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ABSTRACT

The controlled deposition, characterization and manipulation of single
molecule magnets (SMMs) on surfaces is one of the crucial points to be
addressed with regard to their possible implementation as functional units
in future electronic and spintronic devices. Profound understanding of
molecule-molecule and molecule-substrate interactions is required as well
as unraveling their effect on the molecular electronic and magnetic
properties. Local measurement techniques like scanning tunneling
microscopy (STM) together with ensemble-averaging methods like X-ray
absorption spectroscopy (XAS) have been proven to set up an appropriate
frame to study these materials. The majority of these studies deal with
SMMs that exhibit rather simple structures with mostly only one magnetic
ion. The situation gets more complicated when it comes to larger
polynuclear compounds that can be quite fragile with respect to surface
deposition or not easy to organize on surfaces due to their bulky ligand
shell. Here, we provide an overview of our results on successful deposition
of polynuclear SMMs on functional surfaces by employing the
electrospray ion beam deposition method. For two prototypes in the field,
Mnyz-ac and FesH, we obtain highly ordered submonolayers on functional
surfaces and elucidate the electronic coupling to the respective substrates
using scanning tunneling spectroscopy (STS). New results for Mnj,-ac on
graphene/Ir(111) and for Fe;H on Au(111) are compared to previous
studies on a decoupling graphene layer. X-ray magnetic circular dichroism
(XMCD) measurements on submonolayers of uniformly aligned Fe,
molecules on both substrates reveal its robust magnetism, showing
magnetic anisotropy values similar to bulk.

KEYWORDS: single-molecule magnet; graphene; Au(111); scanning
tunneling microscopy; electrospray deposition; X-ray absorption
spectroscopy
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INTRODUCTION

The discovery of the first single-molecule magnet (SMM), the mixed-
valence cluster [Mn12012(02CCHz3)16(H20)4] (Mn12-ac) marked the beginning
of a new exciting research field at the borderline of chemistry, physics and
nanoscience [1-3]. SMMs like Mnj,-ac exhibit a large ground-state spin
(S = 10 for Mniz-ac) combined with a large negative zero-field splitting,
leading to a magnetic bistability below a blocking temperature of a few
Kelvin [4,5]. These properties promise outstanding functionality in small-
scale circuits, making SMMs to one of the most investigated topics in the
wide field of molecular electronics and spintronics [6]. From a
fundamental point of view SMMs provide a remarkable platform to
experimentally observe pure quantum mechanical behavior, such as
quantum tunneling of magnetization (QTM) [7], theoretically predicted
long before their discovery, superexchange between single spins [8,9] and
collective effects on surfaces in the Kondo-regime [10]. Although the Mny;
family of compounds has played a particularly prominent role in SMM
research over the first decade after its discovery, a large number of
polynuclear complexes showing similar properties have been synthesized
and characterized [3]. The main driving force for the synthesis of new
compounds is the optimization of SMM properties, like maximizing the
blocking temperature (record values up to 60-80 K in 2017/2018 [11,12]),
the anisotropy barrier (record value of 1837 K [13]) or the ground spin
state (record value of S = 60 [14]), in order to stabilize the magnetic
properties when approaching room temperature. Another important
research direction is the characterization and manipulation of the
electronic and magnetic properties of individual SMMs. Especially the
realization of control schemes, which allow to reliably tune the magnetic
properties on a single-molecule level, are of particular importance for a
possible implementation of these molecules as functional units in future
spintronic devices [6,15-17]. Measurements are often performed by
contacting the molecules via two electrodes relying on the mechanical
break-junction technique [18,19] or electromigration [20,21]. However, the
most defined way to access the properties of single molecules is by means
of STM and STS, which provide atomic resolution combined with the
access to the local electronic and magnetic properties.

The first step to individually address single molecular nanomagnets is
their controlled deposition on surfaces. The coverage can range from
isolated molecules to full monolayers or even multilayers [8] of stacked
but ordered SMMs. Crucial from this point of view is a uniform adsorption
geometry that can clearly be identified and is safely reproduced in each
experiment. This objective was achieved by using flat molecules with a
compact ligand shell [22]. The most investigated class of metal-organic
complexes in this regard are paramagnetic, planar transition metal (3d)
phthalocyanines [23] and lanthanoid double decker complexes [24].
Combining atomic spin systems together with a well-defined absorption
geometry, they offer a perfect model system to study fundamental
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interactions of their spin with the surrounding molecules or the surface,
respectively.

