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Spin and orbital configuration of metal phthalocyanine chains assembled on the Au(110) surface
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2Dipartimento di Fisica dell’Università di Milano, via Celoria 16, 20133 Milano, Italy
3CNR-IOM TASC, S.S. 14, km 163.5, I-34149 Trieste, Italy

4Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Università di Modena e Reggio Emilia,
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The spin and orbital configuration of magnetic metal phthalocyanines (MPcs) deposited on metallic substrates
are strongly influenced by the rehybridization of the molecular states with the underlying metal. FePc, CoPc, and
CuPc isolated molecules are archetypal systems to investigate the interrelationship between magnetic moments
and orbital symmetry after deposition on a metallic substrate. MPcs form long-range ordered chains self-
assembled along the reconstructed channels of the Au(110) surface. X-ray magnetic circular dichroism from
the L2,3 absorption edges of Fe, Co, and Cu shows that the orbital and spin configuration are strongly modified
upon adsorption on the Au(110) surface if the orbitals responsible of the magnetic moment are involved in the
interaction process. The magnetic moment for a single layer of molecular chains is completely quenched for the
CoPc molecules, fully preserved for the CuPc and reduced for the FePc ones. The modified magnetic configuration
is confined to the very interface layer, i.e., to the MPc molecules bound to the metal substrate up to the compact
packing of the single layer. The different response can be rationalized in terms of the symmetry/orientation of
the metal-ion d states interacting with the substrate states, as indicated by density functional theory calculations
in agreement with experimental findings.

DOI: 10.1103/PhysRevB.87.165407 PACS number(s): 75.70.Ak, 78.70.Dm, 73.20.Hb

I. INTRODUCTION

Supramolecular assemblies of organometallic complexes
have been identified as possible building blocks of nanotech-
nologies, whereas the molecular self-assembling or template-
assisted assembling of organic complexes, containing transi-
tion metals, creates networks of active centers for electronic
and magnetic functions.1–3

The interrelationship of the electronic and magnetic prop-
erties at the low-energy scale of one-dimensional (1D) or two-
dimensional (2D) molecular nanoarchitectures on atomically
clean and ordered substrates requires high-resolution spectro-
scopies and atomically resolved structural analysis. In fact,
the hybridization of the frontier orbitals of the organometallic
complex with the surface states or surface resonance states
of a metallic substrate leads to symmetry changes of the
charge distribution and to different occupation number of
the molecular orbitals.4–11 Much of the advances in this
research field are based on careful choice of substrate surfaces,
either elemental or artificially nanostructured (vicinal stepped
surfaces, locally oxidized, magnetic striped surfaces, etc.), and
on several different characterization techniques.8,12–25

Among the molecular complexes, the transition metal
phtalocyanines (MPcs) are prototypical systems for interface
studies since their interaction with ordered metal surfaces
presents a variety of phenomena controlled by the nature
of the transition metal (TM). Besides this functional role,
the TM centers are also primarily involved in anchoring
the molecules to the substrate, where they can differently
participate to chemical bonding via charge exchange and

orbital hybridization with the substrate states. The MPcs are π -
conjugated complexes with planar structure that easily arrange
on atomically periodic surfaces maximizing the contact by
lying flat, with electronic interaction at the level of both
the isoindoles (aromatic rings and pyrrole groups) and the
central TM ion.5,6,26 The symmetry lowering and modified
filling of the TM central atom orbitals at the interface
with a metal does necessarily affect the spin state and the
magnetic moment carried by the molecular complex. Very
different behavior is expected, and observed, for different
MPcs on different surfaces supporting a research program
aimed at tailoring robust organized arrays of magnetic centers
in 1D and 2D.5,8,15,27 Moreover, direct exchange coupling
of paramagnetic organometallic complexes, like porphyrines
and phthalocyanines, with magnetic substrates can induce
magnetic polarization of the molecular layer even at room
temperature. The magnetic moment can be rotated along in-
plane and out-of-plane directions, by a magnetization reversal
of the substrate, showing that the control of the magnetic
interactions between the organometallic molecule and the
substrate is a key point for designing spintronic devices.28–30

In the present work we have investigated the spin and
orbital configuration of three 3d metal phthalocyanines (FePc,
CoPc, and CuPc) assembled in compact chains along the
Au(110) reconstructed channels.8,17 The resulting single-
molecule overlayer presents 2D long-range order where all
molecules lie flat on the gold substrate and with little dispersion
of the molecule-substrate distance. The choice of the three
3d complexes is due to the different role that the TM has
in the chemisorption and rehybridization with the substrate,
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as well as in the resulting magnetic properties. The CuPc
isolated molecule is a model system with spin- 1

2 and a single d

hole.31–33 CoPc has a spin- 1
2 but with a more complex multiplet

structure, due to the higher number of d empty states, with an
out-of-plane dz2 orbital mostly responsible of the magnetic
state.34–36 FePc has a spin and orbital configuration involving
d states with both out-of-plane and in-plane orbital symmetries
leading to S = 1.31,37,38

