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ABSTRACT: The electronic structure of the central Fe ion of iron
phthalocyanine (FePc) and perfluorinated iron phthalocyanine (FePcF,¢) in
thin films is investigated by X ray absorption spectroscopy (XAS) and X ray
magnetic circular dichroism (XMCD), supported by photoemission. Both
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Multiplet calculations have been used to simulate the XA and XMCD
spectra and give detailed insight into the electronic structure of Fe in FePc and FePcF ;. We suppose that the electronic structure
crucially depends on the detailed arrangement of FePc and FePcF,s molecules in thin films.

1. INTRODUCTION

Because of their unique optical, electronic, and magnetic
properties, transition metal phthalocyanines (TMPcs) have
been extensively investigated.”” A broad variety of applications
of metal phthalocyanines are known, among them optoelec
tronic devices,>™ in which the electronic structure in thin films
is of particular importance. Most recently, magnetic properties
came in the focus of interest for future applications in quantum
information processing10 and organic spintronics.n_15

At interfaces, the electronic configuration of the central
metal atom of the TMPc and thus the magnetic properties
might be distinctly affected by substrate properties.'”'*™>!
Different ground states were reported for monolayer or few
layer FePc on different substrates, for example, a mixed
3B2g—3Eg on Au(111),* 3B2g on Ag(OOl),23 and a 3A2g on Si.**
Magnetic properties of transition metal phthalocyanines on
metal surfaces can be modified by magnetic coupling to the
substrate,”” which can suppress their local magnetic mo
ment.'”'® A graphene buffer layer between a ferromagnetic
substrate and the phthalocyanine layer can be inserted to
modify the magnetic interaction”*”° or tune the charge transfer
at the interface.”’ In this context, graphene may even enable a
ferromagnetic or antiferromagnetic coupling.25’26 The coupling
between central metal ion and a magnetic layer is often
mediated by the organic ligands.””**~* Another route to tune
electronic properties at interfaces might be a chemical
doping.”>*" For FePc monolayers on Cu(100), three different
spin configurations of the Fe ion have been observed upon
exposure to NO,.”

In general, magnetic properties of transition metal com
pounds depend strongly on the transfer of charge between d
orbitals and delocalized ligand states.””** In particular, iron
complexes are very flexible in their spin state,”"*” and the
electronic ground state of Fe in FePc has not yet been
completely understood.''™!¥*»2¥253L3336742 1t yaq reported
that FePc is paramagnetic at room temperature and can
become ferromagnetic as a function of the relative Fe—Fe
distance at low temperature.” In bulk & FePc, ferromagnetism
was observed below 10 K.** However, a large variety of
ground state configurations for FePc in thin films or single
crystals have been proposed, including 3Eg,3B2g, and 3Azg.45
This is caused by the fact that d (alg), d,, (bzg), and dxz/dyz
(e ) orbitals are energetically close to each other. Only d,?
(blg) orbitals are located at a 51gn1ﬁcantly higher energy, and
therefore they are unoccupied.”® Most studies agree that for
films with a columnar stacking (a FePc) the configuration °E,
is expected to be associated with large orbital magnetic
moments.””** Two different 3Eg ground state configurations
are possible; both configurations were proposed for FePc:
(b,)2(e) (017 and (by,)!(e)* ()2 Recent
publications stated that 3BZg multiplets for a FePc have no
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significant contribution.>’

A reason for the different results might be the crucial role of
the detailed arrangement of the molecules. It was reported that
the ground state of isolated FePc molecules is 3A2g, and solely
the stacking of the molecules in films or single crystals causes a
change to a 3Eg configuration.””** In this study we focus on the
electronic and magnetic structure of the Fe atom in FePc and
FePcF 4 thin films. The fluorination of phthalocyanines may
have a significant impact on the single crystal structure and
arrangement in thin films.”>™>® As substrate we chose
GeS(100) to avoid both magnetic coupling between substrate
and molecule and chemical interactions as observed at more
reactive metal substrates.'””’

