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ABSTRACT Here, it is demonstrated, using high-resolution X-ray spectroscopy and

density functional theory calculations, that 2H-tetraphenyl porphyrins metalate at room ;“z\
temperature by incorporating a surface metal atom when a (sub)monolayer is deposited PN v,’
on 3d magnetic substrates, such as Fe(110) and Ni(111). The calculations demonstrate that Al A

the redox metalation reaction would be exothermic when occurring on a Ni(111) substrate
with an energy gain of 0.89 eV upon embedding a Ni adatom in the macrocycle. This is
a novel way to form, via chemical modification and supramolecular engineering,
3d-metal —organic networks on magnetic substrates with an intimate bond between
the macrocycle molecular metal ion and the substrate atoms. The achievement of a
complete metalation by Fe and Ni can be regarded as a test case for successful preparation o e
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of spintronic devices by means of molecular-based magnets and inorganic magnetic

substrates.
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he chemical bond of adsorbates on
metal surfaces is of fundamental in-
terest in surface science and molec-

ular electronics, where a big challenge is to
engineer novel devices based on the inter-
action of an active nanoscale site with the
surrounding medium. This is a highly appeal-
ing perspective that allows the fabrication of
functional macromolecular architectures di-
rectly on a surface through surface-driven
chemistry using the bottom-up approach.'™*
Porphyrins and similar planar molecular
systems are extremely suitable for this task
because they combine the self-assembling
properties into ordered templates on surfaces
with the presence of active sites of interaction
within the molecules themselves.>~” There-
fore, these stable and versatile s-conjugated
planar metallo-organic molecules find a
multitude of applications in solid state
chemistry and 2D molecular engineering
for opto-electronics, biological and artificial
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structures, chemical sensors, photovoltaic
devices, or catalytic and magnetic systems. 12

Porphyrins may be deposited in the sub-
monolayer regime on single-crystal surfaces
in ultrahigh vacuum (UHV) systems, and the
interaction with the surface can be used
to change the properties of the adsorbed
molecules. Recently, it was demonstrated
that metal ions can be incorporated into
adsorbed free-base tetrapyrrole molecules,
like porphyrins or phthalocyanines, by me-
tal UHV evaporation. This metalation pro-
cess is a redox reaction resulting in the
oxidation of the metal and a reduction of
the porphyrin ligand. By adding various
metals via UHV evaporation, it is possible
to metalate the free-base porphyrins at
the center of the macrocycle both in
monolayer and multilayer regimes.’® "2’
This approach offers novel pathways to
realize metallo-porphyrin compounds, low-
dimensional metal—organic architectures,
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and patterned surfaces, which cannot be achieved by
conventional means.?? Potentially, this route can also
be employed to synthesize extremely reactive metallo-
porphyrins, whose instability prevents a direct eva-
poration, but the presence of a surface may allow their
existence. For example, unfavorable oxidation states of
the metal ion may be stabilized by the interaction with
the underlying surface, which can act as an electron
donor. It is worth noting that some metallo-porphyrins
containing Fe, Mn, Au, Rh, etc. ions are stabilized as free
molecules by bonding the macrocycle ion to another
atom, typically Cl, or functional groups, but the same
metallo-porphyrins may also be stabilized on a surface
by evaporating the metal ions into the free-base
porphyrins (see the Supporting Information for X-ray
photoemission data on Rh and Mn metalation of
2H-TPP).”'3 As a consequence, the chemical identifica-
tion of the different molecular species that can be
formed on a surface/interface and of their interactions
with the substrate become a major challenge. This is
very important when unobvious changes in the ad-
sorbed layer can lead to the formation of new molec-
ular species.>>~%°

Recently, Gonzales-Moreno et al.=> using a proto-
porphyrin, Raval and co-workers using diphenyl por-
phyrins and octaethyl porphyrins (OEP),>**” and Diller
et al.?® using 2H-tetraphenyl porphyrin (2H-TPP) have
shown that metalation of porphyrins can be achived
also by deposting metal-free molecules on copper
surfaces just picking up substrate metal atoms and
forming Cu porphyrins. In all of these Cu cases, apart
from protoporphyrins on Cu(110),?® the samples need
to be annealed above 380 K to complete the redox
reaction. The fact that only the simplest molecule,
protoporphyrin, on Cu(110) may metalate at room
temperature demonstrates that the interface interac-
tion and, in particular, the interplay between the
geometric and the electronic structures are very com-
plex: the adsorption geometry, molecular conforma-
tion, charge, and spin states at the interface are
extremely critical in determining the behavior of the
system.