The present experimental and computational analysis aims
at providing a unified understanding of the physical fac-
tors determining the behavior of these different MPcs. The
x-ray absorption spectroscopy (XAS) and its polarization
dependence natural-linear and circular magnetic dichroism
(XNLD and XMCD) have been exploited for investigating
the electronic and the magnetic configuration of the molecular
complexes FePc, CoPc, and CuPc. XAS at the metal L2,3

edges is the most adequate choice for probing the electronic
and magnetic configuration of the 3d-symmetry states in the
STM-controlled flat-lying compact layers of the three TM
complexes, making it possible to compare their properties
at the interface with the multilayer reference systems. The
results for each of the three interfaces are quite peculiar and
different, probing different d-state symmetries and yielding
different moments in the nonsaturated configuration that is
experimentally available.

On the theoretical side, the interpretation of these measure-
ments traditionally relies on semiempirical approaches based
on atomic configuration multiplets. These methods often allow
for good fits of the experimental spectra, but, in the case of
structurally complex nanostructures as the present ones, they
also require many ad hoc parameters that may jeopardize a
clear physical interpretation. For this reason here we followed
an alternative route, based on the direct electronic structure
analysis provided by ab initio density functional theory (DFT)
calculations. These do not aim at a one-to-one comparison
with the experimental data and spectra since the quantitative
prediction of magnetic/electronic properties arising at the
interface between MPc molecules and metallic substrates are
a well known challenge for state-of-the-art DFT approaches.
Instead, we employ the simulation for identifying the origins
of the relative differences in electronic and magnetic properties
displayed by the three MPc molecules. These complementary
information from our experimental and theoretical analysis
lead to rationalizing the different properties of the three inter-
faces in terms of the symmetry/orientation of the molecular
orbitals involved in the chemical bonding with the substrate.

II. METHODS

A. Experiments

The XMCD and XNLD experiments have been performed
at the ID08 beamline of the European Synchrotron Radiation
Facility (ESRF). The clean Au(110) surface and the ordered
TM-Pcs layers were prepared in ultrahigh vacuum (UHV)
chambers, with base pressure better than 1 × 10−10 mbar. The
Au(110)-(1 × 2) substrate surface was prepared by subsequent
Ar+ ion sputtering-annealing cycles at 1 keV and 720 K,
followed by 500 eV and 520 K. Surface quality and clean-
ness were checked by means of STM, low-energy electron
diffraction (LEED), and x-ray absorption.

FIG. 1. (Color online) (a) Sketch of a MPc molecule. (b) In situ
STM image of FePc molecules, bias voltage −200 mV, tunneling
current 0.20 nA. (c), (d), (e) In situ STM image 50 × 50 nm of a
FePc, CoPc, and CuPc SL deposited on the Au(110) surface (5 ×
7 periodicity); bias voltage, −50, −980, and −630 mV; tunneling
current, 0.10, 0.70, and 0.50 nA, respectively.

The FePc, CoPc, and CuPc powders were evaporated from
resistively heated quartz crucibles in UHV and the nominal
thickness was measured via oscillating quartz microbalance.
The MPc molecules have been deposited on the clean Au(110)
substrate with a deposition rate of about 0.5 Å/min. The
long-range ordered single-layers (SLs) have been obtained by
depositing MPc onto the gold surface kept at 450 K, while
a MPc thin film (TF) has been grown on the surface kept
at room temperature. The structural configurations of FePc,
CoPc, and CuPc on Au(110) were characterized in detail
in situ at the ID08 beamline by means of STM and LEED
measurements.6,8,17,26

The MPcs deposition on the Au(110) induces a structural
evolution of the molecular layer which forms long-range
ordered superstructures with different symmetries up to the
formation of a compact molecular SL. FePc, CoPc, and CuPc
molecules adsorb on Au(110) reconstructed channels forming
ordered chains, as shown in STM images in Figs. 1(c), 1(d),
and 1(e). The long-range periodicity and surface structure
was checked by LEED. At low molecular density, the chains
are arranged in a superstructure with a 5 × 5 reconstructed
phase characterized by molecular chains disposed along the
Au(110) troughs oriented along the [110] direction.8 At higher
coverages the sevenfold periodicity of the reconstructed Au
substrate [shown in Figs. 1(c), 1(d), and 1(e)] allows a more
dense packing of the MPc chains.17

