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Abstract
Hybrid interfaces where organic molecules are adsorbed on metallic substrates are
very interesting to understand the fundamental interactions that might modify the
chemical-physical properties of molecules or substrate. Here, we explore the adsorp-
tion of manganese phthalocyanines (MnPcs) on different structural phases of a Pb
monoatomic layer, namely the /7 x v/3-Pb and the Striped Incommensurate phase
(SIC-Pb) phase, grown on Si(111). Surprisingly, the deposition of a minute amount of
MnPc molecules (~0.18 molecules/100 nm?) nucleates a macroscopic structural tran-
sition of the v/7 x v/3-Pb phase into the SIC-Pb phase. Our combined Scanning Tun-
neling Microscopy, Low Energy Electron Diffraction and Density Functional Theory
study revealed that the mechanism behind this surface transformation is related to a
strong and local molecule-substrate interaction. The structural phase transition is fi-
nally driven by the strained nature of the Pb phases and the energetic stability of the
MnPc/SIC-Pb/Si(111) system with respect to MnPc/v/7 x v/3-Pb/Si(111) one. The
molecule-substrate interaction found in the present study is stronger than the one ob-
served on Pb(111) bulk or thin films, highlighting the implication of the Pb/Si(111)
interface in the interaction process. Hence, our results reveal that playing with the
substrate dimensionality to tune the molecule-substrate coupling has strong impact on

the electronic/magnetic properties of organic hybrid systems.

Abbreviations

MPc=metal-phthalocyanine

T = superconducting temperature
TTCNQ=7,7,8,8-tetracyanoquinodimethane
SMON=surface metal-organic network
STM=scanning tunneling microscopy
LEED=Ilow energy electron diffraction

DFT=density functional theory



SIC=striped incommensurate phase
2D= two dimensional

3D= three dimensional
ML=monolayer

PDOS= projected density of states

UHV=ultra-high vacuum
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Introduction

The recent search for topological superconductivity® prompted intense efforts to study the
basic coupling between magnetic impurities and superconducting materials.?® Recently, it
has been shown that this coupling strongly depends on the dimensionality of the super-
conductor® and that 2D materials might be much more promising than 3D ones for such
purpose.”? In this regard, metallic monolayers of either Pb or In epitaxially grown on semi-
conducting substrates constitute a very interesting class of systems.'%12 Moreover, coupling
these 2D materials with arrays of metallo-organic molecules, e.g. metal-phthalocyanines
(MPcs), seems an appealing way to realize hybrid magnetic/superconducting systems.

One of the advantages of using MPcs is the possibility of tailoring the molecule-substrate
coupling by selecting the most appropriate metallic atom M to coordinate within the molec-
ular structure.'® For this reason the interaction of MPcs with different substrates has been
extensively investigated.!* ! Interestingly, the set of these studies reveals that, in addition

to the coordinated atom M, the substrate also plays a crucial role in balancing the relative



strength of the molecule-molecule and molecule-substrate interaction. As an example, it has
recently been shown that MPcs deposited on the 1/7 x 4/3-In phase of the In/Si(111) bilayer
form closely packed square lattices'” indicating the prevalence of the molecule-molecule inter-
action. As small as it is, the molecule-substrate interaction remains non-negligible since the
critical superconducting temperature (T¢) of the In bilayer increases or decreases according
to the particular MPc (M=Mn or Cu) deposited on the surface.

If self-assembly of MPcs on the In bilayer results in square lattices, the adsorption of
molecules that interact more strongly with the substrate might lead to very different behav-
ior of the hybrid system. For instance, the deposition of 7,7,8,8-tetracyanoquinodimethane
(TCNQ) molecules on top of the v/7 x v/3-In/Si(111) bilayer leads to the formation of a sur-
face metal-organic network (SMON) with inclusion of In atoms extracted from the underlying
metallic substrate.?’ Simultaneously, the metallic area surrounding the SMON undergoes a
surface reconstruction from the v/7 x v/3-In phase to a novel 5 x 5-In phase as a consequence
of the local decrease in In coverage. Surface reconstruction of a 2D metallic system induced
by molecular adsorption was also reported by Matetskiy et al.?! In that study, Cgso molecules
were deposited on top of the v/7 x v/3-Pb phase of the Pb/Si(111) monolayer. Self-assembly
of disordered (Y islands was accompanied by the expulsion of Pb atoms from the monolayer
allowing the molecular domains to be incorporated within the layer. Fxpelled Pb atoms
were subsequently reintegrated in the regions surrounding the Cg islands by increasing the
local Pb coverage thus leading to a structural phase transition of the Pb surface from the
V7 x v/3-Pb to the denser hexagonal incommensurate HIC phase.