The situation is far more complicated when it comes to complex
molecular structures that couple together at least two magnetic ions
within the core. This naturally includes a considerable enlargement of the
ligand shell, making these structures more fragile and thus less
appropriate to be adsorbed in a controlled orientation on surfaces which
hamper the investigation of polynuclear SMMs. The first attempt by Cornia
et al. in 2003 with the prototype complex Mns, on gold films [25] was
followed by a growing amount of STM and STS studies with different
derivatives [26-30]. Although revealing detailed information about
structural integrity and electronic transport properties, no ordered
molecular islands or uniform adsorption geometry could be achieved.
Upon application of XAS and XMCD, magnetic properties were
investigated and found to deviate from the bulk [31,32]. Deposition of Mn;
on other substrates did not improve the situation [33-35], as well as pre-
functionalizing the gold surface with chain-like molecules to suppress
interaction with the surface [36]. Frequent problems were the
fragmentation of the molecules or the reduction of the oxidation states of
the magnetic ions due to the relatively weak stability of these compounds
during thermal sublimation. A breakthrough was the implementation of
electrospray ion beam deposition (ES-IBD) as gentle method that allows
soft-landing of the large Mn, compounds in form of um-thick films [37] as
well as submonolayers [38-40]. Kahle et al. performed inelastic electron
tunneling spectroscopy (IETS) of single Mn;> SMMs on a decoupling h-BN
layer on Rh(111) and revealed signatures of quantum magnetism,
although slightly altered in comparison with the bulk [40]. At the same
time first STM images with unambiguous intramolecular resolution
allowed to determine the adsorption geometry of individual compounds
upon comparison with calculations [40,41].

ELECTROSPRAY ION BEAM DEPOSITION METHOD

The technique of electrospray ionization allows gentle deposition of
complex, fragile and non-volatile molecules on surfaces in an ultra high
vacuum (UHV) environment. This is particularly interesting for
compounds that are not suitable for thermal evaporation because of
considerable fragmentation. The common design using emitter tip,
capillary and skimmer was first introduced by Dole and Whitehouse et al.
[42,43] and then widely used in mass spectrometry [44-46]. Dissolved
molecules are accelerated under ambient pressure by a voltage drop
between emitter tip and capillary and towed into vacuum. At the same
time this points out one main disadvantage of the method, as only
molecules that are stable in solution can be sprayed reliably. The
experimental setup we are using to deposit molecular magnets on surfaces
is shown in Figure 1. Several differential pumping stages allow a sample
pressure down to 10 mbar. Whereas being sufficient for clean solutions,
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the ion beam handling can be improved by introducing quadrupole ion
guides, lens systems, a mass spectrometer and retarding voltages [47-49].
The evolution to well-defined molecular beams of high chemical purity
combined with surface science techniques then led to the term of
preparative mass spectrometry which is reviewed in Rauschenbach et al.
[50]. With increasing demand on sample purity, vacuum pressure, mass
selectivity and further parameters the size of the experimental setup
scales accordingly, from small easy-to-handle UHV chambers to large
room-filling machines. As an example Figure 1b shows our experimental
setup of compact size without mass selection that can be easily attached to
preparation chambers outside the home lab [51].

(a) (b)

Skimmer Aperture
APE N,-gas \ '
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=

Figure 1. (a) Scheme of the experimental setup used for surface-deposition of molecular magnets discussed
in this manuscript. The solvent with molecules (green) is polarized by applying a high voltage (~kV) to the
emitter tip. A jet of charged particles is accelerated into the vacuum and can be manipulated by an atmospheric
pressure electrode (APE) and counter flow of Nj-gas. Blue arrows denote several pumping stages, before the
particles land on the sample surface (red). The amount of deposited material is monitored via current
measurements (gray arrows). Depending on the purpose, extensions can be realized within the ion beam path,
like mass selection and ion guiding. (b) Compact electrospray setup for easy transfer between different UHV
preparation chambers.