Here we demonstrate, using high-resolution X-ray
spectroscopy and density functional theory calcula-
tions that, by depositing a (sub)monolayer of more
complex molecules, like 2H-TPP, on Fe(110) and
Ni(111) surfaces at room temperature, the macrocycle
binds directly to an adatom of the metallic substrate
that metalates the porphyrin, forming Fe-TPP and
Ni-TPP, respectively.

l.26

RESULTS AND DISCUSSION

We start with the deposition of 1 ML (or sub-ML) of
2H-TPP molecules on Ni(111) and on a thin layer
(15 ML) of y-Fe(110)/Cu(110) at room temperature.
Figure 1 shows the N 1s core level photoemission spectra
of these monolayers compared with the spectrum
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Figure 1. N 1s photoemission spectra of (from top to
bottom) a 2H-TPP multilayer, monolayer on Ag(111), mono-
layer on Ni(111), and monolayer on Fe(110). In the latter two
cases, the presence of a single N 1s peak is a fingerprint for
the formation of Ni-TPP and Fe-TPP.

of a multilayer and the spectrum of a monolayer on
Ag(111).

It is evident that while in the multilayer and mono-
layer on Ag(111) the N 1s spectrum is composed of two
peaks, corresponding to non-equivalent iminic (397.9
and 397.6 eV, respectively) and pyrrolic (399.9 and
399.6 eV, respectively) nitrogen atoms, both in the
case of Ni(111) and Fe(110) substrates, the spectra
consist of one single peak (at about 398.5 eV in both
cases).

These values are, within 0.1 eV, akin to other
reports.”2%212° The spectra were taken just after the
deposition of about 1 ML with the substrate at room
temperature. Similar spectra were also measured after
the formation of one monolayer obtained by sublimat-
ing the multilayer, for example, by annealing the multi-
layer at 570 K. The samples were carefully checked for
radiation damage. In order to minimize any effects
from the irradiation, the light spot was scanned over
the sample and several spectra were recorded in
different positions with the same results.

The presence of one single N 1s peak and its binding
energy between the iminic and pyrrolic peaks is the
clear confirmation that the four nitrogen atoms are
now equivalent and coordinated with a metal atom.
We will show that this is due to the metalation of the
2H-TPP molecules by suction of an atom from the
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substrate, with subsequent formation of Fe-TPP and
Ni-TPP, respectively.

Apparently withstanding the proposed process, it is
well-established that, in the monolayer regime upon
adsorption at room temperature, 2H-TPP exhibits a
conformational adaptation with a considerable rota-
tion of the phenyl substituents with respect to the
macrocycle plane, mainly due to the steric effect of
hydrogen atoms.® This causes the macrocycle to be at
adistance d between 2.5 A < d < 5 A depending on the
possible distortion of the macrocycle ring.”>' Our
experimental data indicate that, even considering the
large macrocycle distance, the metalation may occur,
and this will be the first experimental proof of this
phenomenon for a TPP at room temperature. Obviously,
this does not happen on all substrates, as demonstrated
by the silver and even gold cases (not shown here),
although both Ag and Au form stable porphyrin
complexes.

To further elucidate this observation, in Figure 2, we
show the N 1s near-edge X-ray absorption fine struc-
ture (NEXAFS) spectra of the present 2H-TPP mono-
layer deposited on Ni(111) (black spectrum) and
Fe(110) (red spectrum) compared with the spectra
measured for Ni-OEP,>> Fe-TPP,>' and Fe-OEP-CI**
metallo-porphyrin monolayers on several metallic sub-
strates and for 2H-TPP on Ag(111). As we can see, the
spectra measured on Ni(111) and Fe(110) are almost
identical to those of similar metallo-porphyrin molecules
with Ni and Fe in the macrocycle adsorbed on other
metal substrates, further pointing to the possible metala-
tion of 2H-TPP, while for 2H-TPP deposited on Ag(111),
there is a clear difference in the spectrum which is shifted
to lower photon energy with the presence of two z*
transitions at 397.6 and 399.6 eV corresponding to the
iminic and pyrrolic N species still present here.

