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ARTICLE INFO ABSTRACT

Keywords: Metal-tetraphenyl-porphyrin (M-TPP) molecules typically self-assemble forming square-like super-
Molecular assembling lattices, as dictated by the shape of the molecule. The dependence of the adsorption properties
Organic/inorganic interface on the central atom is systematically studied for Co-, Ni-, and Zn-TPP adsorbed on oxygen passi-
Metal-TPP vated Fe(001), namely the Fe(001)-p(1 x 1)O surface. It is found by low energy electron diffraction
Fe(001)-p(1 x 1)O (LEED) and scanning tunneling microscopy (STM) that despite the weak molecule-substrate inter-
Ab initio simulations action, preserving many features of quasi-free molecules, the self-assembled structure switches from
STM the (5 X 5)R37° superlattice of Co-TPP and Ni-TPP to the plain (5 X 5) of Zn-TPP. Ab initio calcula-

tions based on density functional theory (DFT) are used to investigate the adsorption properties of the
different molecules and the possible overlayers formed. Adsorption energies and structures and elec-
tronic properties are reported, discussing the bonding mechanisms and the magnetic character. Only
moderate energy differences are found, suggesting that subtle effects may steer the selection of the
structure among overlayers with similar properties although differing substantially as for the LEED
and STM experimental results.

1. Introduction ral way of tuning the chemical, electronic and transport prop-
erties of the molecule

A 2-D scalable device requires an ordered assembly of
molecules onto a substrate. [4] In this respect, M-TPPs usu-
ally show a square-lattice super-structure when the very first

sors, optical instruments, bio-compatible systems, etc. [1, 2] | . | sub th diff "
Organic molecules synthesis allows to obtain compounds ayer Is grown onto several substrates with diflerent surface
g y p s crystal orientations, [4] such as silver, [5, 6] gold, [7, 8] cop-

Wlth spe':01ﬁc and tunablg electronic and mec.ha.mcal proper- per, [9, 10, 11] metal-oxides, [12, 13, 14] graphite, [15] etc.
ties, which represents an important characteristic when junc-

tions and interfaces must be realized. [3] For a long time
now, among the different organic compounds, porphyrins
and porphyrinoid molecules have shown special properties
that make this class of organic molecules almost unique and %
exploitable for applications. [4] In particular, the basic por-
phyrin system is composed by an almost flat tetra-pyrrolic
macrocycle. At the skeleton border, four phenyl groups are
linked to the main cavity of the molecule. A metal ion (e.g.,
Co, Ni, Zn, etc.) can be placed inside the central ring, and *
its presence can alter the characteristic optical and electronic
properties of the molecule. This represents the structure of
the so-called metal tetra-phenyl porphyrin (M-TPP). It is no-
ticeable that different transition metal ions can be placed
inside the porphyrin cavity without changing the physical *
structure of the molecule. This occurrence appears as a natu-

Modern technology considers thin and ultra-thin films *
composed by organic molecules key steps for the develop-
ment of new generation devices: advanced electronics, sen-

These observations suggest that the porphyrin square skele-
ton drives the molecular assembling. Being linked by a sin-
gle C-C bond to the main porphyrin ring, the phenyl groups
can be reoriented in view of minimizing the molecule-molecule
interaction in the deposited film. [16] From these data, it
is reasonable to consider M-TPP a prototype system where
the different regions of the molecule (inner cavity and bor-
der skeleton/phenyl groups, respectively) exhibit different
chemical and physical properties. This assumption repre-
sents a practical guide in many experiments when a specific
organic/inorganic interface must be grown. Unfortunately, a
direct check of this hypothesis and possible limitations have
been never investigated in details yet.

In this work we study the structural and electronic prop-
erties of highly ordered Co-, Ni- and Zn-TPP single layers,
realized by exploiting a particular substrate, namely oxygen-

*Corresponding author passivated Fe(001) or Fe(001)-p(1 x 1)O, formed by adsorb-

4 guido. fratesieunimi. it (G. Fratesi) ing a single layer of O atoms on the four-fold hollow sites of

_ ORCID(s): 0000-0003-1077-7596 (G. Fratesi); 0000-0001-6812-5043 (S. o the Fe surface lattice. [17, 18] As extensively investigated
Achilli); 0000-0002-4894-070X (A. Ugolotti); 0000-0002-2834-6893 (A. . . L. . .