Insight into the 3d electron states, as the origin of magnetic
properties of the TMPcs, can be acquired by X ray absorption
spectroscopy (XAS) and (soft) X ray magnetic circular
dichroism (XMCD). XMCD is a technique that combines
the local selectivity of X ray absorption spectroscopy with
magnetic measurements. Monitoring the difference in
absorption between right and left circularly polarized X rays
(i.e., the incident circularly polarized X rays are either parallel
(u+) or antiparallel (u) to the sample magnetization
direction), XMCD gives information about the spin and
angular momentum of the excited atom.”®*” Alternatively, the
X ray helicity can be kept constant, and the magnetization
direction is switched.”” The technique allows even the high
sensitive detection of a weak induced magnetism in non
magnetic elements, such as carbon at the graphene/Ni(111)
interface.”’

while others expect a

2. EXPERIMENTAL SECTION

The GeS(001) crystal was purchased from MaTeck GmbH. A
pristine surface was prepared by cleaving in a vacuum with
adhesive tape. The cleanliness was checked by XPS and low
energy electron diffraction (LEED). FePc was purchased from
Sigma Aldrich GmbH and FePcF 4 from Synthon Chemicals &
Co KG. Both substances were resublimed for further
purification. For in situ deposition onto the GeS substrate,
home built Knudsen cells were used. The deposition temper
ature was 660 K, and the deposition rates (0.2—0.3 nm/min)
were monitored by a quartz microbalance. Nominal layer
thicknesses were estimated from XPS intensity ratios of
overlayer and substrate core level peaks assuming layer by
layer growth. For this, the sensitivity factors from Yeh and
Lindau were used,’” and the mean free paths were calculated
according to Seah and Dench.®®

X ray photoelectron spectroscopy (XPS), X ray absorption,
and X ray magnetic circular dichroism measurements were
performed at the WERA beamline of the Institute for
Quantum Materials and Technologies (at the Karlsruhe
Research Accelerator, Karlsruhe, Germany) equipped with
the fast switching 7 T XMCD system from MPI IS Stuttgart.
The base pressure in the multichamber UHV system was <3 X
107" mbar. XP spectra were recorded at an excitation energy
of 890 eV; the energy resolution was set to 650 meV. For the
N K and Fe L,; X ray absorption (XA) spectra, the energy
resolution was set to 220 and 340 meV at photon energies of
400 and 710 eV, respectively. The XA spectra were recorded in
total electron yield (TEY) mode. The energy was calibrated to
reproduce the energy of the Ni L; absorption edge of NiO at
853.0 eV. The photon flux I, of the incident synchrotron light
monitored by a gold mesh was used for normalization. All

spectra were normalized to equal step height well above the
ionization threshold. Polarization dependent X ray absorption
spectra were measured at different angles of the incident
synchrotron light with respect to the sample surface (6).
“Normal incidence” corresponds to @ = 90° for all chosen
polarizations, and “grazing incidence” corresponds to 8 = 20°
and 0 = 30° for the experiments with p polarized (electric field
polarized parallel to the plane of incidence) and circularly
polarized light, respectively.

XMCD signals were obtained taking XA spectra with
circularly polarized light in continuous mode; that is, for
each spectrum either the helicity of the incident light was
changed or, alternatively, the direction of the constant
magnetic field of 7 T (parallel or antiparallel to the projection
of the photon spin k). Several data sets were averaged for s,
spectra (projection of the photon spin k parallel to sample
magnetization direction) and p_ spectra (projection of the
photon spin k antiparallel to sample magnetization direction).
To further remove measurement artifacts, we alternately
changed the polarization of the synchrotron light and the
direction of the sample magnetization to obtain y, or y_. The
XMCD signal was defined as the difference of y, and p_
spectra. The sample temperature was varied between room
temperature and 15 K. The calculations have been performed
by usin§ the programs CTMA4XAS,°* CTM4DOC,” and
Crispy.6

3. RESULTS AND DISCUSSION

3.1. Molecular Orientation and Electronic Structure
in Thin Films. For an investigation of the electronic structure
of molecules in thin films, information about the molecular
orientation and stacking is crucial. For TMPcs, the knowledge
of molecular orientation supports the assignment of angle
dependent resonances in L,; edge XA spectra of the central
metal atom. Especially for iron phthalocyanines the electronic
structure of the Fe ion may further depend on subtle
differences of its surroundings, i.e,, the detailed arrangement
of neighboring molecules.’”°

The orientation of planar molecules can be probed by XAS
(or near edge X ray absorption fine structure, NEXAFS) using
linearly polarized synchrotron light.”*”"° Both C 1s z* and N
1s 7* excitations can be used for determining the orientation
of phthalocyanines. According to the orbital vector approach,
maximal intensity of N 1s z* transitions is observed if the
electric field vector E of the incident synchrotron light is
parallel to the p, orbitals, i.e, normal to the molecular plane;
vice versa, the intensity of transitions to orbitals with o*
character will be maximal when E is parallel to the molecular
plane.