Previous density functional theory (DFT) calculations
of the metalation process for the first row d-metals
predict increasing activation barriers in the following
order Fe < Co < Ni < Cu < Zn. Fe and Co should react at
room temperature, whereas Cu and Zn require ele-
vated temperatures of up to 520 K for rapid reaction.>*
In the case of Ni, the broad range of calculated activa-
tion barriers (between 45 and 121 kJ/mol, depending
on the functional used) makes it questionable whether
room temperature metalation is possible or not. On the
experimental side, metalation with preadsorbed Ni on
Au(111) requires heating to >520 K.*° This was taken as
evidence for the formation of Ni islands, which have a
low two-dimensional vapor pressure at room tempera-
ture, and the removal of Ni atoms from the islands is
the rate-limiting step. This assumption is supported
by other studies of porphyrin metalation with Fe on
Ag(111), where formation of Fe islands at the step
edges and their dissolution at elevated temperatures
in the presence of a porphyrin layer was directly
observed with STM.'83*
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Figure 2. Single-layer N 1s NEXAFS spectra of (from top to
bottom) Fe-OEP-CI/Co/Cu(111) as measured by Wende
et al.*® of metalated Fe-TPP on Ag(111)," our data of 2H-
TPP monolayer on Fe(110)/Cu(110) and on Ni(111), forming
the corresponding Fe-TPP and Ni-TPP layers, respectively,
Ni-OEP deposited on Au(111),*? and 2H-TPP deposited at
room temperature on Ag(111). The angle between the
linear polarization and the surface plane is shown. The
spectrum of Wende et al. is a linear combination of the
two angles reported in ref 33.

Our experimental study shows that all N atoms are
equivalent, so the macrocycle redox reaction indeed
occurs at room temperature for Fe(110) and Ni(111).
We propose that the reaction is due to the inclusion in
the macrocycle of a surface metal atom since a similar
behavior was observed by Raval and co-workers?*?” on
Cu(110), where copper adatoms were weakly attracted
to adsorbed free-base porphyrins at specific molecular
sites after annealing above 380 K, and by Gonzalez-
Moreno et al.*® where protoporphyrins on Cu(100)
and, in particular, on Cu(110) surfaces seem to melalate
by Cu surface atoms at room temperature. In these last
cases, however, the porphyrins have small chain
groups as meso-substituents, so the macrocycle is
allowed to go very close to the substrate atoms, while
in our case the distance is quite large due to the
presence of rotated phenyl groups. In fact, the pre-
sence of phenyl surfaces tilted by an average angle of
30—35° with respect to the substrate surfaces and the
macrocycle having mainly flat adsorption geometry
with a saddle shape configuration (distortion angle of
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Figure 3. NEXAFS spectra atthe N 1s threshold as a function
of the linear polarization incidence angle of the light with
respect to the surface plane; p-polarization indicates a
situation where the linear polarization is perpendicular to
the surface, and s-polarization means that the linear polar-
ization is parallel to the surface plane.
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Figure 4. NEXAFS spectra at the C 1s threshold as a function
of the linear polarization incidence angle of the light with
respect to the surface plane; p-polarization indicates a
situation where the linear polarization is perpendicular to
the surface, and s-polarization means that the linear polar-
ization is parallel to the surface plane.

the pyrrole rings of about 18°) on both Fe(110) and
Ni(111) can be obtained looking at the dichroism in the
NEXAFS resonances at the N 1sand C 1s thresholds as a
function of the light linear polarization. Figures 3 and 4
show the comparison between NEXAFS spectra in
p-polarization (linear light polarization close to the sur-
face plane perpendicular) and s-polarization (linear
light polarization in the surface plane) for 2H-TPP on
Ni(111) and Fe(110) at the N 1s and C 1s threshold,
respectively. From N 1s spectra, it is clear that the
macrocycle is almost parallel to the surface plane with
the 7t* resonaces almost lost in s-polarization. Anyway,
a small intensity is still visible in both Ni(111) and
Fe(110) substrates, indicating a slightly distortion of
the macrocycle. This distortion is also visible at the C 1s
threshold on Ni(111), where the first 7* peak (~284 eV)
that belongs to the carbon atoms of the macrocycle®®
remains partly visible also in the s-polarization spectra,
while it disappears in the spectra of 2H-TPP of Fe(110).