Lodesani); 0000-0001-7920-6893 (A. Picone); 0000-0002-5593-317X (A. in our previous studies involving various molecules [12, 19]
Brambilla); 0000-0002-3654-3408 (L. Floreano); 0000-0002-7389-2703 (A. and also other metallic surfaces [20], the ultra-thin oxide lay-
Calloni); 0000-0001-8556-8014 (G. Bussetti) ers resulting from surface passivation are able to efficiently
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decouple the deposited molecules, which retain their compo-
sitional integrity and a minimally perturbed electronic struc-zs
ture with respect to the freestanding case. In addition, Fe and
other 3™ row transition metals are able to induce a magnetic
order in the adsorbed porphyrin molecules, a characteristic
of interest for spintronic applications [21, 22].

The structure and morphology of the porphyrin layersso
is investigated by low-energy electron diffraction (LEED),
scanning tunneling microscopy (STM) and near edge X-ray
adsorption fine structure spectroscopy (NEXAFS), juxtaposed
to a detailed theoretical study that tries to find a rationale
to similarities and differences between the studied M-TPPiss
films. According to the M-TPP tunability hypothesis, cal-
culations foresee very small differences between the Co-,
Ni- and Zn-TPP films. Conversely, experimental data show
a significant change in, e.g., the assembling properties of
the molecules. This suggests that small changes in the useduso
molecules can trigger perceivable difference in the realized
interfaces.

2. Materials and Methods

2.1. Experimental methods

The Fe(001)-p(1 x 1)O substrate was prepared in a ultra
high vacuum (UHV) system (base pressure of 10~8 Pa) by
exposing the clean Fe(001) surface to 30 L (1L = 1.33 x
10~* Pa s) of molecular oxygen at 450 °C and annealing at
about 700 °C.[23]. Porphyrins were sublimated in a dedi-
cated chamber by means of Knudsen effusion cells held at a
temperature of about 300 °C. The deposition flux, measured
by means of a quartz microbalance, was 0.5 ML/min , being
1 ML= 3.06 A. [24]

The STM measurements were performed by using an
Omicron variable temperature STM in a UHV chamber con-,
nected to the preparation system. STM images were ac-
quired at room temperature in constant-current mode with
home-made electrochemically etched W tips. Near edge X-
ray adsorption spectroscopy (NEXAFS) data were acquired
atthe Elettra synchrotron (ALOISA beamline) in partial elec,
tron yield mode. Spectra were collected with the light im-
pinging on the sample surface at a grazing angle (6°) and
the electric field either parallel (s-polarization) or perpen-
dicular (p-polarization) to the surface. The photon flux nor-
malization and the energy calibration were performed as de— o
scribed in Ref. [25]. The photon energy resolution was sef
to 80 x 1073 eV. All experiments were performed at room
temperature under negligible charging conditions.

145

55

2.2. Theoretical methods

We have analyzed the system by ab initio calculations ™
within density functional theory (DFT), taking the vdW-DF-c09
functional [26] that includes dispersion forces for exchange
and correlation. Calculation with periodically repeated cells,
ultrasoft pseudopotentials, and plane waves, have been exe-
cuted by the Quantum ESPRESSO simulation package. [27.7°
28] For pseudopotentials, we have followed our previous work
for Co-TPP on the same substrate [29] and used files gener-
ated from scalar-relativistic all-electron calculations, as avail-

able from the Quantum-ESPRESSO website (those adopted
in our previous studies for Fe and O [30] and for Co, [31, 32])
from pslibrary [33] for Ni, H, C and N, and from the Quan-
tum ESPRESSO website for Zn. The cutoff for plane wave
expansion was set to 36 Ry and to 220 Ry for the wavefunc-
tions and electron density, respectively.

