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By moving individual Fe-Porphyrin-based molecules with the tip of Scanning Tunneling Microscope in the
vicinity of a Br-atom containing elbow of the herringbone-reconstructed Au(111), we reversibly and contin-
uously control their magnetic state. Several regimes are obtained experimentally and explored theoretically:
from the integer spin limit, through intermediate magnetic states with renormalized magnetic anisotropy, until
the Kondo-screened regime, corresponding to a progressive increase of charge fluctuations and mixed valency
due to an increase in the interaction of the molecular Fe states with the substrate Fermi sea. Our results open a
route for the realization, tuning and experimental studies of novel quantum magnetic states in molecule-surface

hybrids.
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INTRODUCTION

ddressing and manipulating the spin state of molecular
species at interfaces is a challenge that could greatly benefit
spintronics [1]], nanoelectronics [2} 3] and quantum electron-
ics [4] in the near future. When the valence of a magnetic
molecule deposited on a surface is integer, the description of
spin-polarized molecular orbitals can be done in the frame-
work of the atomic limit in terms of crystal field and spin-orbit
coupling: the spin state is simply interpreted as a quantum
magnet for which the Hund’s rule determines the fundamental
magnetic state. However, the atomic limit is no longer valid in
the mixed-valence regime which is the most general behavior
of an interacting magnetic impurity with an electron bath.

Among the most studied classes of magnetic molecules
are the transition metal phthalocyanine (Pc) and porphyrin
(P) families which are easily deposited at surface in vac-
uum and studied by various local probe microscopies and
spectroscopies. In these molecules, the spin state is mainly
given by the spin polarization of the central transition metal
ion d-states 5 6]. Several works have focused on the in-
fluence of external parameters on the magnetic ground state
such as the influence of charge transfer to the orbitals of
the molecule [7H135]], the effect of surface spin-orbit coupling
and magnetic anisotropy [16} [17], the coupling to the sub-
strate, [16l [18-20]], the interaction with attached and neigh-

boring molecules [21} [22]], the structural deformation [23} [24]
or the chemical substitution of ligands [25]]. For all these stud-
ies, a systematic understanding of the effect of mixed valence
and charge fluctuations is still missing, although they have a
strong influence on the effect of magnetic anisotropy.

Here we show that charge fluctuations in Fe 5,15-
(di-4-bromopheny1)-10,20-(di-4-pyridyl)porphyrin
(Fe —DPyDBrPP) molecules adsorbed on the Br dec-
orated Au(l111) surface allow the magnetic state of the
molecule to be driven between high-spin (S=1) and Kondo-
screened states in a reversible and continuous manner through
the intermediate valence regimes.

RESULTS AND DISCUSSION
Structural and spectroscopic properties of monomers

Fe —DPyDBrPP were deposited in ultrahigh vacuum on
Au(111) and studied in situ by scanning tunneling microscopy
(STM) and spectroscopy (STS) at 1.3K (see Methods section
for more details). The molecules are randomly located on
hcp domains, fcc domains or stacking faults lines of the her-
ringbone reconstruction [26] of Au(111) and appear as bright
spots in constant-current topographic STM images in figures|[T]
(a-f). The Fe — DPyDBrPP molecules do not exhibit a pla-
nar configuration on the Au(111) surface because two pyrrole
rings bend toward the vacuum and exhibit a higher height in
STM images; the other two pyrrole rings bend toward the sub-
strate, resulting in a lower height in images. Such deforma-
tion corresponds to the saddling distortion of porphyrin-based
molecules [27] that is quite commonly observed [[17, 28H31]].
Thus, the shape of the molecules in STM images allows us
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Figure 1: Scanning tunneling study of Fe—DPyDBrPP
monomers. (a-f) Topography image of Fe—DPyDBrPP
molecules at various location of the reconstructed surface of gold.
The intersection of the dotted lines indicates the location of the Br
adatom which decorates the elbow of the herringbone reconstruction.
(g) Normalized scanning tunneling spectra taken on upper pyrroles
in images (a-c) showing spin inelastic excitations depending on the
location of the molecule on the surface.(h) Normalized scanning
tunneling spectra taken on upper pyrroles in images (d-f), when the
molecule is on top of the Br-decorated elbow site of the reconstruc-
tion. These spectra show an Abrikosov-Suhl resonance witnessing a
Kondo mechanism which does not depend on the in-plane rotation
of the molecule. The solid lines correspond to the fits of the data
(see Methods section). Experimental parameters: topography im-
ages: V =125mV, I, = 20 pA, size 10 x 10 nm?; spectroscopy:
Vitap = 30mV, I, = 200 pA, lock-in parameters: Vy, = 0.2mV,
f="T50Hz.

