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An approach for patterned molecular adsorption on fer-
romagnets, achieved via Moiré superstructures

Sigmund Jensen,* Isaac Appelquist Lgge,“?, Jesper Bendix, and Lars Diekhoner®

We have used a Scanning Tunneling Microscope operated under ultrahigh vacuum conditions
to investigate an oxo-vanadium-salen complex V(O)salen, that has potential applications as
qubits in future quantum-based technologies. The adsorption and self-assembly of V(O)salen
on a range of single crystal metal surfaces and nanoislands and the influence of substrate
morphology and reactivity has been measured. On the close-packed flat Ag(111) and Cu(111)
surfaces, the molecules adsorb isolated or form small clusters arranged randomly on the
surface, whereas structured adsorption occurs on two types of Co nanoislands; Co grown on
Ag(111) and Ag capped Co islands grown on Cu(111), both forming a Moiré pattern at the
surface. The adsorption configuration can by Scanning Tunneling Spectroscopy be linked to
the geometric and electronic properties of the substrates and traced back to a Co d-related
surface state, illustrating how the modulated reactivity can be used to engineer a pattern of

adsorbed molecules on the nanoscale.

Introduction

Molecules can play an important role as units in quantum
information technologies,™ and molecular qubits have
thus gained prominence due to their advantageous proper-
ties, including extended coherence times and potential op-
erability at room temperature. Vanadyl complexes, where
an oxo-vanadium(IV) ion is coordinated to organic lig-
ands, present a compelling avenue for advancing molecu-
lar qubit technology.” Notable coherence times have been
reported for vanadyl-based qubits, indicating the stability
of quantum information within these systems.?19 How-
ever, integrating vanadyl complexes into existing quantum
computing architectures or hybrid systems may pose chal-
lenges. One way of addressing this is to understand self-
organization and surface patterning for deposited molec-
ular systems. Square pyramidal oxo-vanadium(IV) com-
plexes, have been successfully deposited on surfaces. 1112
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The vanadyl salen complex (Figure [1) is uncharged, very
stable, and possesses a geometry suitable for surface depo-
sition.

Bottom-up fabrication poses a suitable route for inte-
grating vanadyl salen complexes in 2D geometries. The
fundamental step for practical exploitation is to this end
deposition and self-organisation of molecules on a suit-
able surface.1315 Two approaches exist in obtaining or-
dered molecular layers on metallic substrates. Either the
intermolecular interactions can be controlled by chemi-
cal functionalization?®18 or by engineering the substrate
reactivity, 2220 to steer the molecules into ordered two-
dimensional assemblies. The latter case is based on that
different surface sites can have a variable reactivity, hence
affecting the bonding affinities of molecules. Such an ad-
sorption template can be obtained by introducing metallic
adlayers with a lattice mismatch to the underlying crystal.
Typically, this leads to Moiré patterns or reconstructions in
the top surface layer that are accompanied by a modulated
electronic structure with a periodicity of a few nanometers
across the surface that can serve as a template for adsorp-
tion20-24

By introducing ferromagnetic layers to the substrate, it
is in addition to the lateral steering due to the modulation,
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also possible to use the exchange coupling in the vertical
direction between the magnetic layer of the substrate and
the magnetic moment of relevant metal-organic molecules.
This can stabilize their magnetic properties against ther-
mal fluctuations.?>2% Here we examine the bonding of
molecules to Cobalt nanoislands, as these posses interest-
ing spin-polarized surfaces states?” and are easily grown
on noble metal closed packed surfaces like Cu(111),
Ag(111), Ir(111), Pt(111) and Au(111).212512829 Tyo
combinations of Co islands are of particular interest.
Namely the Co/Ag(111) and the Ag/Co/Cu(111) systems
as the top surface layer of both surfaces reconstruct in a
hexagonal Moiré superstructure, with the potential to steer
the adsorption of molecules.1"23/ The ability to steer the
molecular adsorption for the two kind of cobalt island sub-
strates is here examined by introducing a paramagnetic
metal-organic molecule from the salen-family, seen in Fig-
ure 1l