The XMCD and XNLD measurements were performed on
the MPcs SL and TF samples cooled down to T = 8 K in
UHV conditions (1 × 10−10 mbar base pressure). The degree
of circular and linear polarization of the x rays impinging on
the sample was almost 100%. The L2,3 absorption edges of
the Fe, Co, and Cu ions were obtained in the total electron
yield mode, measuring the sample drain current. Photon flux
normalization has been carried out measuring the drain current
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FIG. 2. (Color online) (a) Experimental geometry of the XMCD
experiment; magnetic field B is collinear to photon direction.
(b) XAS I− and I+ spectra collected in the total electron yield
mode on a FePc/Au(110) SL at T = 8 K (red and dashed black
lines, respectively) and Au(110) background (black continuous line).
(c) XAS spectra of FePc/Au(110) SL after Au(110) background
subtraction (red and dashed black lines), atomic background esti-
mated with a two-steps function (black continuous line), integral of
the average absorption spectra (after atomic background subtraction,
green continuous line), XMCD signal I− − I+ (red continuous line),
and integral of the XMCD signal (green dashed lines). The symbols
p and q indicate the integration limits used in the sum rules analysis
(see Supplemental Material).39

on a clean gold mesh during the XAS experiment. The
magnetic polarization necessary for the XMCD experiment
has been obtained applying an external magnetic field B =
±5 T collinear with the propagation direction of impinging
circularly polarized photon. The XMCD signal is defined by
the difference between the absorption spectra collected with a
magnetic field B parallel I− and antiparallel I+ to the x ray’s
helicity [see the experimental geometry in Fig. 2(a)]. XMCD
spectra were acquired at different photon and magnetic field
incidence angles (from 0◦ to 70◦) in order to study the magnetic
anisotropy of the different MPcs. XNLD spectra were collected
at a fixed incidence angle of 70◦, rotating the light polarization
from vertical ( �E in plane) to horizontal ( �E out of plane).

The SLs present a density of Fe, Co, and Cu atoms of
the order of 10−2 monolayers as referred to the surface
Au(110) density. To obtain a good signal-to-noise ratio several

scans have been measured also using different equivalent
combinations for the applied field and the circular polarization
of the impinging x rays as reported in the inset of Fig. 2(a).
Due to the extended x-ray absorption structure of the substrate
Au N edges, and the low density of the metallic ions in a MPcs
SL, a background correction and a careful intensity analysis
are necessary to quantify the dichroic signal. The Au(110)
background was measured separately on a clean surface [see
Fig. 2(b)] in order to evaluate the Au(110) contribution to
the 3d metal absorption edges. A background subtraction was
subsequently performed on the MPcs SL spectra leading to the
XAS spectrum shown for FePc/Au(110) SL in Fig. 2(c). For
evaluating the XMCD sum rules a further steplike background
has been subtracted to the XAS spectra, keeping the intensity
ratio between the L3 and the L2 steps at the atomic values.

The N K-edge XNLD (not shown) for the SL and TF of
FePc, CoPc, and CuPc grown on the Au(110) reveals the same
fine structures for the FePc, CoPc, and CuPc reconstructed
phases and TFs. The observed dichroism confirms the planar
orientation of the MPc molecules both at the SL coverage
stage and for the few-nanometer-thick TFs grown on Au(110),
shown in previous results.6 The Au(110) reconstructed surface
is an ideal nanostructured substrate and favors the flat-lying
configuration of aromatic organic molecules with suitable size
(pentacene, α-sexithienyl, MPcs) regularly arranged along the
troughs of the Au channels.6,8,17,40–46

B. DFT calculations

The DFT calculations were performed with the Perdew-
Burke-Ernzerhof generalized gradient corrected approxima-
tion (PBE-GGA) for the exchange and correlation energy
functional.47 The spin-polarized Kohn-Sham equations were
solved in the plane-wave pseudopotential framework, as
implemented in the PWSCF code of the QUANTUM ESPRESSO

distribution.48,49 The valence wave functions were described
by a plane-wave basis limited to 30 Ry, while the charge
density Fourier representation was limited by a cutoff of
300 Ry. The combined MPc/Au(110) system was modeled
by adsorbing the MPc molecule to the 1 × 5 reconstructions
of the Au(110) surface. These systems were described with
periodic supercells having lateral extension corresponding to
(5 × 5) primitive unit cells of the Au(110) surface. The latter
was modeled with a slab consisting of five atomic layers,
separated in the z direction by more than 13 Å of vacuum,
with the lattice parameter set to the calculated equilibrium one
(4.18 Å). During the structural relaxations the lowermost two
layers were kept fixed at their bulklike coordinates. Integrals
in the Brillouin zone were performed on the � point together
with a Marzari-Vanderbilt smearing of 0.02 Ry. Convergency
of results with respect to k-point sampling was checked
by considering 3 × 4 × 1 Monkhorst-Pack grids. Adsorption
energies, Eads, were defined and calculated as in Ref. 8.

III. RESULTS

A. Molecule-substrate interaction: XNLD

The linear-polarization-dependent spectra of the L2,3 ab-
sorption edges of FePc, CoPc, and CuPc for SLs are reported
in Fig. 3 (bottom panels) and compared with the TF spectra (top
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FIG. 3. (Color online) Fe, Co, and Cu L2,3 edges by means of XNLD measured on FePc, CoPc, and CuPc TFs (a), (b), (c) and SLs (d), (e),
(f) at a temperature of T = 8 K.

panels). The TF XAS of FePc and CoPc present two groups
of multiplet peaks separated in energy by 13.4 and 15.3 eV,
respectively, representing the transitions from 2p1/2,3/2 to
mostly d-symmetry empty states, consistently with previous
results.13,19,27,34,50 The FePc and CoPc SLs retain a similar
multiplet energy spread but with relevant changes in the
relative weight of the involved peaks. In the case of CuPc
the multiplet is reduced to a single structure for each L2,3

component separated by 19.9 eV for both the TF and the SL
on Au(110), reflecting the 3d9 character of the Cu ion.

