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Scanning tunneling microscopy and x-ray absorption spectroscopic results at the Fe K edge of Fe

phthalocyanine (FePc) thin films grown on Au substrates, together with theoretical calculations,

allow us to refine the structure of the film. In particular, we show that the columnar stacking of the

FePc molecules is different from that found in bulk a and b phases. Moreover, the molecules do

not lay parallel to the surface of the substrate. These structural findings are relevant to understand

magnetism of FePc films. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916302]

Metallo-Phthalocyanines (MPc) are planar aromatic

molecules with interesting physical properties which have

played a role as model systems in basic science. MPc crys-

tals form a herringbone-type columnar stacking structure.

The columns are formed by molecules parallel to each other

with central metal ions forming the axis of the column. FePc

exhibits two monoclinic phases with a columnar stacking

structure, differing in the tilt angle h of the normal to the mo-

lecular plane with the stack axis: h is 26:5� for the a phase,

while in the b phase h ¼ 44:8�.1,2

The MPc molecules in powder bulk phase stack parallel to

one another, so that the distance between molecules is approxi-

mately dz � 3:560:1 Å in both a- and b-phases. In the a-phase

(see Fig. 1), the adjacent molecule is shifted by dxy¼61.69 Å

along the (1,1,0) axis, so that its Fe atom is near the center of

one of the pyrrolic rings of the molecules above and below.1,2

In the b-phase (see Fig. 1), the shift is also along the (1,1,0)

direction but it amounts to dxy¼63.38 Å, so that the Fe atom

of the adjacent molecules is located directly above (or below)

the N atom of a pyrrole ring.

The MPc (M¼ 3d metal) films grown by organic molec-

ular beam epitaxy (OMBE) technique3 have different crystal-

line orientations and order depending on the substrate type.4

The MPc molecular planes stack parallel to the substrate sur-

face (“lying”) when deposited on Au5,6 but inclined about

65� (“standing”) when deposited on sapphire3 or low work

function metals like Al and V.7 Besides, in a CoPc film

grown on Pb, a new staking was identified, with a shift of the

molecules in adjacent layers of dxy¼61.92 Å in the (1,0,0)

direction (Fig. 1, thin film (TF)).8

It was unexpected that bulk a-phase FePc is ferromag-

netic below TC¼ 5 K, while its b-phase remains paramag-

netic down to the lowest temperatures.9,10 In a previous

work on a FePc thin film, studied by means of X-ray mag-

netic circular dichroism at the Fe L2,3 edges, it has been

shown that the film has planar magnetic anisotropy, with a

partially unquenched, large orbital moment.11 The origin of

the ferromagnetism was associated to the special electronic

state occupancy brought about by the rather high symmetry

(D4h) of the molecule (Fig. 1 top left), and the interactions

with the neighboring molecules. Therefore, the determina-

tion of the detailed structure of FePc films is of high interest

to understand its magnetism, as MPc deposited on a substrate

are studied due to its possible applications in spintronics.

FePc films deposited on Au show low temperature magnetic

ordering and form a bidimensional crystal.11 Therefore, they

offer the possibility of studying the fundamental electronic

and magnetic properties in correlation with its stacking con-

figuration. This work aims at solving the question on which

FIG. 1. (Top left) FePc molecule (Fe: red, N: blue, C: gray, and H: white).

TF, a, and b denote schemes of relative displacements of adjacent molecules

within a columnar stack in the thin film (TF), a-, and b- configurations.a)Electronic mail: bartolom@unizar.es.
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is the actual stacking of the molecules of FePc/Au, whether

a, b, or TF, by means of a combined study of scanning tun-

neling microscopy (STM) and x-ray linearly polarized

absorption (XLPA) spectroscopy.

STM measurements were performed at LMA, Zaragoza,

on ultra-thin films of up to four monolayers of FePc evapo-

rated on the (111) surface of an Au single crystal at RT. The

metallic substrate was pretreated by cycles of subsequent

Arþ sputtering and annealing at 600�C. Molecules have

been evaporated onto the atomically flat and clean substrate

from an effusion cell at 330� C. After preparation, the sample

was introduced into a cryogenic STM operated at 4.6 K for

the investigation of the organic film morphology.

The STM survey with bias voltage V¼þ1.0 V of an

FePc multilayer grown on Au(111) is shown in Fig. 2(a). At

positive V, the unoccupied states of the sample are probed.

Molecules are assembled in up to the fourth monolayer as

indicated by the roman numerals in the figure. In the first

layer (only a few molecules are visible in the survey picture),

the molecules appear as cross-shapes features with their

plane aligned parallel to the surface as typically observed for

MPc on metallic substrates.4 The molecules assemble into a

quadratic lattice following the three equivalent crystallo-

graphic axes of the Au(111).12 Here, the lattice parameter

a¼ 13.0 6 0.2 Å is slightly smaller than formerly reported

(15 6 1 Å).

