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I

Zusammenfassung
Einzelmolekülmagnete (SMMs) sind die kleinstmöglichen Einheiten, die alle Voraussetzungen für
ein stabiles magnetisches Moment auf makroskopischen Zeitskalen mitbringen. Diese Eigenschaft positioniert sie unter die vielversprechendsten Kandidaten zur Implementierung in künftige Anwendungen
im Bereich der molekularen Elektronik oder Spintronik. Zur Untersuchung möglicher Konzepte der
Kontaktierung, sowie ihrer strukturellen, elektronischen und magnetischen Eigenschaften im Bereich
einzelner Moleküle ist die Rastertunnelmikroskopie (STM) ideal geeignet. Bis dato verbleiben allerdings
viele offene Fragen in Bezug auf ihre Oberflächen-Adsorption, die Wechselwirkung mit ihrer Umgebung
sowie die Stabilität ihres molekularen Magnetismus ausserhalb der kristallinen Phase. All diese Punkte
motivieren die Untersuchung der Oberflächenphysik zwei der prominentesten Vertreter von SMMs im
Rahmen dieser Doktorarbeit: Die des prototypischen Fe4 Komplexes sowie die der kürzlich entwickelten lanthanid-(Ln)-basierten Dimetallofullerenen.
Fe4 Verbindungen gehören zu den ersten synthetisierten SMMs, und die Eigenschaften ihrer kristallinen
Phase sind ausführlich charakterisiert, aber nur wenige Experimente wurden an einzelnen Molekülen
durchgeführt. Diese Doktorarbeit demonstriert die erfolgreiche Oberflächenabscheidung der sogenannten Fe4 H Variante auf unterschiedlichen, funktionellen Materialien. Trotz ihrer voluminösen Struktur
wird eine flache Adsorption auf Graphen/Ir(111), Pb(111) und Au(111) realisiert, was als idealer Startpunkt zur Adressierung einzelner Moleküle dient. Molekülorbitale werden mittels Rastertunnelspektroskopie (STS) untersucht und ergeben verschieden ausgeprägte, aber schwache Wechselwirkungen mit
allen Oberflächen. Die intramolekulare Austauschwechselwirkung wird durch inelastische Spinanregungen bestimmt und zeigt intakten molekularen Magnetismus auf Graphen. Die magnetische Anisotropie
wird mittels Röntgenabsorptionsspektroskopie (XAS) untersucht und hängt von dem jeweiligen Substrat ab, wobei eine lediglich schwache Variation den robusten Magnetismus von Fe4 SMMs demonstriert. Zum ersten Mal wurde erfolgreiches chemisches Dotieren durch Anhängen einzelner Li Atome
an solch grossen, mehrkernigen Verbindungen gezeigt. Der Einfluss auf die elektronischen und magnetischen Eigenschaften wird ausführlich durch STM und XAS Messungen untersucht.
Ln-basierte Dimetallofullerene der Struktur Ln2 @C80 (R) mit Ln = Dy und Tb zeigen im Kristall magnetische Blockingtemperaturen von TB = 20 K bzw. 28 K. Dieser Performance-Indikator sowie ihre
herausragende chemische Stabilität platziert sie an vorderster Stelle der aktuellen "Hochtemperatur"SMMs, sie wurden bis jetzt jedoch hauptsächlich in der kristallinen Phase untersucht. Diese Doktorarbeit demonstriert ihre erfolgreiche Oberflächenabscheidung mittels der Elektrospray-Methode, was
ergänzt wird durch eine ausführliche Charakterisierung durch STM und STS Messungen. Durch die
Seitengruppe R = CH2 Ph bilden die Moleküle teilweise geordnete Sub-Monolagen auf Graphen/Ir(111)
aus. Räumlich und spektral aufgelöste Molekülorbitale zeigen gute Übereinstimmung mit ab-initio
Berechnungen in der Gasphase. Dies erlaubt die eindeutige Zuordnung des ersten unbesetzten Molekülorbitals in STS Spektren zu der einzeln besetzten, spin-polarisierten Komponente des [Dy3+ – e – Dy3+ ]
Bindungsorbitals, welches für die ferromagnetische Wechselwirkung zwischen den zwei spintragenden
Dy3+ -Ionen verantwortlich ist. XAS Experimente zeigen einen weitgehend intakten molekularen Magnetismus mit einer Schliessung der Hysteresekurve über 20 K, was effektiv einer Verdopplung der
bisher gemessenen magnetischen Blockingtemperatur in oberflächen-adsorbierten SMMs entspricht.
Eine Strategie zum chemischen Dotieren von einzelnen Dy2 @C80 (R) Komplexen wird untersucht, und
zeigt eine klare Veränderung der Spindynamik durch Anhängen einzelner Li Atome.
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Summary
Single-molecule magnets (SMMs) denote the smallest possible units that incorporate all ingredients