GOLDONI ET AL.

The average tilt angle of the nitrogen z* states with
respect to the surface normal of about 18° for both
substrates can be obtained using the Stohr formula for
three or more domains,®” while the carbon z* states
(~284 eV) of the macrocycle seem to have a similar tilt
angle on Ni(111) remaining, instead, more perpendi-
cular to the substrate surface on Fe(110). The most
intense feature in the C 1s spectra at about 285 eV
mainly belongs to the excitation of zz* states of phenyl
rings.® Although we observe a huge dichroism, the
intensity remains quite high also in s-polarization. The
area ratio of this feature between the s-polarization
and the p-polarization is 0.31 for Fe(110) and 0.38 for
Ni(111). According to the Stéhr formula for three or
more domains,®” average adsorption angles for the
phenyl ring surface (with respect to the substrate
surface plane) close to 30° for Fe(110) and 35° for
Ni(111) are obtained.

More recently, new experimental evidence of meta-
lation of 2H-TPP on Cu(111) was provided by Diller
et al.”® but just after annealing at about 420 K, which is
probably related to the room temperature adsorption
conformation of 2H-TPP, as suggested by Buchner and
co-workers.”®

To confirm the experimental evidence and to under-
stand whether the metal atom incorporated in the
macrocycle is more likely to derive from surface ada-
toms or from a surface vacancy created by the mole-
cule, we performed large-scale ab initio calculations
based on density functional theory (see Experimental
Section for details). Given the computational cost
necessary for large systems, we restricted our investi-
gation to the more critical system 2H-TPP/Ni(111)
because, according to calculations®* and experimental
evidence,*® adding a Ni ion in the macrocycle should
require annealing above 520 K, while for Fe ions, the
reaction may happen also at room temperature. De-
spite the evidence from the literature that a consider-
able energy gain corresponds to 3d-metal atom
inclusion into a free isolated 2H-TPP molecule when
the source of metal atoms is constituted by isolated
atoms,>*** it is not obvious that such a reaction would be
exothermic when occurring on a metallic substrate: on
one side, the chemical potential of the metal atom at the
surface is considerably lower compared to the isolated
atom case (the highest possible value), on the other case,
molecular rearrangements, in order to include the atom,
will have to compete with van der Waals forces.

We computed different adsorption geometries for a
2H-TPP molecule on a Ni(111) surface and found that
the energies of the different minima lay within 0.2 eV of
each another. Starting from the lowest energy config-
uration that we found, we computed the energy dif-
ference between a configuration where a Ni adatom
stays on the Ni(111) surface far from the adsorbed
molecule and one where the metal atom is incorporated
in the molecule with a consequent release of a H,
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Figure 5. Top view (top) and side view (bottom) of the
equilibrium geometries for the 2H-TPP molecule adsorbed
on Ni(111) in the presence of a Ni adatom (a) and in the case
of incorporating the Ni adatom (b). The energy gain upon
embedding the Ni adatom in the macrocycle is 0.89 eV.

molecule in vacuum (see Figure 5). Our results indicate
that the inclusion of Ni adatoms is thermodynamically
favored by 0.89 eV.