to determine the central position of the Fe-atom, the porphine
macrocycle and the bromophenyl and pyridyl ligands attached
to the macrocycle, as well as their location relative to the sur-
face reconstruction. Importantly, during deposition and an-
nealing, some Br-atoms detach from the molecules [32], mi-
grate at the surface, and get trapped by highly reactive elbows
of the Au(111) herringbone reconstruction [33}34]]. The inter-
section of the dotted lines in figures[I] (a-c) points to the posi-
tion of these elbows decorated by Br-adatoms. Depending on
their position on the surface, the molecules exhibit different
spectral signatures. When a molecule is located on the hcp
and fcc domains (figures[I] (a-c)), the tunneling spectra show
conductance steps characteristic of a spin = 1 quantum magnet
affected by the presence of magnetic anisotropy [17, [31} 135~
37, figure[I](g). The steps of conductance are due to the open-
ing of additional spin-flip tunneling channels trough inelastic
excitations. This is in agreement with the known behavior of
Fe-Pc and Fe-P which behave as S=1 nanomagnets once de-
posited on the Au(111) surface [I16, [17, 22} 24, 31, [38]]. The
presence of single step or double step is a quite common phe-
nomenon, e.g. ref. [17, 31} 37] and supplementary informa-
tion of ref. [17]]. The step-like spin-flip signatures are recorded
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Figure 2: Scanning tunneling study of Fe — DPyDBrPP chains
made by Ullman’s coupling. (a) topography images (I-IV) of a
trimer chain of molecules made by Ullman’s coupling which is ma-
nipulated by the tip of the microscope in order to position sequen-
tially the monomers above the Br-site. The intersection of the dot-
ted lines indicates the Br-site. The molecules are labeled as a func-
tion of their spectroscopic signature measured in (b): "SF" stands
for spin-flip and "K" for Kondo. Experimental parameters of im-
ages (I-IV): size 15 x 15 nm2, V =125mV, I = 20 pA. (b) related
scanning tunneling spectra taken above the left upper-pyrrole of each
molecule of the chain, showing the presence of the Kondo peak for
the molecules located above the Br-site which otherwise shows a
spin-flip signature. Vg5 = 30mV, Iz, = 200 pA. Lock-in pa-
rameters: Vy, = 0.2mV, f = 750 Hz. The solid lines correspond to
the fits of the data (see Methods section). (¢) topographic zoom on a
molecule of the chain exhibiting a spin-flip spectroscopic signature.
(d-e) differential conductance image recorded simultaneously to im-
age (c) at —100mV and 100 mV respectively showing the symmetry
of the frontier orbitals below and above the Fermi level. The red
dotted line delimits the molecule. Experimental parameters of (c-e),
size 3 x 3nm?2, Vtap = 800mV, I = 500 pA. Lock-in parame-
ters: Vi, =5mV, f =900 Hz.



at both upper pyrrole and Fe-atom locations, providing evi-
dence for hybridization of the molecular states of the pyrrole
with the Fe magnetic d-states [[17,131].

When the molecule is located on the elbow of the recon-
struction, it behaves differently and exhibits a spectral reso-
nance at the Fermi level. The molecule rotation induced by
the microscope tip over the elbow site barely affects the shape
and amplitude of the spectral resonance, figures[I] (d-f, h).