The quadratic unit cell is drawn on the overlying mono-

layers. However, there is a drastic change in topography

with respect to the first monolayer. The molecules are no

longer visible as cross-shaped separated features. In the 2nd

to 4th monolayers, they rather appear in identical regular

intramolecular patterns of bright big protrusions (surrounded

by smaller features). The change in the STM topography

reveals a different electronic structure due to the decoupling

from the metallic surface. The fact that there is no significant

difference in topography for the three upper layers (II-IV)

indicates that the gradual change of decoupling above the

second monolayer is much smaller or even nonexistent.

A zoom into the second monolayer at negative

V¼�1.0 V is given in Fig. 2(b). At V< 0, we observe the

occupied states and the STM topography resembles the

Highest Occupied Molecular Orbital electronic density of

states (DOS) in the corresponding voltage range, consisting

of an inner ring of eight central lobes and eight additional

lobes at the four outer phenyl rings. V< 0 scans define better

than V> 0 ones the molecular alignment in the multilayer

structure. The measured topography reflects this orbital dis-

tribution with an additional contribution at the Fe(II) center

of the molecule which might come from the partial occupa-

tion of the metallic d-states in the multilayer.

The resolution of the sub-molecular electronic structure

allows us to extract the molecular orientation in-plane with

respect to the unit cell as well as out-of-plane with respect to

the Au(111) surface. The former is given by the angle of

u ¼ 2661� between the unit cell axis and the molecule’s

Fe-N bond (see Fig. 2(b)). A tilt angle with respect to the

Au(111) surface can be inferred from line scans of STM data

as shown in Fig. 2(b). The analysis reveals a total tilt of the

molecule (/STM
T � 661�) around the (1,1,0) axis of the

quadratic unit cell for all three overlayers. The drastic

change of the molecules orientation for the second and

higher layers is due to the dominant intermolecular interac-

tion in the absence of the metallic surface.

Moreover, the relative position of the molecules in two

adjacent layers can be distinguished by extrapolating the cor-

responding monolayer lattices. The shift of two adjacent

layers runs along Fe-N bond axis (1,0,0) or conversely

(0,1,0), with a distance of 6dxy¼ 1.0 6 0.3 Å.

The FePc thin films used in the XLPA and X-ray natural

linear dichroism (XNLD) were deposited on an atomically

smooth gold substrate with the molecule plane lying flat on

the substrate plane.13 Samples were fabricated and structur-

ally characterized at UCSD. The thin film sample in this

work was prepared by OMBE technique (details can be

found in Refs. 3 and 14). In order to obtain FePc films with

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 1 h at

300� C in situ to remove water and reduce roughness at the

Au surface. Without breaking vacuum, the FePc was depos-

ited from a crucible set at 350� C, while the substrate was

maintained at 150� C to increase the crystallite size. The

growth rate was 0.9 Å/s. The FePc thickness of the investi-

gated sample was 133 nm.

X-ray diffraction performed on this type of OMBE grown

FePc/Au has been shown that the Au buffer layer is consti-

tuted by crystals with Au(111) at the surface. The molecules

are deposited in “lying” configuration patterns onto atomically

FIG. 2. (a) STM images (Vbias¼ 1.0 V, I¼ 10 pA) of FePc multilayer on

Au(111). Roman numbers indicate the layer number. (b) Zoom into the 2nd

layer at Vbias¼�1.0 V and IT¼ 10 pA. Unit cell is indicated by the black

rectangle. A molecule scheme is overlapped for clarity.
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smooth gold plated sapphire;15 the z axis of the molecule

being close to the normal to the substrate plane. Besides, the

XLPA measurements performed at the N K-edge at normal

(c ¼ 0�) and grazing (c ¼ 75�) incidence confirm that the

molecules lie nearly parallel to the substrate.11

X-ray absorption (XAS) near edge structure (XANES)

and XLPA measurements at the Fe K edge on the FePc TF

samples were performed at the ESRF ID12 beamline. The

APPLE-II undulator and a double-Si-(111)-crystal mono-

chromator were used to collect the spectra at the respective

energies. The energy resolution around the Fe-K edge energy

region is about DE=E ¼ 2� 10�4. All spectra were recorded

by a fluorescence detector in backscattering geometry.

In Fig. 3, the normalized XLPA spectra measured at the

Fe K-edge are shown. In normal mode (c ¼ 0�), the electric

field of the incoming beam E is parallel to the substrate and

nearly to the molecule plane, while in grazing mode

(c ¼ 75�), the E forms an angle of 15� with the normal to the

molecule plane.

In a preliminary description, three spectral energy

regions can be identified for the Fe K/edge: a pre-edge

region, a rising edge, and a main absorption band. Pre-

peak(s) may occur corresponding to dipolar 1s ! 4p transi-

tions with 3d-4p mixing and quadrupolar transitions 1s! 3d

(Fig. 3, peak A). In the present case, assuming that the stack

contains an inversion center, as it is the case in the crystal,

3d-4p hybridization of Fe states is forbidden by symmetry

since these states belong to odd and even irreducible repre-

sentations, respectively. Any non-zero contribution may, in

principle, come from hybridization with ligand states or 3d

states from the surrounding n.n. molecules, caused by a

slight breaking of the inversion symmetry. This contribution

is negligible, as proven by FDMNES calculations, due to the

large distance between Fe atoms in the stack. A second con-

tribution may arise from quadrupolar 1s ! 3d excitations.

