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Highly unquenched orbital moment in textured Fe-phthalocyanine thin films
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X-ray magnetic circular dichroism 共XMCD兲 measured at T = 6 K and 0H = 5 T on the ␣-phase Fephthalocyanine 共FePc兲 textured thin films shows that the Fe2+ ions present an unusually large, highly unquenched mL = 0.53⫾ 0.04 B orbital component, with planar anisotropy. The spin mS = 0.64⫾ 0.05 B and the
intra-atomic magnetic dipolar mT components were also obtained. The mL / mS = 0.83 ratio is the largest measured in 3d complexes and compounds. The origin of this unusually high orbital moment is the incompletely
filled eg level lying close to the Fermi energy. This explains the unusually large and positive hyperfine field
detected by Mössbauer spectroscopy in FePc. The FePc film strong planar anisotropy inferred from XMCD
experiments is fully confirmed by magnetization measurements.
DOI: 10.1103/PhysRevB.81.195405

PACS number共s兲: 75.25.⫺j, 68.55.am, 78.70.Dm, 81.15.Hi

I. INTRODUCTION

Magnetic coordination compounds are of high interest because they show peculiar quantum properties, that can be
chemically tuned to modify their properties to be used for
high density data storage. A detailed understanding of their
specific magnetic interactions may suggest, for example,
routes for processing and tailoring room temperature molecular ferromagnets. However, probing particular atoms
within a magnetic molecule is often difficult and, therefore,
information about interactions in covalently or coordination
bonded magnetic molecules is largely lacking. Metal Phthalocyanines are simple model molecules for the understanding
of the electronic properties of metals in complexes.1 In spite
of extensive work on them their magnetic properties are not
fully understood. Therefore, unambiguous experimental determinations are the primary tools to challenge various theoretical predictions. In particular, the orbital moment is the
main physical contribution to magnetic anisotropy. Consequently, discerning the mechanisms that control the expectation value of the orbital moment 具Lz典 is of paramount importance in mastering the properties of magnetic systems for
basic and applied magnetism. X-ray magnetic circular dichroism 共XMCD兲 is the tool of choice for such a study since
it is element selective and capable of resolving the orbital
and spin component of the magnetic moment.
Since the early days of quantum mechanics it was found
that in solids of local low-symmetry environments the angular momentum is quenched by crystal field 共CF兲 effects.2
This was proven more recently by XMCD in Fe8 共Ref. 3兲 and
Mn12-acetate3,4 molecular magnets, in which the orbital moment is negligible as a result of the 兩⫾Lz典 mixing induced by
the CF interaction acting on the magnetic atom. On the other
hand, the spin-orbit coupling splits the CF spin degenerate
levels and a nonzero orbital moment contribution appears in
the magnetic ground state. Usually the orbital moment is
small compared to the spin component, but a remarkable
1098-0121/2010/81共19兲/195405共8兲

enhancement of the orbital moment of magnetic systems was
observed at film interfaces,5 monoatomic metal chains,6
nanoparticles,7 or very small clusters.8 In the limit of atomic
size, that is, as atomic impurities in solids, the orbital moment may be only partially quenched, with values approaching the free atom ones.9,10
In this paper, in drastic contrast to all above cases, we
present a direct proof of the presence of a very large, highly
unquenched orbital moment mL = 0.53⫾ 0.04 B in a lowsymmetry, planar Fe共II兲-Phthalocyanine 共FePc兲 molecule.
In FePc, the Fe atom has square-planar coordination with
four pyrrolic N atoms. In the bulk and thin films these planar
molecules form linear chains by columnar stacking. The
molecule fourfold axis is tilted with respect to the crystal b
axis by an angle . In the bulk form only two phases appear;
the ␣-FePc with a tilting angle of  = 26.5°, and the ␤ phase
with  = 44.8°. The former becomes ferromagnetic below
TC ⬃ 10 K in the bulk form while the latter is paramagnetic
down to liquid helium temperatures. The magnetic properties
were satisfactorily interpreted in terms of an effective spin
S = 1 Fe共II兲 model.11
II. EXPERIMENTAL DETAILS