Here, we report on a combined Scanning Tunneling Microscopy (STM), Low Energy Electron
Diffraction (LEED) and Density Functional Theory (DFT) study on the properties of crys-
talline Pb monolayers grown on Si(111) in presence of minute concentrations of manganese
phthalocyanines (MnPcs). We present a new structural phase transition of the Pb/Si(111)
monolayer, from the /7 x+/3-Pb/Si(111) to the Striped Incommensurate (SIC) phase, taking

place upon adsorption of ~0.18 molecules/100 nm? of MnPcs. In contrast to previous studies



on similar systems, we found that the surface reconstruction mechanism does not imply the
expulsion /reintegration of Pb atoms close to the molecules but is rather related to the strong
local molecule-substrate interaction. The structural transition is ultimately promoted by the
strained nature of the Pb phases and the energetic stability of the MnPc/SIC-Pb/Si(111)
system compared to the MnPc/v/7 x v/3-Pb/Si(111). Moreover, LEED measurements reveal
that ~0.18 molecules/100 nm? of MnPcs are already able to nucleate the new phase. This
molecule-induced surface reconstruction as well as the observation of a frustrated molecular
self-assembly reflecting the threefold symmetry of the substrate reveal an enhanced molecule-
substrate coupling stronger than what is known on bulk or ultrathin Pb substrates. This is
corroborated by our DFT calculations showing that the Pb/Si(111) interface plays a crucial
role in determining the molecule-substrate coupling strength as well as the physical proper-
ties of the system such as the magnetic state of the MnPc molecules. Ultimately, our results
emphasize the rich and new behavior of hybrid organic/metal systems emerging when the
dimensionality of the metallic substrate is reduced. In particular, this could enable a new
way of tuning the coupling between magnetic molecules and a 2D superconductor, with the

aim of stabilizing well-defined magnetic ordering of the molecular array.

Results and discussion

Experimental results

The adsorption of MnPc molecules on Pb monolayers was carried out after proper preparation
of the substrate. Single atomic layers of lead were obtained by first depositing 1.65 monolayer
(ML) of Pb on top of a freshly annealed Si(111) surface with 7 x 7 reconstruction. Then, the
sample was annealed at about 600 K for a few minutes. Finally, the crystalline quality of the
Pb/Si(111) surface was checked with both STM and LEED (see Methods section for details).
Figure 1a shows STM and LEED results of the V7 x v/3-Pb surface before MnPcs deposition

that develops below 270 K as a result of a reversible temperature-induced structural phase



transition. 22 2% The /7 x v/3-Pb phase, that covers the entire sample surface, is not a single
domain phase but it consists of three equivalent domains 120° mutually rotated and with an
average size of about 100x 100 nm?.3%33 Accordingly, the complex LEED pattern of Figure 1a
is due to the overlap of the diffraction spots arising from the Si(111)-1 x 1 substrate and the
three v/7 x v/3-Pb domains (one of them is highlighted by the purple arrows).?”3*3 The
STM image of figure la shows only one of these v/7 x v/3-Pb domains and reveals the typical
periodic arrangement of Pb atoms in straight lines.?* 2628 The /7 x /3-Pb unit cell contains

6 Pb atoms per 5 Si atoms corresponding to a Pb coverage of & ML=1.2 ML 2529,31,33,35,36

a) V7xV3-Pb b) SIC c¢) MnPcs-induced SIC

Figure 1: (a) and (b) show STM images (top) and LEED patterns (bottom) of a Pb/Si(111)
monolayer prepared in the /7 x v/3-Pb and SIC phase respectively. (c) shows the STM image
(top) and the LEED pattern (bottom) of the SIC reconstruction induced by adsorption of
~0.18 molecules /100 nm? of MnPcs on the Pb monolayer initially prepared in the v/7 x v/3-
Pb phase (substrate kept at room temperature during MnPcs deposition). All STM images
were measured at 77 K over a 50x50 nm? area: (a) Vp=+1V / Ip=20 pA, (b) Vr=-50 mV
/ Ir=80 pA and (¢) Vy=+0.1 V / Ir=40 pA. Corresponding LEED patterns recorded at
E~80 eV and (a) 100 K (b) 300 K (c) 100 K.



Figure 1b shows STM and LEED results of the Striped Incommensurate phase (SIC) which
is the densest phase of the Pb monoatomic layer obtained at the saturation coverage of
1.3 ML.2%%7 Here, it should be stressed the fact that, unlike the v/7 x v/3-Pb phase, the SIC
phase does not undergo structural changes from room temperature to low temperature.?’
The analysis of STM images reveals that the incommensurate structure of this phase consists
of small v/3 x v/3-Pb domains (brighter regions) separated by meandering domain walls
with quasi-v/7 x v/3-Pb atomic arrangements (dark stripes).?>?73740 According to this, the
LEED pattern of Figure 1b shows the v/3 x v/3-like symmetry of the SIC phase (indicated
by orange arrows) superimposed to the 1 x 1 pattern of the Si(111) substrate.?'3% Previous
detailed studies have shown that the superstructure spots of the SIC phase located around
the v/3 x v/3 positions contain information on the incommensurate nature of this surface. 27:3
A Pb monoatomic layer with a pure commensurate V3 x/3-Pb phase would have a unit cell
with 4 Pb atoms per 3 Si atoms corresponding to a Pb coverage of § ML=1.33 ML, 2234384142
However, due to the large lattice mismatch between the Pb(111) and Si(111) surfaces, i.e.
app—4.92 A and ag;i=5.43 A, a pure V3 x v/3-Pb atomic arrangement, would require a
compression of the Pb monoatomic layer of about 5%.!%3® This is probably too large and
may explain why the commensurate v/3 x v/3-Pb surface reconstruction is not experimentally
observed whereas the incommensurate SIC phase is observed instead.?%3® Ultimately, the
presence of domain walls with "lighter" quasi-v/7 x v/3-Pb structure leads to a saturation Pb
coverage of the SIC phase of 1.3 ML which is slightly less than 1.33 ML of the commensurate
V3 x \/3-Ph, 22:27:34,37,38

The main result of the present study is depicted in figure lc. It shows the effect of MnPc
deposition on top of the Pb/Si(111) monoatomic layer kept at room temperature and pre-
pared with 1.2 ML of Pb, i.e. exhibiting the /7 x v/3-Pb phase shown in figure 1a below
270 K. The STM image of figure 1c shows that adsorption of ~0.18 molecules/100 nm? of
MnPec is sufficient to induce a structural phase transition of the initial V7 X v/3-Pb surface.

