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The 3d orbital ground state of transition-metal ions that are incorporated in a molecular matrix determines
the total spin of the transition-metal ion as well as the spin anisotropy and thus the essential magnetic properties
of the corresponding molecule. However, there is little known to date on the exact 3d ground state of many
molecular systems, including quite complex molecular magnets as well as relatively simple systems such as,
for instance, cobalt phthalocyanine (CoPc). For the latter, there are contradictory theoretical predictions with
respect to the occupation of the various Co 3d electronic levels. We demonstrate that polarization-dependent
X-ray absorption spectroscopy in combination with a simulation of the spectra is able to shed a brighter light
on the spin and orbital ground state of the transition-metal ion in CoPc. Our results reveal a temperature-
dependent ground state and emphasize the importance of taking 3d correlation effects properly into account.

Introduction

In general, the electronic structures of transition-metal ph-
thalocyanine (MPc) complexes offer valuable insight into the
interaction of the metal ion with its surrounding. Therefore, they
can be regarded as a simple model compound for the investiga-
tion of the electronic properties of many other transition-metal-
containing materials, among them, many molecular magnetic
complexes. In fact, MnPc has been referred to as a typical
example of a molecular magnet.1 Surprisingly, despite a large
number of experimental and theoretical studies in the last
decades, essential details of the electronic structure of MPc’s
remained unclear. This is also true for CoPc, the subject of our
study in this contribution. In particular, there is no consensus
on the 3d orbital ground state of Co in CoPc, as outlined below,
which, for example, raises the question of how to microscopi-
cally rationalize more complicated molecular magnets and their
chemical and physical properties when this has not been
achieved for the rather simple CoPc molecule. We emphasize
that the 3d orbital ground state determines the total spin of the
transition-metal ion as well as the spin anisotropy, that is,
essential quantities for the understanding of the magnetic
behavior of the molecule. Moreover, an unambiguous experi-
mental determination is important in order to test and develop
theoretical models and calculations.

In Figure 1, a single CoPc molecule is shown. These com-
plexes consist of a phthalocyanine (Pc) ring that incorporates a
transition-metal ion in its center. In fact, almost every metal in the
periodic table can be combined with the Pc molecule, and most of
these complexes show a very high thermal and chemical stability.
Their electronic and, in particular, magnetic properties are deter-
mined by the valence and spin state of the transition-metal ion.
Therefore, these properties can be varied by substituting the
transition-metal ion or doping the system with electrons or holes.

As illustrated in Figure 1, the CoPc molecule has a tetragonal
symmetry with its z-axis oriented normal to the molecular plane.
Even though the crystal structure of CoPc indicates that the
molecule is not perfectly planar,2,3 its local symmetry is surely
D4h in solution4 and in the gas phase.5 It is therefore reasonable
to assume D4h symmetry for CoPc molecules in thin films too.
In this context, it is an important point that also in the solid
state, the electronic structure is predominantly determined by
the electronic structure of a single molecule, as shown for NiPc.6

Some theoretical descriptions using calculations of a single
molecule have been successfully used in the past to describe
properties of MPC films.7-9

Placing a transition-metal ion in a molecule results in a
splitting of the formerly degenerate transition-metal 3d bands.
This splitting depends on the symmetry of the surrounding. An
octahedral environment (Oh symmetry) causes a splitting into
two levels with eg and t2g symmetry. Going to tetragonal
symmetry, the levels split further (see Figure 2). The order of
their corresponding energies depends on the strength and type
of the distortion, as well as on hybridization effects.10,11