The upper panel of Figure 1 shows the N K X ray absorption
spectra of 3 nm thick FePc (Figure la) and perfluorinated
FePcF4 films on GeS at grazing incidence (6 = 20°) and
normal incidence (6 = 90°). As depicted in the inset of Figure
1 illustrating the measurement geometry, 6 is the angle
between the incoming p polarized synchrotron light and the
sample surface. The shape of N K edge XA spectra is very
similar for thin films of FePc and FePcF 4. The general shape is
common for phthalocyanines, where intensity at photon
energies lower than 402 eV are essentially assigned to
transitions into orbitals of z* character, although weak o*
transitions may also appear in the 7* region.”' Despite their
overall similarity, small differences between the FePc and
FePcF 4 spectra are noticeable. As marked in Figure 1 (blue
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Figure 1. N K edge (top) and Fe L, ; edge (bottom) XA spectra of
FePcF, films on GeS: (a) FePc (thickness 3.0 nm) and (b) FePcF,4
(thickness 3.0 nm). The very strong anisotropy in the N K edge
spectra indicate almost flat lying molecules in both cases, in good
agreement with related anisotropies observed in the Fe L,; edge
spectra. The overall shape of the Fe L, ; edges is also similar, but the
line shape of FePcF g is slightly broader and the relative intensities of
the peaks are different.

arrows), there are several features at photon energies of 402—
408 eV at grazing incidence and at photon energies of 405—
408 eV at normal incidence that look more distinct for FePc
than for FePcF 4, For TMPcs, the electronic structure of the
central metal atom may be significantly affected by hybrid
ization between the d orbitals and the neighboring nitrogen 7
orbitals.”””* The different shape of the N K edge XA spectra
points to a slightly different electronic structure at the nitrogen
sites.

N K edge XA spectra for both FePc and FePcF 4 in Figure 1
show the same, very strong angular dependence. N 1s 7*
transitions are most intense at grazing incidence, indicating a
predominantly flat lying molecular orientation on the GeS
substrate. Assuming uniform molecular tilt angles in the
probed region and over the azimuthal angle, an averaged
molecular tilt with respect to the substrate surface can be
estimated from the intensity of * transitions at normal and
grazing incidence according to®®

I~ P(sin® a sin® 0 + 2 cos® a cos* 0) + (1 — P) sin” a

(1)
where P is the polarization degree, 0 the angle of incidence of
the p polarized synchrotron radiation, and « the tilt angle.
With P = 0.93 we obtain average tilt angles of 25° and 24° for
the 3 nm thick films of FePc and FePcF 4 on GeS, respectively.
A pure out of plane character of the two analyzed features at
397.0 and 401.0 eV was assumed. However, the maximum of
the remaining intensity in the 7* region at normal incidence is
not observed at the same energy (399.2 eV) as the most
intense 77* features at grazing incidence (398.3 V), which may
point to the presence of differently polarized transitions. Thus,
our estimation might be understood as an upper limit for the
molecular tilt. We note that these tilt angles are averaged over
the whole sample, and thus different distributions of polar tilt
angles might be present for both samples. In particular, the

similar average orientation does not imply a similar arrange
ment of molecules in the film.

At first glance, also Fe L, ; edge spectra in the bottom panels
of Figure 1 are similar for FePc and FePcF . The shape of the
XA spectra is typical for iron phthalocyanines, in good
agreement with the literature. 1617 1n addition, no significant
differences were observed in the corresponding Fe 2p;,, core
level photoemission spectra for both molecules (cf. Figure S1
of the Supporting Information). Although the shape of the
transition metal L, ; XA spectra is determined to a large extent
by multiplet effects, caused by the strong overlap of the core
wave function with the valence wave functions (see e.g. ref 72),
the angular dependence of particular features can be generally
attributed to transitions into different unoccupied d orbitals.
For the almost flat lying FePc and FePcFs molecules,
transitions into orbitals located in the molecular plane (e.g.,
states of d,2_» and d,, character) are intense at normal

incidence, whereas transitions into orbitals with out of plane
components will be probed mainly at grazing incidence by

using linearly p polarized radiation (e.g, of states d_,, d,., and

d,» states character). Because of in plane components of the

d

features at normal incidence.