Due to molecular motion at 77 K under the STM tip, MnPc molecules appear as bright dis-



continuous protrusions. Remarkably, the LEED pattern of figure 1c shows that the surface
reconstruction takes place on a macroscopic scale.

Careful inspection of the STM image of figure 1c and comparison with that of figure 1b reveal
that the MnPc-induced surface reconstruction closely resembles the SIC phase. In particular,
the alternation of v/3 x v/3-Pb domains (brighter regions) and "almost" V7 % v/3-Pb domain
walls (dark stripes), typical pattern of the SIC phase, can be easily recognized in figure lc.
Moreover, the triangular lattice parameter of 0.67+0.06 nm measured over the brighter re-
gions of the STM image in figure lc is compatible with that expected for the v/3 x v/3-Pb
structure. Same conclusion is derived by the inspection of LEED pattern of figure 1lc. That
is, after MnPcs adsorption, the initial commensurate diffraction pattern of the /7 x v/3-Pb
surface is replaced by a new lattice of incommensurate spots with v/3 x v/3-like symmetry
(indicated by orange arrows) similar to that observed on the SIC phase (compare with the
LEED pattern of figure 1b).

It is worth noting that, contrary to what is commonly observed on the pristine SIC phase, ir-
regularly shaped hole-defects with decorated edges are uniformly distributed over the MnPc-
induced SIC phase (compare STM images in figure 1b and figure 1c). The emergence of these
hole-defects can be easily understood as a compression of the Pb monolayer triggered by Mn-
Pcs adsorption. Indeed, the transition from the V7 % v/3-Pb to the SIC phase usually occurs
by increasing the Pb coverage from 1.2 ML to 1.3 ML or equivalently by increasing the surface
atomic density from n sz, 5—9.40 atoms/nm? to ng;c—10.19 atoms/nm?'%*" On the other
hand, our experiments were performed at constant surface Pb coverage. This leads Pb atoms
initially arranged in a v/7 x v/3-Pb structure to reorganize themselves into the SIC phase
where irregular hole-defects appear then all over the surface because of the conservation of
the total number of Pb atoms.

Adsorption of MnPcs at lower substrate temperatures also induced the SIC phase. Fig-

ure 2a and figure 2b show MnPc molecules deposited on the /7 x1/3-Pb phase kept at

2 2

about 150 K with coverages of ~0.7 molecules/100 nm® and ~4.6 molecules/100 nm? re-



Figure 2: 46x46 nm? STM images in (a) and (b) (Vy—+0.3 V and I7=20 pA and Vy—+0.4 V
and [7=80 pA respectively) show ~0.7 molecules/100 nm? and ~4.6 molecules/100 nm? of
MnPcs respectively adsorbed on the MnPcs-induced SIC surface. MnPcs were deposited
on the /7 x v/3-Pb surface kept at approximately 150 K. The 5x5 nm? high-resolution
STM image (V7y=40.4 V and 17=80 pA) in (¢) shows a single MnP¢ molecule corresponding
to the configuration I in the sketch (d). The schematic drawing in (d), deduced from the
experimental data, represents the three adsorption orientations of single MnPcs with respect
to the Pb surface (purple arrows). Red arrows indicate the two nitrogen atoms within
MnPcs through which a substrate direction passes. Black segments highlight one of the
main molecular axis of a MnPc in a given configuration. The 6 x6 nm? high-resolution STM
image (Vy=+0.5 V and Ir=>50 pA) in (e) shows MnPcs self-assembled in a trimer. The
relative orientation of a timer with respect to the substrate is depicted in the drawing (f).
All STM images were acquired at 77 K at which temperature tip induced molecular motion
exists.



spectively. A clear MnPcs-induced SIC reconstruction is observed in both cases. Moreover,
one sees that isolated molecules and self-assembled trimers are the most common configura-
tions observed at low molecular densities. Remarkably, this self-assembly behavior of MnPc
molecules on the Pb monolayer seem to be independent of the substrate temperature in the
range 100 < T < 300 K. This observation suggests that molecules do diffuse during ad-
sorption and that their final conformations are not limited by diffusion barriers. Our study
also reveals that, at low molecular coverage, MnPcs do not self-assemble to form extended
long-range ordered molecular arrays on Pb/Si(111) monolayers. This is in contrast to the
spontaneous assembly of squared lattices of MnPcs usually observed on Pb thin films or bulk
monocrystals. 147943 Moreover, to our knowledge, trimer arrangement of MnPcs has not been
previously reported. 47161819 Furthermore, in contrast to what has been previously reported
in the case of Cgy molecules deposited on the Pb/Si(111) monolayer,?! MnPc¢ molecules lie
on defect-free regions.