The V(O)salen molecule is composed of a VO** unit,
where the vanadyl ion is double bonded to an apical oxy-
gen. This unit is incorporated in the square-planar-like
bonding motif of the salen, meaning that VO>* coordi-
nates to two oxygen atoms and two nitrogen atoms all in
the equatorial plane, yielding a total square-pyramidal five-
fold coordination of a V(IV) ion.! The strong double bond
to the apical oxygen is responsible for a d-orbital splitting
leaving the d,, orbital lowest in energy and singly occupied
yielding a d' configuration.>® We adopt the nomenclature
V(O)salen for the oxo-vanadyl-salen molecule and choose
to examine this particular metal-organic complex partially
due to its interesting magnetic properties, as the five-fold
coordinated V(IV) ion has displayed quantum coherence
detectable at room temperature, when this ion was incor-
porated in an organic structure related to the salen coordi-
nation motif.!' In addition the salen class of molecules are
interesting to examine on surfaces as the molecule exhibits
an intramolecular dipole,®1831 which potentially can fa-
cilitate self-assemblies of molecular superstructures.2052
Moreover the salen molecules are thermal resilient and can
be sublimated under vacuum.

In this paper, we examine the adsorption behavior of
V(O)salen on pristine Ag(111) and Cu(111), represent-
ing two flat, unmodulated substrates with identical sym-
metry of the atomic lattice, but with different reactivi-
ties. Then the adsorption behavior of the molecules on
three different Cobalt island surfaces is addressed. First
Co on Cu(111), which grows pseudomorphically. Then Co
on Ag(111), where the Co layer reconstructs and forms
an adsorption template with nm-scale periodicity and fi-
nally, the multilayer-system of Ag/Co/Cu(111), where a
similar-sized template is formed, now with Ag in the top-
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Fig. 1 Molecular structure and dimensions of V(O)salen [N,N'-
bis(salicylidene)ethylenediamine]oxidovanadium(IV).

layer. Both the Co islands in the Co/Ag(111) and the
bi-metallic Ag-Co islands in the Ag/Co/Cu(111) systems
exhibit hexagonal reconstructions on the length scale of
the molecules. The surface superstructures of the islands
are imposing a spatial modulation of the local electronic
structure, yielding both a geometric and an electronic tem-
plate effect. We show how this can be used to obtain or-
dered adsorption of the V(O)salen molecules, and imply
that engineering of surface superstructures can be a gen-
eral approach to steer the adsorption behaviour of mag-
netic molecules on ferromagnetic templates.

Experimental

The experiments have been performed in ultra high vac-
uum (UHV) with a base pressure below 6 x 10~!! mbar
using a Scanning Tunneling Microscope (STM), operated
at low temperatures; 10 K for V(O)salen on Ag(111) and
77 K for the rest of the adsorption experiments on both
Cu(111) and on the Cobalt islands. Single crystal Ag(111)
and Cu(111) surfaces were cleaned by Ar* sputtering and
subsequent annealing to ~800 K. Co and Ag were both in-
troduced by thermal evaporation using an electron beam

This journal is © The Royal Society of Chemistry [year]
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evaporator. Ag was deposited on the Co/Cu(111) sys-
tem to cap the Cobalt islands, and this was performed
directly after the Co deposition and all depositions were
performed with the substrate held at room temperature
(RT). The V(O)salen molecule was synthesized according
to literature methods®® and purified by recrystallization
from dichloromethane. Molecules were then introduced
to Ag(111), Cu(111), Co/Ag(111) and Ag/Co/Cu(111) by
means of thermal sublimation from a Knudsen cell evap-
orator with temperatures of 510 K. The local density of
states (LDOS) of the surfaces was probed by Scanning Tun-
neling Spectroscopy (STS) performed at 77 K, where the
differential conductance was acquired with a lock-in am-
plifier.