For many MPc’s, there exists no consistent picture of the
electronic ground state. In CoPc, the divalent Co(II) ion is a
3d7 system with a possible S ) 1/2 low-spin or S ) 3/2 high-
spin configuration. Charge density studies as well as theoretical
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Figure 1. Scheme of the chemical structure of a cobalt phthalocyanine
molecule. The local symmetry around the central transition-metal ion
is tetragonal (D4h symmetry), where the molecule’s z-axis points along
the normal of the molecular plane.
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calculations such as density functional theory (DFT) calculations
hint toward a low-spin S ) 1/2 situation.12-17 In such a
configuration, the b1g (3dx2-y2) orbital is predicted to be empty,
whereas the 3dxy, 3dxz,yz and 3d3z2-r2 orbitals are close in energy.
All interpretations of experimental and theoretical investigations
coincide in the conclusion that the 3dx2-y2 orbital is completely
empty, but there is substantial disagreement in the character of
the half-filled orbital. Calculations based on DFT find the Co
3d3z2-r2 orbital to be half filled and the 3dxz,yz orbitals fully
occupied,15-17 whereas other DFT calculations find an inverted
situation with the Co 3d3z2-r2 orbital being fully occupied and
3dxz,yz orbitals containing one hole.13,14 Note that the latter
situation would cause an instability of the phthalocyanine
molecule with respect to a Jahn-Teller-like distortion, which
would lift the degeneracy of the eg level.18,19 Another different
ground state has been inferred experimentally from charge
density studies.12 There, a strongly anisotropic orbital population
was observed, with effectively 4.9(1) electrons in the Co 3d
shell, (3dx2-y2)0.0(3dzx,yz)2.4(3d3z2-r2)0.8(3dxy)1.8(4pz)1.1(4 px,y)1.4. Note
that a population of Co 4p states is also possible via a back-
donating process from the ligands.20-22 The above-described
picture of a S ) 1/2 3d7 configuration of the Co 3d states finds
support from electron paramagnetic resonance (EPR) and sus-
ceptibility measurements, which provide evidence for an un-
paired electron in the 3d3z2-r2 orbital.23

In this article, we present the interpretation of data from X-ray
absorption spectroscopy experiments on CoPc molecules. For
a detailed investigation of the ground-state electronic structure,
X-ray absorption spectroscopy (XAS) is a powerful method
since one directly probes the unoccupied states near the chemical
potential. Importantly, XAS is also sensitive to valencey, spin
state, and orbital orientation, which has already been used to
unravel theorbitalandspinstateofinorganiccobaltcompounds.24-27

Together with a theoretical description, we are able to shed a
brighter light on the electronic ground and excited state
configurations of the transition-metal Co ion in CoPc. Further-
more, we find the ground and first excited state in close
proximity in energy, which indicates a temperature dependence
of the resulting absorption spectra as well as magnetic properties.

Experimental Methods

When MPc molecules crystallize in a solid state, the planar
MPc molecules are arranged as weakly coupled one-dimensional
stacks resulting in strongly anisotropic physical properties such
as quasi one-dimensional Ising chains.5,28 Within the stacks, the
MPc molecules are tilted toward each other. The neighboring
stack has the same tilting angle but is oriented in the opposite
direction.

Such a crystallographic structure is somewhat unfavorable
for experiments using polarized light since, due to the tilting of
the MPc molecular stacks, the polarization information is

partially lost, depending on the size of the angle. A very different
ordering is observed for MPc thin films on a, for example, gold
single-crystal substrate. In this case, the MPc molecules lie flat
on the surface with a well-defined main axis for all molecules,29,30

that is, the sample surface normal is oriented parallel to the
molecular z-axis. The distance between MPc molecules in thin
films is comparable to the crystal lattice parameters,31,32 so that
the internal parameters that determine the electronic structure
remain unchanged. Furthermore, using a metallic gold substrate
has the advantage of forming well-defined interfaces since the
gold substrate does not interact with the MPc layers,33,34 besides
the direct layers which build the interface itself. This situation
is very favorable for optical methods like X-ray absorption
spectroscopy since, in this case, a polarization dependence can
be observed which increases the reliability of the interpretation
of the spectra.