The search light effect (XNLD) in the spectra of Fig. 3, i.e.,
the dependence of the absorption intensity on the direction of
the linear polarization, reflects the flat-lying planar configura-
tion of the MPc molecules both at the interface with the Au
reconstructed surface and in the multilayer TF. The evidence
of the ordering at the interface and stacking of subsequent
layers parallel to the surface are fully consistent with the
independent assessments by N K-edge XNLD (not shown)
and direct structural analysis by STM and grazing incidence
x-ray diffraction (GIXRD).6,8,17

The L2,3 edge XNLD of the MPcs is rationalized consid-
ering the 3d metal configuration embedded in a D4h square
planar ligand field. In the isolated molecule the D4h reduced
symmetry transforms the degenerate 3d orbitals of the metal
ion in three a1g (dz2 ), b1g (dx2−y2 ), and b2g , (dxy) singlet states
and in one (dxz,dyz) doublet state with eg symmetry as sketched
in Fig. 4. The empty states available for the three MPcs are
determined by the different 3d occupation.

The energy spectrum of the CuPc molecule presents a single
3d hole in the b1g molecular orbital (MO) associated to a
Cu-dx2−y2 state hybridized with the N-px,y orbitals.31,51 The
L3 edge presents a single peak at 932.5 eV with a definite
dichroic effect associated to a transition to a MO extending in
the plane of the molecule. Such states are involved in the bonds
with the N neighbors in the planar molecular structure and are
not directly involved in the bonding with the substrate.7,52 Two
satellites are detected at higher energies, the first at 935.9 eV
can be attributed to weak transitions to higher lying eg states

with small polarization dependence. The second asymmetric
feature at 940.0 eV with a strong polarization dependence has
been attributed to l − 1 transitions to the 4s empty orbitals,
partially hybridized with dz2 symmetry empty states.32 The
spectra for the TF and SL of CuPc chains deposited on Au(110)
display a very similar XNLD consistent with the high degree of
parallel stacking in the TF. The main differences appear in the
l − 1 absorption features indicating a partial rehybridization
of the molecular states with a component perpendicular to the
molecular plane.

The spectra of CoPc and FePc present a much richer fine
structure that arises from the multiplets enabled by the multiple
holes in the d states. CoPc and FePc have the a1g singlet state
from the Co(Fe)-dz2 orbital weakly hybridized with the N-s
and -px,y states perpendicular to the molecular plane, whereas
the doublet state eg MO results from the interaction between
the Co(Fe)-(dxz,dyz) and the N-pz states of the delocalized π

system.31 The different 3d configuration of the Fe (3d6) and
Co (3d7) ions determines the different molecular spin state:
S = 1/2 for the CoPc35,36 and S = 1 in the FePc.38,53

3d

dxz dyz

dxy

dz 2

d 2x 2-y

O3 D4h

b1g

a1g

eg

2gb

FIG. 4. (Color online) Sketch of the energy splitting of the
different 3d levels embedded in a D4h square planar crystal field.
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The XAS of FePc presents a complex spectrum and alter-
nate XNLD magnitude and sign corresponding to transitions
mainly to d states perpendicular (eg , a1g) and parallel (b1g)
to the molecular plane in agreement with a 3E1g symmetry
ground-state configuration.9,13,50,54 In particular the intense
peak at 707.5 eV presents an out-of-plane localization in
agreement with a partially occupied dz2 symmetry orbital a1g .
The spectrum of the TF is fully consistent with that reported
in Ref. 50 and can be understood as corresponding to the
configuration of the Fe2+ ion with S = 1. The electronic and
magnetic structures of the three MPc molecules in gas phase
arising from the DFT calculations are consistent with these
data.

The spectrum for the FePc SL is quite different with
respect to the TF. In particular, the changes in relative
intensity and XNLD sign of the near-threshold XAS multiplets,
show a rehybridization of the out-of-plane states. The SL
XAS collected with �E out of plane is characterized by the
appearance of a double peak at 707.6 and 708.3 eV. The first
peak, at the same energy of the intense white line absorption
of the TF, can be associated to the transition to the a1g/dz2

symmetry orbital. Compared to the TF XAS spectrum its
intensity is reduced by 58%. The second structure cannot be
associated to a transition observed in the TF (see Supplemental
Material for detailed discussion).39

The XAS of CoPc has similar overall features as FePc,
though with an energy spectrum simplified by the occupation
of a d hole in the eg state compared to FePc. In fact,
the TF Co L2,3 XAS spectrum is understood as a consequence
of a d7 configuration of the Co2+ ion with S = 1/2.31,34

The strong XNLD of the peak at 778.8 eV suggests an
out-of-plane localization of the empty orbital in agreement
with a partially occupied dz2 symmetry a1g MO.13 The spectra
for the SL CoPc at the interface with Au(110) is different
with respect to the CoPc TF, suggesting even in this case
an hybridization of the central metal with the substrate. In
particular, the sharp transition at 778.8 eV associated to the
a1g state is quenched and a new feature arises with d symmetry
out of the molecular plane at about 780 eV.