Thin films of FePc are deposited on a smooth gold substrate with the molecule plane lying flat on the substrate
plane.12 The thin film sample in this work was prepared in an
organic molecular beam epitaxy 共OMBE兲 system. SigmaAldrich FePc was purified in three cycles using the temperature gradient method. The purified material was loaded into a
vacuum chamber and out-gassed for several hours before
deposition. The chamber pressure during the deposition was
1.2⫻ 10−8 Torr with the base pressure around 5
⫻ 10−9 Torr.
In thin films grown by OMBE the molecule plane orientation is set by a proper substrate selection and the growth
conditions.13,14 In order to obtain ␣-phase FePc films with
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the molecule plane parallel to the sapphire substrate, first a
40 nm nominal thickness Au buffer layer was deposited at a
rate of 0.3 Å / s. This buffer layer was annealed for one hour
at 300 ° C “in situ” to remove any water from the surface and
to smoothen the Au surface. Without breaking vacuum, the
FePc was deposited from a crucible set to 350 ° C, while the
substrate was maintained at 150 ° C to increase the crystallite
size. The typical growth rate was 0.9 Å / s. The FePc deposition rate was determined by means of a quartz crystal
monitor before and after the deposition. The nominal thickness was then calculated by comparison to a thickness calibrated FePc sample. The FePc thickness of the investigated
sample was 80 nm.
The x-ray linear polarized absorption 共XLPA兲 and XMCD
experiments were performed at the ID08 beamline of the
European Synchrotron Radiation Facility 共ESRF兲 in
Grenoble. A spherical grating monochromator was used. The
photon flux at the sample was 1012 photons per second in a
5 ⫻ 10−4 bandwidth. The energy resolution at the Fe- L2,3 energy region is about ⌬E / E = 5 ⫻ 10−4. The detection technique was total electron yield. In both experiments a monochromatic x-ray beam impinges the sample with varying
incidence angles ␥ with the normal to the substrate and the
molecule plane 共see inset in Fig. 2兲 within the range 0 °
⬍ ␥ ⬍ 75°. In XLPA, the light is linearly polarized while in
XMCD it is right- and left-circularly polarized. The XMCD
experiment was performed with 0H = 1, 3, and 5 T applied
magnetic field. To avoid experimental artifacts, the four combinations of field direction and circular polarization are recorded for each ␥ angle. The XMCD signal is the difference
between absorption spectra recorded with the helicity antiparallel and parallel to the field. In all cases, the polarization
rate was well above 99%. All experiments were carried out at
T = 6 K. No radiation damage of the sample was detected.
Magnetization measurements have been performed in a
superconducting quantum interference device 共SQUID兲 magnetometer, with the high sensitivity option, on a platelet of
2 ⫻ 2 mm2, in the direction parallel 共M xy兲 and perpendicular
共M z兲 to the substrate plane, in the range 1.8 to 10 K.

FIG. 1. 共Color online兲 -2 diffraction patterns of FePc film
grown on a gold surface. The oscillations at low diffraction angles
correspond to finite-size oscillations from the thin film. The inset
shows an expanded view of the oscillations and the FePc 共313兲
peak. The small peak at 26.6° is the same FePc 共313兲 peak due to a
tungsten impurity on the copper x-ray source.

Besides the x-ray diffraction measurement cited above, the
XLPA measurements performed at the N K-edge at normal
and grazing 共75° from normal兲 incidence 共shown in Fig. 2兲
confirm that the molecules lay parallel to the substrate plane.
ជ H or Eជ V polarIndeed, the spectra in normal incidence with E
ization are identical, and also equal to the spectra with Eជ V
ជ lying in
polarization in grazing incidence, as expected for E
ជ H in
the molecule plane. On the other hand, the spectra with E
ជ
grazing incidence has E oriented 75° from the molecule
plane, and the resulting spectra H and V in grazing incidence
are very different, as shown in Fig. 2. Thus it is possible the