Not only do the molecules remain isolated or arranged in trimers, but they present precise
orientations with respect to the substrate. Figure 2c displays an isolated MnPc¢ molecule
adsorbed on the Pb monolayer surface. The sketch of figure 2d, resulting from statistical
analysis of several STM images, shows that isolated MnPcs can be found in only three
possible orientations, rotated by an angle of 120° between each other, with respect to the
symmetry directions of the Pb monolayer (indicated by purple arrows). The MnPc¢ molecule
in figure 2c, for instance, corresponds to the configuration I depicted in figure 2d. For each of
these molecular configurations one of the substrate directions is always aligned with the axis
passing through the two nitrogen atoms indicated by the red arrows (see figure 2d) within
the experimental error of about 2°. All these results and considerations indicate a strong
and local influence of the Pb monolayer on the adsorption configuration of MnPcs. This is
in stark contrast with the lack of surface registry found for MnPcs adsorption on the (111)
surface of bulk Pb!516:43 or Pb thin films. '

The sketch of figure 2f, deduced from a statistical analysis of STM images, depicts the
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arrangement of MnPcs inside self-assembled trimers. The registry of the trimer with respect
to the Pb surface high-symmetry directions is indicated by purple arrows. One measured
trimer is presented in figure 2e. Comparison between figure 2d and figure 2f reveals that
the single MnPcs inside a trimer always retain the same orientation with respect to the Pb
substrate as do isolated molecules. More interestingly, all trimers observed in our experiments
always consisted of MnPc molecules with the three possible orientations depicted in figure 2d.
Figure 2f also shows that each Pb direction passes through Mn atoms of neighboring MnPcs
within the experimental error of about 2°. Moreover, these Mn atoms constitute the vertices
of an equilateral triangle whose sides (Mn-Mn distance) have a length of 1.46+0.06 nm.
These various observations lead us to the conclusion that the Pb/Si(111) monolayer plays
an important role in determining the self-assembly properties of MnPc trimers suggesting

the presence of strong and directional molecule-substrate interactions in this system.

Figure 3: 60x60 nm? STM image (Vy=-50 mV and Ip=50 pA) showing
~1.3 molecules/100 nm? of MnPcs deposited on top of the pristine SIC phase of the
Pb/Si(111) monolayer kept at room temperature. MnPcs remain isolated or self-assemble

in trimers (see inset: 7x7 nm?, Vy=-50 mV and I7=50 pA). Both images were measured at
300 mK.

Similar molecular organization was also found on the pristine SIC surface. Figure 3 shows
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~1.3 molecules/100 nm? of MnPcs deposited on the SIC phase kept at room temperature.
Here the SIC surface structure is not affected by MnPcs adsorption. However, MnPcs re-
tain the same self-assembly properties than the ones observed on the MnPcs-induced SIC
phase, that is single MnPcs and self-assembled trimers are the only molecular configura-
tions observed on the Pb monolayer surface (see inset of figure 3) and their arrangement
reflects the threefold symmetry of the Pb substrate. Figure 3 also show a dimer of MnPcs.
These configurations were rarely observed during the experiments and they can be seen as
trimers in which a molecule is missing. The similar behavior of MnPcs on the SIC and the
MnPes-induced SIC phase suggests that the molecule-substrate interactions are similar on
both surfaces. This observation further confirms that the MnPcs adsorption on top of the
Pb monolayer actually transforms the v/7 x v/3-Pb phase into the SIC phase.

In summary, at low coverage MnPc molecules deposited on the v/7 xy/3-Pb monolayer induce
a surface reconstruction into the incommensurate SIC phase. The above data show that
molecules form strong and local bonds with the substrate such that even if they diffuse during
deposition, the molecules do not find the required adsorption sites on the incommensurate
phase to form large and ordered assemblies. This forces the molecules to lie isolated or in

trimers and always in configurations that reflect the threefold symmetry of the Pb surface.

Computational results

To elucidate the details of the macroscopic V7 % v/3 to SIC structural phase transition of the
Pb monolayer induced by MnPc¢ molecules adsorption we performed DFT calculations. Here,
one should keep in mind that the SIC phase is an incommensurate surface reconstruction
and it cannot be exactly treated with electronic-structure calculations. This is the reason
why we assumed a commensurate V3 x v/3-Pb atomic arrangement instead of the actual
incommensurate SIC phase. Note that this simplification is commonly done to address the
SIC electronic properties with DFT methods. !0:26:3%4 We did two separate calculations,

first the adsorption of a single MnPc molecule onto the VT x V3 phase and second, onto
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the v/3 x v/3 phase. The minimum-energy conformations of the two systems are displayed

in figure 4.

MnPc/N7xV3-Pb/Si(111)

Top view Side view STM topography simulation

MnPc/N3xV3-Pb/Si(111)

Figure 4: DFT optimized structure and Tersoff-Hamann STM topography?> 7 at fixed
current and Vpas—-+100 mV of a MnPc¢ molecule adsorbed onto the /7 x v/3-Pb layer
on Si(111) (top) and v/3 x v/3-Pb layer on Si(111) (bottom). Supercell dimensions are
22.46 x 19.9 x 38.8 A% and 27.45 x 26.65 x 38.8 A3 for top views and side views respectively.
C, H, N, Mn, Pb and Si atoms are modelled with black, white, light blue, purple, grey and
yellow balls respectively. Both adsorbed molecules are located nearby atop positions above
the Pb layer and display a pronounced tilt of each leg of about 8-9°independently of the
substrate due to the newly formed Mn-Pb bond. This tilt is only about 3° in gas phase.
But Mn-Pb closest distances are different: 2.9 A for v/7 x v/3-Pb/Si(111) and 2.7 A for
V3 x 4/3-Pb/Si(111), in agreement with 120 meV larger molecular adsorption energy for the
latter case.