The present data show that the interface bonding effects
can be described by a higher occupation of the MOs with
a dz2 symmetry, implying a rehybridization of the molecular
electronic states localized on the Fe and Co atoms, breaking the
fourfold symmetry of the FePc and CoPc MOs. Independent
evidence of mixed FePc and CoPc MOs with the Au states
in the energy region close to the Fermi level, was previously
observed by photoemission and absorption experiments.5,6,9

On the contrary, such interacting states close to the Fermi level
are not observed for metal phthalocyanines with completely
filled out-of-plane d orbitals, i.e., ZnPc, CuPc, and NiPc
molecules, deposited on the Au(110) channels.5

B. Molecule-substrate interaction: DFT

Our simulations of the interface bonding of the MPc series
(FePc, CoPc, and CuPc) to the Au(110) reveal a clear trend
of the molecule-substrate interaction, whose strength increases
following the Eads(CuPc) < Eads(CoPc) < Eads(FePc) order, as
evident from the decrease of the molecule-substrate distance,
and from the increase of the charge reorganization upon MPc

b2g eg eg a1g b1g

(a)

(b) FePc

D=2.7Å

Eads=-0.73eV

(c) CoPc

D=2.8Å

Eads=-0.54eV

(d) CuPc

D=3.2Å

Eads=-0.37eV

FIG. 5. (Color online) (a) Free MPc MOs with metallic character;
labels indicate their symmetry in the D4h point group. (b)–(d) Positive
(green) and negative (yellow) charge density transfer upon adsorption,
the distances DAu-M between each coordinated metal M and the
closest Au atom are also indicated, together with each MPc adsorption
energy Eads.

adsorption. These results are reported in Fig. 5, which displays
the bonding charge (charge difference with respect to the gas
phase MPc and clean surface), to be compared with those of
the gas-phase MPc (panel a), and elevation of the metal center
above the support.

For all MPc, we considered adsorption geometries with
the metal center either on the top or short-bridge sites of
the central row of the ×5 surface reconstruction described
above. The minimum energy adsorption site turned out to be
always the top one. The molecule and the substrate undergo
structural deformations that are common for the three MPc
cases and whose magnitude is proportional to the strength of
the interaction. The Au atom directly underneath the molecular
metal center displaces outward towards the metal center as
a result of the Au-MPc bond formation. We refer to this
minimum Au-M distance as DAu-M (see Fig. 5). In analogy
to the FePc case described in our previous works,8,9 this leads
to a trigonal bipyramidal geometry of the ligands around the
Co and Cu metal centers and to bending of the molecular
isoindole groups.

FePc, the strongest interacting molecule in the series con-
sidered here, displays the shortest distance from the substrate
(DAu-M = 2.7 Å) and the largest interfacial rearrangement of
the charge density [Fig. 5(b)]. The bonding charge involves
primarily the eg and a1g orbitals, involving the Fe (dxz,dyz) and
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dz2 states, which are also those carrying the unpaired electrons.
Both states have a net out-of-plane charge component that
easily interacts with the s-like valence band of the Au surface.

The Co2+ ion in the free CoPc molecule is in the d7

configuration, in which the additional electron with respect to
the FePc case occupies the eg MO.55–57 The interaction of this
molecule with the Au substrate is weaker than FePc because
only one state, the a1g MO, is involved in the bonding. As a
result, the calculated adsorption energy to Au(110) is reduced
by ∼30% with respect to FePc, the charge redistribution
due to bonding is clearly less pronounced [Fig. 5(c), the
isosurfaces are plotted at the same value of density for all MPc
molecules], and the Co distance from the surface is slightly
larger, DAu-M = 2.8 Å.

Finally, the additional electrons in the gas-phase CuPc
molecule lead to a Cu-d9 configuration, in which the higher
energy b1g MO—involving the Cu dx2−y2 in-plane state—is
occupied. CuPc displays the weakest bonding to the Au surface
(adsorption energy reduced by ∼50% with respect to FePc
case), with the largest Cu-metal distance (DAu-M = 3.2 Å)
and the least interfacial charge reorganization, which partially
involves the inner a1g states but it does not affect the singly
occupied b1g state. Our calculations predict that the CuPc spin
is fully preserved upon adsorption.

This trend in DAu-M for the MPc series adsorbed on Au(110)
is analogous to the one reported for the molecules on the flat
Au(111) surface, even though the MPc molecules adsorbed on
the Au(111) surface are systematically more distant than on
the Au(110) one by ≈0.6–0.7 Å.58 This can be ascribed to the
different corrugation and density between the two surfaces:
The more open and reconstructed (110) surface maximizes
the M-Au bonding (thus decreasing DAu-M ) and reduces the
steric interaction of the isoindole groups with the surface.
Quite surprisingly, also the electronic and magnetic properties
of the MPc series display the same trend when adsorbed
on the Au(111) and Au(110) surfaces, despite the different
morphology and the M-Au distances.