We show in Figure 6 the structural modifications
upon metalation of the 2H-TPP molecule as obtained
from the DFT optimization. We observe that the four
nitrogen atoms have a distance from the central Ni
atom of 1.94 A. The dehydrogenation does not modify
the C—N bond distances considerably but slightly
decreases the C—N—C angle from 111° (in the pyrrolic
configuration) to 106°. After metalation, the C—N—C
angles in the four iminic units are thus equivalent at the
value of 106/107°. The buckling of the molecule ortho-
gonally to the surface (about 2.6 A not considering the
hydrogens) is not modified upon metalation. The dis-
tance of the central Ni atom, showing a bridge position
on the Ni(111) surface, from the two nearest neighbors
in the substrate, amounts to 3 A. Both in the metalated
and nonmetalated structure, the molecule has a saddle
shape, with the pyrrolic units pointing down toward
the center. The phenyl rings are rotated with an angle
of about 40° with respect to the surface, in both
molecular configurations, in quite good agreement
with the 35° obtained in the experimental data. The
obtained rotations of the iminic units (18° before and
17° after metalation) and pyrrolic units (30° before
metalation and 29° after metalation) are slightly larger
than the average angle extracted from the experi-
ments (18°). The N surface distance ranges from 2.5 A
(pyrrolic N atoms) to 3.1 A (iminic N atoms).

We then considered the hypothesis that the 2H-TPP
molecule is able to create a Ni vacancy at the surface to
embed the metal atom. In this case, the process is not
thermodynamically favored and corresponds to an
energy loss of 0.69 eV (a relatively small value) if the

GOLDONI ET AL.

Figure 6. Structural modifications from DFT optimization of
a 2H-TPP molecule upon dehydrogenation and inclusion of
a Ni adatom in the macrocycle. The latter results at a bridge
site on the Ni(111), at a distance of 3 A from the first Ni
neighbors of the substrate. In the figure, the red frame with
small atom balls represents the original structure; the bold
colored frame with larger atom balls depicts instead the
optimized metalated structure. The numbers indicate the
C—N-C angles and the C—N bond distances in the meta-
lated (nonmetalated) structure.

vacancy is static. We thus conclude that the final
configuration with an intact substrate and a Ni atom
included in the molecule is thermodynamically most
favored. Nothing can be said a priori about the reaction
mechanism: the calculation of the reaction rates would
require the study of all of the most probable reaction
paths. The relatively small energy loss of 0.69 eV
corresponding to the promotion of a substrate atom
to the macrocycle center, with vacancy creation, sug-
gests however that this process could be an intermedi-
ate step of a concerted mechanism of reaction. The
latter could have a lower overall reaction barrier with
respect to the simpler and direct adatom migration
“beneath” the molecule.

Recent studies for 2H-TPP adsorption on Cu(111)
have shown the tendency of iminic nitrogens to bind
to surface atoms even in a strong fashion.**° Con-
versely, no such evidence is present for Au(111) or
Ag(111) adsorption. To test this possibility in our case,
we searched for a new set of possible configurations
starting from a geometry where iminic N atoms point
toward the surface and pyrrolic rings are, as a conse-
quence, tilted in the opposite direction. We were able
to find a new state, considerably more stable (5.8 eV)
compared to the geometries already discussed. Re-
markably, in this state, the phenyl rings are flat as well
as the distorted pyrrolic groups, whereas two strong
chemical bonds are formed between the upright imi-
nic groups and a Ni surface atom. This, together with a
stronger bonding of the phenyl-C atoms to the surface,
causes a huge gain in energy.

However, the geometry that we reach is not compa-
tible with the experimental findings, neither something
of this kind, with flat phenyl rings and upright iminic
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groups, has ever been observed experimentally.
Indeed, such a structure would give completely
different XPS and NEXAFS spectra and, at variance
with the proposed pristine geometry with the pyr-
rolic units slightly pointing to the surface, would lose
0.38 eV upon adatom diffusion-based metalation.
Another important contrast to the experiment con-
cerns the flat orientation of the phenyl rings (see
Supporting Information, Figure S3).