We model the Fe(001)-p(1 x 1)O surface by a four-layer
Fe slab, where the bottom two are fixed at the bulk interlayer
distance, and O is adsorbed on the top side as in our previous
works. [30] We sample the Brillouin zone of the supercell
adopted in the calculation by a 2 x 2 shifted Monkhorst-Pack
grid, [34] that would corresponds to a 10 X 10 sampling in
the conventional Brillouin zone of Fe(001). Geometry op-
timization of molecular coordinates is then performed un-
til the forces on atoms are lower than 0.1 mRy/Bohr. For
Co-TPP, we include the DFT+U correction to improve the
treatment of on-site correlation at the metal atom. We con-
sider the rotationally-invariant form with a single parameter
Uyg =U—J = 3.0eV, resulting from U = 4.0 eV and
J = 1.0 eV as proposed in several works [35, 36, 37, 38].
While the absence of the +U correction provides a too low-
energy Co state in the unoccupied spin-minority manifold,
coordinates and energies with/without the +U correction are
very similar as we show next.

3. Results and Discussion

3.1. Diffraction and microscopy

Figure 1 displays LEED measurements acquired after
deposition of 1 ML of Co-TPP, Ni-TPP and Zn-TPP on the
Fe(001)-p(1 x 1)O substrate, along with the sketch show-
ing the reciprocal lattices of the corresponding molecular
overlayers. The sharp diffraction patterns observed for each
M-TPP indicate the presence of highly ordered self assem-
bled monolayers. In each LEED image are visible also four
intense spots corresponding to the reciprocal lattice of the
substrate, which allows to establish the epitaxial relation be-
tween the Fe(001)-p(1 x 1)O surface lattice vectors a; and
those of the overlayers a’;: a’; = M;;a;, with M being
the epitaxy matrix. The Co-TPP [29] and Ni-TPP overlay-
ers form a (5 X 5)R37° superlattice with respect to the sub-
strate where rotational domains having M;; = ( %3) or
M;; = (3, %). respectively, give rise to the sets of spots in-
dicated in the bottom panel of Figure 1. Conversely, Zn-TPP
arrange in a (5 X 5) superstructure [16] with the same matrix
M;; = ( (5) g) regardless of the rotational domains observed
by STM.

Figure 2 reports STM constant current images at a large
scale (top row) and at a smaller one where individual molecules
are identifiable (bottom row). STM images confirm that M-
TPP molecules form compact and ordered wetting layers, as
testified also by the fast Fourier transform that we report for
each top panel as its inset. Itis interesting to notice that in the
case of Ni-TPP the boundaries between different rotational
domains form straight and well defined lines along the main
crystallographic direction of the substrate, while in the case
of Co-TPP they are more disordered and run along the [110]
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Figure 1: Measured LEED patterns (beam energy 55 €V) for

1 ML of Co-TPP (left), Ni-TPP (middle) and Zn-TPP (right)
deposited on Fe(001)-p(1 x 1)O. The intense spots visible in
the screens periphery arise from the Fe(001)-p(1x1)O surface.
The bottom part reports the schematic LEED patterns corre-
sponding to (5 X 5)R37° (left) and (5 x 5) (right) molecular
superstructures.

axis. The zoomed images of Figure 2 reveal for Ni-TPP and
Zn-TPP molecules a twofold symmetry, while Co-TPP are
characterized by a fourfold structure. It is important to re-

call that STM images generally reflect both the topograph-,

ical and electronic properties of the surface, therefore the
images depend on the current flowing across the tunneling
junction and on the applied voltage. Besides such a depen-
dence, we also found a strong influence of the tip confor-

mation, therefore it was not possible to establish a straight-

forward relation between the tunneling parameters and the
molecules imaging. Additional information on the geomet-
ric structure of each molecule can be inferred by NEXAFS
measurements reported hereafter.

3.2. NEXAFS characterization

The NEXAFS results acquired on 1 ML and 4 ML Ni-
TPP films are shown in Figure 3 for the N K- and Ni L, -
edges. They complete our previous characterization of the
M-TPP system, presented in Ref. [29] and [16] for Co-TPP

and Zn-TPP, respectively. The results related to the M-TPP_

monolayer are compared to those related to a multilayer film,

where the molecules are not in direct contact with the Fe(001)-

p(1 x 1)O surface.
Thanks to the chemical sensitivity of NEXAFS, our re-

sults probe the unoccupied electronic states in the central re-

gion of the molecule. N contributes to 2p unoccupied states
delocalized on the tetrapyrrole ring and characterized by z*
and o* symmetry. According to the selection rules for 1s to
2p electronic transitions, X-ray adsorption is promoted when