III. FILM MORPHOLOGY

The  - 2 diffraction patterns of the FePc film deposited
onto gold plated sapphire 共Fig. 1兲 shows a pronounced 共313兲
peak at 2 = 27.84° indicating that the b axis of the molecule
is perpendicular to the substrate plane. Note that the 共200兲
Bragg peak at 2 = 6.8°, observed in a bulk powder pattern, is
absent in the film where the molecule is deposited onto a
gold surface. These two features show that the molecule
planes are parallel to the substrate due to interaction between
Au and the first FePc layer. This layered configuration is
shown in the inset of Fig. 2. Atomic force microscopy and
x-ray diffraction proved that the samples consist of textured
columnar grains with a random distribution of the molecular
x and y axes parallel to the substrate plane and a small mosaic spread in the z direction.13
ជ is denoted
In the XLPA experiments the polarization of E
as horizontal 共H兲 and vertical 共V兲 for parallel and perpendicular to the storage ring electron orbit plane, respectively.

FIG. 2. 共Color online兲 XLPA spectra recorded at the N K-edge
with grazing angle incidence 共␥ = 75°兲 at T = 6 K. The two spectra
ជ is either parallel to
correspond to the H and V polarization modes: E
the FePc plane 共V, dashed line兲 or forming an angle 15° with the
normal to the substrate, i.e., to the FePc plane 共H, full line兲. In
accordance with Ref. 15, peaks A, B, and C are assigned to ⴱ
resonances, and D, E, and F to ⴱ ones. Inset: schematic view of
sample FePc deposited on a Au film, previously deposited on sapជ
phire. The incoming beam at grazing incidence is shown with the E
in the H and V polarization modes.
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FIG. 3. 共Color online兲 Hysteresis loop of the FePc film deposited on Au covered sapphire measured at T = 1.8 K in the direction
perpendicular 共M z兲 and parallel 共M xy兲 to the substrate. Insets: 共a兲
upper left; initial magnetization at T = 1.8 K, in the two directions;
共b兲 lower right; remanent moment M r as a function of temperature.

assignment of the peaks 共see caption of Fig. 2兲 in good
agreement with that proposed for NiPc deposited on
Cu共110兲.15 The ⴱ resonances are found at 398.7, 400.3, and
402.3 eV and the ⴱ resonances at 406.2, 409.3, and 411.6
ជ is
eV. The near disappearance of the ⴱ resonances when E
in the molecule plane demonstrates that the four N atoms lay
in a plane parallel to the substrate.

FIG. 4. 共Color online兲 共a兲 normalized XLPA, 共b兲 XMCD spectra, and 共c兲 integrated XMCD area at the Fe L2,3 edges on FePc at
T = 6 K for incidence angle ␥ = 0°, 45°, and 75°. In the XMCD
experiment, the applied field 共0H = 5 T兲 and the helicity of the
beam are parallel for every ␥. The arrows indicate the higher limit
of the p and q integrals.

IV. MAGNETIC CHARACTERIZATION

Initial magnetization, hysteresis cycles up to H = 5 T and
thermoremanence have been measured from T = 1.8 K to 10
K, parallel and perpendicular to the FePc film. In Fig. 3 we
show M xy and M z in the low-field regime at T = 1.8 K. The
open M xy hysteresis cycle demonstrates that the film is ferromagnetic at this temperature. The coercive field is 0Hc
= 0.145 mT. Besides, M xy is higher than M z up to 0.6 T,
coalescing at this field. This feature is indicative of planar
共xy兲 anisotropy; i.e., the easy axis of magnetization is parallel to the substrate. The initial magnetization curves; i.e.,
when the sample was demagnetized before the M共H兲 experiment was done, is shown in inset 共a兲. The M xy curve has a
higher slope at H = 0 than the M z one, again, indicating xy
anisotropy. The anisotropy field can be roughly estimated,
from the intercept of the M xy and M z curves, therefore, the
anisotropy field is 0HA = 0.6 T. The remanence magnetization dependence on temperature M r共T兲 is included in inset
共b兲 of Fig. 3. M r remains nonzero; i.e., ferromagnetic, up to
TC ⬇ 4 K, in the xy plane. Note that, the Curie temperature
of this FePc film is lower than the reported TC = 10 K for the
bulk ␣-FePc.11 This decrease in TC could be expected as a
size effect due to the reduced 共80 nm兲 thickness of the film.
The hysteresis curves at 6 K have no open loops 共not
shown兲, but still M xy ⬎ M z up to 0.6 T, so the xy anisotropy
remains in the paramagnetic region near TC. Our XMCD
measurements performed at T = 6 K, were, therefore, per-