RESULTS AND DISCUSSION

In this work we want to emphasize the vital role of the electrospray
method with regard to surface deposition of large and fragile molecular
magnets. We first focus on the electrospray deposition of prototypical
Mniz-ac SMMs on a graphene/Ir(111) surface. Investigation by STM and
STS reveals single molecular units on the surface with a defined
adsorption geometry and well-separated molecular electronic states,
indicating a decent decoupling from the conductive substrate. We then
turn to Fe,;H SMMs, employing the electrospray technique to obtain highly-
ordered molecular islands on Au(111) and compare the results with our
previous study on graphene/Ir(111). A combined investigation by STM, STS
and XAS/XMCD reveals electronic and magnetic properties confirming the
robust molecular magnetism of Fes; complexes upon deposition on
substrates.
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Mn;;-ac on Graphene/Ir(111)

Mnis-acetate (Mnjz-ac) single molecule magnets in a solution of pure
methanol were sprayed in situ on a graphene/Ir(111) surface [51]. The
apparent height of the molecules on the surface vary between 300-700 pm,
depending on tip state and tunneling parameters. Together with
unordered molecular islands next to step edges, we also observe
periodically arranged molecular units on the bare graphene surface as
depicted in Figure 2a. A comparable ordering of Mn,; was not yet observed
on other substrates and indicates a decrease of the molecule-substrate
interaction on the graphene layer. Lattice parameters of the ordered
molecular layer are a = (1.84 + 0.08) nm, b = (2.23 + 0.08) nm and ¢ = (50 +
4)° as shown in Figure 2b. By choosing appropriate tunneling parameters
one can simultaneously image Mnj,-ac islands and the underlying
graphene Moiré pattern, resulting from the atomic lattice mismatch of
graphene and the Ir(111) surface. However, for rather large Mni;
complexes we do not find any correlation between molecular and Moiré
unit cell. Intramolecular resolution allows the identification of 10
protrusions per molecule which we assign to the individual acetate ligands.
In addition to that we determine an aspect ratio of (1.38 + 0.02) for the
elliptical shape of the molecules. This agrees well with a Mni,-ac molecule
imaged in a slantwise geometry on the surface with the magnetic easy axis
being in-plane, see Figure 2c. This arrangement does not reflect the
ordering in the crystalline phase but indicates that all magnetic easy axes
per island are pointing in the same direction.

To get insight into the local electronic properties of the adsorbed Mn,-
ac complexes we perform scanning tunneling spectroscopy measurements.
A normalized (dI/dU)/(I/U) spectrum acquired over the center of a
molecule adsorbed at a step edge is shown in Figure 2d. We observe two
sharp resonances at negative and positive bias voltage and assign these
peaks to tunneling from the highest occupied molecular orbital (HOMO)
and into the lowest unoccupied molecular orbital (LUMO) of the Mni,-ac
molecule. The sharpness of the resonances reflects a substantial
decoupling from the underlying graphene layer. The energy positions of
HOMO and LUMO are determined to be -1.38 eV and +1.54 eV, respectively.
This yields a HOMO-LUMO gap of 2.92 eV, being comparable to values
determined on HOPG [35], Au(111) [51] or obtained in DFT calculations
[52]. In addition to the structural integrity this finding underlines the
pronounced decoupling from the underlying graphene layer and provides
a good basis for further studies on such large polynuclear complexes.
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Figure 2. (a,b) STM images of well-ordered Mni,-ac islands on graphene/Ir(111). The substrate’s Moiré lattice
and molecular unit cell are indicated in white. Intramolecular features are highlighted by white circles.
Measurement parameters: U= +2.3V,I=10 pA, T=9.9 K. (c) Molecular structure of Mni,-ac, viewed along and
perpendicular to the magnetic easy axis (blue arrow). Color code: Mn = violet, O = red, C = gray, H = white.
(d) Normalized dI/dU spectrum acquired over the center of Mnj,-ac. Distinct peaks mark molecular orbitals.
Measurement parameters: Use: = +2.5 V, Iser = 50 pA, T = 5.1 K. Normalization was carried out following
(AIAU/((I/U)*+c?)¥? with ¢ = 5 pS to reflect the density of states most accurately [53]. Data are reproduced from

Ref. [51].