the light polarization is perpendicular to the nodal plane of

such states. In the case of flat-lying aromatic molecules, for
instance, z7* symmetry states have their nodal plane coin-
cident with the molecular plane and can be populated with
p-polarized light. The N K-edge lineshape and peak posi-
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Figure 2: STM images acquired at 50x50 nm? (top row) and
10x 10 nm? (bottom row) for 1 ML of Co-TPP (left, tunneling
parameters V = 1.4 V and I = 1 nA), Ni-TPP (middle, V' =
2V and I =0.5 nA) and Zn-TPP (right, V =2 V and I =
1 nA) deposited on Fe(001)-p(1x1)O. The insets of top panels
display the corresponding fast Fourier transforms. The square
drawn in each bottom panel marks the unit cell of the molecular
overlayer.

tions closely resemble the results obtained on the Co-TPP
system [29, 39]. Features (A-D) observed in p-polarization
are related to electronic transitions to z* orbitals whereas
features A’ (at 398.7 eV) and E, observed in s-polarization,
are related to o™ resonances. The z* and ¢* resonances al-
most vanish in s- and p-polarization, respectively, displaying
a large NEXAFS dichroism, which is indicative of a macro-
cycle closely parallel to the surface and with small off-plane
distortion. The same conclusion could be drawn in the Zn-
TPP case [16], even if no signal from ¢* symmetry state be-
low the ionization threshold is observed there.

In view of a better comparison with our previous results
([29] and others, reported in the literature [40]), we show the
spectra acquired at the Ni L, ;-edge, where a strong dichro-
ism is found. In analogy with Ref. [40], we attribute the
observed features to 6* symmetry transitions between Ni 2p
and 3d,>_,» states.

3.3. M-TPP adsorption models

We discuss adsorption models for almost-flat-lying M-
TPP molecules starting with some general aspects. We take
first the simpler case of the (5X5) superstructure (as observed
for Zn). In this case, the unit cell of is aligned with [100] and
[010] surface azimuths and a ball-stick model is depicted
in Figure 4(a) (given the generality of the discussion, and
the fact that the various M-TPP coordinates are very similar
by visual inspection, in Figure 4 we always report Co-TPP
coordinates). With respect to gas phase molecules, phenyl
rings in adsorbed porphyrins partially flatten and the pyrrole
macrocycle bends in a saddle shape [41], with two opposite
pyrrole rings bent inwards and two bent outwards with re-
spect to the surface. Accompanying this distortion, phenyl
groups also rotate towards flattening the molecule. The hin-
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Figure 3: NEXAFS spectra acquired at (a) the N K-edge
and (b) the Ni L, ;-edge on Ni-TPP/Fe(001)-p(1 x 1)O for dif-
ferent molecular coverages. Red (black) lines refer to spectra,,,
acquired with s(p)-polarized light. Letters A-E identify the
main spectroscopic features of the spectra in panel (a). Spec-
tra from different coverages have been rescaled for a better
comparison.

300

drance between bulky phenyl terminations of nearby molecules
forces the rotation around the normal to the surface, which
can be characterized by the angle « formed between the N-
M-N direction (joining N atoms of the two inwards-bent pyrroles
with the metal ion, indicated in red in the figure panels) and®®
an overlayer lattice vector. In this context, the four phenyl
rings are only pairwise equivalent: two marked “a” and “c”
face a pyrrole ring from a neighboring molecule bent in-
wards, whereas the other two, “b” and “d” in the figure, face

a pyrrole bent outwards.

A schematic representation of this adsorption mode is™
provided in Figure 4. For the case of non-rotated (5 X 5) ad-
sorption, four equivalent domains are found and are depicted
in Figure 4(a'-a'). These domains can be obtained from
each other by rotating the molecular overlayer by 90° (a'-
all, ali-alV), or inverting the azimuthal angle sign (a — -
corresponding to a mirror of the molecules with respect to
a plane orthogonal to an overlayer lattice vector) (al-a', all-
alV). They all contribute to the same LEED pattern and have
been indeed observed by STM for Zn-TPP [16] (see Figure
2). The angle « coincides, in this (5 X 5) case, with the angle3 *
formed between the same N-M-N direction and the Fe [100]
azimuth that we denote as ¢.