Because transition metal L,; edge spectra are largely
governed by multiplet effects, the features cannot be assigned
to specific transitions without theoretical considerations.
Nevertheless, we will briefly discuss the nature Fe L,
transitions in Figure 1 based on their angular dependence.
At grazing incidence, both FePc and FePcF 4 spectra exhibit a
very intense peak denoted A; at 707.8 eV. At normal incidence
in contrast, a low intensity feature denoted B, appears,
followed by a broad feature denoted B, at about 709 eV.
Considering that the molecules are flat lying on the surface, the
A features will arise from out of plane transitions, while the B
features are essentially from transitions within the molecular
plane. Although both FePc and FePcF,¢ spectra show the same
sequence of peaks, differences in relative intensities can be
detected. The most notable difference is the more prominent
A, peak at grazing incidence for FePc compared to FePcF . At
the high energy side of A, the lower intensity features
(including A, and A;) are more pronounced in the case of
FePcF ;. The feature denoted A;, which is dominant for
FePcF g, appears only as a small shoulder for FePc. We note
that these features cannot be understood by the presence of in
plane polarized B, features at grazing incidence (e.g., due to a
tilt of the molecules). The green lines in Figure 1 make clear
that the energetic position of A; and A, is different than B,.
Because both FePc and FePcF 4 are essentially flat lying on the
substrate surface and molecular tilt angles are very similar for
both molecules, we ascribe the differences in the shape of Fe
L, edge spectra to subtle changes of the electronic structure
of the Fe atom caused by the fluorination of the
phthalocyanine. The complexity of A; and A, may indicate
that they arise from a variety of different excitations. We note
that apparent differences are basically the same for FePc and
FePcF ¢ films on van der Waals surfaces, e.g,, MoS,,” and can
be even more pronounced for FePc and FePcF 4 on crystalline
metal substrates.””®’

3.2. XMCD Spectra of FePc and FePcF,¢. To study the
electronic structure of the Fe ion in FePc and FePcF,4 more in
detail, XMCD experiments were performed. We chose a
temperature of 15 K, which is above the Curie temperature of

d,,, and d_ orbitals, they contribute also to spectral
50

xz)
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Figure 2. Absorption at the Fe L, ; edges of (a) 3 nm FePc and (b) 3 nm FePcF ¢ on GeS, measured with the projection of the photon spin k either
parallel (u,, red spectra) or antiparallel (u_, blue spectra) to the sample magnetization direction at normal and grazing incidence. The XMCD

spectra calculated as p,

— p_ are shown in the lowest panel for both directions of incident light.

Table 1. Magnetic Moments m; and m¢ as Determined from the XMCD Spectra (7 T, 15 K) of 3 nm FePc and FePcF,; on

GeS“
my/my/ g
FePc grazing incidence 0.17(+0.02)
FePc normal incidence 0.10(+0.004)
FePcF ¢ grazing incidence 0.02(+0.01)
FePcF,4 normal incidence 0.03(+0.005)

“All values are normalized to the number of holes 7.

bulk @ FePc (10 K).** The Curie temperature of FePc thin
films has been reported to be even lower.”* First, a hysteresis
curve was measured, as shown in Figure S2. The absence of an
open loop indicates the presence of a paramagnetic phase. In
Figures 2a and 2b, we show XMCD spectra of 3 nm FePc and
FePcF ¢ thin films on GeS acquired at normal and grazing
incidence of the circularly polarized light at 15 K and 7 T. The
spectra denoted p, were measured with the k vector of the
incident light parallel to the sample magnetization direction.
While measuring the spectra denoted p_, the k vector of the
incident light and the sample magnetization direction were
oriented antiparallel. The XMCD spectra are calculated as y,
— u_ (Figure 2, lower panels).

A magnetic dichroism is clearly visible in the Fe L;, edge
spectra of both molecules, FePc and FePcF,;. The XMCD
spectra for FePc, the magnetic xy anisotropy, and the resulting
magnetic moments (Table 1) according to the XMCD sum
rules are in good agreement with the literature, although FePc
was grown on other substrates.'®’*”>