Surface Deposition and Properties of Fe;H

Difficulties regarding the surface deposition of Mni; SMMs in a well-
defined fashion together with the observation of the loss of SMM
properties on surfaces led to the development of new approaches
concerning the design of molecular structure and characterization
methods [54]. The research was extended to other SMMs, with the
observation of QTM by Mannini et al. in a [Fes(L)2(dpm)s] derivative
(with HsL. being of the general form R-C(CH,OH); and Hdpm =
dipivaloylmethane) grafted to a gold surface [55,56]. In 2015, magnetic
bistability and partially oriented molecules of this so-called Fes SMMs
were reported upon adsorption on gold [57]. Fes/Au(111) then served as
prototypical system for multi-scale calculation methods [58,59]. However,
surface deposition via drop casting or thermal sublimation suffered from
degradation due to the molecule’s fragile nature [60]. We have recently
showed that upon employing the electrospray technique the deposition of
intact Fes complexes on an insulating h-BN/Rh(111) surface can be
performed [61]. In order to achieve a preferably flat adsorption
configuration we synthesized a new derivative that has the shortest
tripodal ligand possible (R = H, called Fe4H in the following) as depicted in
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Figure 3a. STM topographic measurements revealed the formation of
highly-ordered molecular islands. Upon comparison of STM data to the
DFT calculations we could show that all molecules are indeed uniformly
lying flat with the plane of their four iron atoms lying parallel to the
surface. This particular configuration directly indicates that the easy
magnetic axis of every molecule on the surface points in the same
direction, that is out-of-plane. These findings are highly relevant for a well-
defined contacting of individual molecules as well as the suitability for
ensemble measurement methods like XAS and XMCD.
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Figure 3. (a) Molecular structure of Fe,H. H atoms are omitted for clarity. (b) STM images of Fe;H on Au(111)
with the direction of the unit cell vectors sketched in white. Inset: Magnified image of a single molecule with
its 3-fold symmetry. Scale bar 0.5 nm, measurement parameters: U = +2.5 V, I = 20 pA, T = 4.3 K. (c) XAS/XMCD
spectrum of the Fe;H submonolayer on Au(111) at normal incidence of X-ray beam and magnetic field.
Measurement parameters: B = 6.8 T, T = 2.5 K. (d) Magnetization curves obtained at the iron L3 edge for two
magnetic field directions. Solid lines represent the fit according to the giant spin model discussed in the text.
Measurements were carried out at the X-Treme beamline of the SLS synchrotron at Paul-Scherrer-Institute,
Switzerland [62].

FesH on Au(111)

Following the intense interest in Fes derivatives on gold surfaces, we
here present results for the surface deposition of FesH on Au(111) using
the electrospray method. Figure 3b shows an STM topographic image at
submonolayer coverage, recorded after cooling down the sample to 4 K.
The molecules arrange in an almost hexagonal structure with surface
lattice parameters a = (1.64 + 0.03) nm and b = (1.68 + 0.04) nm under an
angle of ¢ = (59.4 = 1.9)°. These values are close to the bulk lattice
parameters within the crystallographic (001) plane [61]. A zoom on a single
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molecular unit (see inset in Figure 3b) reveals a three-fold symmetry with
six protrusions surrounding a central depression or protrusion,
depending on bias voltage and tip state. Comparing to the previous results
on Fes/h-BN/Rh(111), we conclude a flat-lying FesH molecule on the Au(111)
surface with the six lobes corresponding to its outer dpm ligands [61]. At
this coverage there are neither preferred adsorption sites nor directional
correlations with the herringbone reconstruction of the underlying gold
substrate as it is the case for smaller molecules [63,64]. At lower coverage
single molecules are found to preferably sitting on elbow sites of the
herringbone reconstruction, however they can be easily displaced with
the STM tip.