Results and Discussion

V(O)salen on Ag(111) and Cu(111)

V(O)salen was deposited on Ag(111) held at RT and then
transferred to the STM operating at 10 K. Polymembered
molecular clusters were observed as seen in Figure (a).
When similar experiments were performed with the STM at
77 K or at RT, only fuzzy images evident of mobile diffusive
molecules were observed. The motion of the molecules was
effectively suppressed at 10 K. Tri-, four-, five-, and six-
membered molecular clusters were observed, and originate
from a self-assembling process, taking place during cooling
to 10 K.

The tri- and four-membered clusters constitute 85 % of
the observed assemblies at a molecular coverage of 0.08
ML, here defining this relative to the number of available
adsorptions sites and not the number of surface atoms,
i.e. 1 ML coverage therefore means a close-packed layer
of molecules filling the entire surface of the Ag(111) sub-
strate. In the low coverage regime at 0.04 ML isolated
molecules are also observed on the substrate and six dif-
ferent adsorption configurations are found, consistent with
the substrate symmetry. At higher coverage ~0.3 ML,
molecular aggregates with different shapes and sizes de-
velop and the molecules clearly tend to interact with each
other. We focus on the intermediate coverage regime of
around 0.1 ML, where the ordered tri-, four-, five-, and six-
membered molecular assemblies are most abundant. In-
terestingly, four enantiomeric tri-membered clusters exist
as shown in the inset at the bottom of Figure (a), where
they are labeled i, ii, iii, and iv. Here the salen shape
of the molecules is identified and the apical oxygen lig-
and is weakly imaged as a protrusion in the center of the
molecule. The triangular clusters i, iii, and ii, iv are congru-
ent upon 180° rotation, whereas i, ii, and iii, iv are lateral
inversions of each other. The larger assemblies consisting
of four-, five-, and six-membered clusters can be derived

This journal is © The Royal Society of Chemistry [year]
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from the four enantiomeric tri-membered clusters, where
additional molecules have formed intermolecular bonds to
the outer part of the tri-membered unit, as displayed in
the upper inset of Figure 2(a). From these observations we
can derive two intermolecular bonding motifs of V(O)salen
on the Ag(111) substrate, termed Open-Benzene-Center-,
and Back-Back-interaction and display these schematically
in Figure (c). Tri-membered clusters are stabilized by
the open-benzene-center interaction, where the peripheral
benzene part of one V(O)salen molecule points towards
the equatorial oxygens of another molecule. The triangular
unit is formed by three of these interactions and this type
of intermolecular bonding is only available for the three
inner molecules.

Four-, five-, and six-membered clusters form by fur-
ther adopting a Back-Back bonding motif, where the ad-
ditional molecules in the outer part of the assembly align
its equatorial oxygens with the C,Hy4 bridge to either of the
three inner molecules of the cluster (see right side of Fig-
ure (c)). Importantly, the V(O)salen molecules display an
intermolecular bonding affinity on the Ag(111) substrate,
which combined with the three-fold hexagonal symmetry
of the Ag(111) surface yields three-fold symmetric assem-
blies on the substrate. The stability of the assemblies is
limited though, and the intermolecular bonds are so weak,
that when operating the STM at 77 K only mobile molecu-
lar entities are observed.

Similar experiments have been performed on the
Cu(111) substrate. Again the sample was prepared at
RT, with a molecular coverage of 0.09 ML V(O)salen, and
transferred to the STM chamber. In this case the molecules
were immobile on the substrate already at 77 K, which thus
was used for all experiments on Cu(111). The result is
displayed in Figure [2(b). 75 % of the molecules adsorb
individually and, again, six different adsorption configura-
tions can be observed consistent with the case of V(O)salen
on Ag(111). These singly adsorbed molecular entities co-
exist with molecules residing in both dimer and linear self-
assembled clusters, as seen in the inset placed in the top
right corner of Figure [2(b), where the salen shape and api-
cal oxygen ligand again are clearly visible in the STM im-
age. The molecules in the dimer formation are linked to-
gether via an intermolecular interaction termed the Closed-
Benzene-Center bonding motif, where the benzene ring of
one molecule points towards the center of another and vice
versa. Only two molecules can be stabilized via this interac-
tion, whereas larger linear clusters form by bonding more
dimers together in a motif termed Head-Center bonding,
as schematically shown in Figure (d). The linear clusters
can be observed with different lengths, where the longest
consists of six dimers. Moreover are the assemblies found
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Fig. 2 (a) Self-assembled V(O)salen nanostructures on Ag(111). The zoom-in depicts the tri-, four-, five-, and six-membered clusters,