The shoulder B and the main peak at C observed in normal

incidence are assigned to 1s! 4pz of Fe hybridized with 2pz

states of the N ligands of the molecules above and below.

Other maxima (labelled D, E, F, G, and H) of the absorption

curves in the main absorption band correspond to transitions

to continuum states of p-character of the bottom of the con-

duction band and are very sensitive to the relative positions

of the atoms in the molecular stack. XNLD, shown in Fig. 3,

is obtained as: lXNLD ¼ lk � l?.

In XLPA measurements, the main peak C evolves from a

maximum amplitude for grazing incidence (i.e., E out of the

molecule plane) to nearly no peak for N mode (E parallel to

the molecule). The absorption is proportional to the number

of empty valence states in the direction of the electric field E.

Therefore, this peak can be attributed to the excitations to the

pz-like molecular states mentioned above. Since in this sam-

ple there is a random distribution of molecules in the xy

plane, the spectra are averaged over the azimuthal angles,

while all molecules have a nearly common z axis. As a conse-

quence, in this effective D4h symmetry, the XLPA spectra as

a function of incident angle c are related to the spectra lk
(polarization parallel to the substrate) and l? (polarization

normal to the substrate) by lðcÞ ¼ lk cos2cþ l? sin2c.

The small peak found for normal mode at C (Fig. 3) can

be attributed to the tilt of FePc molecules with respect to the

supporting plane surface. Using the above equation for lðcÞ
and imposing the condition that lk ¼ 0 at C (since the 1s!
4pz is forbidden in normal mode by symmetry), a maximum

tilt angle /XLPA
T � 1261� has been estimated. Although

STM and XLPA agree in finding a non-zero /T (i.e., mole-

cules are not fully parallel to the Au surface), quantitatively

the results differ, as /XLPA
T � 2/STM

T . At least two factors

may contribute to this: /XLPA
T is obtained from a film of

about 80 molecules thick, while /STM
T is measured directly

on the 2nd layer. Moreover, the Au substrate on the STM

sample is a Au(111) single crystal, while the “smoothed”

gold substrate is used for the thick film and XLPA experi-

ments, even though highly ordered,13,15 it is not a single

crystal, and the overall tilt may be larger.

The ab initio calculations of XLPA spectra have been

performed with the FDMNES code16,17 within the muffin-tin

approximation for the potential.18 To simulate the film as-

sembly keeping the inversion symmetry, FePc molecules

were stacked one on top of the other, displacing the iron cen-

ters by 6nt, where t is a translation vector with coordinates

dx; dy; dz and n-th is the layer number counted from the cen-

tral molecule. The H atoms were not considered as they are

too far from the Fe. Atomic coordinates from Ref. 1 have

been used.

The translation vector is chosen in order to optimize the

agreement between the calculated spectra and the experi-

ment. Structural refinement led to the following optimized

values: dx¼ 1.48 Å, dy¼ 0, and dz¼ 3.25 Å, furthermore in

qualitative agreement with STM results (dx ¼ 1:060:3 Å).

In Fig. 3, we show the comparison between the experimental

data and the theoretical spectra obtained on the optimized

structure. In normal incidence, the agreement is excellent.

All spectral structures in the experiment are equally retrieved

by the calculation, including the shoulder at 7125 eV. The

main structures at 7131 and 7141 eV are calculated at the

correct energies and relative intensities. In grazing incidence,

the agreement between the calculated and the experimental

spectra is very good, with the exception of the global

FIG. 3. Normalized XLPA and XNLD spectra of FePc film recorded at the

Fe K-edge, at normal incidence (blue, c ¼ 0�), and grazing incidence (red,

c ¼ 75�), at T¼ 300 K. The inset shows a scheme of the incoming beam at

incidence angle c with the electric field E in the horizontal (H) polarization

mode and a scheme of the stacking main parameters. FDMNES calculations

are solid lines, experimental data in dots.
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intensities of the spectra structures in the energy range

between 7120 and 7145 eV. Nonetheless, the feature at

7126 eV and the high energy structure at 7160 eV are well

reproduced in terms of energy positions and intensities.

Altogether this motivates the very good agreement between

the theoretical and experimental XNLD.

Our combined STM and XAS work shows the presence

of a tilt between the Au substrate and the plane of the FePc

molecules in “lying” columnar growth of about 964�, which

depends on the nature of the Au substrate. Moreover, the

magnetic thick films grow in the TF phase, a different stack-

ing from the bulk crystalline a or b phase. Our results high-

light the need for a detailed study of the origin of

ferromagnetism in the FePc - TF phase.11
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