1811.00059v1 [cond-mat.mes-hall] 31 Oct 2018

arxXiv

Visualizing Intramolecular Distortions as the Origin of Transverse Magnetic
Anisotropy

Daniela Rolf,! Christian Lotze,! Constantin Czekelius,? Benjamin W. Heinrich,! and Katharina J. Franke!

! Fachbereich Physik, Freie Universitit Berlin, 14195 Berlin, Germany
2 Institut fiir Organische Chemie und Makromolekulare Chemie,
Heinrich-Heine-Universitat Disseldorf, 40225 Diisseldorf, Germany
(Dated: November 2, 2018)

The magnetic properties of metal-organic complexes are strongly influenced by conformational
changes in the ligand. The flexibility of Fe-tetra-pyridyl-porphyrin molecules leads to different
adsorption configurations on a Au(111) surface. By combining low-temperature scanning tunneling
spectroscopy and atomic force microscopy, we resolve a correlation of the molecular configuration
with different spin states and magnitudes of magnetic anisotropy. When the macrocycle exhibits
a laterally-undistorted saddle shape, the molecules lie in a S=1 state with axial anisotropy arising
from a square-planar ligand field. If the symmetry in the molecular ligand field is reduced by a
lateral distortion of the molecule, we find a finite contribution of transverse anisotropy. Some of the
distorted molecules lie in a S=2 state, again exhibiting substantial transverse anisotropy.

Transition-metal atoms placed in anisotropic environ-
ments such as molecular ligands possess distinct mag-
netic properties. An anisotropic atomic surrounding
leads to the lifting of d-orbital degeneracies, with the
spin state of the atom being determined by the interplay
between Hund‘s coupling and the corresponding d-level
splitting.  Spin-orbit interactions introduce magneto-
crystalline anisotropies, thus favoring particular spin ori-
entations. Engineering the interplay of level splitting and
spin-orbit interactions, thus opens the path for designing
specific magnetic properties [1-5].

Metal-organic complexes, such as metal-porphyrins are
ideal candidates to manipulate the energies of d-level
splitting and magnetic anisotropy, because they provide a
large intramolecular flexibility. Indeed, Fe-porphyrins on
surfaces have been reported to carry different magnetic
ground states [6-8]. The studies report different mag-
netic anisotropy energies and even different total spin
states. The origin of the different magnetic properties
most probably lies in the different molecular distortions
as a response to different molecular arrangements. How-
ever, direct evidence of the correlation of intramolecular
structure with magnetic states is challenging, as it re-
quires the sensitivity to structural as well as magnetic
properties at the level of an individual molecule.

Here, we use Fe-5,10,15,20-tetra-4-pyridyl-porphyrin
(FeTPyP) on a Au(111) surface as a model system to
study intramolecular conformations and magnetic prop-
erties by a combination of low-temperature atomic force
microscopy and tunneling spectroscopy.

The FeTPyP molecule consists of a porphyrin core with
four rotatable pyridyl groups attached to it (see Fig. 1a).
In gas phase, the pyridyl groups are oriented orthogonal
to the porphyrin core in order to minimize steric repul-
sion between the hydrogen atoms of the pyridyl group
and the neighboring pyrrole ring. In response to in-
teractions with the surface, the pyridyl groups tend to
adapt a flattened structure upon deposition on a sub-

strate, which - due to steric hindrance between adjacent
hydrogen atoms - induces an out-of-plane distortion of
the inner macrocycle. In the resulting saddle-shape ge-
ometry, one pair of opposing pyrrole rings bends up and
the other pair bends down (see Fig. 1b) [9, 10]. Because
of this flexibility several molecular arrangements with va-
rieties of intramolecular configurations form on surfaces.
This allows us to compare different distortions and the
resulting magnetic properties.