The XMCD of the FePcF 4 thin film in Figure 2 differs
distinctly from the XMCD of the FePc thin film. Although the
features of the FePcF 4 XMCD spectrum at normal incidence
appear also in the corresponding FePc spectrum, the intensity
is reduced by a factor of about 2. At grazing incidence, the
reduction of the magnetic dichroism of FePcF 4 is even more
pronounced, and the XMCD spectral features appear greatly
changed in comparison to FePc at this angle of incidence. The
very prominent peak in the FePc XMCD spectrum at 707.3 eV
is almost completely missing for FePcF 4. This affects distinctly
the angular dependent orbital and effective spin moments m;
and m, summarized in Table 1. For the estimation of n; and
me from the XMCD spectra, the XMCD sum rules were

msff/"h//‘B mp?/m,/ pg my/ny,/ g
0.22(+0.03) 0.19(+0.03) 0.19(+0.03)
0.02(+0.01)
0.03(+0.02) 0.02(+0.01) 0.02(0.02)
0.03(+0.008)

applied (see the Supporting Information for a detailed
explanation).”®*”7°~7% Note that the values given in Table 1
are normalized to the number of holes #, in all cases. Both m,
and m? are distinctly larger for the FePc thin film than for the
FePcF 4 film. This difference is much larger for the data
determined at grazing incidence. Assuming flat lying, azimu
thally disordered molecules of D,, symmetry, the angular
dependent orbital moment can be split into components
parallel (m}”) and normal (m}) to the substrate plane, and the
spin moment i, can be extracted from m:. According to the
sum rule analysis (shown in more detail in the Supporting
Information), especially the orbital moment in the substrate
plane and the spin moment are about 5—10 times higher for
FePc than for FePcF.

3.3. Multiplet Calculations. Multiplet calculations have
proven to be a powerful tool to calculate Fe L,; edge
absorption spectra of transition metal phthalocyanines.
Magnetic properties have been investigated for a number of
different systems. For FePc a large variation of optical
parameters Dq (crystal field interaction), Ds, and Dt have
been used in calculations depending on layer thickness,
substrate, and preparation conditions.”>”>**"*”*" However,
it is challenging to find appropriate calculation parameters to
properly describe the experimental results since different
parameters depend on each other and single calculations can
be very time consuming. For the systems of FePc and FePcF g
on GeS(001) we used a different approach. To simplify the
process, we have developed a method using two parameter
plots and automated calculations. Thus, the parameter space
can be scanned rapidly to distinguish promising parameter
combinations.
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Figure 3. Two parameter plots of Fe?* in FePc for (a) normal and (b) grazing incidence varying the calculation parameters Dq and Dt with fixed Ds

=0.50, SOC = 1.01, and Slater integrals reduced to 60%. In the grayscale black corresponds to low and white to high values for XMCD, m; and m;",

eff

respectively. The line profiles in (c) are taken along the red and blue arrows. The crossings of the short colored horizontal bars with the vertical

arrows mark the calculation parameter used for FePc.

XAS of the L, ; edges were calculated for a Fe** ground state
(electron configuration 2p°3d®) with D,, symmetry. This
adopts the planar symmetry of FePc with four nitrogen atoms
as next neighbors. The temperature of 15 K and the magnetic
field of 7 T were fixed according to the experimental
conditions Both programs calculate spectra on the basis of
the optical parameters Dq, Ds, and Dt as well as Slater integrals
(Coulomb interaction of d and p electrons) and spin—orbit
coupling (SOC).*" A ligand to metal charge transfer (LMCT)
was also implied in the calculations. This adds a small portion
of a Fe* ground state (2p° 3d”). The calculation parameters for
the LMCT were estimated from multiplet structures of Fe 2p
photoemission spectra (cf. Figure S1) as proposed in the
literature.”*~** We used the same values for both molecules: A
=65¢eV, U=6¢V,and T =1 eV. U includes both the
intraorbital interaction strength (Uy) and the interorbital
interaction strength ( Udp). We note that the influence of the
LMCT is rather small (about 90% d® and 10% d’
configurations). Even by omitting LMCT completely, all
conclusions for the electronic configurations remain valid; only
the determined crystal field parameters are slightly shifted. The
XA and XMCD spectra were calculated for normal (90°) and
grazing incidence (30°) by using appropriate beam vectors to
adopt the experimental conditions. We would like to point out
the complexity of reproducing four different spectra (XAS and
XMCD for normal and grazing incidence, respectively) with
just one set of parameters. This approach considerably

increases the reliability of the obtained results compared to a
calculation of a single XA spectrum.

The program CTM4XAS was used to perform a large
number of calculations with an automated parameter variation
for spectra at normal incidence. This is a crucial condition to
gain an easy access to the two parameter plots. With Crispy,*®
spectra for grazing incidence were calculated. It was ensured
that for the same parameters the same results are obtained with
each program, considering the different definition of Slater
integrals for the Coulomb interaction (CTM4XAS: atomic
value, Crispy: Hartree—Fock value). The values given in this
paper are scaled with respect to the Hartree—Fock value.