In the following we show that the two distinct spectral
signatures are fully controlled by the adsorption site of the
molecule. To this end we have prepared chains of 3 covalently
bonded Fe — DPyDBrPP molecules by Ulmann’s coupling
(see Methods section). In figure2] a trimer chain is moved
by the tip of the microscope to various positions of the recon-
structed surface. The targeted locations are the hcp and fcc
domains and the Br-decorated elbow of the reconstruction.
In the first panel (I) of figure[2] the 3 molecules are located
inside a fcc domain. In panels (II-IV), the molecular chain
is sequentially repositioned with the microscope tip to move
the iron center of each molecule over the Br-decorated site.
When the molecules are located inside fcc and hcp domains,
the spectra exhibit inelastic excitations of independent spin 1
nanomagnets in presence of magnetic anisotropy, similar to
which was already measured for monomers in figure[T} This
observation means that, here, neither the nature of the cova-
lent bonds nor the substrate mediated interaction are efficient
enough for coupling the molecules together. The spectra usu-
ally display a symmetric double-step structure. Following the
standard analysis [36], the characteristic voltages of the steps
is interpreted to be related to the out of plane and in plane
magnetic anisotropy energies. Depending on adsorption sites,
the out of plane and in plane magnetic anisotropy energies
can vary from 6.8 to 10.0 meV and from 0 to 1.5 meV respec-
tively. The out of plane anisotropy parameters correspond to
typical values of Fe porphyrin and phthalocyanine based mag-
netic molecules adsorbed on gold [16} [17, 24, 31}, 37]. The
variation of the measured transverse anisotropy can be ex-
plained by the many possible configurations of the two fold
symmetry Fe — DPyDBrPP molecules on the highly inho-
mogeneous Au(111) surface.

In panels (II-IV), the molecules are moved one by one
above a Br-decorated elbow. In each case, the molecule ex-
hibits a spectral resonance at O bias similarly to the monomer
in figure[I] In figure[2] the resonance is found to be reversible
once the molecule is removed from the elbow site and inde-
pendent of the selected molecule. We identify the spectral
peak as an Abrikosov-Suhl resonance [39-41]] (also named
Kondo peak) due to the many body Kondo interactions of the
Fe d states with the substrate electron bath. The characteristic
Kondo temperature, Tk ~ 11K, evaluated by fitting the line-
shape with a Frota function [42] |43], is found to be indepen-
dent of the molecular orientation with respect to the surface
atomic lattice. We therefore expect that magnetic anisotropy
plays no role.

The Kondo effect originating from degenerate triplet
ground state is extremely sensitive to magnetic anisotropy

which tends to lift the degeneracy[23]. In the present
case, KgTk =~ 0.9meV is much smaller than the measured
anisotropy. Three possible phenomena can explain the robust-
ness of the Kondo effect on the magnetic anisotropy occurring
at the Br-decorated elbow site: 1. The charge fluctuations due
to the coupling of the Fe states with the substrate states [44-
46]] overwhelm the magnetic anisotropy energy at this loca-
tion, effectively restoring the degeneracy and screening the
magnetic S=1 moment; 2. A sizable charge transfer from the
substrate or the ligands onto the Fe atom induces a spin reduc-
tion from S =1 to S = 1/2, resulting in a spin 1/2 Kondo effect
which is naturally immune against magnetic anisotropy [44];
3. The deformation of the molecule at this position induces
the suppression of the magnetic anisotropy energy [23[]. This
last explanation is not in agreement with our tunneling topog-
raphy studies which did not reveal a significant deformation of
the molecule whose shape is preserved on the Br-site. It has
also been shown that the anisotropy energy is not significantly
affected when a similar molecule is pressed onto the surface
with the tip of a microscope while staying away from the tip-
molecule contact [[14} 16} 31]. Scenario 2, which assumes that
charge transfer from the substrate gives rise to a molecular
doublet, is the natural interpretation and has been analyzed
in previous studies exploring different configurations [[13}|14]].
The experimental data, DFT calculations and theoretical in-
terpretation that follow lean more towards the first scenario in
the present case.

Density Functional Theory analysis

DFT was used to study the electronic properties as a func-
tion of the distance of the molecule from the substrate. The
latter is not easily determined by standard state-of-the-art DFT
calculations describing the electronic properties accurately
because it involves a delicate equilibrium with Van der Waals
forces [47]. We have therefore used this distance as a parame-
ter.

In order to rationalize the effect of the Br-adatom on the
electronic properties of Fe — DPyDBrPP, two sets of situa-
tions were simulated: 1. as a function of the distance to the
genuine Au surface 2. as a function of the distance to a Br (or
Au) adatom on Au slabs positioned below the Fe atom of the
molecule Fe — DPyDBrPP.

The Fe 3d states are dominant in the coupling with the sub-
strate through the Br states. Fe dy,, dy, states are mainly
hybridized with the pyrroles molecular orbitals. Therefore,
further analysis will be discussed on the basis of the Fe 3d
hybrids with molecular orbital. In particular the Fe dy,, dy,
and d,2 hybrid states were proven to be at the origin of the
observed phenomena.