with the molecular structure superimposed. Inset shows trimembered enantiometric clusters, 4x4 nm?. (1=0.32 nA, V=408 mV, 100x100
nm?, 0.08 ML). (b) V(O)salen adsorbed on Cu(111), inset showing linear and dimer assemblies (1=0.36 nA, V=131 mV, 100x100 nm?,
0.09 ML). (c) and (d) Schematic of the Open-Benzene-Center, Back-Back, and the Closed-Benzene-Center, Head-Center intermolecular
bonding motif on Ag(111) and Cu(111) respectively. The blue box is used to indicate that the interactions in the Head-Center motif is
through multiple dipole interaction. (e) Ball model of the V(O)salen molecule.

rotated with 120° relative to each other, indicative of a
substrate directed growth. At 0.4 ML the percentage of
molecules singly adsorbed drop to 45 %, since the forma-
tion of intermolecular bonds increases when more entities
are present on the surface. V(O)salen is at the higher cov-
erage present in either dimers, linear clusters or unordered
molecular aggregates. Similar to V(O)salen adsorbed on
Ag(111) the amount of molecules present in assemblies
is delicately dependent on the coverage. Even though
the triangular and linear clusters are significantly differ-
ent, both formed assemblies are dictated by the three-fold
symmetry of the (111) crystal facet. Furthermore we learn
that V(O)salen displays an intermolecular bonding affinity
and different molecular bonding motifs exist dependent on

4 Journal Name, [year], [vol.], 1

whether it is adsorbed on Ag(111) or Cu(111).

The initial adsorption experiments on the pristine Ag and
Cu crystals infer the delicate interplay between substrate-
molecule and molecule-molecule interactions and show
how the molecules are imobile at higher temperatures on
the Cu surface compared to the Ag situation. On the
other hand, V(O)salen is more likely to adsorb individ-
ually and self-assembled structures are therefore less fre-
quently observed compared to the adsorption of V(O)salen
on Ag(111) where the molecules are allowed to inter-
act and are less perturbed by the substrate. Inspired by
these observation we address the adsorption behaviour of
V(O)salen on Moiré patterned Co nanoislands, having a pe-
riodicity in the surface superstructure on the length scale

This journal is © The Royal Society of Chemistry [year]
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of the molecules, in order to instigate a Moiré structure
adsorption-template effect.

V(O)salen on Moiré templated Cobalt nanoisland

We now focus on the adsorption of V(O)salen on the mod-
ulated surfaces, first addressing the Co islands grown on
Ag(111). Co was evaporated onto the Ag(111) substrate
at RT, followed by transferring the sample to the STM op-
erated at 77 K. In general we find the Co islands growing
in 2-7 ML islands on the Ag(111) surface, consistent with
previous STM studies.“1*4 We measured adsorption and
spectra on 3 ML Co islands. The Co islands exhibit three-
fold symmetric shapes suggesting that Co attain its intrinsic
hep structure on the substrate and the Co island surface is
the closed packed (0001) orientation. Hexagonal super-
structures are revealed in the Co surface and can be traced
back to a lattice mismatch between Co and Ag, resulting
in a strain-induced Moiré pattern, as seen in Figure [3|(a).
Protrusions in the Co surface are observed at sites where
Co atoms adsorb on top of Ag atoms yielding a 7 x 7 recon-
struction with a hexagonal periodicity of ~2 nm.%!' This
local modulation of the Co surface geometry is accompa-
nied by a modulation of the local electronic structure, as
this is sensitive to the varying strain in the Co surface. To
probe this, STS has been performed to measure the local
density of states (LDOS) at three distinct sites of the Co is-
lands on Ag(111), namely the fcc, the hcp and the on-top
adsorption sites, marked by a yellow, red and blue crosses
in Figure [3[(e). The STS reveals a pronounced peak in the
occupied part of the spectrum, which can be attributed to
a d-like surface state. 534 The peak position relative to the
Fermi level (Ef) varies with the different geometric sites,
where the lowest appearing fcc sites show a peak in the
LDOS at -200 mV whereas the peak is shifted to approxi-
mately -100 mV at the on-top sites. The peak position at
the hcp sites is placed in between at approximately -130
mV, in accordance with the apparent height measured at
the hep position.