Our DFT calculations permit to reproduce the known features of the two Pb monoatomic-
layer phases on Si(111). The top view of figure 4 shows the adsorbed MnPc molecule on
V7 X v/3-Pb. The unit cell of the surface without the molecule contains 6 Pb atoms per
5 Si atoms corresponding to the Pb coverage of § ML=1.2 ML.25293L33:3536 Five of these
Pb atoms form covalent-like bonds with the underlying Si atoms thus saturating all the
dangling bonds and stabilizing the commensurate phase. Due to the sp-character of the Pb

electronic structure at the Fermi energy, this monoatomic layer presents very small corru-
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gation as well as a confined 2D electronic structure.!%:29731:33:35.36 Fioure 4 also shows the
top view of the adsorbed MnPc¢ molecule on V3 x v/3-Pb. The surface unit cell without
molecule contains 4 Pb atoms per 3 Si atoms corresponding to the above-mentioned cov-
erage of 3 ML=1.33 ML.?%3384142 Covalent bonds between Pb atoms and underlying Si
substrate help to stabilize the surface reconstruction whereas Pb-Pb metallic bonds make
the SIC phase metallic with 2D electronic properties. 10:2%:30:33

Upon molecular adsorption, there is no major distortion of the underlying Pb layer: the Pb
atoms are only slightly displaced on both substrates (see figure S1 in Supporting Informa-
tion). Interestingly, the alignment of the MnPc molecule with respect to the v/3 x v/3-Pb
phase agrees with that experimentally observed in the STM images. The local conformation
of the molecule is very similar on the two phases. The Mn atom approaches a Pb atom,
responsible for the in-plane metallic bonds, favoring nearby on top adsorption, but also
presents electronic hybridization with the passivated Si adatom underneath. This leads to
a rather local and strong bond with the surface. The ligands largely interact via van der
Waals forces included by the Tkatchenko and Scheffler scheme in our calculations.*® As a
consequence, the ligands separate from the substrate leading to cup-shape molecular confor-
mations created by the shorter Mn-surface bond. The computed STM images reproduce the
main experimental features of MnPc on the Pb monolayer at several voltage biases: for large
tunneling resistance we observe a larger height variation at the central Mn atom than on the
square-shape ligands. This gives us confidence in the correctness of the found conformations.
Quantitative analysis of computational results has allowed us to find that the MnPc adsorp-
tion energies are much different for the two surfaces. The energy gain on the v/3 x v/3-Pb
phase is larger than on the /7 x v/3-Pb phase with -2.86 €V adsorption energy versus -
2.74 eV respectively. This is in agreement with the shorter bonding distance calculated on
the v/3 x v/3-Pb phase. Moreover, the stronger adsorption is associated to a larger charge

9

transfer from the Pb overlayer to the Mn complex. From a Bader analysis,*® we infer that

one MnPc molecule gains 1.2 electrons when it adsorbs on the V3 x V/3-Pb phase and only
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0.78 electrons on the v/7 x v/3-Pb phase. The stronger interaction on the V3 x/3-Pb phase
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Figure 5: Projected spin-polarized Density of States onto the d-orbitals of the Mn atom and
derived ligand-field splitting scheme of Mn d-levels.

leads to a different electronic configuration of the molecule on the two surfaces. From the
spin-polarized projected density of states (PDOS) displayed in figure 5, we can derive the
corresponding ligand-field d-shell splitting cartoon: there are respectively 2 and 1 unpaired
electrons for the v/7 x v/3-Pb and the v/3 x v/3-Pb monolayer. In agreement with previous
works, our calculations for a MnPc molecule in the gas phase yield an electronic configuration

with a spin S=3/2.%°%3 However, after adsorption on the v/7 x v/3-Pb phase, our calculations
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reveal that the total molecular spin decreases from S=3/2 to S=1 as a result of charge trans-
fer to the d,./d,. orbitals that are hybridized with the ligand orbitals of the MnPc molecule.
The S=1 state is ultimately given by the half-occupied d,» and d,, orbitals (see figure 5). It
should be pointed out that the computed electronic structure of the MnPc adsorbed on the
V7 x v/3-Pb monolayer is qualitatively similar to the one identified by Minamitani et al.??
for a MnPc adsorbed on Pb(111) or on a Pb island thick enough to mimic bulk properties.
In contrast, the molecular magnetic moment is further reduced on the V3 x V/3-Pb layer
because the d.2 orbital fills as a consequence of larger charge transfer. According to this the
d,> orbital should become non-magnetic. Accordingly, the total molecular spin is expected
to be S=1/2 and arise from the only magnetic orbital that is left half-occupied, i.e. the
d., orbital. This orbital interacts weakly with the Pb/Si(111) monolayer and its occupation
remains essentially unchanged, that is with roughly one unpaired electron.

In summary, our DFT analysis sheds light on the driving force of the MnPcs-induced /7 x
V3 — SIC structural phase transition of the Pb monolayer. MnPc molecules do stabilize
better on a denser Pb phase and favors the reconstruction into an incommensurate phase.
The initial Pb arrangement of the V7 x V/3-Pb phase proceeds towards a reorganization to
locally form denser areas of v/3 x v/3-Pb and other areas with Pb troughs leading to the
overall incommensurate SIC surface structure. In addition, the well-known fact that Pb

37,39

adatoms in the overlayer are soft and easily mobile might help facilitating this process.

