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Magnetic anisotropy in Fe phthalocyanine film deposited on Si(110) substrate: Standing
configuration
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In this contribution we report on the structural and magnetic properties of an Fe phthalocyanine
(FePc) thin film deposited on a silicon substrate. The planar FePc molecules order spontaneously in
a standing configuration, i.e., with the molecular plane perpendicular to the substrate. The x-ray
linear polarized absorption and x-ray magnetic circular dichroism experiments at the Fe-L, 5 edges
at T=6 K were performed, concluding that at this temperature the film displays magnetic anisot-
ropy with the main easy axis perpendicular to the substrate. This result is explained in terms of the
FePc single molecule anisotropy which has its larger moment in the molecule plane. Thus, the
standing configuration in polycrystalline thin films favors statistically that, at the macroscopic array
level, the magnetic easy anisotropy axis is normal to the substrate. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.5001295]

Introduction unquenched orbital moment caused by the orbital degener-
acy of the e, doublet level near the Fermi energy.2

The objective of this paper is to describe the magnetic
anisotropy of a FePc thin film deposited by OBME on a
Si(110) substrate, thus in the standing configuration, and
compare results with the FePc film deposited on Au in the
laying configuration.

Molecular thin films have a broad field of applications
as coatings in optical devices and sensors. In particular, bio-
inspired oxygen-binding metalated macrocycles, such as
iron-phthalocyanines (FePc), are being investigated due to
their unique magnetic properties as a molecular magnet.'~
The FePc is a planar molecule where the Fe atom has a
square planar coordination with four pyrrolitic N atoms (see
Fig. 1). When deposited on a planar substrate the resulting
configuration depends on the type of substrate and deposition
method. Organic molecular beam epitaxy (OMBE) allows
producing metallo-phthalocyanine (MPc) (M = transition
metal) films with different crystalline orientations and order.
Frequently, the planar MPc molecules stack parallel to the
substrate surface (laying configuration), when deposited on
Au,* Ag>7 or Cu,® or tilted with the MPc plane nearly per-
pendicular to the substrate plane (standing configuration), as
for FePc deposited on sapphire**'" or silicon,'"'* on poly-
crystalline substrates'® or low work function metals as Al
and V."

In previous work” we found that FePc films deposited on
Au, ordered in the laying configuration and had magnetic
planar anisotropy, i.e., with the magnetic easy axis parallel
to the molecule plane, thus parallel to the substrate. This was
quite surprising in view of the magnetic behavior in the bulk
phase.'> The most exiciting result was the observation by
x-ray magnetic circular dichroism (XMCD) of a large Fig. 1. Metallo-phthalocyanine molecule.
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Fig. 2. (a) Side view of the FePc stacking on a Si(110) substrate in the standing configuration. The incoming beam at grazing incidence y is shown with the E
in the H and V polarization modes, at 7= 6 K. The angle f§ between the molecule z axis and the normal to the substrate N. Upper panel: top projection of the
chains on the substrate. (b) XLPA spectra recorded at the N K-edge in grazing angle incidence y = 75°. The two spectra correspond to the H and V polarization
modes: E is either (blue, V) close to parallel to the silicon substrate, or (red, H) forming an angle 15° with N.

Experimental details

The FePc thin film was deposited on a Si(110) substrate
by OMBE. Sigma-Aldrich FePc was purified in three cycles
using the temperature gradient method. Outgassing the puri-
fied material was found essential to reduce the number of
impurities and increase the crystallinity. The chamber pres-
sure during deposition was 1.2 x 10~® Torr with the base
pressure about 5 x 10~° Torr (more details in Ref. 12).
Depending on the substrate temperature during deposition,
asymmetrical, elongated grains are formed. Between room
temperature and 200 °C the grains consist of FePc molecules
stacked in the form of chains, with an approximately 26.5°
tilting angle with respect to the chain axis b (the « phase).
The chain direction b is parallel to the substrate plane®'®
[see Fig. 2(a)]. The measured sample had a FePc thickness
of about 80 nm.

The standing configuration of the FePc molecules was
checked by x-ray diffraction (0-20 diffraction patterns)
where the (200), (400) and (800) peaks of the FePc textured
sample have highest intensity (see Fig. 1 in Ref. 12). In addi-
tion, we have performed an x-ray linear polarized absorption
(XLPA) experiment at the N K-edge at normal and grazing
incidence (75° from normal) [see Fig. 2(a)]. As shown in
this figure, the polarization of the electric field of the incom-
ing photons E is denoted as horizontal (H) and vertical (V)
for parallel and perpendicular to the synchrotron storage ring
electron orbit plane, respectively. In Fig. 2(b), the two spec-
tra are shown: it is evident that both are very different, with the
most intense signal corresponding to the V configuration. This
is in quantitative agreement with earlier measurements on the
laying configuration, as shown in Fig. 2, Ref. 2. These meas-
urements therefore confirm that in the sample discussed here,
the FePc molecules are oriented in the standing configuration.