for a magnetic moment that is stable on macroscopic time scales. This property places them among
the most promising candidates for implementation into future molecular electronic or spintronic devices. Investigation of possible contact schemes, their structural, electronic and magnetic properties
can be well performed on a single-molecule scale in scanning tunneling microscopy (STM) experiments.
However, numerous questions regarding their surface-adsorption, the interplay with their environment
as well as the robustness of their molecular magnetism beyond the bulk remain open. This motivates
to study the on-surface physics of two prominent examples within this thesis: The prototypical Fe4
SMM as well as the recently developed lanthanide-(Ln)-based dimetallofullerenes.
Fe4 compounds were one of the first SMMs ever synthesized, and are well studied in their bulk phase,
but only few experiments have been performed that target individual units. This thesis reports on
successful surface-deposition of the so-called Fe4 H derivative on different functional substrates. Despite
its bulky structure, a flat adsorption geometry is obtained on graphene/Ir(111), Pb(111) and Au(111)
surfaces, which serves as ideal basis to investigate individual molecules. Electronic orbitals are probed
by scanning tunneling spectroscopy (STS) and reveal different, albeit weak interaction with all substrates. The intramolecular exchange constant is determined from inelastic spin excitations, and shows
a bulk-like molecular magnetism on graphene. Its magnetic anisotropy is studied in X-ray absorption
spectroscopy (XAS) measurements and depends on the respective substrate, but only small variation
underlines the robust magnetic nature of Fe4 SMMs. For the first time reported on such large, polynuclear magnetic compounds, successful chemical doping is achieved by attachment of single Li atoms. Its
implication on the electronic and magnetic properties are comprehensively addressed by STM and XAS.
Ln-based dimetallofullerene molecules with the structure Ln2 @C80 (R) obey bulk magnetic blocking
temperatures around TB = 20 K and 28 K for Ln = Dy and Tb, respectively. This figure of merit in
combination with their outstanding chemical stability places them at the forefront of high-TB SMMs
to date, but so far they have been mainly characterized in their bulk phase. This thesis reports on
their successful surface-deposition using the electrospray method, followed by a thorough characterization using STM and STS techniques. The molecules assemble in partially ordered sub-monolayers on
graphene/Ir(111), driven by the protruding sidegroup R = CH2 Ph. Molecular orbitals are energetically
and spatially resolved, and well agree with ab-initio gas-phase calculations. This allows for an unambiguous identification of the lowest unoccupied molecular orbital in STS spectra, which reflects the
singly occupied, spin-polarized component of the [Dy3+ – e – Dy3+ ] bonding orbital, that mediates the
ferromagnetic exchange between the two spin-carrying Dy3+ ions. XAS experiments reveal a widely
retained molecular magnetism, with a bulk-like hysteresis closing above 20 K, which effectively doubles the magnetic blocking temperature observed in surface-supported SMMs up to now. A route to
chemically dope individual Dy2 @C80 (R) complexes is explored and suggests significant alteration of
the spin dynamics in these peculiar molecular magnets upon Li attachment.
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List of abbreviations
Pc Phthalocyanine
PDOS Projected density of states
PIC Piezo control cable
PSD Power spectral density
QTM Quantum tunneling of magnetization
SC Superconductor
SCC Sample control cable
SLS Swiss Light Source
SMM Single-molecule magnet
SPM Scanning probe methods
SQUID Superconducting Quantum Interference
Device
STM Scanning tunneling microscopy
STS Scanning tunneling spectroscopy
TCC Temperature control cable
TEY Total electron yield
TMPc Transition metal phthalocyanine
XAS X-ray absorption spectroscopy
XMCD X-ray magnetic circular dichroism

