in Ni4O-(Co-OEP) and to 2.36 eV
for Ni4-(Co-OEP) where the molecule comes closest to the
metal surface. Further, the presence of the metal part in the
clusters leads to additional intensity near 400.0 eV between
the two peaks which is not found for free Co-OEP. These re-
sults are understood as substrate-induced effects due to hy-
bridization of nitrogen-type orbitals with the metal as will be
discussed below.

Figures 7(b)–7(d) compare calculated nitrogen 1s core
excitation spectra for free Co-OEP, Ni4O-(Co-OEP), and
Ni4-(Co-OEP) with corresponding experimental N K-edge
NEXAFS data for (b) crystalline Co-OEP powder, (c) Co-
OEP adsorbed on oxygen-covered Ni(100), and (d) Co-OEP
on clean Ni(100) acquired at 300 K where the theoretical
spectra are taken from Fig. 7(a). Further, the theoretical spec-
tra are shifted by 0.3 eV to higher energies to facilitate a vi-
sual comparison of peak separations. Obviously, the exper-
imental results confirm the theoretical findings rather nicely.
First, the experimental spectra yield in all cases a double-peak
structure in the energy range between 398.0 eV and 402.5 eV
with peaks similar to those predicted by theory. Second, the
energetic separation between the two peaks reduces in go-
ing from crystalline Co-OEP powder (3.07 eV) to Co-OEP
adsorbed on the oxygen-covered (2.79 eV) and on the clean
Ni(100) surface (2.15 eV), consistent with theory. However,
the measured peak separations seem to be reduced by some-
what larger amounts compared with theory. This can be sim-
ply understood by an increase in adsorbate-substrate coupling
at the extended surface in the experiment compared with the
approximation of the substrate by a small metal cluster in the
calculations. Third, in the experimental NEXAFS spectra for
the Co-OEP adsorbate at Ni(100) there is increased intensity
near 400.0 eV between the two peaks, also found in theory,
which suggests additional excitations due to the presence of
the substrate surface.

A more detailed description of the influence of the
metal substrate on the electronic coupling with the Co-OEP
molecule and on corresponding N 1s core excitations is
obtained by examining final state orbitals. As an illustration,
Fig. 8 compares the theoretical N 1s excitation spectra for free
Co-OEP and for Ni4-(Co-OEP) simulating the adsorbate. The
spectra, taken from Fig. 7(a), include discrete excitation ener-
gies in the double-peak region above 398 eV given by vertical
lines of lengths characterizing excitation probabilities. Fur-
ther, iso-surface plots of final state orbitals of selected excita-
tions, labeled (1), (2), (2+), (3), are shown above each spec-
trum.

For free Co-OEP, the energetically lower excitation peak
at 398.4 eV in the spectrum originates from two excitations
(1), (2) separated by 0.25 eV and of about the same intensity.
Here the iso-surface plot of orbital (1) evidences an antibond-
ing mixture of central cobalt 3d with 2p character from the
four surrounding nitrogen atoms. This yields an altogether
σ* type orbital with only very small contributions from the

FIG. 8. Theoretical N 1s core excitation spectra for the (a) free Co-OEP
molecule and (b) Ni4-(Co-OEP) cluster, taken from Fig. 7(a), see also text and
Figs. 1 and 2. The spectra include discrete excitation energies in the double-
peak region above 398 eV given by vertical lines of lengths characterizing
excitation probabilities. The dashed vertical lines indicate the computed ion-
ization potentials for the nitrogen species. The iso-surface plots above each
spectrum illustrate representative final state orbitals of (1), (2), (2+), (3),
see text. The arrows in the plots point at corresponding nitrogen excitation
centers.

molecular periphery (not included in the plot). In contrast, the
plot of orbital (2) reveals a π* type orbital with N 2p func-
tions mixing with C 2p, both bonding and antibonding, and
no Co contributions. The energetically higher excitation peak
at 401.2 eV is dominated by only one excitation (3) where
the final state orbital plot shows a π* type orbital with N 2p
functions combining with C 2p in an antibonding fashion.