Although the present single-particle as well as exchange
and correlation (XC) approximations will likely influence the
actual values of the calculated magnetic moments, the trend
emerging from the simulation shows qualitative agreement
with the experimental data and therefore provides a valid
interpretative framework, disregarding the choice of the XC
functionals. Moreover, since the current calculations do not
include nonbonding dispersion contributions (e.g., van der
Waals), we might expect variations of the absolute values of the
measured distances. Nevertheless, we do not expect significant
changes in the presented trends, which are instead primarily
controlled by the bonding interaction between the central MPc
metal and the gold substrate, as discussed above.

A rationalization of the electronic and magnetic properties
of the metal-organic interfaces on the basis of the symmetry
of the frontier MOs and of their orientation relative to
the interface is allowed by our computational results and
turns out to be fully consistent with the phenomenology
deduced from the experiments. The intrinsic symmetry and
out-of-plane contribution of d-derived MPc states mostly
characterize the relative interaction strength with the substrate
within the Fe, Co, CuPc series. The one-to-one similarities
between the electronic properties and magnetic moments

of MPc on Au(110) and (111) surfaces reinforce this
interpretation.

C. Spin and orbital configuration: XMCD

Circular polarized absorption spectra and XMCD signals
for the MPcs TF and SL, measured at the L2,3 edges taken in
an externally applied magnetic field of B = ±5 T at a sample
temperature T = 8 K, are reported in Figs. 6 and 7. The MPcs
TF dichroic signals present a definite angular anisotropy. As
a consequence of the flat-lying molecular orientation on the
surface (Fig. 1 and XNLD), this anisotropy can be directly
ascribed to the easy magnetization direction parallel (FePc and
CoPc) and perpendicular (CuPc) to the substrate, reflecting the
symmetry of the MOs carrying the magnetic moment: a1g for
the CoPc, a1g and eg for the FePc and b1g for the CuPc.

The XMCD signals for the FePc, CoPc, and CuPc SLs,
as compared with the TFs, make it possible to identify the
modification of the dichroic signals of the molecular orbitals
involved in the interaction process at the interface. The CuPc
SL XMCD signal [Fig. 7(f)] is very similar to that measured
for the TF [Fig. 6(f)]. This behavior is rationalized in terms
of the planar symmetry of the b1g singlet state, which couples
weakly to the metal electrons, as suggested by XNLD results
and DFT calculations. The magnetic moment of the CuPc,
attributed to the singlet state with b1g symmetry, is expected
to remain unchanged in the CuPc molecules arranged in
chains along the Au(110) channels, with respect to the free or
stacked molecules.

The XMCD signal of the CoPc TF [Fig. 6(e)] is definitely
weaker than the CuPc TF at the maximum applied magnetic
field of 5 T. CoPc molecules deposited on the Au(110) surface
do not show any XMCD signal up to the completion of a SL
[Fig. 7(e)]. This result confirms that the empty Co-dz2 singlet
state with a1g symmetry is strongly involved in the interaction
process. This hybridized configuration quenches the magnetic
moment of the molecule. In the case of CoPc on Au(111),
where a weaker Co dz2 -substrate hybridization is suggested,
the difference between multilayer and SL was attributed to a
reduced a1g hole occupation of 61% mixed with dn+1 states,
resulting in a spin-singlet S = 0 ground state.27 The adsorption
geometry on the Au(110) reconstructed channels allows for a
stronger interaction of the Co centers with the metallic states,
resulting in a complete quenching of the dichroic signal.

The XMCD spectra of the FePc TF [Fig. 6(d)] are fully
consistent with previous data for both the in-plane and the
out-of-plane projections in textured FePc TFs.50 The FePc
molecules deposited on the Au(110) surface have a complex
dichroic response due to the spin state S = 1 with two orbitals
with different symmetry (eg and a1g) carrying the magnetic
moment. The dichroism of a FePc-SL [Fig. 7(d)] cannot be
interpreted as a simple intensity reduction of the TF dichroic
signal. In particular, the empty Fe-dz2 singlet state interacts
with the underlying metallic states, while the eg state with
a Fe-(dxz,dyz) character, though weakly involved in the rehy-
bridization process, preserves a dichroic response ensuring the
survival of a reduced magnetic moment for the FePc SL.

A quantitative estimate of the orbital and spin magnetic
moments can be provided based on the XMCD sum rules.59,60

Magnetic field B-dependent measurements (see Supplemental
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FIG. 6. (Color online) L2,3 circularly polarized XAS spectra (a), (b), (c) and XMCD signals (d), (e), (f) for FePc, CoPc, and CuPc TFs,
respectively, collected at 0◦ and 70◦ of impinging photons and magnetic field (5 T) incidence at T = 8 K. The XMCD signals are normalized
to the integral of the L2,3 edge.