The DFT simulation shows that the magnetic polarization
(contrary to the total charge) of the Fe atom, ﬁgure (b), de-
pends strongly on the molecule-surface distance when the sur-
face is decorated with a Br (or Au) adatom, whereas it is much
less sensitive when approaching the clean surface. When the
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Figure 3: Theory analysis by DFT calculations. (a) Simulated adsorption geometry for the Iron(I) 5,15-(di-4-bromophenyl)-10,20-(di-4-
pyridyl) porphyrin molecule on a Au(111) surface. The (Au,Br) impurities are adsorbed on the hollow-hcp site. Gold is represented in yellow,
iron, carbon, nitrogen, hydrogen and bromine in gold, black, blue, white and red respectively. (b) polarizations as a function of the distance
from the substrate, computed for three different substrates, clean Au(111), Au(111) + a Au adatom and Au(111) + a Br adatom, obtained via
the same Mulliken analysis as in (c). (¢) Orbitally-resolved Fe(3d) charge as a function of the distance from the substrate covered with a Br
adatom. The charge and magnetization values have been obtained via a Mulliken analysis projecting the Kohn-Sham orbitals over the atomic
states of the Fe pseudopotential. (d) Calculated non-zero squared hoppings between the Fe(3d) and the Br(4s,4p) states of the Br adatom on
Au(111) in the low-spin (Fe-Au(111) distance = 4. 0A, in blue) and high spin (Fe-Au(111) distance = 5.0 A, in red) case. Only the squared
average of the spin-up and spin-down hopping is reported, since no significant difference has been found in the two channels.

molecule is away from the Br site, the total occupancy and
magnetic moment are about 6.4 e~ and 2up which corre-
sponds to a configuration close to the spin 1 state (high spin
state) and the hybridization of the Fe d states with the sub-
strate is small. This is in good agreement with the measured
spectroscopic signature of a spin 1 quantum magnet when the
molecule is above fcc or hep domains. Indeed, the lack of a
Kondo signature may be the result of weak hopping integrals
from Fe orbitals to surface orbitals when the molecule is far
away. Hybridization with the substrate cannot compete with
the magnetic anisotropy and the Kondo effect is prevented.
The magnetic anisotropy energy dominates the physics and
the experimental spectroscopic signature is that of a spin 1
subjected to an anisotropy of a few meV.

Moving the molecule of 1 A towards the Br adatom, from
5to 4 A, leaves the occupancy of the Fe states roughly un-
changed (only a minor reshuffling of the charge distribution
between the orbitals is observed (ﬁgure@ (c)) - but induces a
strong reduction of the magnetic polarization from about 2 u g
to about 1 5. The approximately constant charge suggests
that charge fluctuations are the cause of this reduction, which
is confirmed by the fact that the hybridization of the Fe and Br
states increases exponentially as the molecule is moved closer
to the surface (the squared hoppings that enters in this form in
the hybridization function between the impurity and the sub-
strate are plotted in the figure[3] (d)). The squared hopping
integrals of the Fe states to the surface are indeed one order
of magnitude smaller when the molecule is far away. The Fe
3d,2 hybrids and Br 4s states, which have a almost perfect
rotational symmetry, are supposed to dominate the physics
when the molecule is closer (ﬁgure@ (d)). This configura-
tion is favorable to the emergence of a charge transport that is
insensitive to magnetic anisotropy and independent of the rel-
ative orientation between the molecule and the surface once
the iron atom is located just above the adsorbed Br atom, in

perfect agreement with observations.

The cases presented above are perfectly consistent with the
scenario in which the molecule evolves from a quasi-atomic
moment (spin 1) under the influence of magnetic anisotropy
to an Fe atom carrying a screened magnetic moment result-
ing from a strong hybridization with the substrate. Finally,
the DFT calculations clearly indicate that the strength of the
charge fluctuations should vary with the distance to the Br
atom. Indeed the transition from spin 1 nanomagnet to Kondo
screening, through the mixed-valence regime has been exper-
imentally probed in a reversible manner and summarized in

figure [

Crossover from spin 1 nanomagnet to Kondo-screened ground
state through the mixed-valence regime