The XLPA and XMCD experiments were performed at
the ID0O8 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble. The detection mode was total

electron yield (TEY). The resolution at the Fe-L, 5 energy
region is about AE/E =15 x 10~*. The monochromatic x-ray
beam incidence angle on the sample may be varied in the
range 0 <y < 75°. The XMCD experiment was performed in
a upH=5 T applied magnetic field, parallel to the beam
direction. The polarization rate was considerably above
99%. All experiments were performed at 7= 6 K.

XLPA and XMCD results

The normalized XLPA spectra in the V polarization
mode, measured at the Fe-L, 3 edges are shown in Fig. 3.
The absorption intensity is proportional to the number of
empty valence states in the direction of the electric field E,
which is parallel to the substrate plane for y =0, and almost
perpendicular to it for grazing incidence y =75°: The mole-
cules are in the standing configuration, with the z axis of the
molecules randomly oriented around the normal to the sub-
strate N [see Fig. 2(a)]. Therefore, the vector E, acting as
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Fig. 3. Normalized XLPA of FePc deposited on Si(110) at the Fe-L, 5 edges
as a function of incident angle 0 < y < 75° measured at T =6 K.
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“search light,” scans a random distribution of the molecule
orientations between the z and x (or y) axes for y=0, and
mostly y (or x) axis for y=75°, the largest grazing angle
possible in the experiment.

By direct comparison to the XLPA spectra measured in
the laying configuration we can establish a direct correspon-
dence between the energy of the peaks observed in both
spectra, and as a consequence, the identification of some of
them to 2p — 3d excitations.” The first small peak at 706.4
eV observed at the L3 edge in the y =75° spectrum can be
assigned to the e, empty level with mixing of the alg level;
this is a very interesting feature, specific to the FePc, which
is not present in other MPc’s (M =Cu, Ni or Co). This
reveals the existence of a split doublet near the Fermi energy
which causes the highly un-quenched orbital moment.” The
next intense peak at 707.3 eV corresponds to the excitations
to the empty a, state (or to the ds2_,2 state), which is most
intense for y =0, since in this incident angle the molecular z
axis has the maximal projection on the Ez vector. The pho-
ton energy of the peak corresponds exactly to the values
observed for the FePc film deposited on Au in the laying
configuration.” However, the dependence of the intensity
with respect to the incident angle is just reversed, i.e., maxi-
mal peak for standing configuration corresponds to minimal
intensity for laying configuration, and vice versa.

The x-ray absorption spectra (XAS) (not shown) and
XMCD spectra measured at the Fe-L, 3 edges in a field of
*6 T as a function of incident angle are depicted in Fig. 4.
The sum rules analysis'”'® was applied to the XMCD to
obtain the effective spin mS" and orbital 77;, moments as a
function of y. The results are shown Fig. 5.

Discussion

The XMCD experiment, performed in a magnetic field
parallel to the incoming x-ray beam at an incident angle 7,
provides the projection of the Fe magnetic moment along the
direction of the magnetic field m(y) = H-m/H The FePc
molecule symmetry may be approximated to Dy, thus the
molecular z axis corresponds to the fourfold axis, while the
two perpendicular axes x and y, are assumed to be identical.

In what follows we assume the intermolecular magnetic
interactions to be negligible. Our sample in the present work
can be modeled as consisting of chains of parallel stacked
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Fig. 4. Normalized XMCD of FePc deposited on Si(110) at the Fe-L, 3
edges as a function of incident angle 0 <y < 75° measured at T =6 K.
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Fig. 5. my and mgff as determined from the XMCD spectra at T=6K and
B =5 T. The parameters used to obtain the fits to Eq. (2) are collected in
Table 1.

molecules along the b axis, with their z axis tilted by 26.5°
with respect to the b axis. The chains are parallel to the sub-
strate [see Fig. 2(a)] and form structural domains, which
give rise to a well defined x-ray diffraction pattern.* The
direction of the chain b axes are distributed according to the
mosaicity of the substrate. Thus we assume a statistically
random distribution of b axes in angle around the normal to
the substrate N, but always parallel to the substrate [see Fig.
2(a)]. In addition, each molecular plane forms an angle
within the range 63.5° < <90° with respect to N, depend-
ing on the orientation of the chain « axis. For completeness
sake, in Eq. (1) we show the statistical average of the magne-
tization as a function of incident angle for a fixed f§ angle.