Discussion

The present LEED/STM study reveals a new long-range effect taking place when MnPc
molecules are adsorbed at low coverage on a Pb/Si(111) monolayer. In particular, we have
shown that the adsorption of a very dilute amount of MnPcs is sufficient for Pb atoms
initially arranged in the +/7 x+/3-Pb phase to reorganize themselves into the SIC phase
on a macroscopic scale. On this MnPcs-induced SIC surface, the molecules remain either

isolated or self-assembled in trimers and their adsorption configuration reflects the threefold
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symmetry of the substrate. Moreover, our DF'T calculations have shown that both the energy
gain and the charge transfer of single MnPc molecules adsorbed on a pure v/3 xv/3-Pb phase
are larger than on the v/7 xv/3-Pb phase supporting the experimentally observed structural

transition.

Adsorption of MnPcs on Pb: 3D vs 2D substrate

In order to get more insight on the link between substrate dimensionality and molecule-
substrate coupling strength, we compare below our results with those already reported for
adsorption of MPc molecules on 3D substrates. Adsorption of MnPcs on Pb(111) has already
been extensively investigated. However, none of these studies has ever reported anything
similar to what we observed on the Pb monolayer.

MnPcs deposited on Pb(111) self-assemble in close-packed square lattices even at submono-
layer coverage suggesting that their self-assembly is essentially driven by the molecule-
molecule interaction as well as the fourfold symmetry of the molecules themselves. 41643
The weak molecule-substrate coupling manifests itself by the emergence of different super-
structures superimposed on the square lattice of MnPcs. 51651 The small modulations of this
weak molecule-substrate coupling arise from the incommensurability of a square lattice on
the triangular Pb(111) surface leading MnPcs to lie on different adsorption sites.'®*® In stark
contrast to these results, our experiments reveal that MnPcs deposited on the Pb monolayer
remain either isolated or self-assembled in trimers and their adsorption configurations reflect
the threefold symmetry of the SIC phase. This observation seems to suggest that the lower
is the dimensionality of the Pb substrate the stronger becomes the molecule-substrate inter-
action. This statement is supported by the values of adsorption energy (bonding distance)
obtained by our DFT analysis, i.e. -2.86 ¢V (2.7 A) and -2.74 ¢V (2.9 A), which are higher
(shorter) than those previously reported for a MnPc¢ molecule adsorbed on bulk Pb(111),
i.e. -1.52 eV'0 (3.29 A%). The computed spatial distribution of the electronic charge and

spin density also underlines this strong interface effect: both densities accumulate heavily
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on the Si atoms underneath the Pb layer (see figure S2 in Supporting Information). In this
sense, the reduced dimensionality of the Pb monolayer permits a direct interaction of the
MnPc molecule with the Pb/Si interface, leading to stronger and more localized bonds than
on higher dimensional Pb substrates. For example, the recent calculations of Minamitani et
al.5 of a single MnPc molecule adsorbed on 3D Pb(111), show that the spin density remains
distributed around the molecule and does not penetrate the Pb substrate, in contrast to the
present calculations.

We would also like to discuss the interesting case of Au(111), Ag(111) and Cu(111) 3D
substrates, all having 2D surface states at the Fermi level, where the adsorption of MPcs

16:54°57 instead of the close-packed self-assembly observed on bulk

leads to isolated molecules
Pb(111). This behavior has similarities with the present study where we found a reduction of
the molecular packing on the Pb monoatomic layers. On coinage metals, the absence of dense
assemblies was attributed to the residual charge accumulation at the molecule-substrate
interface, resulting from an incomplete screening from the bulk electrons and leading to a
subsequent electrostatic repulsion between molecules mediated by the screening of 2D surface
states. Following this interpretation, we propose that our 2D Pb substrates may screen the
residual molecular charges less effectively than the 3D Pb crystals thus promoting single and
few-molecule clusters. Furthermore, on the SIC phase the presence of very different areas
on the surface, i.e. anisotropic v/7 x v/3 stripes and more isotropic v/3 x v/3 patches, leads
to selective adsorption of the majority of molecules on specific zones of the phase giving
rise to the observed frustrated molecular self-assembly. This mechanism might ultimately
be further enhanced by the locality of the MnPc-substrate interaction leading to molecular
adsorption only on certain surface sites and preventing dense molecular packing.

Finally, it should be mentioned that MPcs have already been deposited on other 2D metallic
systems. In particular, on the v/7 x v/3-In phase of the In/Si(111) bilayer MPcs (M—Mn,Cu)

self-assemble in closely packed square lattices. This indicates that, contrary to our obser-

vation, the molecule-molecule interaction is dominant in this system. Moreover, no signs of
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molecular-induced surface reconstruction were detected in the In/Si(111) bilayer. This fact
highlights the peculiarity of our result and suggests that, as discussed below, in addition
to the simple fact of having a low dimensional system, the intervention of the Pb/Si(111)
interface might play an important role in tuning the balance between molecule-molecule and
molecule-substrate interaction.