Material)39 evidenced that at B = 5 T and T = 8 K (maximum
field and minimum temperature available in the experimental
setup) the magnetization of the FePc SL did not reach its
saturation value. Consequently, the XMCD sum rules results
discussed in the following underestimate the actual moments
and therefore only relative comparisons are meaningful.
The trends are nevertheless quite clear and lead to a good
understanding of the electronic and magnetic configurations
at the FePc, CoPc, and CuPc SLs. The XMCD sum rules
have been applied to the background-subtracted spectra [see
Fig. 2(c)] in order to extract and compare the orbital μL and
effective spin moment μeff

S of the SLs with respect to the TFs.
A detailed discussion of the corrections to the sum rules is
reported in the supplementary information.39 The magnetic
moments deduced from the present XMCD spectra make it
possible to discuss the different phenomenology of the FePc,
CoPc, and CuPc SLs.

In order to gain information on the angular dependence of
effective spin moment μeff

S and orbital moment μL, the XMCD
spectra have been collected as a function of the incident photon
and collinear magnetic field angle θ . The orbital moment μL

is defined by the expectation value of the angular momentum
operator 〈L〉, and μeff

S is related to the expectation value of the
effective spin operator 〈Seff〉 defined as 2〈Seff〉 = 2〈S〉 + 7〈T〉,
where S is the spin operator and T the intra-atomic spin
dipole operator. The different orbital symmetries of the
spin-unpaired orbitals influence the magnetic properties of
the MPcs molecules. The μeff

S (θ ) and μL(θ ) for the FePc,
CoPc, and CuPc TFs and SLs are reported in Figs. 8(a), 8(b),
and 8(c) and Figs. 8(d), 8(e), and 8(f), respectively. A simple
angular dependence μ(θ ) = μz cos2(θ ) + μx,y sin2(θ ) fitting
to experimental data has been performed in order to evaluate
the evolution of the component of the magnetic moment
along the experimental z and x,y axis assuming a uniaxial
anisotropy of the magnetic moments.

The values of the orbital and spin effective moment reported
in Figs. 8(a), 8(b), and 8(c) and Figs. 8(d), 8(e), and 8(f)
are provided per 3d hole number nh in order to show trends
independently from the evaluation of the 3d occupancy. For
the three molecules we expect nh � 1; hence, the provided
magnetic moment values should be considered as a lower limit.

All the MPc TFs present large magnetic anisotropies as
evidenced in Fig. 8. In particular, the ratio between the
magnetic moment measured along the easy and the hard axis is
>2 for μL and >10 for μeff

S for all the molecules (see Table I).
The anisotropy is preserved with the same orientation of the
easy magnetization direction in CuPc and FePc SL’s.

The CuPc has spin S = 1/2, being the simplest single-
hole MPc. For both the CuPc TF and SL we measure
large spin and orbital moment values with an out-of-plane
z anisotropy. For a pure spin- 1

2 system the μL is expected to
be totally quenched, since no orbital moment should arise,
averaging on the different 3d-like orbitals. The μeff

S angular
dependence reflects the large anisotropy of the T term, as
recently demonstrated by Stepanow et al.27 The comparable
μeff

S values and angular dependence of TF and SL further
confirms a negligible interaction of the b1g CuPc orbital with
the metal substrate. However, the μL/μeff

S ratio for CuPc shows

TABLE I. Magnetic moments ratio between the easy and the
hard magnetization axis at B = 5 T.

Easy direction μ
easy
L /μhard

L μeff
S

easy/μeff
S

hard

FePc TF x,y 2.5 21
CoPc TF x,y 5.3 >30
CuPc TF z 4.6 14
FePc SL x,y 2.6 >30
CoPc SL
CuPc SL z 7.5 >30
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an increment of 160% at 0◦, along the easy magnetization
direction [Figs. 8(c) and 8(f)]. The spin-orbit interaction mixes
orbitals with different symmetry with a weight that depends on
the inverse of the energy distance between the ground and the
excited states and on the spin-orbit coupling constant, leading
to a μL �= 0.61,62 Here it is worth recalling that an electronic
mixing occurs at the CuPc/Au(110) interface as shown in the
l − 1 transitions, reported in Fig. 3(c). This mixing may reflect
an overall renormalization of the energy grid of molecular
levels such that, while preserving the symmetry of the ground
state, the actual energy gap to higher empty orbitals may be
substantially different, allowing for different mixing of the
out-of-plane MOs giving rise to an unquenched value of the
orbital moment μL. It turns out that apparently minor changes
in the d-state energies, even in absence of orbital symmetry
perturbation, can yield an anisotropy at the interface which is
not present in the TF.