As described in detail in ref 35, a CoPc 7 nm thin film has
been grown in situ on a clean Au(001) single crystal. The chosen
thickness is large enough to minimize contributions from the
gold substrate and sufficiently small to keep flat-lying molecules,
and this was verified by photoemission studies. Polarization-
dependent X-ray absorption at the C and N K-edge and low-
energy electron diffraction (LEED) revealed that the CoPc
molecules were indeed lying flat on the single-crystal Au
substrate for the investigated film. Furthermore, the sample has
been measured directly after its preparation in order to avoid
contamination on the surface.

Polarization-dependent X-ray absorption spectroscopy studies
of such films at the Co L2,3-edge have been performed at the
Russian-German beamline of the synchrotron radiation source
Bessy II, Berlin. The resolution was set to 150 meV at 780 eV
of photon energy, and the percentage of the linear polarization
was 98%. The absorption spectra were recorded in the total
electron yield mode and normalized to the incident photon flux.
According to the dipole selection rules, the Co L2,3 excitations
as probed by these experiments, correspond to excitations of
Co 2p core-level electrons into unoccupied Co 3d electronic
states. Upon variation of the energy of the incident light and
its polarization, different Co 3d orbitals can be probed.36-38 For
polarization-dependent measurements, the sample was rotated
such that the direction of incident photons and the sample
surface normal (i.e., the z-axis of a molecule) enclose an an-
gle Θ between 6 and 76° (cf. inset in Figure 3). In order to rule
out radiation damage effects, normal incident spectra were
repeated after the whole run. The data could be well reproduced,
and sample damages could be excluded.

Computational Details

A direct interpretation of the data is difficult since besides
the one-electron on-site energies, also Coulomb and exchange
interactions and spin-orbit coupling have to be taken into
account10 in the initial state, leaving out hybridization effects
for the moment. In the X-ray absorption excited state, a 2p core
hole has been created, which interacts with valence electrons
via Coulomb interactions too. Its energy scale is in the range
of a few eV and leads to an additional multiplet splitting.38,43

Intra-atomic multiplet calculations were performed using the
atomic theory developed by Cowan and the crystal field (i.e.,
symmetry) interactions described by Butler.11,44 This approach
includes both electronic Coulomb interactions and spin-orbit
coupling for each subshell.36,38 The calculations have been done
for divalent Co2+ (3d7) in a tetragonal environment (D4h

symmetry). To simulate the spectra, the Slater-Condon pa-
rameters (Fi and Gi) were reduced of their Hartree-Fock-

Figure 2. Sketch of the energy splitting due to a cubic and tetragonal
field. In the tetragonal case, a formerly cubic octahedron has been
elongated, which leads to such an energy scheme. In fact, including
covalency, the energy level may have a different ordering, as is the
case for CoPc.
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calculated values to account for the overestimation of electron-
electron repulsion found in calculations of the free ion.

Covalency leads to a screening of the core-hole effect. This
effect has been taken into account by partially reducing the
Slater-Condon parameters compared to their value in a free
ion.36,41,42 Therefore, the only fitting parameters were the crystal
field values for tetragonal symmetry (D4h) Dq, Ds, and Dt,10,11

as well as a reduction of the Slater-Condon parameters.

Results and Discussion

In Figure 3, experimental XAS data at room temperature at
the Co L2,3-edge of CoPc are shown for different sample
orientations in order to gain polarization-dependent information.

The XAS spectra are divided into two main regions, the Co
L3- and L2-edges, which are separated by ∼15 eV. These refer
to the spin-orbit coupling of the 2p core hole of the excited
state with j ) 3/2 (L3) and j ) 1/2 (L2), where the L3-edge
appears at lower energies. In Figure 3, from top to bottom, the
angle Θ between the incident light and the surface normal
(z-axis) varies from 0 to 90°, where a situation of 0° corresponds
to a polarization perpendicular to the z-axis and 90° corresponds
to a polarization parallel to the z-axis. The two extreme cases
Θ ) 0 and 90° have been extracted from the spectra of Θ ) 6
and 76°.39

At higher energies ∼788 and ∼803 eV, weak and broad peaks
appear, which are strongest for the electric light vector being
oriented parallel to the molecular z-axis. In ref 40, it has been
stated for CuPc that the 4s (a1g) orbital is weakly hybridized
with the out-of-plane 3d3z2-r2 orbital. In the XAS spectra of
CuPc, this hybridization leads to a polarization-dependent (weak)
peak about 8 eV above the main absorption peak. Therefore,

we assume that the features at ∼788 and ∼803 eV in CoPc
have the same origin.