Figure 8(b) shows the calculated nitrogen 1s core exci-
tation spectrum for the Ni4-(Co-OEP) cluster together with
discrete excitation energies in the double-peak region and iso-
surface plots of representative final state orbitals. The insets
show enlarged side views of the nitrogen excitation region
with the Ni atom underneath. Here the energetically lower ex-
citation peak at 399.0 eV is derived from three excitations
which are very close in energy and located at the peak cen-
ter where only orbital (1), yielding largest intensity, is shown
above the spectrum. This orbital represents an antibonding
mixture of central cobalt 3d and nitrogen 2p character and is
very similar in shape to the σ* type orbital (1) of free Co-
OEP, see Fig. 8(a). In addition, orbital (1) contains contri-
butions from the four nickel atoms underneath whose 3d or-
bitals hybridize with 2p functions of their nitrogen neighbors
in an antibonding fashion. This can explain the 0.7 eV shift of
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the corresponding excitation energies between free Co-OEP
and Ni4-(Co-OEP) as an adsorption-induced hybridization ef-
fect. The final state orbitals of the other two excitations near
399.0 eV (not shown in the figure) are described as π* type
with N and C 2p mixing and only very small Ni 3d contribu-
tions. There is an additional excitation at 399.6 eV, denoted
(2+) which does not appear in the spectrum of free Co-OEP.
The corresponding final state orbital (2+), shown at the top of
Fig. 8(b), is characterized by large Ni 3d and 4s contributions
with some antibonding N 2p admixture, as indicated in the
inset of the orbital plot. Thus, it can be considered the hy-
bridization partner of orbital (1) such that orbitals (1) and (2+)
illustrate the electronic coupling between the Ni4 unit and the
Co-OEP molecule in the core excited final states of the clus-
ter simulating the adsorbate case. Corresponding occupied or-
bitals, described as bonding Ni 3d and N 2p mixtures and de-
termining the electronic Ni4 - (Co-OEP) coupling already in
the cluster ground state, could be identified by detailed orbital
analyses. However, they will not appear in the core excitation
spectra.

As a result of the additional excitation (2+), the energet-
ically lower excitation peak in Fig. 8(b) is broader than that
obtained for free Co-OEP adding intensity to the energy re-
gion between the two peaks near 400 eV. This is consistent
with the findings in the experimental spectrum for Co-OEP
adsorbed at clean Ni(100), see Fig. 7(d). The energetically
higher excitation peak at 401.3 eV in Fig. 8(b) is dominated
by one excitation where the corresponding final state orbital
(3) is π* type with antibonding combinations of N 2p and C
2p functions and only minute Ni 3d contributions. This orbital
is very close in shape to the π* type orbital (3) of free Co-
OEP, see Fig. 8(a), which could also explain the rather small
0.2 eV shift of the corresponding excitation energies between
free Co-OEP and Ni4-(Co-OEP).

Additional information about binding properties and the
geometry of the free and adsorbed Co-OEP molecule can be
gained from polarization-resolved NEXAFS measurement in
combination with theoretical studies. Figure 9 compares ex-
perimental polarization-resolved N K-edge NEXAFS spectra
for Co-OEP adsorbed at the c(2×2) oxygen covered and clean
Ni(100) surface, taken at 300 K, with corresponding theoret-
ical N 1s core excitation spectra for the Ni4O-(Co-OEP) and
Ni4-(Co-OEP) cluster. Here three different polar angles of in-
cidence of the photon beam are considered, grazing (θ = 70◦),
magic (θ = 54◦), and normal incidence (θ = 0◦) as discussed
earlier for the C K-edge NEXAFS spectra.

The experimental spectra of Fig. 9(a) show for both
the oxygen-covered and the clean Ni(100) surface the same
strong angle dependence. For normal incidence when the
polarization vector points parallel to the surface the spectra
yield rather little intensity in the energy region between
398.0 eV and 402.0 eV. In contrast, for grazing incidence
with the polarization vector pointing almost perpendicular
to the surface the same energy region yields the double-peak
structure which has been discussed earlier. With the Co-OEP
adsorbate assumed to lie flat at the surface this angle behavior
of the spectra proves that the final state orbitals corresponding
to excitations between 398.0 eV and 402.0 eV are of domi-
nant π* type symmetry with σ* type orbitals being much less

FIG. 9. (a) Experimental polarization-resolved N K-edge NEXAFS spectra
for Co-OEP adsorbed on oxygen-covered (top) and clean Ni(100) (bottom)
referring to three different angles θ of photon incidence, θ = 70◦, 54◦, 0◦,
see text. (b) Theoretical polarization-resolved N 1s core excitation spectra for
the Ni4O-(Co-OEP) cluster (top, (β)) and the Ni4-(Co-OEP) cluster (bottom,
(γ )), see Figs. 2(c) and 2(d). The photon incidence angles θ , sketched in the
inset of Fig. 6, are identical to those in (a). The dashed vertical lines indicate
the computed ionization potentials for the nitrogen species.

important. This is confirmed by the analysis of the final state
orbitals in the calculated spectra discussed above with the
theoretical spectra reproducing the angle dependence of the
experiment, see Fig. 9(b). Here the theoretical spectra refer
to different polar angles θ of the photon beam where, for
simplicity, the dependence on the azimuthal angle ϕ has been
averaged. Interestingly, the calculations yield for both clusters
and for normal photon incidence (θ = 0◦) a smaller peak near
399.0 eV. This peak originates from excitations involving the
σ* type final state orbitals such as (1) of Fig. 8 describing the
Co-N coupling in the Co-OEP adsorbate with minor Ni 3d ad-
mixture. The peak does not seem to appear or is only poorly
developed in the experimental spectra. This may hint at
adsorbate-substrate hybridization effects which yield addi-
tional intensity in the energy region between 398.0 eV and
402.0 eV and are not included in the present theoretical
cluster models.