The FeTPyP-Cl complex [11, 12] was evaporated from
a Knudsen cell evaporator at 410 °C with the sample held
at room temperature. Upon deposition, the molecules are
dechlorinated, with the Fe changing its oxidation state
from +3 to +2 [2, 13, 14]. Figure 1c¢,d show the formation
of two self-assembled structures of FeTPyP molecules on
the Au(111) substrate. In both of these structures, the
FeTPyP molecules lie in the aforementioned saddle-shape
configuration, as can be inferred by the twofold symme-
try of the porphyrin macrocycle. Similar shapes have
been observed for many metal-tetra-phenyl-porphyrins
(M-TPP) and metal-tetra-pyridyl-porphyrins (M-TPyP)
on surfaces [6-10, 15-17].

In the first arrangement, referred to in the following as
the densely-packed arrangement (Fig.1c), the molecules
arrange in alternating rows. The rhombic unit cell with
side lengths of 1.4 nm x 2.7 nm consists of two molecules.
The molecular structure as well as the size of the unit
cell coincide with the assembly of FeTPyP on Ag(111)
[9]. Figure 1d shows a second structure of FeTPyP, where
the molecules are in a staggered arrangement and exhibit
an alternating orientation of their saddle shape.

To investigate the magnetic properties we recorded
dI/dV spectra in the center of all types of molecules
(Fig.2). In the densely-packed structure (black), all the
molecules exhibit the same spectral features, consisting
of one pair of steps, which is symmetric in energy around
the Fermi level. In the staggered structure, two types of
molecules can be distinguished by their dI/dV spectra,



Figure 1. a) Structure model of the FeTPyP molecule, in-
dicating the freely rotatable pyridyl groups. b) Inclined and
side view of a schematic model of FeTPyP, showing the out-
of-plane saddle-shape deformation of the pyrrole groups. c¢,d)
STM topography of two arrangements of FeTPyP on Au(111):
c¢) Densely-packed arrangement of FeTPyP molecules, con-
sisting of alternating rows of parallel molecules. The red box
shows the rhombic unit cell of 1.4nm X 2.7nm, containing
two molecules. d) Staggered arrangement of FeTPyP with
an alternating pattern of the molecules. The unit cell of
2.0nm X 2.2nm also contains two molecules. Due to the
saddle-shape deformation of the molecules, two pyrrole groups
of the molecules in both structures appear higher in the STM
topography than the other two. The color of the boxes around
the images corresponds to the colors of the spectra in Fig. 2
and Fig. 3. Topographies recorded at 200 pA, 200mV (c) and
160 pA, 230 mV (d), respectively.

as indicated by the blue and red colors. Both of these
types exhibit two pairs of steps around the Fermi level.
However, the steps differ considerably in their respec-
tive energies. All of these steps indicate inelastic tun-
neling processes and are attributed to spin excitations
[7, 8, 13, 18-21]. Note that the different intensities at
opposite bias polarities stem from a finite potential scat-
tering term, which favors the electron-like excitations [7].

Spin excitations in the absence of an external mag-
netic field can only occur if the degeneracy of states
with different spin projection quantum number are lifted
by an anisotropic environment. The simplest model ac-
counting for magnetic anisotropy is the spin Hamiltonian
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Figure 2. Comparison of the magnetic properties of all

FeTPyP structures. dI/dV spectra recorded in the center
of the FeTPyP molecules exhibit different numbers of steps
symmetric in energy around the Fermi level. The spin state
corresponding to the fit (gray dashed lines) is given next to the
graphs, as well as the resulting anisotropy parameters D and
E. Feedback opened at: 50mV, 2nA with Vipea = 0.5mV,
T= 4.8K (black); 50mV, 1nA with Vimoa = 0.25mV, T=
1.1K and B= 0.5T (to improve stability of measurements;
see SI) (red and blue).

Hy = DS2 + B(52 — 5‘5), with D and E denoting the ax-
ial and transverse anisotropy parameters and S’)%’y’z the
spin components in z,y and z direction, respectively. To
obtain a qualitative picture of the magnetic anisotropy
in the different molecular structures, we employ this spin
Hamiltonian and its fit as implemented in Ref. [22].