ADS Active damping system
APE Atmospheric pressure electrode
CCC Cryostat control cable
DCB Dichlorobenzene
DCM Dichloromethan
DFT Density functional theory
DOS Density of states
EMF Endohedral metallofullerenes
ESD Electrospray deposition
ES-IBD Electrospray ion beam deposition
FFT Fast Fourier Transformation
GSA Giant spin approximation
HF High frequency
HOMO Highest occupied molecular orbital
IETS Inelastic electron tunneling spectroscopy
LEED Low energy electron diffraction
Ln Lanthanide
LUMO Lowest unoccupied molecular orbital
MD Molecular dynamics
MPc Metal phthalocyanine

Constants and data analysis
Symbol
~
e
me
kB
µB
c

Reduced planck constant
Elementary charge
Electron mass
Boltzmann constant
Bohr magneton
Speed of light

SI-value
1.0545716 · 10−34 Js
1.6021764 · 10−19 As
9.109382 · 10−31 kg
1.38065 · 10−23 J/K
9.274009 · 10−24 J/T
2.99792458 · 108 m/s

Tab. 0.1: Physical constants referred to within this work. Values from [1].

All STM images are edited using SPIP (www.imagemet.com). Home-made Mathematica scripts
(www.wolfram.com) are used in order to analyze all STS, XAS and XMCD data. Plots and diagrams in this work are produced using Mathematica and qtiPlot (www.qtiplot.com). All figures are
assembled and finalized using Adobe Illustrator (www.adobe.com). Fit functions use the LevenbergMarquardt algorithm for minimization of the mean squared error. In case of no convergence, the
Nelder-Mead-Simplex algorithm is used. For a function f (x1 , ..., xN ), the propagation of uncertainty
is calculated using [2]
v
uN 
2
uX ∂f
δxi .
δf = t
∂xi
i
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1 Introduction
Nanoscale clusters – single molecules – single atoms. Why should one be interested in studying individual units of the quantum world, whose small dimensions largely evade the human imagination?
This question can be approached by two contrastive point of views. First, the inquiring human brain
has always been wondering of what happens at both the lower and upper limit of macroscopic space
and time. Just for a matter of curiosity, it can thus be highly relevant to dig into the fascinating world
of quantum science, heading for elusive phenomena or trying to control matter at its smallest scale.
Second, a more rational approach is motivated by the extremely fast technological progress during the
last century, that has revolutionized the way of information processing, with huge implications in all
fields of human interaction. The miniaturization of functional units into the sub-µm range allowed
the development of inconceivable computer performances, and the roadmap of the underlying CMOS
technology forecasts huge space for innovative data processing methods in the future [3]. Concerning
classical integrated circuits, this implies the transition from 2D layered to stacked 3D devices, which
however face huge difficulties in terms of Joule heating and leak currents, due to the nature of the
relevant information carrier, the charge of an electron.
Possible techniques to re-invent the way of data processing have been suggested to rely on specially
designed molecules as smallest computational units [4], or to use the electron’s spin degree of freedom
instead of its charge [5]. The first approach typically is referred to as molecular electronics, whereas
the second one has been established under the term spintronics. Compared to conventional electronic
circuits, spintronic devices are expected to operate with far less energy cost, which marks only one out
of several advantages [6]. Note that both technical visions are far from taking over the CMOS-based
technology at the moment, but are intensively investigated, and several implementations have been
demonstrated already [7, 8, 9].
Single-molecule magnets (SMMs) have been proposed to act as fundamental link between the fields of
molecular electronics and spintronics, and could serve as basic units in future devices [6]. Discovered
in the 1990s and extensively investigated during the last decades, important questions remain open
regarding the contacting, control and manipulation of the key characteristics of such molecules. This
offers a wide field of basic research that has to be tackled step by step, which motivates the experiments
performed within this thesis.

1.1 Single-molecule magnets and their perspectives
With the discovery of the first SMM in 1991, a whole new and exciting research field emerged along
the border of organometallic chemistry, physics and nanoscience [10, 11, 12]. The first compound
that demonstrated slow relaxation of its magnetic moment in the bulk was the mixed-valence cluster
[Mn12 O12 (O2 CCH3 )16 (H2 O)4 ], named Mn12 -ac, and was shown to exhibit a large spin ground state
of S = 10 [13, 14, 15]. In combination with a large zero-field splitting, the spin relaxed within about
90 s at T = 2.5 K, and revealed a more permanent magnetic bistability at even lower temperatures.
Other SMMs have been synthesized soon after. One of those was a tetranuclear iron(III) compound,
named Fe4 , with S = 5 and comparable spin relaxation parameters [16]. The flexible synthesis protocol
that allows different functionalizations, outstanding chemical stability in the bulk as well as its well-
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defined magnetic core promoted Fe4 derivatives to become one of the typical and best-studied SMMs
during the following decades, especially in their bulk phase [17, 18, 19]. The key properties of such
a prototypical molecular magnet can be described with a phenomenological Hamiltonian within the
giant spin approximation (GSA) model, which in the lowest order reads [20]
HGSA = −|D|Ŝz2 .