Further, the experimental spectra yield for normal in-
cidence near 406 eV, well above the ionization threshold,
a broad resonance which is damped for grazing incidence.
Hence the final states of this resonance must be of σ* type
symmetry. This is also found in the final state orbital analy-
sis of the calculated spectra. The resonance orbitals exhibit
dominant σ symmetry reflecting the direct electronic N-Co

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

141.14.132.32 On: Mon, 23 Mar 2015 13:27:47



194703-9 Guo et al. J. Chem. Phys. 137, 194703 (2012)

coupling as well as C-N binding at the periphery of the adsor-
bate. This yields the same angle dependence of the spectra as
found in the experiment.

V. CONCLUSIONS

In this study we have evaluated theoretical carbon and ni-
trogen 1s core excitation spectra of free Co-OEP as well as for
model clusters representing the Co-OEP molecule adsorbed at
local sections of the clean and oxygen-covered Ni(100) sur-
face using density-functional theory methods. These results
are compared first with polarization-averaged C and N K-edge
NEXAFS spectra measured in this study for crystalline Co-
OEP powder and for Co-OEP adsorbed at Ni(100) surfaces
with and without pre-adsorbed oxygen.

For crystalline Co-OEP powder the experimental C K-
edge NEXAFS spectrum shows a triple-peak structure in the
excitation energy range between 284 eV and 286 eV, which is
reproduced by the calculations on free Co-OEP. In addition,
the calculations allow an assignment of the different peaks to
specific carbon species in the molecule. The two outer peaks
of the triple-peak structure are due to excitations at both C3
and C4 atoms, located in the inner porphyrin part of Co-OEP,
while the central peak originates from excitations at C5 which
is next to nitrogen in the molecule. The corresponding excited
final state orbitals are characterized as π* type with respect to
the porphyrin plane. Excitations at C1 and C2, positioned at
the ethyl periphery of the molecule, appear only at energies
well above those of the triple-peak structure. The experimen-
tal N K-edge NEXAFS spectrum of crystalline Co-OEP pow-
der shows a double-peak structure in the excitation energy
range between 398.0 eV and 402.0 eV, which is also repro-
duced by the calculations on free Co-OEP. Here the theoret-
ical analysis shows that the corresponding final state orbitals
characterizing the two peaks are described by N 2p functions
mixing with 3d functions of central cobalt as well as 2p of the
neighboring carbon in an antibonding fashion. The resulting
orbitals are of both σ* and π* type symmetry.

For Co-OEP submonolayers adsorbed at the Ni(100)
surfaces, prepared as thin epitaxial films on Cu(100) sub-
strate, both adsorption at the clean surface and at that with
pre-adsorbed oxygen has been considered. Here the oxygen
acts only as a spacer layer to increase the distance between
the Co-OEP adsorbate and the Ni surface, thus, weakening
their chemisorptive interaction. The theoretical results for
C 1s core excitations of the Co-OEP adsorbate show that
the triple-peak structure found in the NEXAFS spectrum for
free Co-OEP is only weakly perturbed by adsorption, both
at the clean and oxygen-covered Ni substrate. The electronic
adsorbate-substrate coupling shifts the peaks rigidly by 0.2
eV to lower energy in going from the free molecule to that
coupling with the Ni4O subunit and a shift by 0.4 eV when
Co-OEP interacts with the Ni4 subunit. The shift variation
can be explained simply by the different distances between
the adsorbate and the substrate part in the two models and
suggests, altogether, little electronic C-Ni coupling by orbital
hybridization. This is evident from theoretical orbital anal-
yses and is confirmed by experimental C K-edge NEXAFS
spectra of the adsorbate systems.

The theoretical results for N 1s core excitations of the
Co-OEP adsorbate yield double-peak structures in the spec-
tra which are rather similar to those found for free Co-OEP
and agree nicely with polarization-averaged N K-edge spectra
measured for Co-OEP on clean and oxygen-covered Ni(100).
The energy separation between the two peaks is reduced by
the presence of the metal substrate, evident in both the the-
oretical and experimental data. Further, there is additional
intensity between the two peaks found in experiment which
is explained by theoretical orbital analyses as a substrate-
induced effect due to hybridization of nitrogen-type orbitals
with the metal.

Measured polarization-resolved N K-edge NEXAFS
spectra together with theoretical studies for Co-OEP adsorbed
at Ni(100) can explain further details of binding properties
and the geometry of the adsorbate system. The experimental
spectra exhibit a strong dependence on the polar angle θ of
the photon beam with respect to the substrate surface normal.
This is explained by the calculations as a consequence of sym-
metry of the excited final state orbitals which are dominantly
π* type with only minor σ* type components resulting from
Ni 3d – N 2p hybridization.

Altogether, the present comparison between theoretical
1s core excitation spectra and measured K-edge NEXAFS
data shows that such combined theoretical and experimental
studies can help to elucidate general physical and chemical
behavior, which goes beyond their relevance for specific ad-
sorbate systems.
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