To consider R37° overlayers, let us focus on the ( % 3)
case for which two nonequivalent domains are possible and
are depicted in Figure 4(b) and (c). We consider first the case "

, Zn) on Fe(001)-p(1 x 1)O

shown in Figure 4(b), with schematic drawing in panel (b))
therein. A 90° rotation of the molecular overlayer leads to
the equivalent structure shown in (b'"). Performing a mirror
operation of structures (b') and (b'), with respect to a (010)
plane, results into the structures (b and (b1"), respectively,
both corresponding to a different reconstruction with M =
( _34 ‘3‘ ) and the other set LEED spots.

Remarkably, the case shown in Figure 4(b) is charac-
terized by an equivalent registry of each molecule with the
other M-TPPs in the overlayer as well as with the substrate,
so the two cases only differ by the relative orientation of the
superlattices.

Inthe ( % 3 ) structures, at variance from the (3 2 ) struc-
ture, switching the azimuthal rotation of the molecules with
respect to the overlayer lattice constant (i.e., taking oppo-
site direction for the angle «), leads to two nonequivalent
structures, characterized by a different angle formed by the
molecules with the [100] azimuth: from ¢ = 37° — «a as in
Figure 4(b) to ¢ = 37° + « as in Figure 4(c). Also in the
latter case, one has four possible adsorption configurations
(c)-(cV) again encompassing both the observed reconstruc-
tions ( _43 2 ) and ( _34 ‘3‘ ) Summarizing, the LEED data can-
not distinguish between the two cases of Figure 4(b) and (c)
which however differ on an atomistic point of view.

Remarkably, all structures have the same overlayer lat-
tice constant which is an integer multiple of the substrate
one, |a’| = 5|a| (this is of course made possible as 3,4
are the catheti of a Pythagorean triangle). It is then inter-
esting to compare this findings with other substrates having
square symmetry. On Ag(001), both Co-TPP [42] and Zn-
TPP [43] adsorb with a rotated cell having epitaxy matrix

M; = (‘2‘ ‘42), hence |a'| = \/2_0|a| and no equivalent
overlayer aligned to surface azimuths can form. Addition-
ally, we mention the case of Co-TPP on Cu(001) exhibiting
a (5 X 5)R37° superstructure for which, however, no plain

(5 % 5) has been reported up to our knowledge [44].

3.4. First-principles investigation

Independently of the above considerations, the adsorp-
tion site of the molecules is another degree of freedom. We
recall on this respect our previous analysis for Co-TPP on the
same surface [29]. There, we investigated the three molecu-
lar arrangements discussed above, each with the central metal
atom positioned either on top of a surface O or Fe atom. We
found that the cases where the N atoms are approximately
sitting above O atoms, like all the cases shown in Figure
4, are significantly more stable than those with N above Fe
(obtained upon translating the molecules by a/2 along both
[100] and [010]): the difference of ~ 0.3 eV is indeed larger
than all other differences reported below. For this reason, in
this work we study in detail the three adsorption configura-
tions reported in Figure 4 that are named following the posi-
tion of the metal atom as (5%5)@0O (panel a), (5X5)R37° @0
(panel b), and (5 X 5)R37° @Fe (panel c).

We have performed structural optimizations for Co-TPP,
Ni-TPP, and Zn-TPP in the three chosen structures. As said,
on the scale of Figure 4 it is hard to distinguish the final
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Figure 4: Ball-stick model of three M-TPP adsorption configurations. With (a) (5 x 5)
periodicity at the oxygen site, [named (5 x 5)Q@0]; (b) and (c) two configurations with
the same (5 x 5)R37° periodicity, but different molecular azimuth as taken from the [100]
axis and adsorption sites [named (5 x 5)R37°Q0O and (5 X 5)R37°Q@Fe, respectively]. Yel-
low squares indicate the surface unit cell; oxygen and iron atoms are identified in orange
and white, respectively. Red lines mark the N-M-N direction passing through the pyrrole
rings bent inwards; ¢ and a are the angles formed by the red line with the [100] direction
and with an overlayer lattice vector, respectively. Labels in panel (a) “in"/“out” are for in-
wards/outwards bending of pyrrole rings, and “a"-"d" name the phenyl ones. The molecular
arrangement in the ball-stick pictures of panels (a-c) is described by the schemes (a'-c')
below. The other schemes (ii-iv) correspond to the energetically equivalent cases that can
be obtained through rotations or mirror operations of the overlayer (see the text). The