Because FePc and FePcF4 exhibit specific magnetic
properties, a combination of characteristic features can be
used as markers to find parameter regions where the calculated
spectra are like the experiment. For this purpose, the intensity
of the XMCD, the L;/L, branching ratio, and the spin and
orbital magnetic momentum are used. In this manner, the
experimental XMCD signal can be reproduced very well. The
following parameter plots are shown for Ds values with best
agreement to experimental data.

In the two parameter plots of FePc shown in Figure 3a,b Dg
and Dt were varied for a fixed Ds, Coulomb interaction, and
spin—orbit coupling. The values for the intensity of the XMCD
in the first column are obtained by the integral over the
absolute values of the XMCD signal. From this result it
becomes obvious in which regions the spectra show a clear
magnetism for normal and grazing incidence, respectively. In a
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next step, these magnetic features can be investigated
concerning their spin and orbital magnetic momentum. Just
using a large number of automatically calculated spectra, we
can rule out the vast majority of parameter combinations. A
stripe like region in the upper right corner of the two
parameter plots is the only one that fulfills all conditions since
it shows a strong magnetism with a high positive orbital
magnetic momentum and a negative spin magnetic momentum
as it was determined from the experimental results.

With the profiles in Figure 3c we monitor changes of the
magnetic properties in detail—in particular, the two transitions
at Dt values of 0.21 and 0.27. Below Dt = 0.21 there is no
magnetism due to a singlet state with an electron configuration
(byg)*(eg)" The first transition (Dt = 0.21) is marked by a
strong increase in XMCD and m; for normal incidence
accompanied by a slowly decreasing m¢™. At grazing incidence,
the XMCD is significantly less intense with a similar m; but a
positive mT. The region between Dt = 021 and 0.27 is
characterlzed by a 3E ground state with a (bzg) (e )3(a1g)1
configuration. The second transition (Dt = 0.27) shows an
opposing trend under normal incidence with an abrupt
decrease of XMCD, m;, and m to almost zero. For grazing
incidence all parameters show a sharp positive peak with a
maximum directly at the transition site. Above Dt = 0.27 the
ground state changes to *A,, with (b,,)*(e,)*(a;,)™

Finally, we can determine the calculation parameters that
describe the experimental data very well. The crystal field
parameters for FePc are Dg = 0.29, Ds = 0.50, and Dt = 0.271,
the reduction of the Slater integrals was 60%, and a small
increase of the spin—orbit coupling from 1.00 to 1.01 was
found. The lowering of the Slater integrals to 60% of the
Hartree—Fock value is in a good agreement with literature,
where for FePc values between 60% and 70% were
reported.**”*? In general, a small reduction is reasonable to
compensate for the overestimation of electron—electron
repulsion. A further decrease to 60% can be understood by a
bonding between Fe and the neighboring atoms, which is not
purely ionic but partly covalent.”>*® With these parameters
FePc is directly at the second transition (at higher Dt values),
marked with horizontal dashes in Figure 3. This transition
marks the change from a 3E, configuration with
(bzg)z(eg)3(a]g)1 to a 3A2g ground state with (bzg)z(eg)z(alg)z.
At this point, the XMCD signal for normal incidence is still
sufficient, but we take advantage of the strong increase for
grazing incidence. One must keep in mind that locating the
parameter set for the molecule directly at a transition of the
electronic configuration implies that even small changes of the
environment can cause a dramatic change of the magnetic
properties and the electronic ground state. Thus, an increase of
the Dt value by only 0.001 changes the contribution of 3E and
3A2g configuration by up to 25%. This explains the large
variation of results for the electron configuration of FePc in the
literature. Applying the obtained Ds and Dt values to the
parameter plots by Kuz'min et al,* the electronic config
uration of FePc is located in the region T; in the notation of
ref 45, corresponding to a 3Eg configuration. We note that it
was suggested that the detailed molecular arrangement
involving a hybridization between adjacent molecules may
distinctly affect the ground state,”” and the 3E ground state
might be a property of FePc in thin films or a FePc single
crystals.””*" In agreement with our experimental results, a large
magnetic orbital momentum for a 3Eg configuration was found
theoretically*” and experimentally.”* In addition, the double

occupied b,, with just one electron in a;, is in good agreement
with the recent results for FePc.*®