It was possible to finely tune the electronic configuration of
the iron atom by using a chain of molecules in order to sta-
bilize positions for which a molecule deviates slightly from
the Br site. The studied position of the molecules are pre-
sented in topography images (a-d) of figure[d] and the den-
sity of states close to the Fermi energy are measured by STS
spectra figurefd] (g)). The spin 1 signature is observed when
the molecule is far from the elbow site as already mentioned
above, figuref] (a). When the molecule is positioned in such
a way that the Br site is located below the upper pyrrole ring,
imagef] (b), the LDOS shows a broadened and asymmetric
step like shape originating from spin flip inelastic excitations
but with a lower characteristic energy, indicating a renormal-
ization of the anisotropy energy. At intermediate positions
where the Br adsorption-site is located in between the Fe site
and the upper pyrrole location, [](c), the spectroscopy shows
a small anti-resonance at the Fermi level with a Fano-like
shape which we believe is the extrapolation of the inelastic
spin flip signature but for stronger charge fluctuations. When
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Figure 4: Crossover from spin 1 nanomagnet to Kondo screen ground state through the mixed-valence regime. (a-d) topography images
showing the position of the first molecule of a chain with respect to the Br-decorated elbow site of the gold reconstruction. (a) the molecule is
far from the Br site. (b) the upper pyrrole is centered on the Br-site. (¢) the Br-site is located in between the center of the upper pyrrole and
the Fe ion position. (d) the Fe atom is located just above the Br-site. (e) conductance spectra taken above the center of the upper pyrrole. (f
and g) conductance spectra taken above the iron atom. red, green, blue and yellow colors correspond to the configurations of (a), (b), (c) and
(d) respectively. (h-k) Background subtracted differential conductance images corresponding to various voltage recorded in the configuration
of the case of image (b) (see Methods section). The left molecule is in the mixed-valence intermediate state (green dashed line) and the
two other molecules behave as spin 1 nanomagnets (e.g. red dashed line). (h-k) voltages are V = —-9.3mV, V = —-3.0mV, V = 3mV and
V =9.3mV respectively. Experimental parameters: (a) & (d) V = 125mV, I = 20 pA, scalebar = 2nm; (b) & (c) V = 200mV, I = 100 pA,
scalebar = 2 nm; (e) & (f) Vistqp = 800mV, I414, = 500 pA, lock-in parameters: Vi, =5mV, f =900 Hz; (g) Vitap = 30mV, I5qp = 200 pA,
lock-in parameters: Vi, = 0.2mV, f = 750Hz; (h-k) Viiqp = 30mV, Igpqp = 200 pA, size 12 x 12 nm?, lock-in parameters: Vi, =0.2mV,

f = 750Hz. All spectra are normalized.

the molecule is strictly coinciding with the Br-adsorption site,
figure[d] (d), it is exhibiting a Kondo peak. Therefore, the sit-
uation of images@ (b) & (c) corresponds to two intermedi-
ate mixed-valence regimes between spin 1 nanomagnet and
Kondo-screened ground states. Indeed as shown by D. Ja-
cob in Ref. [44] the gradual increase of charge fluctuations al-
ters the spectroscopic signatures of the spin 1 nanomagnet by
renormalizing the magnetic excitations to lower energy. This
gradually closes the gap and finally restores a Kondo peak
as in the case of imagefd] (d). In this process, the absence
of particle-hole symmetry causes a typical Fano resonance to
appear. The renormalization of the magnetic excitations is ev-
idenced in pannelsf](h-k) where differential conductance is
used to map the inelastic spin-flip probability density in the
real space in the same configuration as in (b). This situation
corresponds to the occurrence of one molecule in the inter-
mediate state and 2 molecules in the regime of the spin 1
nanomagnet. At +9.3mV, spin-flip channels are open in all
3 molecules and the probability to induce a spin flip follows
a two-lobes spatial pattern in all three molecules. At =3 mV,
panels (i) & (j) the spin-flip excitations are hindered by the
magnetic anisotropy in the molecules far from the Br-site. On
the contrary, the molecule in the intermediate regime shows
spin-flip processes already being developed at £3 mV, indi-
cating the renormalization of the magnetic excitation energy
to a smaller scale.