For the spectra of the densely-packed molecules
(black), we assume an intermediate-spin state of S =
1, which is typical for Fe?* in square-planar ligand
fields and has been observed for other Fe-porphyrins
[2, 7, 20, 23, 24]. The spin excitation reflects an axial
anisotropy energy D, which lifts the degeneracy between
the Mg = 0 and Mg = =1 spin projections. Without
transverse anisotropy (E = 0), this results in the emer-
gence of one pair of steps at an energy corresponding to
the axial anisotropy parameter D = 8.5 meV.

The spectra of molecules in the staggered arrangement
are qualitatively different. Both types of molecules ex-
hibit two pairs of inelastic steps. The first type of spec-
tra (red) can be reproduced within a S = 1 ground
state, including an axial anisotropy D of similar size
as for those of the molecules in the densely-packed ar-
rangement, but with an additional transverse anisotropy
parameter E # 0. The latter reflects a new set of
non-degenerate eigenstates arising from the symmetric
and anti-symmetric linear combination of the My = +1
states. Hence, two inelastic excitations can occur, which



are visible at energies D + E/2.

For the second type of molecules within the staggered
arrangement (blue spectrum), the assumption of an in-
termediate S=1 spin state does not lead to reasonable fit
results, as D and F would exhibit a comparable magni-
tude, which does not fulfill the criterion of E < D/3 [25].
Instead, a high-spin state of S = 2 including transverse
anisotropy reproduces best the shape of the spectra.

To understand the origin of the differences in the
magnetic properties of the FeTPyP molecules, we per-
formed non-contact atomic force microscopy measure-
ments, using a qPlus tuning-fork-based sensor. Figure 3a
shows the STM topography of an island of molecules in
the densely-packed arrangement together with the corre-
sponding Af map depicted in Fig. 3b, which was recorded
with a Cl-functionalized tip [26]. By comparing with the
overlaid structure model, the pyridyl groups are iden-
tified as the most protruding moieties of the FeTPyP
molecule. Moreover, at this tip-sample distance, only
a faint trace of the contrast originating from the up-
bending of two pyrrole groups is visible (see supplemen-
tary information (SI) for maps at different heights). The
line profiles of the diagonal cross sections of one FeTPyP
molecule show similar height of all pyridyl legs (Fig. 3c).
The small height difference of the pyridyl legs originates
from the corrugation of the herringbone reconstruction
of the underlying Au(111) substrate.

Next, we investigate the molecules in the staggered
structure (Fig.3d and e). The S=1 and S=2 molecules
cannot be distinguished in the Af map (the S=2
molecules are marked by blue boxes). For both types
of molecules in this arrangement, the pyridyl groups are
the moiety that protrudes the most from the substrate,
similar to the structure of the densely-packed arrange-
ment. However, when analyzing the heights of the differ-
ent pyridyl groups of one molecule, a symmetry breaking
becomes apparent: the two pyridyl groups along one di-
agonal appear higher than the other two pyridyl groups
(Fig. 3f). The different heights reflect different rota-
tional angles of the pairs. Moreover, the distance be-
tween the pyridyl groups is different along the two di-
agonal directions, as indicated by the vertical lines in
the line profiles. The distance between the lower pyridyl
groups (grey curve) is larger than the distance between
the higher pyridyl groups (black curve). For different ro-
tational angles between the pyridyl groups, simple geom-
etry arguments (see SI) suggest an apparent length dif-
ference, as upon rotation of the pyridyl groups, the most
protruding H atoms of the pyridyl groups are rotated
away from their shortest connection line. For the hypo-
thetical case with one pair of pyridyl legs being perpen-
dicular to the molecular plane, the center of the H atoms
is above the center of the pyridyl ring, and the minimal
distance of 12.7 A is expected. For the other extreme case
of the pair of pyridyl rings being almost flat, the H atoms
of the oppositely rotated pyridyl legs are further apart by