For further investigations on Fes/Au(111) we implemented XAS and
XMCD, which have been proven to be powerful tools in order to get deeper
insight into electronic states and magnetic properties of adatoms and
admolecules on surfaces [54,65]. In the case of Fes, previous XAS/XMCD
studies by Mannini et al. of derivatives grafted to Au(111) via thiolate-
terminated aliphatic chains [32,55,56] for the first time demonstrated a
system were the striking magnetic properties of SMMs are retained on a
conductive surface. The ferrimagnetic spin structure inside Fes has been
experimentally confirmed by isostructural replacement of the central iron
atom to FesCr and comparing XMCD spectra of both compounds [66-68].
Derivatives with other tripodal ligands like thioctic side groups [69,70] and
short phenyl rings [57] show same spectral characteristics as compared to
bulk samples and therefore underline the robust magnetism of the class of
Fes SMMs. However all of these derivatives exhibit extended tripodal
ligands which always result in a certain distribution of adsorption
geometries on the gold surface and coupled to this a distribution for the
orientation of magnetic easy axes [56,57]. In the following we focus on the
flat-lying FesH derivative with a strictly out-of-plane orientation of the
easy magnetic axis.

Figure 3c shows the XAS and derived XMCD spectrum of a
submonolayer of Fe;H/Au(111), recorded at the L 3-edges of iron (2p - 3d)
at normal incidence. All spectra are normalized to the maximum of
(0. + 0)/2 around 708.5 eV with o.,- referring to left and right circularly
polarized light, respectively. Spectral shape and peak magnitudes agree
well with previously reported results of other Fes derivatives on gold
[32,55-57,66,67,69,70]. The splitting and peak ratios of both absorption
edges are generally attributed to an Fe®" oxidation state in an octahedral
environment thus indicating the intact core of Fes. Furthermore it
indicates a ferrimagnetic alignment of inner and outer spin magnetic
moments at the iron sites that sums up to a total spin ground state of S =5
[66]. For a more quantitative analysis sum rules on both XAS and XMCD
spectra allow to obtain values for orbital and spin magnetic moments per
atom of the respective element [71,72]. These formulae relate the XMCD
intensity at both edges to the total absorption spectrum and have been
proven to be powerful tools to determine magnetic anisotropies of SMMs

Quantum Mater Res. 2020;1:e200002. https://doi.org/10.20900/qmr20200002


https://doi.org/10.20900/qmr20200002

Quantum Materials Research

90f18

[73,74]. However one has to be careful with interpretation of observed
values due to systematic errors depending on the respective oxidation
state, the direction of the magnetization vector and the respective
background correction procedure [75]. We estimate the isotropic XAS
spectrum as gy = (0. + 0-)/2 following usual approaches [76]. Applying the
sum rules to our results we obtain an orbital magnetic moment <m;> =
(0.45 + 0.08) up/atom and a spin magnetic moment <mses> = (1.43 + 0.23)
ug/atom. Errors denote standard deviations upon an ensemble of
measurements obtained on four different spots on the surface. There is a
non-negligible orbital contribution to the total magnetic moment of ~30%.
Concerning <mser> it was shown that the sum rule underestimates
obtained values by ~30% in d° systems [75], thus after applying the
correction we obtain a mean spin magnetic moment of <mgcorr> ~ 2.0
us/atom.

To obtain information about magnetic anisotropy of the system we
track the peak intensity of the XMCD Ls peak (708.5 eV) upon sweeping the
magnetic field. In Figure 3d we plot the resulting magnetization curve
measured under normal (0°) and grazing (60°) incidence. A steeper
increase in the magnetization for normal incidence is a clear indication
for an out-of-plane magnetic easy axis. This finding is in line with the STM
observations of flat-lying molecules as discussed before. The long
acquisition time leads to non-negligible X-ray beam damage as detected by
a monotonous decrease of the XMCD Ls edge after several hours, therefore
the curves are symmetrized with respect to zero field. This does not affect
the overall shape of curves as we measure above the blocking temperature
in the superparamagnetic regime and thus no opening of hysteresis or
QTM can be observed here [55,56]. To quantitatively analyze both curves
we use the giant spin hamiltonian Hzes = DS,? + guousSH that describes
prototypical SMMs of spin S with S, being its out-of-plane projection, D the
magnetic anisotropy, g the Landé factor and H the external magnetic field.
Assuming g =2 and a S = 5 spin ground state the fitting procedure yields a
magnetic anisotropy value Dg; = —(57 + 17) yeV at a temperature T = (2.9
+ 0.3) K and the resulting curves are displayed as solid lines in Figure 3d.
The magnetic anisotropy is in very good agreement with its bulk value of
—53 peV [61] and values reported for other Fe4 derivatives [32,56], both on
gold and in bulk. We therefore conclude the SMM magnetic properties of
Fe4H being fully retained upon deposition on the Au(111) surface.