formed in the paramagnetic phase of the material. The main
conclusion of this section is that the FePc film has magnetic
planar anisotropy at low temperatures.
V. X-RAY SPECTROSCOPY RESULTS

Panels a and b of Fig. 4 display, respectively, selected
normalized XLPA and XMCD spectra measured at the L2,3
Fe edges. In XLPA 共panel a of Fig. 4兲 the absorption intensity is proportional to the number of empty valence states in
ជ ,16 which is parallel to the
the direction of the electric field E
molecule plane for ␥ = 0° and nearly perpendicular to it for
grazing incidence 共␥ ⬇ 90°兲. Since there is a random distribution of molecules in the xy plane, the spectra are averaged
over all azimuthal angles, while all molecules have a 共nearly兲
common z. XMCD 共panel b of Fig. 4兲 provides information
on the polarized magnetic moment per Fe atom of the initial
state.
The electronic ground state has been proposed to be
3
Eg,17–20 among others. In the following, we show that our
experimental results do support this assignment.
Indeed, taking into account the corresponding 3Eg molecular orbital level scheme 共shown in Fig. 5兲, the e↑g level
splitting explained in Ref. 19 共see below兲, and the sign of the
XMCD signals, several features of the XLPA spectra can be
assigned.
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FIG. 5. Spin split molecular orbital energy level scheme for
FePc 共Ref. 17兲. For clarity, only the states with a relevant component of 3d weight 共w3d ⬎ 0.05兲 have been included. Note also the
global change in spin sign with respect to Ref. 17.

The Fermi energy 共EF兲 is taken as the energy of the maximum slope of the upturn at the L3 edge. The L3 spectrum
共2p3/2 → 3d transitions兲 shows a first peak at 706.4 eV, which
↑
may be ascribed to the e↑g empty level, with mixing of the a1g
level. This sets the lowest unoccupied molecular orbital
共LUMO兲 at energy 0.3 eV above EF. The next most intense
peak at 707.3 eV with Eជ close to z 共␥ = 75°兲, nearly disappears when Eជ 储 x , y 共␥ = 0°兲, and therefore it may be identified
with a transition to the d3z2−r2, i.e., the empty antibonding
↑
共see Fig. 5兲 lying 0.93 eV above EF.
excited level a1g
On the other hand, at the high energy side of the L3 spectra a triplet of peaks can be identified. The leftmost peak at
708.9 eV does not depend on ␥, and is assigned to an e↑g state
in the minority antibonding states stemming from hybridization with the  ligand orbitals 共2.57 eV兲: The two on the
right side 共709.8 and 711.7 eV兲 reduce their intensity when
Eជ 储 z and may be indexed as due to the dx2−y2 states at the
↓
↑
共3.52 eV兲 and minority b1g
antibonding
empty majority b1g
states 共4.64 eV兲, respectively. The L2 edge spectra 共2p1/2-3d
transitions兲 are less resolved. However, by comparison with
the L3 edge spectra, considering their relative energies and
↑
angle dependences, the left one can be assigned to the a1g
excited state and the two higher energy ones to the
↓
↑
and b1g
antibonding states. A more detailed de共dx2−y2兲 b1g
scription of the XLPA spectra requires a multiplet calculation, which is beyond the scope of this paper.
Information on the orbital and spin components of the
magnetic moment of the absorbing atom projected along the
field direction for a given incidence angle ␥ can be obtained
from the sum rules21,22
2nh
m L共 ␥ 兲
=−
B
r
meff
3nh
S 共␥兲
=−
B
r