As can be seen in this figure, in each of the two edges, there
are two main regions with a contrary polarization-dependent
behavior. Here, we focus the discussion on the L3 absorption
edge. The first peak at ∼779 eV (peak A for Θ ) 0° (E ⊥ z)
and peak D for Θ ) 90° (E | z)) increases with increasing Θ,
whereas the two peaks at around 781 and 782.3 eV (peaks B
and C and peak F for Θ ) 0 and 90°, respectively) decrease
with increasing Θ.

When simulating the spectra using intra-atomic multiplet
calculations as described in the Computational Details section,
special attention has been paid to certain criteria in the
experimental spectra, besides the overall agreement. (i) The
small peak at 782 eV for E | z does not originate from a (partial)
misalignment of the sample but is a real feature which has to
be found in the theoretical spectra too. (ii) The intensity ratio
between the L3- and L2-edges is determined by the spin state as
well as by 3d spin-orbit coupling45 and has to be reproduced.

After an extensive search over a huge parameter range, no
satisfying agreement between experimental and theoretical
spectra could be found when using only the ground state of
each parameter set for modeling the theoretical spectra and
neglecting all excited states for a description of the undisturbed
system. Since the experimental spectra have been taken at room
temperature, first excited states may play an important role if
the energy difference is in the range of up to about 50 meV,
and indeed, when taking the first excited state into account (the
second excited state is far off), the experimental spectra can be
well described. It turned out that two parameter sets describe
the data equally well, even though there are slight differences
in the spectra. One parameter set leads to a “configuration I”
with crystal field parameters Dq ) 0.23, Ds ) 0.82, and Dt )
0.16 and a reduction of the Slater-Condon parameters to 65%
of their free ion values. “Configuration II” accounts to the second
parameter set Dq ) 0.28, Ds ) 0.58, and Dt ) 0.27 and to
70% reduced Slater-Condon parameters. In Figure 4, these
spectra are shown for both configurations I and II (left and right)
and both polarizations (top and bottom) calculated for 300 K
and taking all interactions into account.

Earlier calculations by Thole et al.7 during the late 1980s for
FePc also point toward a temperature dependence of the X-ray
absorption spectra very similar to what is presented here.
Although different from CoPc, they also found a spin-mixed
ground state in FePc that still has to be verified experimentally.

From earlier investigations of CoPc, such as charge density
studies and DFT calculations, it is known that the spin state is
S ) 1/2 and the 3dx2-y2 orbital is highest in energy and therefore
completely empty.12-17 Such a situation has been found for both
configurations, which confirms a low spin state of S ) 1/2 for
CoPc. However, the orbital occupation of the third hole strongly
depends on the chosen parameter set. The dependence of the
orbital occupation shall therefore be discussed in more detail
in the following.

In Figure 5, the electronic structure of the Co2+ ion for both
parameter sets has been sketched. The top part refers to the
parameter set that relates to configuration I, and the bottom part
refers to the parameter set that relates to configuration II.46 The
left column displays the results where only the crystal field
influence is included, that is, one electron picture (configurations
Ia and IIa), in the middle column, also Coulomb and exchange
interactions have been taken into account (configurations Ib and
IIb), and the right column shows the results of the full
Hamiltonian that also respects spin-orbit coupling (configura-