0.7A (see Fig. S2a). This sets an upper bound for the
length difference one can obtain simply due to different
rotational angles. In contrast, for the nine molecules in
Fig. 3e the experimentally determined length difference
amounts to an average value of 2.5 A (see Fig. S2b). This
deviation can only be explained by a lateral asymmetric
distortion of the molecules. We suggest that the dis-
tortion of the molecules in this structure originates from
intermolecular interactions of the molecules, where neigh-
boring pyridyl groups arrange in an edge-to-face fashion
(see SI for further details). This motif enhances the inter-
action between neighboring pyridyl groups, which leads
to a stabilization of the molecular arrangement. Impor-
tantly, this distortion is different from the saddle defor-
mation of the molecule, which affects the overall out-
of-plane molecular shape, but presumably preserves the
positions of the N atoms with respect to the Fe center.
As a consequence, the ligand field still exhibits D4y sym-
metry in the saddle configuration [8]. The asymmetric
distortion that we determine from the analysis of the line
profiles of the staggered molecules now occurs in addition
to the saddle-shape deformation. This leads to a lateral
displacement of the N atoms of the pyrrole groups, which
in turn reduces the molecular ligand field of the Fe center
from Dy, to Dgyj, symmetry (see Fig.4a). This latter re-
duction of the symmetry seems to be responsible for the
transverse magnetic anisotropy that we exclusively find
in the distorted molecules in the staggered arrangement.
Furthermore, we note that the reduction of the ligand
field symmetry can be understood without any influence
of the substrate. This is in contrast to previous studies
that reported transverse anisotropies, where the atomic-
scale adsorption site of the Fe on the substrate induced
a symmetry breaking [2, 19].

Having correlated the experimental observations of
molecular distortions with the occurrence of magnetic
anisotropy, we now provide a simple model in terms of
the corresponding d-levels. Multiple possibilities for the
d-level occupations have been reported for FeTPP and
FeTPyP molecules, with almost the same energy and re-
sulting total spin S =1 [7, 27-29]. One possible d-level
alignment for the ligand field of Dy, symmetry, as it is
assumed for the molecules in the densely-packed struc-
ture, and the corresponding level occupation are shown
in Fig.4b. Such a d-level occupation has also been ob-
tained from DFT calculations of FeTPP on Au(111) [7].
Due to the similarity of FeTPP to FeTPyP in the densely-
packed structure (black) in terms of both the molecular
saddle shape and the dI/dV spectra, we expect that their
findings also apply to our system. In this d-level scheme,
the dg2_,2 orbital remains unoccupied, as it lies highest
in energy due to its direct overlap with the states of the
neighboring N atoms in the adjacent pyrrole groups. The
d,2 orbital also has a component inside this xy plane de-
fined by the four N atoms and is therefore only singly
occupied. The d,, and d,, orbitals are degenerate and



Figure 3. Topographies and constant-height Af maps recorded with a Cl-functionalized tip for a, b) the densely-packed structure
and d, e) the distorted staggered structure. Whereas in the densely-packed structure, all pyridyl legs exhibit a similar rotational
angle, in the staggered arrangement, two opposing pyridyl groups are rotated more strongly than the other two. The blue boxes
mark the S=2 molecules. c, ) Line profile across the two diagonal axes showing the Af signal on the pyridyl legs. Topographies
recorded at 150 pA, 230 mV (a) and 160 pA, 230mV (d), respectively. For the recording of the Af maps, the tip was approached
by 0.8 A (b) and 1.0A (e), as indicated in the respective images. c¢) All pyridyl legs exhibit the same rotational angle. The
height difference between the pyridyl legs on top and bottom part of the molecule is due to an overall inclination of the molecule
following the corrugation of the herringbone reconstruction of the underlying Au(111) surface. f) In the staggered structure,
the pyridyl legs along one diagonal are higher than along the other diagonal. The distances between the pyridyl rings along
the molecular diagonals are also different, reflecting a lateral distortion of the molecule.
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Figure 4. a) Sketch of the molecular deformation in the stag-
gered arrangement. The lateral deformation of the macrocy-
cle induces a change of the Fe-N bond lengths, which reduces
the symmetry of the ligand field. b) Proposed d-level con-
figuration for the densely-packed molecules in a ligand field
of Dyp symmetry (left) and the molecules in a staggered ar-
rangement with Dyp, symmetry of the ligand field (middle,
right). The reduction of the ligand field symmetry induces a
splitting of the d,. and dy. orbitals, which introduces a trans-
verse magnetic anisotropy to the system. Upon increase of the
Fe-N bond lengths, the d,2_, 2 orbital shifts down, eventually
leading to a spin crossover.