冕
冕

共⌬L3 + ⌬L2兲dE,

共1兲

共⌬L3 − 2⌬L2兲dE,

共2兲

where the XMCD at the L2,3 edges is ⌬L2,3 = L− − L+ ,
2,3
2,3
being L− and L+ the absorption measured with left 共−兲
2,3

2,3

and right 共+兲 circularly polarized light. nh is the number of d
holes above the Fermi energy, which has been calculated for
FePc as nh = 2.669.17
In the following paragraphs the data analysis for T = 6 K
and 0H = 5 T is shown in detail. The analysis for 0H = 1
and 3 T are analyzed likewise. After removal of the contributions from transitions to the continuum by subtraction of
two arctangent functions centered at the L3 and L2 edges and
2/3 and 1/3 amplitude, respectively, r is calculated as r
= 兰共+ + − + 0兲dE, the integrated spectrum for the unpolarized radiation. 21 兰共+ + −兲dE = IL2 + IL3 is the integrated unpolarized x-ray absorption white-line intensity. 0 has been
approximated by 21 共+ + −兲.
In Fig. 4共c兲 the values of the integrated XMCD, p
= 兰共⌬L3兲dE and q = 兰共⌬L3 + ⌬L2兲dE, with upper integration limits at the respective arrows, have been depicted. The
orbital sum rule 关Eq. 共1兲兴 directly yields the orbital moment
component, mL共␥兲 = −具Lz典共␥兲B / ប. From the spin sum rule
关Eq. 共2兲兴 and the relation meff
S 共␥兲 = mS − 7mT共␥兲 one obtains
the isotropic spin moment, mS = −2具S典B / ប, and the intraatomic magnetic dipolar component, mT共␥兲 = 具T␥典B / ប.
The measured XMCD magnitude with H parallel to the
beam direction and incidence angle ␥ furnishes the projection of the Fe magnetic moment along the direction of the
ជ ·m
applied field, m共␥兲 = H
ជ / H. The FePc molecule symmetry
may be approximated to D4h, therefore the fourfold axis may
be taken as the principal axis, z, with the two binary axes x
and y assumed identical.
In the case of a molecule lying flat on the substrate, and
the x axis at an angle ␣ with respect to a fixed reference axis
parallel to the substrate, the measured magnetic moment can
be decomposed into two terms:
m共␥兲 = mz cos2 ␥ + 共mx sin2 ␣ + my cos2 ␣兲sin2 ␥ .

共3兲

Due to the random distribution of the molecular axes parallel
the substrate, averaging ␣ between 0 and 2 one obtains
m共␥兲 = mz cos2 ␥ + mxy sin2 ␥ ,

共4兲

where we have defined mxy = 共1 / 2兲共mx + my兲, the mean of the
magnetization of the molecule in the x and y axes.
The magnetic moment m is decomposed into its orbital
component
mL共␥兲 = mLz cos2 ␥ + mLxy sin2 ␥

共5兲

and the effective spin component
z
xy
2
2
meff
S 共␥兲 = mS − 7共mT cos ␥ + mT sin ␥兲.

共6兲

In D4h symmetry the diagonal tensor components fulfill
the relation 兺i=x,y,zTii = 0, therefore 共mTz + 2mTxy兲 = 0 and only
four moment components in Eqs. 共5兲 and 共6兲 are independent. In particular, we measured XMCD at the so-called
magic angle ␥ⴱ = 54.7° 共Ref. 23兲 for which 2 cos2 ␥ⴱ
= sin2 ␥ⴱ. At the incidence angle ␥ⴱ the intra-atomic dipolar
contribution cancels for the D4h symmetry, giving a direct
measure of mS.23
In Fig. 6 the mL and meff
S obtained at T = 6 K and 0H
= 5 T from the sum rules as a function of ␥ are shown. The
excellent fitting of the experimental results to Eqs. 共5兲 and
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FIG. 6. 共Color online兲 mL 共䊐兲 and meff
S 共쎲兲, as determined from
the XMCD spectra at T = 6 K and 0H = 5 T. The lines show the
fits to Eqs. 共5兲 and 共6兲.