Figure 3. Polarization-dependent NEXAFS data of flat-lying CoPc
molecules on a single-crystal Au substrate. The z-axis of the molecules
points in the direction of the surface normal n, and Θ gives the angle
between the surface normal n and the direction of the incident beam.
The electric field vector E of the incident beam is linearly polarized
perpendicular to the direction of propagation. At Θ ) 0°, the incident
beam is polarized in-plane to the x,y-plane of CoPc, that is, perpen-
dicular to the molecular z-axis, and at Θ ) 90°, it is out-of-plane, that
is, parallel to the molecular z-axis. The spectra for Θ ) 0 and 90°
were calculated from the spectra of Θ ) 6 and 76°.39
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tions Ic and IIc). Note that only the two highest energy levels
are shown since the lower ones are fully occupied. Naturally,

the most realistic model is described by the full Hamiltonian
(right column), while the left and middle columns act as
examples to illustrate the influence of all parameters in these
calculations. Therefore, configurations I and II refer to con-
figurations Ic and IIc.

For both crystal fields that have been used for the two
configurations Ia and IIa, the one electron picture (i.e., taking
only crystal field effects into account) finds the third hole in
the xy 3d orbital in the ground state, whereas the first excited
state is far off (1.66 and 0.39 eV for configurations Ia and IIa,
respectively) and contains its third hole in the yz,zx orbitals (see
Figure 5, left column).

This situation changes dramatically when also taking Cou-
lomb and exchange interaction between the 3d electrons into
account (i.e., switching on the Slater-Condon parameters). In
this case, differences between both configurations Ib and IIb
appear, and remarkably enough, the energy difference between
the ground and first excited state becomes small (less than 100
meV, middle column). For configuration Ib, the ground state is
built by a configuration that finds the third hole to 98% in the
3z2-r2 orbital, whereas its first excited state is just 28 meV
higher in energy with the third hole mainly in the xy orbital
(95%). Note that all contributions with less than 2% importance
have been neglected here for the sake of clarity. A different
situation has been found for configuration IIb. Here, the ground
state consists of a configuration with the third hole in the yz,zx
orbitals (95%), with the first excited state 92 meV away and a
hole in the 3z2-r2 orbital (98%).

When also taking spin-orbit coupling into account, the
overall picture becomes more complicated but does not change
dramatically any more (right column). With the spi-orbit �3d

Figure 4. Comparison of multiplet calculations and experimental data between both configurations I and II (left and right; see Figure 5) and both
polarizations (top and bottom). For the experimental data, the extrapolated spectra Θ ) 0 (E ⊥ z) and 90° (E | z) have been used. For a room-
temperature description, the two lowest-energy states have been Boltzmann weighted. See the text for a configuration description.

Figure 5. A sketch of the electronic structure as calculated for
configurations I and II.46 Only the two highest-energy levels are shown
since the lower ones are fully occupied. All columns show the electronic
configuration of the ground and first excited state and the energy
separation between them. The left column displays the results where
only the crystal field influence is included (i.e., the one-electron picture);
in the middle column, also Coulomb and exchange interactions have
been taken into account, and the right column shows the results of the
full Hamiltonian that also respects spin-orbit coupling.
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parameters � ) 66 and 82 meV for the ground and excited state,
respectively, the ground state of the first configuration Ic finds
its third hole to 90% in the 3z2-r2 orbital and to 6% in the
yz,zx orbitals. At 43 meV above, we find an xy (88%) and yz,zx
(5%) excited state. After including LS-coupling, the changes
from configuration IIb to IIc are stronger. The ground state
consists mainly of basis functions with a hole in the yz,zx
orbitals, where the excited state has its main contribution by
the third hole also in the yz,zx orbitals (72%), together with a
large amount of 3z2-r2 (33%) holes.

Note that for every eigenvalue, its eigenvector gives the
weighted importance of all contributions to that eigenvalue.
Therefore, only the appearance of holes in certain orbitals can
be calculated but not the energy separation between orbitals as
in the one-electron picture.

The existence of a small energy gap between the ground and
first excited state leads to a temperature dependence of the
electronic structure of Co in CoPc. This may also be a possible
explanation for the different interpretations arising from DFT
calculations.