This transition through a mixed-valence regime might be
due to a net increase of Fe charge while remaining still in a

regime of weak coupling with the substrate (our previously
outlined scenario 2). Our DFT calculations rather suggest that
the predominant effect is the drastic increase of the hopping
from/to the substrate (scenario 1), instead. Accordingly, the
spin crossover was found to be accompanied with an energy
shift of the frontier orbitals which are localized at the upper
pyrrole rings (frontier orbital A, FOA) and at the iron atom
position (frontier orbital B, FOB). A carefully analysis of fig-
ures@(e) & (f) allows to follow the evolution of FOA and FOB
energies when moving the molecule. FOA shows a continu-
ous evolution of density of states from the unoccupied states
towards occupied states when approaching the molecule to the
Br-site, indicating an increase of the orbital occupation. FOB
shows a reverse behavior with a shift from below the Fermi
level towards the unoccupied states. The gap between the
frontier orbitals is reducing when approaching the Br site so
the d level splitting tends to be weakened and could be favor-
ing a decrease of orbital momentum and a renormalization of
the magnetic anisotropy in agreement with the closing of the
steps of conductance due to spin-flip excitations in the mea-
sured data of paneld](g) and figures[] (h-k).

Following the work in ref.[[17], the conductance images pre-
sented ﬁgure|2| (c-¢) support the hybrid Fe 3dy,, dy, character
of FOA and the strong Fe 3d 2 character of FOB in agreement
with the orbital occupations in the DFT calculations (figure[3]
(c)). It is interesting to note that according to conductance
images of figured] (h-k), the spin-flip probability density is
following the 3dy,, dy, symmetry at energies above and be-



low the Fermi energy (two-lobes shape). On the contrary, the
3d,2 character of the excitations (bright localized spot at the
Fe site) is only visible at negative bias, so for occupied states.
This difference is explaining the breaking of the electron-hole
symmetry observed in inelastic spectra.

The fano-like shape of the blue spectrum in figurefd] (g) oc-
curs when the frontier orbitals are overlapping at the Fermi
level, as visible in ﬁgure (e) & (f) and when the charge fluc-
tuations between orbitals are expected to be strong. The hy-
pothesis of intermediate regimes driven by charge fluctuations
is well described by prediction in ref. [44]] as well as the shape
of the spectrum. However in the present case the frontier or-
bitals, could also recover their degeneracy when overlapping
in the intermediate regimes, implying a possible Kondo SU(4)
effect [38l, 148]], although this is less likely in a molecular sys-
tem [49] and cannot be easily distinguished from the simple
effect of strong charge fluctuations [50]. Finally, when the
iron atom is located above the Br site, FOA migrates below
the Fermi level and FOB is washed out towards incoherent
excitation and only the Kondo resonance survives at Ep.

CONCLUSION

We have revealed in experiments and DFT calculations that
the spin state switching is caused by the strong hybridiza-
tion potential at Br-decorated elbow sites which induce charge
fluctuation and a renormalization of the magnetic anisotropy
when molecules are adsorbed on these sites.

The direct consequence of charge fluctuations is to tune the
energies of two molecular frontier orbitals which are respec-
tively closest to the Fermi level in positive and negative ener-
gies. The energetic overlapping of these two frontier orbitals
gives rise to low-energy spin excitation channels near Fermi
level. Under the condition of relatively small charge fluctua-
tions, the two frontier orbitals are far from the Fermi level and
the overlap is small, hence the molecule will have high spin (S
= 1) state, while under strong charge fluctuation these two or-
bitals can cross Fermi level, resulting in a mixed valence and
a renormalization of the magnetic anisotropy and ultimately
the Kondo screened ground state.

Our work provides a new approach for tuning not only the
spin state but also the intermediate valence character/charge
fluctuation in hybrids made of molecules on reconstructed sur-
faces.

METHODS

Samples were prepared under ultrahigh vacuum (base pres-
sure 1 x 10710 mbar) just before their scanning tunneling
studies. The gold substrate was prepared by repeated cycles
of Ar ion sputtering followed by annealing at 900 K. Iron(III)
5,15-(di-4-bromophenyl)-10,20-(di-4-pyridyl)porphyrin chlo-
ride molecules were ordered from PorphyChem company

(95% purity, CAS not assigned). The molecules were de-
posited by organic molecular beam epitaxy (OMBE) when
the sample was kept at Room Temperature (T;y,cip1e=575K).
As for other porphyrins deposited on surfaces, the chlorine
atom is detached from the molecule during the deposition
or the post-annealing (e.g ref.[4]) in such a way that all
the molecules studied here are monomers of Fe 5,15-(di-
4-bromophenyl)-10,20-(di-4-pyridyl)porphyrin molecules or
chains made with Fe 5,15-(di-4-bromophenyl)-10,20-(di-4-
pyridyl)porphyrin by Ulmann’s coupling.