共6兲 is also presented in Fig. 6. The four adjustable parameters
are collected in Table I. In Fig. 7 the magnetic moments mLxy,
mS, and mxy for 0H = 1, 3, and 5 T are depicted together
with the SQUID magnetization measurements at T = 6 K,
scaled to match the XMCD data. It is evidenced that at
0H = 5 T the magnetization is near saturation.
The value of the isotropic spin component mS
= 0.64⫾ 0.05 B resulted from the fit agrees exactly with the
direct determination of mS from the application of the effective spin sum rule at the ␥ⴱ magic incidence angle. The orbital moment is anisotropic, being largest when the applied
field is parallel to the xy molecule plane, confirming our
magnetization results. Its value is mLxy = 0.53⫾ 0.04 B. In
spite of the applied approximations, and the inherent experimental uncertainty, the existence of an extraordinarily large,
highly unquenched orbital moment in FePc is proven beyond
doubt. This fact also explains the Mössbauer spectroscopy
共MS兲 as a function of field measurements, which found the
highest hyperfine field of positive sign ever measured on an
Fe共II兲 ion 共Bhf = 66.2 T兲.19 Indeed, this requires the existence
of a large orbital moment to explain the field dependence of
the low temperature MS sextets, in excellent agreement with
our result.
The ratio mLxy / mS = 0.83 is the largest reported on 3d ions
in compounds or molecular systems. The large value of the
orbital moment mLxy = 0.53 B is comparable to that found for
individual molecules of O2-Fe共TPA兲4 deposited on a Cu
surface,24 where also xy anisotropy was found. However, in
the O2-Fe共TPA兲4 case it is argued that the interactions with
the surface play an important role in the magnetic properties,
in contrast with our FePc thin layer, where that interaction is
negligible in comparison with the intermolecular interaction.
Besides, such a large orbital moment 共mLxy = 0.53 B兲 has
also been found in V2O3,25 but in this case the ratio mL / mS
TABLE I. The four adjusted magnetic moment parameters 共in
units of B兲, obtained from the fit of the XMCD sum rule results
共see Fig. 6兲 to Eqs. 共5兲 and 共6兲, and the calculated orbital to spin
moment ratio.
mLz

mLxy

mS

mTz

mLxy / mS

0.29共5兲

0.53共4兲

0.64共5兲

0.074共5兲

0.83共4兲

FIG. 7. 共Color online兲 mxy 共⽧兲, mLxy 共䊐兲, and mS 共쎲兲 as a
function of field of the FePc film, as determined from XMCD measurements 共see text兲. Magnetization versus field at T = 6 K 共䊏兲,
measured parallel to the substrate plane and scaled to mxy, deduced
from XMCD 共see text and Table I for details兲. Dotted lines are
guides to the eye calculated by scaling the magnetization curve.

approximately 0.3 is significantly smaller than that found in
FePc.
VI. DISCUSSION

The XMCD data shows that the FePc molecules have
magnetic xy anisotropy. Due to the textured character of the
studied sample, with the molecule planes parallel to the substrate, this microscopic anisotropy is translated into a macroscopic xy anisotropy, which is manifest in the magnetization measurements in parallel and perpendicular directions to
the substrate. This result is quite unexpected since ␣-FePc
had been reiteratively described as an Ising system, with the
moment perpendicular to the molecule plane.19 Of course,
the FePc film has a different molecular stacking than ␣-FePc,
but the molecule anisotropy would be expected to be similar,
if not the same. A quite reasonable possibility is that in the
bulk the molecular anisotropy axis is xy, but since our previous work on ␣-FePc was performed on powder samples,
where the anisotropy is averaged in all directions, we were
misled to propose the molecule z axis as the magnetic easy
axis. Another possibility is that the molecule moment in the z
direction is not negligible 共mz / mxy ⬇ 0.5兲, so that the averaging procedure we applied to describe the Mössbauer experiments of ␣-FePc are still valid as the xy components would
cancel out. At any rate, a very low temperature neutron diffraction experiment would be desirable to determine the
magnetic structure of the ferromagnetic bulk ␣-FePc, to sort
out its magnetic structure. As to the FePc textured film, to
our knowledge, it is beyond the experimental possibility up
to date to determine its magnetic ordered structure.
The x-ray absorption spectra of powdered samples has
been studied experimentally earlier. In Ref. 26 two configurations were proposed for the electronic ground state: a quintet 5A1 or a triplet 3E, but it could not be concluded unambiguously, which was most appropriate. In Ref. 27 the
authors conclude by means of multiplet calculations that the
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FIG. 8. 共Color online兲 Experimental absorption spectra 共red full
lines兲 compared to theoretical predictions from Ref. 17 共dotted blue
lines兲 of FePc at the L2,3Fe edges, for normal incidence, ␥ = 0. 共a兲
XAS spectra; 共b兲 XMCD spectra. Both panels share the same 共arbitrary兲 units.