For FePcF g, the best parameters were determined to be Dq
= 0.25, Ds = 0.45, and Dt = 0.220, Slater integrals reduced to
60%, and a spin—orbit coupling of 1.02 (Figure S3). Because
Ds, reduction of the Slater integrals, and spin—orbit coupling
vary only on a small scale for both molecules, the two
parameter plot for FePcF; is similar to FePc. The parameter
set in Figure S3b is located slightly lower in the region between
the two transitions of the electronic configuration (see vertical
lines with horizontal dashes), where the XMCD is strong for
normal but rather weak for grazing incidence. Thus, we arrive
at a position for FePcF ¢ in the two parameter plot which is
close to FePc but clearly indicates a ground state with 3E
conﬁguratlon and (ng) (e )3 (alg) , in accordance with recent
calculations.®” This s1m11ar1ty agrees well with calculations of
the relative energies of different electron configurations, where
only a small difference between FePc and FePcF 4 was found,
with 3Eg and 3AZg close to each other.®*® Hence, the
perfluorination influences the crystal field splitting and thus
the energetic position of the d levels but does not change the
ground state, most likely due to the electron withdrawing effect
of the fluorine atoms. Upon comparison of the two parameter
plots in Figure 3 and Figure S3, the transitions are farther away
for FePcF 4 as for FePc. Consequently, magnetic properties of
FePcF 4 are comparably more stable against small changes of
the calculation parameters. Aside from the crystal field
parameters Dq and D, there is no large difference in Coulomb
interaction, spin—orbit coupling, and Ds for both calculations.
Indeed, we have found a noticeably reduced crystal field
interaction for FePcFy¢.

Based on these parameters XA and XMCD spectra were
calculated, presented in Figure 4 together with experimental
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Figure 4. Simulated XA and XMCD spectra of (a) FePc and (b)
FePcF4 in comparison with the experimental spectra of (a) FePc and
(b) FePcF4 thin films on GeS at normal incidence.

data for normal incidence. The calculated spectra were
broadened with a constant Gaussian function (experimental
resolution) and a Lorentzian function incremented in width
over the spectra from L, to L, (finite lifetime of core hole
states). The agreement with the experimental spectra is
significantly increased if a small tilt of the molecules against
the substrate surface of ~20° is allowed. Note that this value is
almost in agreement with the data obtained from the linearly
polarized measurements of the N K edge absorption spectra
above. The main features of the XA spectra are present in the
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calculations, in particular the double peak in the L; edge
around 707 eV. The overall shape resembles the experimental
results for FePc as well as FePcF 4 except the strong dip at
around 709 eV which could be related to an insufficient
broadening of the states between 708 and 709 eV. The best
agreement is obtained for the XMCD signals, which show four
peaks at the L; edge and one at the L,, all of them pointing
downward. The calculation for a flat lying molecule can explain
all features except the second XMCD peak in the L; edge at
707.5 V. This peak originates most likely from a tilting of the
molecules because it is the most intense XMCD peak for
grazing incidence (cf. Figure 5).
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Figure 5. Simulated XA and XMCD spectra of (a) FePc and (b)

FePcF,4 in comparison with the experimental spectra of (a) FePc and
(b) FePcF4 thin films on GeS at grazing incidence.

While the obtained results for FePc and FePcF 4 are very
similar at normal incidence, there are significant differences for
grazing incidence, shown in Figure S. FePc exhibits a large
XMCD signal at the L; edge but almost none at the L, edge.
On the contrary, FePcF 4 has a very weak XMCD including a
small dip at the L, edge. As for normal incidence a tilting of the
molecules was also considered for the grazing incidence
calculations. Contributions from different tilt directions of the
molecules at the same tilt angle were appropriately averaged to
take several azimuthal orientations into account with respect to
the incoming radiation. Here, the influence of the molecular
tilting can be seen by the XMCD peak at 710.5 eV, which is
the most intense one for normal incidence. In both cases the
strong dip at around 709 eV is still present, but the shape of
the XAS as well as the XMCD is reflected in the calculations.
Now the question arises if the difference in the electronic
structure of the central iron ion in FePc and FePcFg is a direct
consequence of the chemical modification; that is, the
fluorination changes the extent of hybridization between
phthalocyanine 7 orbitals and Fe states. The slight differences
in the shape of N K edge absorption spectra for FePc and
FePcF ¢ (cf. Figure 1) might indicate a different electronic
structure. On the other hand, strong differences in the crystal
field parameters for single FePc and FePcF s molecules are not
expected.”” However, for related phthalocyanines a significant
impact of the fluorination on the single crystal structure and
arrangement in thin films was observed.”* > This may affect
intermolecular interactions including local interactions be
tween iron atoms of a Pc molecule and atoms of neighboring
Pc molecules (Fe or N).