The CoPc molecule has the same spin configuration S =
1/2 as the CuPc one. The electronic configuration for CoPc
in the TF is mostly determined by a single hole in the
a1g orbital, giving 2A1g symmetry ground state.34,35,63 The
single hole and the S = 1/2 configuration is reflected by
the low value of the orbital magnetic moment measured
by XMCD. Nevertheless, it is worth noting that the CoPc
μL/μeff

S ratio along the easy magnetization direction is a
factor of 8 higher than in CuPc. While the ratio value can
be affected by the dipolar spin moment operator T, different
between the two MPcs, it undoubtedly shows that CoPc
magnetic moment is characterized by an higher degree of
orbital component compared to CuPc. For the CoPc molecule
the energy separation between the 2A1g ground state and the
excited states is predicted to be in the ∼100-meV range,27,31,34

while for CuPc this values can be as large as one order of
magnitude higher.31,64 Therefore, the spin-orbit mixing term
can be largely more effective on the CoPc molecule, explaining

the larger μL/μeff
S ratio measured on the CoPc TF with respect

to the CuPc TF.
The interaction of a CoPc-SL with the Au(110) substrate

results in a deep modification of the orbital occupation and or-
bital localization of the CoPc molecules, inducing a complete
quenching of the magnetic moment. The electronic occupation
of the single unpaired a1g orbital and the hybridization process
reduces the total spin of the molecule to S = 0.

FePc molecules have large spin and orbital moments re-
flecting the S = 1 configuration. FePc TF magnetic properties
have been previously investigated by Bartolomé et al.50 and
their results are reproduced by our estimate of the orbital and
spin configuration. In particular the value of μL is related to the
presence of a hole in the doubly degenerate eg orbital giving
an unquenched orbital moment at the ground state.50 The
easy-plane magnetic anisotropy is related to the out-of-plane
semioccupied orbitals in agreement with the assignment to
a 3Eg ground-state configuration. The changes observed for
FePc adsorbed on Au(110) are reflected in the magnetization
values deduced by XMCD, with a strong reduction (by a factor
7) of both μeff

S and μL in the SL phase.
A high μL/μeff

S ratio at 70◦ of 0.71 ± 0.05 in the FePc
TF configuration has been reported in Ref. 50. In the SL
configuration we obtain a value of 0.68 ± 0.06 in close
agreement with the TF one, albeit the values of the orbital and
effective spin moments (at B = 5 T) are strongly reduced.
Our theoretical prediction is a symmetry reduction of the
adsorbed FePc molecule and a mixing of the out-of-plane
orbitals with the underlying metallic states.8,9 The lower
symmetry trigonal bipyramidal field of the FePc adsorbed on
the Au(110) surface9 and the occupancy of the a1g orbital
leaving almost unperturbed the dxz/dyz are in agreement
with the description of a FePc SL with an unquenched
μL/μeff

S ratio. The strong reduction of the FePc magnetic
moment values at the SL configuration suggests a S = 1/2
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configuration of the adsorbed molecule, albeit with a complex
rehybridization of the Fe 3d-like states as a consequence of
the interaction with the substrate.

IV. CONCLUSIONS

The results of the present study demonstrate that, by
adsorption of organometallic complexes on gold (110), a
naturally nanostructured template surface, it is indeed possible
to create ordered arrays of TM atoms with electronic and
magnetic configuration determined by the rehybridization
of MOs involving metallic states from the substrate. Both
the experimental and the theoretical analyses show that the
orbital and spin configuration of FePc, CoPc, and CuPc
chains are strongly modified upon adsorption on the Au(110)
surface if the orbitals responsible of the magnetic moments
are involved in the interaction process. The insight gained
by this joint approach makes it possible to understand the
interface charge mixing and its direct consequences to the
orbital filling and symmetry reduction of the molecular states
located perpendicular to the molecular plane.

The resulting adsorbed layer magnetic properties are
“single molecule properties” meaning that the relevant
interaction is between the TM central atom and the substrate,
rather than “layer” properties dominated by the molecular
interactions within the compact layer. This is a prerequisite for
making it possible to address localized magnetic perturbations
and responses, e.g., to use the adsorbed molecules as

individual magnetic-sensitive blocks. By choosing suitable
MPc and by tuning the amount of orbital occupation (for
example, by doping the substrate surface or the molecular SL
with electrons or holes) a tuning of the molecular magnetic
moment and of its anisotropy with respect to the surface
normal could be obtained. These experiments remain to be
performed, but the evidence of the MO perturbation and
symmetry lowering by interface bonding are supporting the
feasibility of such “fine tuning” approach.

Furthermore, new possibilities to tailor the interface
molecular magnetism can be explored regarding proximity
effects with ferromagnetic instead of paramagnetic substrate
surfaces. In such case the interface hybridization can imply
spin polarization transfer and allow exchange coupling and
magnetic order at room temperature.
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G. Hoffmann, S. Blügel, and R. Wiesendanger, Phys. Rev. Lett.
105, 047204 (2010).

22B. W. Heinrich, C. Iacovita, T. Brumme, D.-J. Choi, L. Limot,
M. V. Rastei, W. A. Hofer, J. Kortus, and J.-P. Bucher, J. Phys.
Chem. Lett. 1, 1517 (2010).

23C. Iacovita, M. V. Rastei, B. W. Heinrich, T. Brumme, J. Kortus,
L. Limot, and J. P. Bucher, Phys. Rev. Lett. 101, 116602 (2008).
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