This effect can be rationalized in the d-band model,
where Co atoms positioned in the depressions of the is-
lands experience more compressive strain than Co atoms
in the protrusions: The electrons tend to maintain a con-
stant occupancy and to compensate for the extra electronic
overlap in the most compressed sites, the d-band center is
moved down in energy.2> It is well established that the re-

« A small peak above the Fermi level is also observed at around +30meV. Since the

reactivity and thus the molecular adsorption behavior, is mainly governed by the
electronic structure below the Fermi level this has not been given further attention.
One thing to note from ref®# is though, that the degree of spin-polarization is van-
ishing for this peak, compared to the peak below Ep.
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activity of a transition metal surface is mainly govern by
the valance d-electrons and that the affinity of the surface
to bind molecules is affected by the surface strain. There
exist an inverse relation between the strain in the surface
and its reactivity, hence more compressed sites are gener-
ally less reactive than relaxed surface sites and this can be
correlated back to a response of the metal d-band. The
bond strength between the molecules and the metal is de-
termined by the population of bonding and anti-bonding
states, which is dependent on the position of the d-band
center. As explained in the case of compressive strain, the
d-band center will move down in energy yielding more
anti-bonding states below Ep, hence populating these re-
sulting in a weaker molecule surface bond.=® Verification
of the modulated LDOS and strain of the Morié textured
Co nanoisland will therefore also yield information of the
local reactivity. From this reasoning it therefore should
be expected that the less compressed on-top sites show a
larger bonding affinity of the molecules, which is related to
the energetic position of the d-peak being closest to Er in
these sites. This is expressed in the preferential adsorption
behavior of V(O)salen as 90 % of 150 molecules from 10
different islands adsorb on-top of the corrugations, exem-
plified in Figure [3(a). Here molecules have been dosed at
RT to a prepared Co/Ag(111) system and the sample was
then transferred to the STM operated at 77 K. Molecules
clearly reside on the protrusions in the Co island template
and follow the hexagonal pattern in the surface superstruc-
ture. Some of the V(O)salen shape is recovered in the
image as displayed in the inset of Figure [3|(a), but gener-
ally they appear less distinct though, compared to the case
of V(O)salen on Ag(111) and Cu(111) (Figure . This
might be explained by the direct interaction between the
molecule and the ferromagnetic Co layer, as adsorption of
molecules on ferromagnetic supports have proven to signif-
icantly alter the electronic and magnetic properties of both
surface and molecule, originating from the large reactivity
of the substrate. 227741t is a challenge though, to quantify
the contribution from electronic and magnetic effects.