Our multiplet calculations show that even small changes in
the parameter set can have large impact on the XMCD effect,
which makes it obvious that the molecular arrangement needs
to be considered. From the N K edge adsorption spectrum, we
expect mostly flat lying molecules; the estimated tilt angle was
up to 25° for both molecules. Additionally, the agreement of
calculated XMCD spectra with experimental data was
improved by introducing such tilt angles into the calculations.
Thus, it might be reasonable to assume that the FePc and
FePcF,¢ thin films have a structure similar to o FePc, where
the molecules are stacked parallel to each other along the short
axis at intervals of 3.78 A (which also correspond to the Fe—Fe
distance), and the molecular planes are inclined to the
crystallographic ac plane by an angle of 26.5°.* In the a
form, the nearest neighbors from adjacent molecules to the Fe
atom are nitrogen atoms. It is very reasonable to assume that
the Fe—Fe separation distance and the angle of inclination
substantially affect the extent of collective magnetic inter
actions.” The XMCD measurements of this study were
conducted in an intermediate temperature regime (5—25 K),
where a FePc is expected to be still paramagnetic, but short
range interactions within a Pc column are already possible.*
The fluorination of FePc might change details in the
intermolecular arrangement, as the Fe—Fe distance or the
angle of inclination, which might render the coupling of
neighboring Fe atoms less effective.

We note that the appearance of collective magnetic
phenomena such as a ferromagnetic or antiferromagnetic
coupling was reported for related phthalocyanines. For single
crystalline f MnPc, an exchange coupling via the 7 orbitals of
the phthalocyanine ring was suggested, resulting in a
ferromagnetic coupling at low temperatures (8.6 K).>" In this
case, the nitrogen atoms of the phthalocyanine as nearest
neighbors to the central metal atom are involved in the
interaction. Assuming similar interactions for the investigated
iron phthalocyanines, an XMCD signal might be expected at
the N K edge. Indeed, in Figure 6 we see a weak negative

FePcon GeS @ 20K, 4.5T
6.07r T

grazing incidence 6 = 33°

(arb. units)

XMCD Normalized TEY

(arb. units)

395 400 405 410 415
Photon energy (eV)

Figure 6. XMCD spectra at the N K edge of an about 3 nm thick
FePc film at low temperature. A weak XMCD signal is clearly visible.
The k vector of the circularly polarized light either parallel (4, red
spectrum) or antiparallel (u_, blue spectrum).

XMCD signal for FePc in thin films at low temperature. This
signal shows that the Fe atoms induce a magnetic moment in
the surrounding nitrogen atoms parallel to the magnetic
moment of the iron atom. The appearance of such a polarized
band points to a crucial role of the nitrogen atoms in the
interaction between different FePc molecules and/or the
interaction between the central Fe atom and the macrocycle.
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The XMCD signal at the N K edge will be investigated more
extensively in further studies.

4. SUMMARY

We studied the electronic structure of the central iron ion of
iron phthalocyanine and perfluorinated iron phthalocyanine
thin films on a weakly interacting substrate by the means of
XAS, XMCD, and multiplet calculations. Both 3 nm thick FePc
and FePcF ¢ films are highly ordered with the molecule lying
mostly flat on the surface, facilitating the analysis of the
(unoccupied) electronic structure of the central Fe ion. The
polarization dependent XA spectra of Fe L,; edges obtained
by using linearly polarized light exhibit distinct differences for
FePc and FePcF 4. FePc and FePcF 4 films show an XMCD
signal at 15 K and 7 T, but both the intensity and shape of the
XMCD are different. The XMCD effect for FePc is larger
compared to FePcFq especially at grazing incidence. This
leads to a much larger orbital moment for FePc parallel to the
substrate plane and a larger spin moment. The drastic changes
of the XMCD can be well reproduced by multiplet
calculations. The calculations show that extremely small
changes in the ligand field parameters have large impact on
the XMCD signal and thus on magnetic moments. Therefore,
we propose that differences in the electronic structure arise
from subtle differences in the molecular arrangement of FePc
and FePcF ¢ molecules in thin films. To shed more light on the
interplay between molecular arrangement and electronic
structure of the central Fe ion, XMCD studies on partial
fluorinated iron phthalocyanine in thin films is planned. In
addition, the size of the XMCD signal will be investigated for
differently fluorinated Fe phthalocyanines.
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