It was observed that the molecule source is also deposit-
ing Br atoms on the surface of gold. We have attributed this
concomitant deposition of Br with Fe — DPyDBrPP to the
stochastic Br detaching from Fe — DPyDBrPP molecules in-
side the crucible when heated at evaporation temperature. In-
crucible Br detaching form similar molecules was already re-
ported in ref. [32] at S590K. In our case, the low amount of
deposited Br atoms was seen to be enough for occupying all
the elbow sites of the herringbone reconstruction. Once the
molecules deposited, the sample temperature was quenched
at liquid nitrogen temperature then at helium liquid temper-
ature in less than 20 minutes. For low coverage this proce-
dure produces single monomers scattered on the surface. A
post annealing at 400 K for 10 minutes was used for produc-
ing molecular chains by Ullman’s coupling at the surface fol-
lowing recipes in ref. [|32] S1H54]] (see supporting information
for the supposed chemical equation). It is believed that this
reaction is also occurring between stochastically debromized
molecules in the crucible, limiting the probability to have
monomers lacking Bromine atoms evaporated onto the sur-
face.

STM/STS measurements were achieved in-situ in ultrahigh
vacuum by means of a modified "Tyto SPM" from SPECS™
at a base temperature of 1.3 K; the tunneling bias was ap-
plied to the sample. Mechanically cut Ptlr tips were used.
Soft lateral manipulation as follows was used for moving the
molecules 1) positioning the tip above the molecule to move
2) Turning off the microscope feedback loop and approach-
ing the tip towards molecule in order to increase tip-molecule
interaction 2) Moving the tip to the destination in constant
height mode 3) Retracting the tip and engaging the feedback
loop. The analyses of the microscopy and spectroscopy data
were done with WSxM software [55] and homemade python
procedures respectively [56].

The fit of spectra from figure[T] & 2] involved a large Gaus-
sian background mimicking the frontier orbital DOS plus a
specific function associated to spin-flips (step functions in-
troduced in [35]) or Kondo ground states (Frota function).
Marginally, a convolution with a Gaussian function was used
to clean up the incoherent noise of all conductance spectra
presented here.

The spin-polarized Density-Functional Theory (DFT) cal-
culations have been carried out with v.~6.8 of the QUAN-
TUM ESPRESSO package[S7, 58] within the Projector
Augmented-Wave (PAW) scheme [59] and using the Perdew-
Burke-Ernzerhof (PBE) functional [60]. PAW pseudopoten-



tials have been taken from the PSlibrary [61H63].

The Au(111) surface has been modeled by a finite slab con-
sisting of 3 gold layers with 15 Aof vacuum between periodic
replicas along the z direction. The Au-Au nearest-neighbor
distance has been set to 2.93 A, the PBE equilibrium distance
of the corresponding fcc bulk structure, which is < 2% larger
than the experimental room-temperature value [64].

Given the sizeable extension of the molecule, a 10 x 10 su-
percell of Au atoms on the xy plane has been used in order
to avoid interaction between its periodic replicas, for a total
of 300 Au atoms in the simulation cell. The molecule geom-
etry has been relaxed in the vacuum until all components of
the forces were smaller than 10~3 Ry/ap, with ap being the
Bohr radius. Fe Orbital polarizations and Density of states
projected over the atomic states of the Fe pseudopotential can
be found in supporting information. The projected density of
states (pDoS) and the Mulliken orbital occupations and po-
larizations have been evaluated by projecting the Kohn-Sham
orbitals on the atomic states of the pseudopotentials. They
have been computed by considering different adsorption ge-
ometries between the molecule and three different substrates:
the clean Au(111) surface, the Au(111) surface with a Au im-
purity and the Au(111) surface with a Br impurity. The impu-
rities have been placed at the preferred PBE adsorption site at
the equilibrium distance, which has resulted in the hollow-
hcp site for both the Au and the Br impurity, respectively
at 2.16 Aand 2.23 Afrom the Au(111) surface. All calcula-
tions have been performed with and a plane-wave cutoff of
€cut = 40Ry on the wavefunctions and 320 Ry on the den-
sity. Brillouin zone integrals have been evaluated at the I'
point using a gaussian smearing of o = 0.01 Ry. The hopping
parameters have been computed via the projection method as
implemented in the WANNIER90 package [63].

This study does not encompass in-depth DFT-based simu-
lations of STM images. As these simulations are complex and
time-consuming, they may be better suited as the focus of a
distinct research paper.”
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