We now show that a similar ordered adsorption of the
molecules can be obtained by engineering the surface of
bilayer high Co islands grown on Cu(111), by capping
these with a 1 ML Ag adlayer. Pure Co islands on Cu(111)
grow pseudomorphically and to design an ordered adsorp-
tion template for V(O)salen on Co islands on Cu(111), Ag
is added as an additional component, forming bi-metallic
layered Ag-Co island heterostructures on the Cu(111) sub-
strate.?® This is performed by first depositing Co and then
Ag to the Cu(111) substrate at RT, followed by a sam-
ple transfer to the STM operated at 77 K. Both directly
on Cu(111)#4 and on the Co-islands on Cu(111),24%24 Ag
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Fig. 3 (a) STM image showing the ordered adsorption of V(O)salen on the Moiré modulated surface of the 3 ML Co island grown on
Ag(111). The inset highlights a V(O)salen molecule, with schematics of the molecule superimposed. (1=0.32 nA, V=25 mV, 30x30
nm?). (b) V(O)salen adsorbed on the Moiré modulated surface of the Bi-metallic 1 ML Ag- 2 ML Co island on Cu(111) at low and high
coverage. (1=0.35 nA, V=349 mV, 20x30 nm? for each). (c) and (d) Point spectroscopy acquired at the on-top (blue), hcp (red) and fcc
(yellow) sites of the modulated Co and Ag-Co surfaces. (e) and (f) High-resolutions STM images of the corrugation of the Co/Ag(111)
(1=0.32 nA, V=573mV) and Ag/Co/Cu(111) (I=0.7nA, V=442mV) surfaces respectively. All these spectra have been taken on clean 3

ML high islands without molecules.

forms hexagonal Moiré superstructures. This imposes a pe-
riodic structured surface as seen in the inset of Figure b).
Interestingly the surface d-state of Co can still be captured
in STS, but the state is upshifted in energy with approxi-
mately 150 meV compared to the Ag uncovered case and
consequently, the local electronic structure of the Co is-
lands is periodically modulated with the period of the Ag
Moiré lattice (Figure b)).22 This is evident form the point
spectroscopy displayed in Figure [3|(d). The relation be-
tween the apparent heights of the Ag atoms adsorbed in
the fcc, hep and on-top sites on the Co islands is oppo-
site to the Co/Ag(111) system, which can be realized by
symmetry arguments(Figure [3|(f)). Now fcc sites appear
highest, followed by hcp sites and on-top sites“?. STS re-
veals that the d-state positioned at the on-top site is lower

6 | Journal Name, [year], [vol.], 1

in energy, with a peak at -175 meV, compared to the hecp
and fcc sites, showing pronounced peaks at -173 meV and
-143 meV respectively. The relative position of the peaks
can be attributed to a decreasing overlap between Co d-
and Ag sp-states moving from the on-top to the fcc sites.
This is thereby another example of a surface experiencing
a varying strain, which modulates its LDOS and hence the
local reactivity of the bi-metallic interface. In comparison
the d-state of the Co islands on Ag(111) is shifted with 100
meV, possibly imposing a more pronounced electronic tem-
plate effect on the local reactivity, than for the Ag capped
Co islands on Cu(111), showing a less modulated LDOS.
After characterizing the Ag/Co/Cu(111) system
molecules were deposited on the sample at RT and trans-
ferred to the STM. Again substrate-directed adsorption

This journal is © The Royal Society of Chemistry [year]
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was observed dictated by the hexagonal superstructure in
the Ag-Co islands surface displayed in Figure [3{(b). Here
the Ag-Co island is completely covered with molecules,
and the structure in the Ag-Co is difficult to see. In
experiments performed with lower molecular coverage,
the Ag superstructure is revealed and molecules prefer-
entially reside on the protrusions at the fcc site, as seen
in the inset of Figure (b). This is coinciding with the Co
d-states being closest to Er at these sites, as in the case for
V(O)salen adsorbing in the on-top site of Co on Ag(111).
The bi-metallic Ag/Co islands on Cu(111) and the Co
islands on Ag(111) thereby share this molecule-template
bonding motif. It should be mentioned that the difference
in energy between the peak in the fcc and on-top sites for
the Ag/Co islands is likely too small to completely explain
the preferential adsorption behaviour of the molecules?3
and that bulk states not captured in the STS might also
play an important role in the bond formation. Clearly
this is the case for V(O)salen adsorbing on Co islands
on Cu(111) as the Co d-surface states here are lower in
energy compared to the surface state on the two other
island substrates, which solely based on this emphasizes a
lower reactivity for the former case.