ground state configuration is 3E, under lower symmetry than
D4h. They mention that this configuration confirms the 3E
proposed earlier from Mössbauer experiments,19 or from theoretical density functional theory 共DFT兲 calculations on the
FePc isolated molecule.17 In fact, the empty state configuration given in Ref. 27 propose the existence of holes in b1, b1,
b2, and e states 共in C4v symmetry兲, while from the present
XLPA measurements on textured FePc sample, the proposed
configuration has holes in the b1g, b1g, a1g, and eg states in
D4h symmetry. Thus, there is a discrepancy whether the a1
共a1g兲 or b2 共b2g兲 is the level yielding the peak at 707.3 eV.
The selection rule applied to assign that peak actually excludes the possibility that it is due to a b2 state since in that
case the peak should have highest intensity in normal inciជ 储 x , y plane兲 and zero or nearly zero for grazing
dence 共E
incidence, contrary to our observation. In view of this argument, we propose that the ground state configuration is the
triplet 3Eg type a, proposed earlier as deduced from x-ray
diffraction18 and Mössbauer measurements.19,20
The experimental XANES and XMCD spectra are shown
in Fig. 8 together with the calculated ones in Ref. 17. For
comparison, we note that in that work the energies of the
excitations are given with respect to the first, leftmost peak.
Instead, in the present work we take as zero energy that of
the Fermi level determined as the energy of maximum slope
in the low energy tail of L3 or L2 edges, respectively. Both
the experimental and calculated XANES spectra show two
lines in the low energy tails of the L2,3 edges. The first peak
is interpreted in this work as the excitation of 0.3 eV to the
hole in the spin-orbit split e↑g level, while it was taken as the
reference of zero energy at the e↑g level in Ref. 17. The second peak corresponds to the a↑g excited level of the minority
spin states, which increases its intensity with increasing ␥.
The most intense peaks at the right of the L3 spectra were