Using my = —(L.)up/h the orbital moment and mgit
= mg — Tmr, where mg = —2(S,) /% is the spin moment
and mr = —2(T)u /% is the intra-atomic dipolar moment,
one obtains

m(y) = (m’sin®f 4 m*cos?f)cos?y

1, .
+§ (m* 4 m’cos? f + m’sin® B)sin’ y. (1)

The angle between the molecular z axis and N is f§ &~ 90°,
while maintaining the herringbone structure on the plane paral-
lel to the substrate [see Fig. Z(a)].4 With the approximation
m* = m”, Eq. (1) becomes

1 !
m(y) = m*cos’y + 3 (m" + m*)sin®y. )

The film average orbital magnetic moment per Fe atom is
larger for normal incidence than in the direction of the sub-
strate plane (m; > mﬂ), thus the film with standing configu-
ration has a film anisotropy perpendicular to the substrate, in
contrast to the laying configuration which is parallel to the
substrate (mj > m)).

TABLE 1. The four magnetic moment parameters in units of y; determined
with respect to the directions N (m") and parallel to the substrate (m”) for
the FePc films in standing and laying configurations.

Configuration mﬂ my mgff'H mgff’L
FePc on Si(110) standing conf. 0.37(5) 0.50(4) 0.55(5) 0.70(5)
FePc on Au laying conf. 0.53(5) 0.294) 0.69(5) 0.10(5)
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TABLE 2. First entry: the four adjusted magnetic moment parameters in
units of mp, obtained from the fit of the XMCD sum rule results to Eq. (2),
and calculated orbital to spin moment ratio. Second entry: same parameters
for FePc film deposited in the laying configuration.

Configuration n; my ms ne. i Ims

FePc on Si(110) Standing conf. 0.24(5) 0.50(4) 0.59(5) 0.027(5) 0.86(4)

FePc on Au Laying conf. 0.29(5) 0.53(4) 0.64(5) 0.074(5) 0.83(4)

The data in Fig. 5 have been fitted to Eq. (2) for each
component, orbital or effective spin. The resulting moment
components are collected in Tables 1 and 2.

The values of the single molecule magnetic moment
parameters in the standing configuration are very similar to
those found for the laying one. Actually, the orbital to spin
ratio miy /ms is the same for both configurations, within
experimental errors. This is an important result since it indi-
cates that the orbital moment is very large, stemming from
unquenched orbital moment due to the orbital degeneracy of
the e, doublet at the Fermi surface.” We note here that the
maximum orbital magnetic moment m; ~ 0.50(4) is several
times larger than predicted from DFT calculations. "’

Besides, the intra-atomic magnetic dipolar component
differs between the two configurations by a factor close to
three. This difference is probably related to the differences
in the position of the Fe atom and orientation of each mole-
cule with respect to their adjacent ones.

In this respect, the chains in the standing configuration
order within the chain in the a-phase type of herringbone
structure, in which the Fe atom in one molecule is near the
center of one of the pyrrolic rings of the adjacent molecule
at each side.* On the other hand, we proved earlier by scan-
ning tunneling microscopy and x-ray absorption at the Fe-K-
edge that in the laying configuration each Fe atom has, as
nearest neighbor atom in the adjacent molecules, the N atom
of the pyrrolic ring closest to the central Fe (so called TF
phase).?® Therefore, the first coordination of Fe is different
in the two configurations, which explains the very different
m7. derived from experiment.

It is interesting to note that the single ion planar anisot-
ropy caused by spin-orbit coupling is actually enhanced in
the standing configuration. Indeed, from the values for the
orbital and dipolar moments, following Refs. 21 and 22, one
may calculate the spin-orbit contribution to the anisotropy
energy

2 [21 x3 +A}
p x —m
AEer — G 53d(mL—mLy)+ 3o T
S0 = — 17
H 4,uB AEex:uB

3

with G/H ~ 0.2 for transition metals, £3; = 0.05eV is the
spin-orbit coupling constant in Fe, A = 0.05eV is the
energy shift between the majority and minority states, and A
negligible, as described in Ref. 2, one obtains AEsp="7
% 107 and 4.5 x 10~* eV/Fe atom for the laying and stand-
ing configurations, respectively. That is, the planar anisot-
ropy (positive AEgp) is actually enhanced by spin-orbit
coupling in the standing configuration with respect to the
laying one.

Bartolomé et al.

Conclusions

The present results for the standing configuration con-
firm the extraordinarily large unquenched orbital moment of
FePc single molecules due to the orbital degeneracy of the e,
doublet near the Fermi surface that was found in the laying
configuration. The FePc single molecule magnetic anisot-
ropy in the standing configuration is planar and nearly identi-
cal to that found for the FePc in the laying configuration. In
contrast, the standing configuration differs from the laying
one in showing perpendicular anisotropy as a film. This is
caused by the single ion FePc magnetic planar anisotropy
and the statistical average of the molecule moments when
the molecule planes are perpendicular to the substrate in the
standing configuration.
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