Fe;H on Graphene/Ir(111)

In order to be able to investigate the magnetism of Fes at the molecular
scale Gragnaniello et al. investigated the Fe,;H compound on a graphene
monolayer on Ir(111) [77]. In contrast to the pronounced corrugation of
the Moiré pattern of h-BN/Rh(111) [61], graphene/Ir(111) offers the
advantage to appear almost flat in height and the work function
modulation is reduced to a minimum. This is confirmed by our STM
measurements where the Fe;H molecular magnets indeed exhibit
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exceptionally well-ordered molecular islands, see Figure 4a. The
arrangement of the molecules within the islands is highly periodic with an
intermolecular distance of (1.6 + 1) nm and the surface unit cell angle of
(58.1 £ 1.8)°, which are comparable to those observed on gold and in bulk.
In contrast to the FesH/h-BN system no correlation is observed between
the molecular assembly and the Moiré superstructure of the substrate.
Furthermore, no isolated Fe;H molecules are found on the surface,
confirming a rather weak interaction of Fe,H with graphene.
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Figure 4. (a) STM image of a submonolayer Fe,;H on graphene/Ir(111). Inset: High resolution STM image of
molecules within the island. The surface unit cell and single molecule shape are highlighted in white.
Measurement parameters: U = +3 V, I =10 pA, T = 1.9 K. (b) (dI/dU)/(1/U) spectra recorded over the center of
FesH on graphene/Ir(111) (red) and Au(111) (blue). (c) Spatially resolved molecular orbitals of FesH on
graphene at energies —2.05 eV (HOMO) and +2.4 eV (LUMO). (d) Statistics of excitation steps observed in IETS
of Fe;H/graphene/Ir(111). A magnetic field induced shift indicates the magnetic origin of the observed inelastic
feature. Results of FesH/graphene/Ir(111) adapted with permission from Refs. [77,78], Copyright © (2017,2019)
American Chemical Society.

Figure 4b shows normalized (dI/dU)/(I/U) spectra acquired over the
molecular center. Again resonances at negative and positive bias voltages
denote tunneling into the HOMO and LUMO of the molecule. In the case of
FesH/graphene/Ir(111) both HOMO and LUMO orbitals are almost
symmetrically located around the Fermi level. The average conductance
gap is determined to (4.5 + 1) eV, its large size indicating a pronounced
electronic decoupling from the substrate. However, a pronounced
difference is visible in the spectrum measured on FesH/Au(111), which is
plotted as blue curve in Figure 4b. Whereas the intensity at negative bias
voltages rises comparably to the result on graphene the LUMO resonance
is significantly shifted towards the Fermi level by ~(-1.3) eV. The decrease
of LUMO energy together with the resulting reduction of the transport gap
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to ~(2.5 £ 0.5) eV both indicate an increased coupling to the metal substrate.
The STS measurements performed on a grid over a FesH molecule allows
to image the spatial localization of molecular states. Figure 4c shows the
orbitals recorded on FesH/graphene/Ir(111) at energies corresponding to
HOMO and LUMO, respectively. Whereas LUMO is spread over the dpm
ligand shell, HOMO is localized over the molecular center, which points at
weak coupling to the substrate [61]. In principle this method allows
comparison of experimentally observed molecular orbitals with electronic
states obtained by DFT calculations, both from the energetic and spatial
point of view. However it remains an experimentally challenging task to
distinguish between different orbitals as the size of polynuclear SMMs
lead to a large number of energy levels lying close together in energy. As
the sharpness of orbital resonances in dI/dU spectroscopy depends on the
molecule-substrate coupling, an appropriate choice of material can
therefore enhance the insight in electronic properties of surface-
supported molecules. In our case this is illustrated by the distinction
between a conductive gold and a semiconducting graphene surface, with
an increased spectral resolution on the latter.