share three electrons. The doubly occupied d, orbital
is least affected by the ligand field as it has all its com-
ponents between the N atoms. This occupation leads

to a spin state of S=1 and, upon introducing spin-orbit
coupling, to finite values of the axial anisotropy energy
D. In the staggered arrangement, in contrast, the re-
duction of the ligand field symmetry towards Doy, lifts
the degeneracy between the d,. and d,. orbitals, which
induces a transverse anisotropy in the system. This ex-
plains the emergence of the second pair of steps in the
dI/dV spectra of Fig.2. Hence, the different magnetic
anisotropy parameters observed for the molecules in the
different arrangements can be understood from the sym-
metry of their ligand fields as directly seen by the lateral
distortion of the molecule.

As mentioned above, no difference between the S=1
and S=2 molecules in the staggered structure is de-
tectable in terms of the molecular distortion in any of
our STM and AFM measurements. In general, a spin
crossover towards a high-spin state becomes energetically
favorable for elongated Fe-N bonds [6, 8] and has been
observed for other FeTPP and FeTPyP complexes on
Au(111) [8, 30]. Due to the smaller influence of the ligand
field on the central Fe atom, larger Fe-N bond lengths
lead to energetically closer d levels that can hence all be
populated by electrons (see Fig.4b). DFT calculations
indicate that changes of the Fe-N bond length in the or-



der of several pm are sufficient to alter the ground state
of Fe porphyrins [31-33]. However, changes of such a
length scale are beyond the resolution of our measure-
ments. Another possible explanation is the elongation
of the Fe-N bonds in the direction towards the surface
due to stronger interactions of the Fe atom with the sub-
strate. This, however, is also not detectable with the
STM or AFM.

In conclusion, we have shown that different adsorp-
tion structures of FeTPyP exist on the Au(111) sub-
strate, which lead to different molecular configurations
and magnetic states. We could identify different lateral
distortions of the molecular macrocycle. We relate these
distortions to the fingerprints in the magnetic excitation
spectra. When the symmetry of the ligand field is main-
tained, the molecules lie in a S = 1 state with axial
anisotropy, but negligible transverse anisotropy. In the
other structure, an asymmetric lateral distortion of the
macrocycle reduces the symmetry of the ligand field to
Dy, introducing transverse anisotropy as a response to
the lifting of the d,, and d,, orbital degeneracies. Our
results directly visualize the interplay of molecular distor-
tions and magnetic properties. Furthermore, they reflect
the possibility of tuning magnetic anisotropy energies by
concise molecular distortions.
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SUPPLEMENTARY INFORMATION

CONSTANT-HEIGHT AF MAPS AT VARIOUS TIP-SAMPLE DISTANCES

Figure S1. STM topographies and constant-height Af maps recorded with a functionalized Cl tip at different tip-sample
distances. a-d) of the densely-packed structure; f-i) of the staggered arrangement. At larger tip-sample distances, only the
pyridyl groups are visible. Upon further tip approach, a contrast arises from the upper pyrrole groups of the organic macrocyle.
Topographies recorded at 150 pA, 230mV (a) and 160 pA, 230mV (d), respectively. For the Af maps, the tip position with
respect to this setpoint is indicated in the respective images. d,h) Sketch of the molecular structures and simulated Af maps
for different tip-sample distances.

The Lennard-Jones like dependence of the frequency shift on the tip-sample distance does not allow to unambigu-
ously determine the heights of molecular moieties from a single Af image. Therefore, Af maps recorded at several
tip-sample distances are shown in Fig. S1 for both the densely-packed structure (b-d) and the staggered arrangement
(g-1). The change in contrast confirms the interpretation of the pyridyl legs to be the highest molecular moiety in both
structures. At larger tip-sample distances, only the pyridyl legs can be identified (S1b,g). Upon further tip approach,
the two upper pyrrole groups of the saddle-shape deformation of the molecule can also be distinguished (Slc,h).