V(O)salen on flat Cobalt nanoisland

V(O)salen molecules have additionally been introduced to
the Co/Cu(111) substrate at RT, followed by a sample
transfer to the STM operated at 77 K. Co was deposited
onto Cu(111) at RT forming bilayer high pseudomorphic
triangular shaped bilayer high Co nanoislands.4*4> The
d-like surface state is similarly present on these Co is-
lands, here at an energy of -300 mV.2” The RT adsorp-
tion of V(O)salen was characterized by dissociation of
the molecules and round bright spots with a significantly
smaller size than V(O)salen were consistently seen on the
surface (Figure El](a) and (b)). Furthermore, a hydrogen
adlayer (1H-(2x2)) was observed at the surface with a
periodicity of 0.5 nm x 0.5 nm equivalent to that of hy-
drogen adsorbed on Co islands on Cu(111).447 Apart
from the round molecular fragments and the H-adlayer,
V(O)salen shaped protrusions were also found indicating
that some of the V(O)salen molecules adsorb intact. This
points towards a partial decomposition of some of the
V(O)salen molecules on the reactive bilayer Co islands.48
The brim of the V(O)salen is terminated with hydrogen,
and it is therefore inferred that the H-adlayer originates
therefrom. Lastly, it is noted that the adsorption of the in-
tact V(O)salen molecules appears disordered as expected
from a system where the molecule-surface bond dominates
overthe inter-molecular bonds.?? In addition the flat struc-

This journal is © The Royal Society of Chemistry [year]
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(b)
0.1

0 1 2
Distance (nm)

1H-(2x2)

Fig. 4 (a) V(O)salen adsorbed on flat pseudormorphic 2 ML Co
islands on Cu(111). The inset displays the lower left corner of the
Co island where a V(O)salen shaped protrusion is identified, round
fragments highlighted by white arrows, and H-superstructure on
the Co surface are evident. (b) The apparent height analysis shows
the periodicity of the H-adlayer. (c) Ball model of the 1H-(2x2)
structure on the Co surface.(I=0.39 nA, V=25 mV, 30x25 nm?)

ture and unmodulated LDOS of the Co islands on Cu(111)
does not invoke any molecular steering or periodic order-
ing.

V(O)salen on the modulated Ag/Co/Cu(111) template
When growing the modulated Ag-capped Co-islands on
Cu(111) a mixed variety of island structures are found
simultaneously on the surface as shown in the overview
STM-image and ball models in Figure First Co is
deposited, forming triangular shaped bilayer high is-
lands (area C). Then Ag is deposited resulting in 1 ML
Ag/Cu(111) (area A) and 2 ML Ag/Cu(111) (area D).
Note that the 2 ML Ag completely surrounds the bilayer
high Co island. In addition some of the Co islands be-
come capped with Ag (area B), that consist of 1 ML Ag/2
ML Co/Cu(111). All structures have been identified be-
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Adsorption modes

A Steered /_w

B Steered

%

C Disordered /

i

D Mobile

(OCuOAg@®cCo

Fig. 5 (a) The Ag/Co/Cu(111) system, image displaying V(O)salen adsorbed on 1 ML Ag/Cu(111) (A), the Ag capped Co nanoislands
(B), the bare Co surface (C) and the Ag bilayers on Cu(111) (D). (I=0.35 nA, V=349 mV, 40x65 nm?) Inset in the top right corner
displays V(O)salen residing on the Ag monolayer in both a immobile and mobile fashion (fuzzy streaks), 3x4 nm?2. (b) Ball model of the
different adsorption modes for V(O)salen on the Ag/Co/Cu(111) system.

fore depositing molecules from the geometry (apparent
heights, reconstructions and Moiré structures) and from
STS-spectra as described earlier.