substrate (5x5) cell is depicted as a solid blue square, the overlayer one as a yellow dashed
square, and the molecule in black with the red line as above.
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structures of the three adsorbates, so we only show there
Co-TPP as a representative case. The adsorption energy pesso
molecule is evaluated as E,4; = .[Elt\‘/}ETPP/SMf -
EX 1/ Nyrpps Where E\J' o s the total energy of the
system with Ny rpp molecules and Eyf'.,, and E'°. those
of the optimized free M-TPP and clean surface. We report
the results in Table 1. Remarkably, all values lie in an energy?*s
range that is only 0.14 eV wide, independently of the central
atom and configuration. Also, to evaluate the effect of the
on-site correction “+U”, we have computed the adsorption
energies for Co-TPP switching off the correction and find-
ing practically unchanged values; this suggests that the de-=3¢°
scription of many-body correlation at the metal atom, which
may be problematic at the DFT / DFT+U level, is not a cru-
cial issue for determining the adsorption structure. For all
molecules, we determine only small differences between the
(5 X 5)@0 and the (5 X 5)R37°@0O case, or no differenceses
at all for Zn-TPP. We recall from the discussion of Figure
4(a) and (b) that these two configurations in practice present
the same intermolecular arrangement and, as seen by a sin-
gle molecule, a very similar position of the molecule on the
substrate so that such similarity could be expected. On the37
experimental side no indication of a (5 X 5) R37° periodicity

is found for Zn-TPP, nor of a (5 X 5) one for Co-TPP. Ni-TPP
is the only case where an apparent preference for a rotated
vs non-rotated cell is found, with the (5 X 5) R37° @Fe struc-
ture being lower in energy by 0.12 eV than the non-rotated
one. We attribute this behavior to a site specificity of Ni: by
performing additional simulations for the related molecule
Ni-porphin on the same surface, we have found a 0.1 eV
preference for the Fe site whereas a milder preference for
O (< 0.05 eV) is found for Co-porphin and Zn-porphin.
We now analyze the adsorption geometry computed for
specific configurations: for Co-TPP and Ni-TPP in the (5 X
5)R37° @Fe, and for Zn-TPP in the (5 X 5)@0O. For Co-
TPP, the choice is based on the fact that (5 X 5)R37° @Fe
is marginally higher in energy than (5 X 5)R37° @O, but in
better agreement with STM observations[29]; as discussed
therein, the two configurations are very similar for structural
and electronic properties. The azimuthal angle @ formed by
the molecules with the overlayer lattice vector is practically
identical in the three cases and amounts to @ ~ 18°. The one
formed with the [100] surface azimuth, i.e., ¢, is also very
similar or differs by the rotation angle of 37°. The internal
degrees of freedom also appear relatively similar. Differ-
ences arise because of a shorter (by approximately 0.2 A)
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Table 1
Adsorption energy, E,4, for M-TPP. The last column with

AE, takes as a reference the minimum value for that species.

Species Configuration  E,4 (eV) AE,, (eV)
Co-TPP (5 X 5)R37°Q@Fe —4.26 +0.02
(5% 5)R37°@0 —4.28 +0.00
(5 x 5)@0 —4.26 +0.02
Ni-TPP (5 X 5)R37°@Fe —4.34 +0.00
(5% 5)R37°Q@0 —4.24 +0.10
(5x5)@0 —4.22 +0.12
Zn-TPP (5 X 5)R37°@Fe -4.20 +0.07
(5% 5)R37°@0 —4.27 +0.00
(5x5)@0 —-4.27 +0.00
Co-TPP (5 X 5)R37°Q@Fe —4.26 +0.03
(computed (5 X 5)R37°@0 —-4.29 +0.00
without +U) (5x5)@0 —4.26 +0.03