To conceive an idea of the size of the molecular deformations with respect to the rotational angles of the pyridyl
groups in both arrangements, Fig. Sle,] show sketches of the molecular structures in gas phase, together with simulated
images of the resulting Af maps. For both structures, the dihedral angles that define the rotation of the pyridyl legs
with respect to the surface plane were manually varied and fixed during the DFT minimization. The best agreement
between the resulting simulations of the Af maps based on the DFT calculations and experimental findings was
obtained for a dihedral angle of 45° for the densely-packed structure and angles of 44° and 49° for the distorted
staggered molecules. The simulations of the Af maps were performed with a Cl tip for different tip-sample distances
by using the simulation program of Hapala and coworkers [1], which is based on the force field between a flexible tip and
the molecules [2, 3]. In agreement with the height-dependent Af maps at larger tip separations, only the pyridyl legs are
distinguishable. For the chosen molecular structures, the Af maps agree with the experimentally observed symmetries,
showing similar contrast on all four pyridyl legs for the densely-packed structure and a symmetry breaking for the
molecules of the staggered arrangement. Upon closer tip approach, also the upper pyrrole groups of the macrocycle
become apparent. Despite of the simulations being performed for a manually distorted molecule in gas phase, they
give an indication of the small size of intramolecular distortions that suffice to influence the magnetic properties.



ANALYSIS OF THE MOLECULAR DISTORTIONS

In the Af maps in Fig. 3 and Fig. S1, bright lobes are apparent at the positions of the pyridyl groups. From the
analysis of the line profiles of the molecules in the staggered arrangement, an average length difference of 2.5 A was
determined between the pyridyl groups of different rotational angles (Fig.S2b). As the pyridyl moieties are rotated
by a certain angle out of the molecular plane, the H atoms of the pyridyl ring are the most protruding atoms and
responsible for the contrast. For the hypothetical case of perpendicular pyridyl groups, the distance between two
opposing pyridyl groups is minimized and amounts to 12.68 A (black line in Fig.S2a), as can be determined from
DFT calculations. If the pyridyl groups adapt a flatter rotational angle, the opposing rotation direction of the pyridyl
legs leads to an increase of the measured distance (see orange line), whose maximal length [ can be calculated for the
hypothetical case of (almost) flat pyridyl legs as:

l= \/(12.68 A)2 4 (2.15A4)2 = 13.39A. (S1)

Therefore, the apparent length difference arising from asymmetrically rotated pyridyl legs can at most amount to
0.7A. Any larger difference, as observed for the molecules in the staggered arrangement, hence, originates from
intramolecular distortions.

Figure S2. a) Origin of the apparent length difference for pyridyl groups with different rotational angles. For completely
perpendicular pyridyl groups (black line), the length between the pyridyl groups is minimized. For any flatter arrangement of
the pyridyl groups, the rotation of the H atoms of the pyridyl groups away from the diagonal will increase the apparent length
(orange line). b) Experimentally determined difference between the length of the opposing pyridyl groups along the different
diagonals for both molecular structures. Whereas hardly any difference can be observed for the molecules in the densely-packed
arrangement, a clear asymmetry is apparent for the staggered arrangement. The grey dashed line corresponds to the upper
bound of the length difference of 0.7 A in the absence of intramolecular distortions. The topographies on the right show the
corresponding molecules that were considered in the determination of the distortions.

Note that the use of flexible tips for AFM imaging has led to the observation of apparent bond elongations in
molecular complexes [2, 4]. In our case, however, a tip relaxation should have a similar effect along both diagonals of
the molecule and should not be restricted to only one diagonal. Hence, we exclude imaging artefacts as the cause of
the observed length difference.