On 1 ML Ag/Cu(111) (area A), V(O)salen molecules are
found in two adsorption configurations, depicted in the
inset in Figure (a) (upper left corner). One adsorption
mode where the V(O)salen molecules are mobile (fuzzy
streaks) during scanning and a second mode where the
molecules are immobile residing on the protrusions of the
Ag superstructure, hence steered by the Moiré template ef-
fect. The Ag-capped Co island (area B) are completely cov-
ered with molecules that are found to be hexagonaly or-
dered. Also the pure Co islands (area C) are completely
covered with molecules, but here the adsorption does not
display any order. On the bilayer Ag layers (area D),
V(O)salen does not adsorb, emphasizing that the bonding
of the molecules on the Ag monolayer is stabilized by the
more reactive Cu(111) substrate and the second Ag layer
effectively decreases this interaction. At lower molecular
coverages it is found that V(O)salen almost solely adsorbs
on the pure Co islands (Area C), confirming that this is the
most reactive surface towards adsorption of V(O)salen fol-
lowed by the Ag-capped Co/Cu(111).

Adsorption of paramagnetic metal-organic complexes on
ferromagnetic supports have proven to significantly alter

8 | Journal Name, [year], [vol.], 1

the electronic and magnetic properties of both surface and
molecule.#9"51 Even though direct adsorption of paramag-
netic molecules onto a ferromagnet has proven to stabi-
lize the magnetic moment of the central ion against ther-
mal fluctuations, the proximity of the ion to the substrate
results in a rigid coupling of the molecular moment to
the magnetization of the substrate, making it challeng-
ing to control the magnetic state of the molecule indepen-
dently.2%26/ One successful route of stabilizing the molecu-
lar moment by a ferromagnetic substrate has been achieved
by electronically decoupling the molecule from the sur-
face, utilizing a passivating spacer layer of either graphene
or insulating MgO. This has proven to both mediate the
magnetic interaction between molecule and ferromagnet
and additionally preserve the gas-phase electronic proper-
ties of the molecules, by hindering charge transfer from
the surface.52% In addition to the patterned adsorption
of V(O)salen on the Moiré structured Co and Ag/Co tem-
plates, the metallic Ag adlayer might impose an alternative
to the aforementioned spacer layers, facilitating novel mag-
netic interactions between the Co sub-layer and the metal-
organic molecules. In particular, the sandwich structure
enables to study the Kondo physics of magnetic atoms and
molecules, affected by the exchange interactions between
said magnetic units and Co island.#255 By this approach

This journal is © The Royal Society of Chemistry [year]
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the magnetic interaction is taking place in the third dimen-
sion, as opposed to the far more studied case of magnetic
units interacting in the surface plane.”%7>?

Conclusion

In conclusion, we have shown how V(O)salen, a poten-
tial molecular qubit candidate, adsorbs and assembles on a
range of crystalline surfaces. On Ag(111) triangular nanos-
tructures are observed, whereas the molecules form linear
assemblies on Cu(111). Both cluster types follow the six-
fold symmetry of the substrate. On Ag(111) the majority
of molecules arrange in clusters, whereas on Cu(111) only
25 % of the molecules are found in clusters and the major-
ity are isolated. We attribute this to a stronger molecule-
substrate bonding on Cu(111) compared to Ag(111), that
reduces the diffusivity and thus dominates over the inter-
molecular interaction governing the self-assembly.

On the modulated Co/Ag(111) and Ag/Co/Cu(111) sur-
faces, a regular patterned adsorption of the molecules is
observed, steered by the strain-induced hexagonal Moiré
superstructures. Molecules reside on the protrusions of the
two textured templates, coinciding with a Co surface d-
state being closest to Er at these positions. This demon-
strates how the surface reactivity can be controlled on the
nanoscale and traced back to both geometrical and elec-
tronic effect. We hereby present an approach for pat-
terned adsorption of molecules on ferromagnets achieved
via Moiré superstructures in the surface. This is seldom the
case for flat ferromagnetic surfaces as shown for V(O)salen
adsorbing on Co islands grown on Cu(111), where the
large surface reactivity leads to an unstructured adsorption
and a partial dissociation of the molecules.

This way of engineering ferromagnetic surface might be-
come an important strategy for developing molecular spin-
tronics and integrating molecular qubits into larger quan-
tum components.
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