molecule-surface distance computed for Zn-TPP, where Zn
sits 2.99 A from the O plane: this is accompanied by a flat-
tening of the pyrroles bent inwards, 8" = 10° instead of the
15° computed for other molecules. The phenyl rings instead
appear to rotate away from the surface plane by a slightly
larger angle, 35°-38° for Zn-TPP instead of the 31°-35°
of Ni-TPP (and similar for Co-TPP). We remark that these
marginal changes lead by themselves to relatively small en-
ergy differences; for their description, in Quantum ESPRESSO
calculations, we have enforced convergence thresholds for
the iterative structural optimization 10 times stricter than the
default ones.

Figure 5 reports the simulated STM image computed at
negative (panels a-c, —2 V) and positive (a’-c’, +2 V) bi-
ases. For what concerns the phenyl and pyrrole units, the
appearance of the molecule is similar, whereas the luminos-
ity of the central atom is both element and bias dependent.
In qualitative agreement to experiments, Co-TPP molecules
appear relatively brighter at the center, especially than Zn-
TPP for which a dark “cut” joining the pyrrole units bent
inwards separates the two halves. We recall, however, that a
strong influence of the tip conformation in the experiments**®
prevents to make firm conclusions on this respect.

Additional detail concerning the electronic properties can
be evinced by the electronic density of states, projected on
the metal (black lines) and molecular (red lines) orbitals.
See Figure 6. Consistently with the simulated STM, the*2°
orbitals not involving the central atom are only marginally
different. They appear, to the resolution of the calculation,
weakly influenced by the magnetic character of the under-
lying substrate: in particular, no specific shift of the spin-
majority/spin-minority states (taking the Fe magnetizationt2s
as reference) is computed, but looking at specific states, a
different broadening for the two spin components can be ap-
preciated as a result of larger substrate DOS, such as for
the molecular LUMO in the spin-minority population. For
what concerns the metal-projected states, similarly to thets°
free molecules, [38] Co-TPP and Ni-TPP have states around
the Fermi level whereas all Zn orbitals of Zn-TPP lie far-

Figure 5: Simulated STM image at —2 V (panel a) and +2 V
(panel a') for Co-TPP, and similarly for Ni-TPP, and Zn-TPP
in panels (b-b’) and (c-c’). A corresponding ball-stick model
is overimposed.

ther away. The only case with appreciable spin polarization
is Co-TPP, having the spin-down d > orbital filled and the
spin-up one empty, [29] so that the molecule is antiferro-
magnetically coupled to the substrate.

The spin polarization of the molecule is better appreci-
ated by looking to the difference between the two spin den-
sities, An = n"® — nd¥_ in real space. To this purpose, in
Figure 7 we report the difference An — Ang,;, where the
spin polarization of the free surface, Ang,, is characterized
by a nearly uniform positive value and is subtracted for a
better understanding. In panel (a), the spin polarization of
Co-TPP clearly appears with the lobes of a filled d > orbital.
A much weaker contribution, now parallel to the substrate,
is observed around the Ni atom, whereas nothing appears
for the chosen isovalue around Zn. Magnetic moments com-
puted by Lowdin analysis [45] for Co, Ni, and Zn amount
to —1.09, 0.03, and 0.00 pp, respectively. All cases report
a small spin-polarization of the macrocycle, parallel to the
substrate magnetization, in analogy to what we computed for
Cgq on the same substrate.[46]

We further show real space electron density rearrange-
ments to discuss the bonding mechanisms of the molecules.
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Table 2

Structural parameters for adsorption configurations: azimuthal angle ¢ with respect to the
[100] direction and a with respect to an overlayer lattice vector (see Figure 4); tilt angles
with respect to the surface plane of the pyrrole rings bent inwards/outwards (9;’;/93;‘)

and of phenyl units (6,,,) a, b, ¢, and d (as labeled in Figure 4, a and ¢ face a pyrrole ring
from a neighboring molecule bent inwards whereas b and d face a pyrrole bent outwards);
height of the metal atom (z,,) and of N atoms (zy) taken from the plane of surface O

atoms.
Species  Configuration  ¢(°) a (") 6" () 620°()  65°() 9;’;’ BEEMGOEENT
Co-TPP (5x5)R37°@Fe 55 18 15 20 32 35 3.18 322
Ni-TPP  (5x5)R37°QFe 55 18 15 21 31 35 3.26 3.29
Zn-TPP (5% 5)@0 17 17 10 21 35 38 2.99 3.09