In order to distinguish between the two proposed configura-
tions (i.e., configurations Ic and IIc) and determine the correct
one, temperature-dependent measurements are necessary. In
X-ray absorption spectroscopy, the differences in the electronic
structure for the two configurations would have an influence in
the shape of the spectra too. This becomes clear when looking
at the various spectra that are obtained from taking either the
ground state or the first excited state as the initial state in an
XAS experiment. As it has been explained above, in X-ray
absorption spectroscopy, an electron is excited from a core level
into an unoccupied state. Naturally, the shape of the correlated
spectra depends strongly on the electronic structure of the initial
state.

In Figure 6, calculated X-ray absorption spectra for different
initial states are shown. The left column displays the spectra in
which the ground state has been taken as the initial state,
whereas for the right column, the first excited state has been
taken as the initial state. When comparing these spectra with
the Boltzmann-weighted 300 K spectra in Figure 4, a clear
temperature dependence is predicted. Unfortunately, the ground-
state spectra (left column) appear very similar in their overall
shape for both configurations (Figure 6a and b), which makes
it difficult to distinguish between them at low temperatures.
Nevertheless, the spectra with the first excited state taken as
the initial state are very different from each other. Especially
for a polarization of the incoming light parallel to the molecular
z-axis, the orbital occupation is completely different for the two
configurations (cf. Figure 5 right column). Since configuration
I has its third hole in the first excited state mainly in an xy
orbital, there is almost no intensity for the electric field vector
parallel to the z-axis (Figure 6a top right). Therefore, the
absorption intensity and spectral shape for E | z should change
with temperature for configuration I but should remain almost
constant with temperature for that polarization for configuration
II.

At room temperature, both the ground and first excited state
are present. Therefore, different states are probed when changing
the polarization, as shown in Figures 5 and 6. While in
configuration II the ground and first excited states are very
similar, they are different for configuration I. This leads to a
situation in which the low-energy peak (which corresponds to
D and A in the experimental data of Figure 3) shifts slightly
upward in energy when changing the polarization from E | z to
E ⊥ z for configuration I but does not shift for configuration II.

When comparing this to the experimental data, a slight shift of
peak D to higher energies occurs when changing the polarization
(peak A). From this observation, an orbital ordering as that found
for configuration I may be the most appropriate one. In order
to clearly distinguish between these two configurations and
unambiguously determine the electronic ground-state configu-
ration of CoPc, temperature-dependent XAS and temperature-
dependent X-ray magnetic circular dichroism (XMCD) experi-
ments should be performed.

Summary

In summary, from polarization-dependent X-ray absorption
spectroscopy measurements together with intra-atomic multiplet

Figure 6. Calculated XAS spectra for different initial states for
configurations I and II [(a) and (b), respectively] and polarizations (top
and bottom of the two subfigures). The left column displays spectra
where the ground state has been taken as the initial state of the
absorption process, and the right column shows spectra with the first
excited state taken as the initial state.
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calculations, predictions for the electronic structure of CoPc
molecules could be made. For both possible configurations
found, the ground and first excited state are close in energy, so
that a mixture of both is present at room temperature. The close
proximity in energy of these states as well as the strong influence
of Coulomb and exchange interactions and spin-orbit coupling
on the electronic structure could be the reason for the disagree-
ment of earlier predictions found by DFT calculations.12-17 Our
data analysis demonstrates the strength of X-ray absorption
spectroscopy in combination with a simulation of the spectra
to unravel further information on the spin and orbital ground
state of transition-metal ions in molecular complexes, which
represents an inevitable step toward a complete understanding
of their electronic and magnetic properties.

We are able to reduce the number of possible configurations
describing the ground state of CoPc to two. In order to dis-
tinguish between these two configurations as shown in Figure
5, temperature-dependent measurements are highly desirable.
Especially, temperature-dependent X-ray absorption spectros-
copy experiments are favorable since a different temperature
dependence of the spectra is predicted for the two configurations.
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