CONCLUSION

Using high-resolution X-ray spectroscopy and den-
sity functional theory calculations, we have shown that
2H-tetraphenyl porphyrins metalate at room tempera-
ture by incorporating a surface metal atom when a
(sub)monolayer is deposited on 3d magnetic substrates,

EXPERIMENTAL SECTION

Experiments were carried out at the BACH®® and ALOISA®®
beamlines of the Elettra synchrotron radiation facility in Trieste.
The metal substrates, Ni(111) and Cu(110), were cleaned by Ar*
sputtering at 1 keV and annealing at 700 °C. Fe layers on a clean
Cu(110) surface were deposited using a Omicron e-beam
evaporator until no Cu signals were visible by photoemission
(about 15 ML). Under these conditions, we obtain ordered
rough Fe films on Cu(110) in the face-centered cubic structure
with the (110) face on top.40 2H-TPP molecules were deposited
on the substrates kept at room temperature from a homemade
tantalum basket heated by current flow at 570 K. The monolayer
was defined as the maximum surface coverage after the sub-
limation of a deposited multilayer at 570 K, and the relative
intensities of C 1s and N 1s photoemission core level peaks with
respect to the substrate peaks were taken as reference for the
deposition of (sub)monolayer at room temperature. The sam-
ples were characterized by photoemission, low-energy electron
diffraction, reflection high-energy electron diffraction, and X-ray
absorption spectroscopy measurements. The energy resolution
for photoemission and X-ray absorption spectroscopy was better
than 150 meV. Photoelectrons were collected using a hemisphe-
rical electron energy analyzer. Binding and photon energies were
calibrated by means of the metal Fermi level in photoemission
and by measuring the absorption spectrum of reference samples.
Ultrahigh vacuum (UHV) conditions (in the pressure range of
10~ '° mbar) were maintained throughout the experiment.

Photon energies of 550 and 400 eV were used for N 1s and C
1s XPS measurements (not shown), respectively. Near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy was
measured both in Auger and partial electron yield modes, while
scanning the photon energy across the C and N K-edges. The
orientation of the surface with respect to the linear polarization
of the synchrotron beam was changed by rotating (6 angle) the
sample around the beam axis while keeping a constant grazing
incident angle of 6°. This scattering geometry allows one to
change from linear s-polarization at = 0° to p-polarization at
6 = 90° without variation of the illuminated area on the sample.
The raw data were normalized to the total photon flux mea-
sured at the same time with the NEXAFS spectrum and divided
by the NEXAFS spectrum of the clean substrate taken at the
same threshold.*’ The total error on the extracted molecular
adsorption angles, considering the above normalization proce-
dure and the chosen angular step of 5°, is £3°. The NEXAFS data
shown in Figure 2 were taken at 6 = 50° close to the magic angle
at which every resonance appears in the spectrum indepen-
dently on the orientation of the corresponding orbital.

The ab initio simulations were performed within the mixed
Gaussian and plane wave method implemented in the cp2k

such as Fe(110) and Ni(111). For the most critical case,
Ni(111), the calculations demonstrate that the redox
metalation reaction would be exothermic with an energy
gain of 0.89 eV upon embedding a Ni adatom in the
macrocycle. This attactive interaction with substrate
atoms enables the formation of metallo-organic com-
plexes, simplifying the synthesis of the metalation pro-
cess and certainly improving the interaction with the
substrate. We believe that the described reaction should
be relevant for chemisorption of different free-base
macrocyclic molecules on other reactive surfaces. The
achievement of a complete metalation by Fe and Ni can
be regarded as a test case for a successful preparation of
spintronic devices by means of molecular-based mag-
nets (orgamometallic nanostructures) and inorganic
magnetic substrates.

code.*? Atomic species were represented via pseudopotentials
of the Goedecker type,** and gradient corrections as parame-
trized within the revPBE** approximation were employed for
the exchange correlation functional. In order to account for the
van der Waals interactions, we used the empirical scheme
proposed by Grimme (“DFT-D3” version).** To model 2H-TPP
adsorbed on Ni(111), we used the repeated slab geometry:46 a
fully periodic large simulation cell with dimensions of 22.7 x
21.9 A? (corresponding 9 x 5 Ni(111) rectangular cells) con-
tained six layers of Ni, the molecule, and additional 20 A of
vacuum. The energy for equilibrium geometries was obtained
with a geometry optimization procedure iterated until forces on
the atoms were lower than 0.5 x 10~% au. Two Ni(111) atomic
layers were fixed to bulk positions, and all remaining atoms
were allowed to move.
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