In Figure 7 we also show the electron density displacement

upon adsorption, Ay 1pp/subs — PM-TPP — Hsurf- BY looking towrs

values on a plane passing between the molecules and surface,
we can see that an antibonding character at the N atoms is
testified by density depletion. Electron density instead accu-
mulates consistently between surface Fe atoms and the outer

C atoms of the inward-bent pyrrole units, showing the for-sso

mation of bonds between Fe and the = orbital; this is best
seen for the Zn case in panel (c’); for Co-TPP and Ni-TPP in
panels (a’) and (b’), instead, such two C atoms are not cen-
tered on a Fe atom and one can observe both accumulation
(between C-Fe) and depletion (between C-O). Also these re-
sults do not show a specific dependence on the central atom

(compare Co-TPP and Ni-TPP), beside the different positior®®

of the molecule on the surface. We further checked this state-
ment by considering also Zn-TPP in a (5§ X 5)R37° @Fe con-
figuration, which presents the same qualitative findings as
for Co-TPP and Ni-TPP (data not shown).

4. Conclusions

Summarizing, we have compared the structural and elec-
tronic properties of single-layer Co-TPP, Ni-TPP, and Zn-
TPP molecules deposited on Fe(001)-p(1 x 1)O by combin-
ing experimental results (LEED, STM, and NEXAFS) and
first principles simulations. The molecular overlayers are
all characterized by the same square unit cell, whose unit
length is five times that of the substrate, consistently with
the square shape of the molecules and a moderate molecule-
substrate interaction that preserves many features of quasi-
free molecules. In all cases, molecules stay nearly parallel
to the substrate, with the pyrrole macrocycle bent in a sad-
dle shape and the phenyl rings bent towards the surface. The
assembling of the molecules is shown by LEED and STM to
switch from the rotated (5 X 5)R37° superlattice of Co-TPP
and Ni-TPP to the (5 X 5) of Zn-TPP, the latter being aligned
with the surface azimuths. This trend may look surprising
given both the relatively weak interaction with the substrate,
and the same flat lying appearance of the molecules, regard-
less of the nature of the central atom. Indeed, we find only
small differences between the adsorption energy profiles of
the three molecular layers, due to the fact that the differ-
ent molecular arrangements may present very similar char-

acteristics at the atomic scale, in terms of both molecule-
surface and molecule-molecule relative positioning. While
this hampers finding the rationale beyond the experimen-
tally observed adsorption structure dependence from calcu-
lations, it suggests us that assemblying motifs remarkably
distinguishable the one from the other on the few-nanometers
length scale may actually depend on small and subtle effects
at the molecular scale.
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Figure 6: Computed density of states of (a) Co-TPP, (b)
Ni-TPP, and (c) Zn-TPP on Fe(001)-(p1 x 1)O. The DOS for
the spin minority component is shown reversed. The shaded
area marks the contribution by the substrate atoms; the black
thick line the contribution by the central metal atom and the
red thin one by C, H, and N in the molecule. Black labels
mark the symmetry of d states (e.g., d») and red labels mark
the location of molecular states over the phenyls (Ph) or the
tetra-pyrrole ring (R). Data for Co reproduce those published
in [29].

Figure 7:  Left panels: Electron spin density for (a) Co-
TPP/(5x5)R37°QFe, (b) Ni-TPP/(5%5)R37°@Fe, and (c) Zn-
TPP/(5x5)@0. The chosen isovalue is +0.005 A=3. Red/blue
surfaces correspond to the spin majority/minority populations.
The overwhelming spin density of the free surface is subtracted
for image clarity. Right panels: Electron density displacement
for (a') Co-TPP, (b') Ni-TPP, and (c') Zn-TPP (all in the
same geometries as in the left panels). The chosen isovalue is
0.005 A3, Red/blue surfaces in the perspective views corre-
spond to electron accumulation/depletion.
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