At present different computational approaches exist to describe the adsorption of a MnPc
molecule on bulk Pb(111).5923 All studies agree that the MnPc molecule in the gas phase
has an electronic configuration that gives rise to a total spin S=3/2. After adsorption on
Pb(111), the magnetic orbital the most strongly hybridized with the substrate is the Mn d_-
and any charge transfer always occurs from the Pb(111) substrate to the MnPc molecule.
This is in agreement with our findings. Then, depending on the microscopic details included
in the model, e.g. electron correlations or hybridization, different predictions on the charge
transfer and magnetic state of MnPcs after adsorption come out. In agreement with their
new STS results, Minamitani et al.® reported about a collective magnetic state delocalized
on the organic ligand and not localized only on the central Mn atom. According to this,
they have shown that after adsorption on Pb(111) the total molecular spin decreases from
S=3/2 to S=1 due to a charge transfer of 2.33 electrons essentially localized on the organic
ligand and a small contribution of the Mn atom with 0.1 electrons. Our DFT analysis agrees
with this result and reveals that the magnetism arising from the d,» orbital survives after
adsorption of MnPcs on the v/7 x v/3-Pb monolayer despite its strong hybridization with the
substrate while the magnetism arising from d,,/d,, orbitals (that are coupled to the organic
ligands) is suppressed by the charge transfer. This result is different from those reported by
previous studies in which the total spin reduction to S=1 or even S=1/2 was interpreted as
an interaction with substrate/ligands strictly localized on the magnetic Mn atom and not
involving organic ligands.*®! Jacob et al.®? reported about the correlated electronic struc-
ture of MnPc that retains its magnetic state, i.e. S=3/2, after adsorption on Pb(111) but

that leads to an effective S=1 spin due to strong dynamical fluctuations of charges between
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the d,. and d,, orbitals.

Although our DFT results concerning the electronic/magnetic state of MnPc on the v/7 x v/3-
Pb monolayer are in qualitative agreement with the interpretation of Minamitani et al.®® for
bulk Pb(111), those for the V3 x v/3-Pb monolayer reveal something different. On the
V3 x v/3-Pb phase, in addition to the charge transfer to the d,./d,. orbitals that reduces
the total molecular spin by ~1/2, there is an additional charge transfer that quenches the
spin arising from the d.» orbital ultimately resulting in a total spin S=1/2 carried by the d,,
orbital. This result further confirms the stronger interaction of MnPcs with the V3 x/3-Pb
phase than with the V7 % V/3-Pb phase.

Before concluding this section, we discuss the different charge transfers involving MnPc
molecules on bulk or low-dimensional metallic substrates. On Au(111) the charge transfer
proceeds from MnPc¢ molecules to the substrate.® On Ag(111) it goes in the opposite di-
rection®” as found in our Pb monolayers and in 3D Pb(111). Despite this similarity, in the
MnPc/Ag(111) system the charge transfer, i.e. 0.5 electrons,®” is dominated by the organic
ligands while on the /3 x v/3-Pb monolayer it is dominated by the Mn atom. This em-
phasizes the locality of the interaction. Another interesting case is the adsorption of MPcs
(M=Mn and Cu) on the 2D /7 xy/3-In bilayer grown on Si(111). It revealed that the electron
transfer goes from the substrate to the molecules in both cases.® However on one hand this
charge transfer takes place on the organic ligands for CuPcs and yields 1.55 electrons.'® On
the other hand it is rather localized on the central atom in the case of MnPcs, in agreement
with our findings, and yields 1.78 electrons.'?

The novelty of our result compared to the great variety of molecular behaviors encountered
in literature until now is the new self-assembly of MnPcs on the Pb monolayer that re-
flects a new way of tuning the molecule-substrate coupling by playing with the substrate

dimensionality.
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MnPcs-induced surface reconstruction of the Pb monolayer

While our work emphasizes a structural phase transition of the Pb monolayer from the
V7 x /3 to the SIC phase induced by MnPcs, no structural changes were ever reported on
bulk Pb(111) or Pb/Si(111) islands. The reason of this may lie in the smaller strain at the
Pb(111) surface compared to those within the Pb monolayer. To clarify this fact it is useful
to mention that examples of surface modification induced by molecular adsorption can be
found on Au(111). Sun et al.,”® for instance, have reported modifications of the herringbone
surface reconstruction of Au(111) whose final structure depends on the adsorbed molecule,
i.e. FePc or perylene. The explanation of this behavior was based on the fact that the
herringbone surface reconstruction is itself induced by surface strain. According to this, the
charge transfer that accompanies the molecular adsorption induces a change in the surface
strain of Au(111) thus driving a new surface reconstruction. Therefore, adsorption of different
molecules on Au(111) induces different surface patterns.

However, the molecular-induced surface reconstruction of Au(111) occurs at a molecular
coverage of 1 ML. This is in striking contrast with our experiment in which we observed a
long-range surface reconstruction of Pb monolayer driven by a dilute amount of MnPcs. We
believe that this long-range effect relies on the fact that the Pb monolayer is a particular
type of strained surface. Indeed, it was shown that long-range repulsive interactions within
the Pb monolayer are responsible for the emergence of a huge number of structural phases.®”
These repulsive interactions are also responsible for macroscopic rearrangement of phases
with different symmetries when the Pb coverage is slightly changed. This fact suggests that
a local perturbation (even small) of the Pb monolayer may actually be felt on macroscopic
distances through variations of the surface strain inside the system.

Another important effect that is well known to occur in proximity of an adsorbed molecule
is the charge transfer which induces a redistribution of the surface electrons within the sub-
strate.?®6961 A direct consequence of this electronic reorganization is a variation of both

surface strain and local atomic arrangement at the molecule-substrate interface. Interest-
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ingly, our DFT calculations show that a strong charge transfer takes place from the Pb
monolayer to the MnPc molecule. Furthermore, our charge density maps reveal that the
transferred charge is mostly accumulated at the Mn-Pb interface (see figure S2 in supporting
information).