↑
↓
ascribed in Ref. 17 from right to left, to b1g
, b1g
, and e↓g
states, at 2.99, 1.96, and 1.24 eV, respectively. Our experimental spectrum resembles the predicted one, with energies
4.64, 3.52, and 2.57 eV, respectively. The two b1g peak intensities decrease for increasing ␥, as predicted. The peak at
2.57 eV would be assigned to the e↑g state, which stems from
the hybridization with the ligand  orbital, according to the
calculated level scheme. The mentioned difference in reference energy accounts partially to the different results in the
excitation energies, but the approximations done in that ab
initio calculation are the cause of the larger difference in the
high energy excitations.
Another DFT calculation of the electronic structure of
FePc,28 contrasted to ultraviolet photoemission spectroscopy
共UPS兲 experiments, proposes rather a 3B2g or 3A1g ground
state electronic configurations, and disregard the 3Eg ones.
However, these configurations do not allow by symmetry the
large orbital moment found, since the orbital degeneracy
originated at the eg level disappears. This result is in contrast
with our results and with the previously discussed DFT
calculations.17 New calculations of XAS, XLPA, and
XMCD, including angle dependence, are necessary to solve
unambiguously this question, though it seems that FePc has a
3
Eg ground state configuration is a quite robust result.
The present results showing a largely unquenched orbital
moment are in qualitative agreement with the following
model. The Fe共II兲–N bond is time-shared between the two
pairs of opposite N atoms, giving rise to orbital degeneracy
of the eg 共dxzdyz兲 level. In the spin-split ligand-field energy
level scheme for FePc supported by our experiments 共Fig. 5兲,
an unoccupied state is available at the eg共dxzdyz兲, and a second at the a1g共d3z2−r2兲 level. The spin-up electron on the eg
level may occupy either the dxz or the degenerate dyz orbital
component of the doublet. The hole-hole interaction between
the eg共dxzdyz兲 and the a1g共d3z2−r2兲 holes and the spin-orbit
coupling split the degenerate states into three doublet states,
with the ground state being the doublet with 具Lz典 = ⫾ ប. The
orbital moment of the free Fe共II兲 is, therefore, only partially
quenched. A second-order perturbation spin-orbit or crystal
field perturbation 共for example, a lowering of symmetry by a
small distortion of the molecule to D2h兲 would split this doublet, therefore yielding to an occupied and an unoccupied eg
level with a1g mixing. The resulting ground state is that of a
partially quenched orbital moment.19
It is very interesting to note that in recent electron energyloss spectroscopy 共EELS兲 experiments on thin free-standing
films of FePc, a low energy excitation from the a1u ligand
states into the Fe 3d 共eg兲 states have been observed.29 These
are hybridized states with the ligand eg states and a necessary
condition for its observation is that the Fe 3d 共eg兲 are not
fully occupied. This experimental observation is regarded by
those authors as proof of the soundness of our model to
explain the large orbital moment found, first proposed in Ref.
19.
The dipolar term has a strong contribution to meff
S in this
case. Since mT共␥兲 = T̂␥B / ប one obtains Txx = Tyy = −0.037ប,
and therefore, Tzz = 0.074ប.23 These are quite large values,
comparable to the calculated value of Fe2+ in a surface site,30
and is related to the planar symmetry of the ligand field in
FePc.
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With the experimentally determined values of mLxy, mLz,
and mTz it is possible to derive an estimation of the magnetic
anisotropy energy originating from spin-orbit coupling by
means of the expression

VII. CONCLUSION

⌬ESO = −

G
H

冦

3d共mLz

−
4B

mLxy兲

2
3d

+

冋冉 冊冉 冊 册 冧
21 3 z
m +A
2
2 T
⌬EexB

,
共7兲

where G/H ⬇0.2 for transition metals, 3d = 0.05 eV for
Fe,31–36 and ⌬Eex = 1 eV is the energy shift between the majority and minority states. This value is extracted from our
spectroscopic results as the energy difference between the
b1g minority and b1g minority energy levels. The term A is
independent of the spin direction and may be considered as
negligible. The first term corresponds to the anisotropy originating from the difference in orbital moment between the
perpendicular and parallel directions to the substrate plate
共thus of orbital origin兲, and the second term from the intraatomic dipolar term, describing the anisotropy in the spin
density. Substituting, one obtains: ⌬ESO ⬇ +6.0⫻ 10−4 – 5.3
⫻ 10−4 = 7 ⫻ 10−5 eV. Thus, the orbital term and the dipolar
term are of the same order of magnitude and are competing
with each other. The sign is positive, thus favoring xy anisotropy. Since the anisotropy field was estimated as 0HA
= 0.6 T, the anisotropy 共volume兲 constant can be evaluated
as 兩K1兩 = 0HAM s / 2, yielding K1 = −2.2⫻ 103 J / m3, or
⌬ESO = 2.1⫻ 10−5 eV/at, assuming the specific volume of Fe
atoms as v = 1.48⫻ 10−28 m3, as in ␣-FePc. The experimental value is of the same order of magnitude as the theoretical
estimation from Eq. 共7兲, although somewhat lower. Of
course, Eq. 共7兲 is just a rough approximation since the original model is derived for a fully occupied majority band, and
a completely empty minority band, which is not our case, but
it justifies qualitatively our finding of xy anisotropy in FePc.
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