Up to now magnetic properties of FesH were addressed just by
ensemble averaging measurement techniques. On a local scale, inelastic
electron tunneling spectroscopy (IETS) has been shown to provide detailed
insight into excitation processes of surface-supported vibrational and spin
degrees of freedom [79,80]. IETS measurements on artificial atomic
structures allowed Hirjibehedin et al. to precisely investigate the
interaction between several atomic spin systems [81,82]. As next step the
method had been successfully implemented to probe superexchange
interactions and magnetic anisotropy of molecular complexes [83,84]. An
important advance towards the characterization of polynuclear SMMs
was the employment of IETS on polynuclear Mni; and Fes compounds
within the tunnel junction [40,85]. In these studies the position of
excitation steps in dI/dU spectra are related to excited spin transitions and
allow to determine both the magnetic anisotropy D and the intramolecular
exchange interaction parameter J. A main drawback in both cases was the
bulky structure of the studied molecules leading to an adsorption
configuration only roughly determined by STM imaging and thus to an
undefined orientation of the magnetic easy axis. With our flat-lying
derivative, Fe,;H, we assure a well-defined adsorption configuration as
well as well-defined and reproducible orientation of the easy axis.
Carefully adjusting tunneling and tip-approach parameters we previously
performed IETS measurements on a large number of molecules to obtain
reliable statistics, giving the possibility to quantitatively evaluate the
impact of the magnetic field [78]. At the same time this procedure captures
the variation of step energies that are present within the submonolayer.
Resulting histograms are shown in Figure 4d. The observed excitation
energies of (4.3 + 1.4) meV and (5.0 £ 1.5) meVin a1 T and 6 T out-of-plane
magnetic field allowed us to determine the Fe-Fe exchange interaction |

Quantum Mater Res. 2020;1:e200002. https://doi.org/10.20900/qmr20200002


https://doi.org/10.20900/qmr20200002

Quantum Materials Research 12 of 18

based on a Heisenberg and giant-spin model. The obtained J = (1.5 + 4) meV
is very close to the value of 1.7 meV measured on FesH bulk material [61]
and is in very good agreement with values reported for other Fe,
derivatives [56,57,66,67,85]. Thus we successfully implement the
experimental protocol for IETS measurements on large SMM complexes,
giving particularly important insights into the properties of surface-
supported individual nanomagnets. The robust magnetism of Fe4H on both
gold and graphene however raises the question about the connection to
the profound differences of electronic states found in dI/dU spectroscopy.
Thus, further STM studies are needed to address the electronic and
magnetic states of individual complexes in order to shed light on details of
intramolecular exchange, magnetic anisotropy, as well as the substrate-
induced renormalization of electronic states. To this end a joint effort of
theoretical modelling and precise local investigations on well-defined
systems is needed to reveal the influence of surface deposition on
electronic and magnetic properties of large SMMs.

CONCLUSION

We here review the recent results on the successful deposition of
prototypical SMMs Mni; and Fes on surfaces by employing the
electrospray deposition technique. STM topographic imaging in both cases
revealed mainly intact molecules after adsorption, thus highlighting the
potential of electrospray as a well suitable deposition method for larger
and rather fragile molecular magnets. The used derivatives Mni,-ac and
FesH arrange in highly-ordered submonolayers on a graphene/Ir(111)
surface and intramolecular resolution allows us to determine their
adsorption configurations. In the case of Mni;-ac all magnetic easy axes
are supposed to be co-aligned within each molecular island, thus forming
a cone of preferred directions similar to Fe, with extended tripodal ligands.
We present results of FesH deposited on a Au(111) surface and observed a
similar arrangement to the case on graphene/Ir(111) with a flat adsorption
geometry. XAS and XMCD measurements confirmed a bulk-like magnetic
anisotropy with all magnetic easy axes pointing in the out-of-plane
direction, indicating the robust magnetism of the ligand shell-protected
magnetic core of Fe,s. For both SMMs we performed dI/dU spectroscopy on
single molecules that revealed well-separated HOMO and LUMO orbitals
and indicate a substantial decoupling from the underlying substrate.
However the transport gap of FesH is significantly reduced by changing
from graphene/Ir(111) to Au(111) pointing to a stronger interaction
between SMM and the substrate. We also were able to reliably study FesH
nanomagnets on graphene/Ir(111) with IETS, making it a very attractive
system for further investigations related to molecular magnetism. This
work illustrates how a combination of suitable deposition technique,
specific molecular engineering and careful choice of substrate allows to
preservethe integrity and study the unique magnetic properties of fragile
large, polynuclear molecular magnets.
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