Taking into account the various features of our surface system we tentatively propose a
mechanism behind the macroscopic phase transition of the Pb monolayer induced by MnPcs
adsorption. We believe that the charge transfer between Pb and MnPcs may act as local
perturbations that affect the surface strain of the whole system and initiate the structural
transformation. The /7 x /3 — SIC phase transition may ultimately be promoted by the
energetic stability of the MnPc¢/SIC system, revealed by our DFT calculations, together
with the high mobility of Pb atoms on top of the Si(111). This idea is reinforced by a
recent study that reported about a charge transfer-induced structural phase transition of

the v/3 x v/3-Au/Si(111) monolayer under adsorption of 0.1 ML of Na atoms. 5263

Conclusions

In conclusion, with this study we have shown that the adsorption of a minute amount
of MnPc¢ molecules (~0.18 molecules/100 nm?) on top of a Pb/Si(111) monolayer kept at
150 K and room temperature induces a structural transition of the V7 % V/3-Pb phase into
the SIC-Pb phase on a macroscopic scale. Analysis of experimental and computational
results revealed that the mechanism behind this surface transformation may be related to
the strong charge transfer at the molecule/substrate interface as well as the strained nature
of the surface reconstructions of the Pb monolayer. As shown by our DFT calculations, the
phase transition could ultimately be promoted by the energetic stability of the MnPc¢/SIC-
Pb/Si(111) system with respect to the MnPc/v/7 x 4/3-Pb/Si(111) one.

We have also shown that there exists intrinsic differences between the electronic/structural

properties of the Pb monolayer and those of thicker Pb substrates that might be ascribed
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to the participation of the Pb/Si(111) interface in the molecule-substrate interaction. In
particular, a different self-assemblying behavior as well as a different electronic/magnetic
state of individual MnPcs was found in the present study. This interesting result opens up
the possibility of using the substrate dimensionality to tune the molecule-substrate coupling
as well as the electronic and magnetic properties of organic hybrid systems.

Our results can have a strong impact in the search for organized magnetic nanostructures
on superconductors. In particular, the rich and new behavior of hybrid organic/metal sys-
tems occurring when the dimensionality of the metal substrate is reduced enables a new
way of tuning the coupling between single and assembled magnetic molecules and a 2D su-
perconductor. This could be important for research aiming to stabilizing magnetic order in

metal-organic systems.

Methods

Sample preparation

All the experiments were carried out in Ultra-High Vacuum (UHV) with a base pressure bet-
ter than 5x 107" mbar. Heavily n-doped Si(111) substrates were firstly outgassed at 873 K
for several hours after being introduced in UHV and then repeatedly flashed at 1420 K by
direct current heating. Atomically clean and defect-free Si(111)-7x7 reconstructed surfaces
were prepared by repeatedly flashing the Si(111) sample to 1420 K and subsequent annealing
from 1220 K to 820 K by slowly decreasing the temperature. Pb was evaporated at a rate
of 0.65 ML /min on top of the freshly prepared Si(111)-7x7 surface kept at room tempera-
ture from an electron beam evaporator. A crystalline Pb monolayer was finally obtained by
annealing the Pb/Si(111) system at about 600 K for a duration that depends on the desired
surface reconstruction. In particular, after depositing 1.65 ML of Pb, the v/7 x v/3-Pb and the
SIC phase were obtained by annealing the sample at ~593 K for approximately 2 min 30 sec

and 1 min 10 sec respectively. MnPcs were thermally sublimated at about 620 K on top of
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the Pb surface kept either at room temperature or at ~150 K from a home-made resistively

heated glass crucible.

STM experiments

Scanning Tunneling Microscopy (STM) measurements were performed in situ on a low tem-
perature homemade system. Mechanically cut Ptlr tips were used after being outgassed at
around 470 K for several hours. All STM images were acquired in constant current mode
with the sample kept at 77 K except that in figure 3 that was acquired at 300 mK. STM
data were calibrated from high resolution images of the Si(111)-7x7 surface recorded at the

same temperature.

DFT calculations

Two adsorption systems were considered in the calculations: a single MnPc¢ molecule ad-
sorbed onto a v/3 x v/3 and a /7 x /3 reconstructed Pb overlayer on Si(111) substrate
respectively. Bulk Si(111) was modeled by means of a slab consisting of 6 Si bilayers passi-
vated at one end with hydrogen atoms. In both adsorption systems, the atomic positions of
the topmost Si bilayer, the top layer of Pb atoms and the MnPc molecule were all relaxed
until atomic forces were smaller than 50 meV per A. The projected spin-polarized density
of states (PDOS) onto the d atomic orbitals of the Mn atom used a gaussian smearing with
a width of 0.2 eV to smooth the plots. Spin-Polarized DFT calculations were performed for
a periodic slab geometry as implemented in the VASP code.® A cut-off energy of 280 eV
in the plane-wave expansion was used together with a 1 x 1 x 1 k-grid (I" point) for the
geometry optimization. For the static electronic structure calculations like PDOS and STM
simulations a finer 3 x 3 x 1 k-grid was adopted together with an increased cut-off energy
of 350 eV. The smearing technique using a Gaussian broadening of 0.01 eV was applied to
achieve electronic convergence. Exchange and correlation were treated with the PBE form

of the generalized gradient approximation.%® Dispersion interactions were modeled with the
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variant of DF'T-D3 method by Grimme. %667
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