ORIGIN OF THE MOLECULAR DISTORTIONS

The self-assembly of the FeTPyP molecules on Au(111) is driven by the interplay of intermolecular as well as
molecule-substrate interactions. The occurrence of different structures reflects that the precise balance of these
interactions determines the resulting structure. As shown in the main manuscript, AFM measurements reveal a
distortion of the molecule in the staggered arrangement, whereas the molecules appear undistorted in the densely-
packed arrangement.

In Fig. S3, the molecular arrangement in the staggered structure is shown, with neighboring molecules being rotated
by 90° with respect to the direction of their saddle shape. The red arrows in Fig. S3b indicate the flatter pair of



Figure S3. a) STM topography and b) constant-height Af map, showing the arrangement of the FeTPyP molecules. The red
arrows indicate the lower pyridyl groups, which coordinate to the pyridyl groups of the neighboring molecule, thus introducing
a small diagonal intramolecular distortion. The topography was recorded at 160 pA, 230mV; for the Af map, the tip was
approached by 1 A with respect to this setpoint.

pyridyl rings, for which an elongation has been oberved. As observable from the overlaid structure model, the flatter
pyridyl groups point towards the upstanding pyridyl group of the neighboring molecule in an egde-to-face fashion. By
introducing a small diagonal distortion within the molecules, the distance between the neighboring pyridyl groups is
reduced, such that the intermolecular structure is stabilized.

B-FIELD DEPENDENCE OF THE SPIN EXCITATIONS

To confirm the magnetic origin of the steps in the differential conductance, dI/dV spectra were recorded at different
magnetic fields perpendicular to the surface. In Fig. S4a,b, dI/dV spectra recorded at 0.1 T and 2.5 T are depicted for
the S=1 and S=2 molecules, respectively. For neither of the two molecules, a shift of the step position with increasing
B field is visible. On the first glance, the absence of a shift of the step position with higher B fields seems to contradict
the interpretation of a magnetic origin of the steps. To estimate the expected shift of the steps, we make use of the
relation

AE = gugBMs (52)

with pp denoting the Bohr magneton and g the gyromagnetic ratio, which is g=2 in case of a free spin. The shift should
therefore amount to approx. 300pV at 2.5T, which is in the order of the thermal broadening at the measurement
temperature of 1.1 K. Moreover, in case of transverse anisotropy of the system, the resulting intermixing of the
states of opposite spin projection would counteract the splitting of the levels with increasing B field such that the
corresponding Zeeman shift would be even smaller. Hence, the absence of a shift does not allow to interpret the origin
of the steps as non-magnetic.

As the quality of the spectra is better at finite B fields due to the enhanced mechanical stability of the STM and
since no effect of a B field on the molecular properties could be observed, the blue and red spectra shown in Fig. 2
were recorded at B = 0.5T.

The spectra shown in Fig. 2 both on the densely-packed and the staggered arrangement all exhibit a small dip
right at the Fermi level. To ensure that this feature is not of magnetic origin, the dI/dV spectra are shown again
in Fig. S4c,d together with the corresponding reference spectrum that was recorded on the Au(111) substrate. By
comparison of the spectral shape around Eg, the dip can be assigned to a tip artefact and does not relate to a
magnetic fingerprint.

[1] Probe Particle Model, http://nanosurf.fzu.cz/ppr/. accessed June, 2018.
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Figure S4. a,b) dI/dV spectra recorded on the two types of molecules of the staggered structure at two different magnetic
fields of B=0.1T and B= 2.5 T. Feedback opened at 50 mV, 1 nA with Viyoq = 0.25mV, T= 1.1K. ¢,d) dI/dV spectra of Fig. 2
together with their respective reference spectrum recorded on the Au(111) substrate, indicating that the dip-like feature at the
Fermi level is a tip artefact and does not have a magnetic origin. c¢) Feedback opened at 50 mV, 2nA with Viyoa = 0.5mV,
T= 4.8K. d) Feedback opened at 50mV, 1 nA with Vinoa = 0.25mV, B=0.5T, T=1.1K.

[2] Hapala, P.; Kichin, G.; Wagner, C.; Tautz, F. S.; Temirov, R.; Jelinek, P. Mechanism of high-resolution STM/AFM imaging
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