(1.1)

This term introduces the magnetic anisotropy D as one of the main characteristics of SMMs, which
is imprinted by the molecular crystal field and leads to the formation of a magnetic easy axis in axial
direction z. When transverse terms ∝ Ŝx,y are negligible, Eq. 1.1 can be solved by the eigenfunctions
|±mS i with eigenenergies −|D|m2S and |mS | ≤ S, see Fig. 1.1a. The degenerate ground state is thus
given by |±Si, which is referred to as Kramers doublet and equally occupied in thermal equilibrium [11].
The application of an external magnetic field B̂z parallel to Ŝz however lifts the degeneracy by means
of a Zeeman splitting [11]
(1.2)
HZeeman = gS µB B̂z · Ŝz ,
which leads to the exclusive population of |−Si after sufficient thermalization. In a well-defined
picture like Eq. 1.1 the eigenstates do not mix, and spin states can only reach thermal equilibrium by
phonon-assisted spin transitions, sequentially mediated by each spin state as depicted in Fig. 1.1a. In
a first-order approximation, the transition probability is thus solely driven by thermal excitations, and
the relaxation time τ can be described by an Arrhenius law [21]
τ ∝ e|D|S

2 /(k T )
B

.

(1.3)

This equation demonstrates that τ is always finite, especially at elevated temperatures. If the total
magnetic moment of SMMs is now measured on a time scale T  τ , for example in a Superconducting Quantum Interference Device (SQUID) hysteresis experiment, a nonzero net magnetization is
observed at zero field. Note that this description not only holds for an ensemble of molecules, but
also describes the behavior of a single molecular magnet that is measured a lot of times. Therefore, a
characteristic quantity to compare different SMMs with each other is the so-called magnetic blocking
temperature TB , below which slow magnetic relaxation can be observed. It is defined as the point
where T = τ , and thus highly depends on the measurement method and its intrinsic time scale [11].
This will be discussed in more detail at the relevant measurements in Sect. 5.4. Upon studying the
spin dynamics in early SMMs, deviations in the magnetic relaxation rate have been noticed soon after
their discovery [22]. This marked the first observation of quantum tunneling of magnetization (QTM),
one of the most interesting phenomena in SMMs from a fundamental science point of view. Here,
tunneling between different states |mS i leads to a rapid increase of the magnetic relaxation rate at
designated magnetic field values and can be modeled by the introduction of transverse Ŝx,y terms in
Eq. 1.1, which generates superpositions of the eigenstates. This extension is justified as each system
in the real world will experience small, albeit nonzero disturbance terms in the x-y-direction. This is a
purely quantum mechanical phenomenon and can be well visualized as pronounced steps in hysteresis
curves at sufficiently low temperature, see Fig. 4.1c for an example measured on Fe4 SMMs. Following
Eqs. 1.1 and 1.2, the step positions BQTM are crossing points of different spin level energies where
(mS ) = (m0S ), and can be calculated as [11]
|D|
BQTM (mS , m0S ) = −
(mS + m0S ).
(1.4)
gS µB
The allowed transitions are illustrated in Fig. 1.1a, together with a combination of these two main
relaxation channels, the so-called phonon-assisted QTM [23]. The invention of more complex SMMs
led to refined relaxation models and ab-initio numerical calculations, taking into account higher-order
phenomena like spin-spin cross relaxation or Raman-scattering [24, 25, 26, 27]. For more details the
reader is referred to the literature, as a discussion is out of the scope of this thesis.
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Fig. 1.1: Introduction to SMMs – spin levels and TB . (a) Lowest-lying spin state levels of the prototypical Fe4 SMM as calculated within the GSA model in Eqs. 1.1 and 1.2, both for zero magnetic field (red)
and |B| ≈ |BQTM | > 0 (orange). The main magnetization relaxation channels are phonon-assisted (thermal)
relaxation (blue), pure QTM (dark green) and phonon-assisted QTM (bright green). The latter two pathways
open at discrete magnetic field values, when (mS ) ≈ (m0S ). (b) Evolution of the highest magnetic blocking
temperatures TB measured in bulk SMMs (blue) and surface-adsorbed SMMs (orange), up to early 2021. Boiling temperatures of LHe and LN2 are indicated as technologically relevant thresholds. Values are taken from
[15, 28, 29, 30, 31, 32] (bulk) and [33, 34, 35, 36, 37] (on-surface), without claim of completeness.

From a fundamental science point of view, molecular magnets provide a remarkable platform to
study a whole set of interesting quantum mechanical phenomena beside the observation of QTM.
Superexchange between single spins has been visualized in scanning probe experiments [38, 39] and
the Kondo effect with surface electrons allows to study spin ground states and many-body correlations [40, 41, 42, 43, 44, 45, 46]. Interaction of molecular magnets with superconducting surfaces was
shown to induce localized bound states in the superconducting condensate [47, 48]. However, the vast
majority of these studies focus on planar molecular magnets based on phthalocyanines or porphyrins,
where the magnetic core atoms like Fe, Mn or Tb are strongly coupled to the respective substrate.
Most of these spin-carrying compounds furthermore only exhibit paramagnetic behavior, and are thus
no SMMs in a strict sense. Few exceptions are doubledecker compounds like TbPc2 , which shows
extremely slow magnetic relaxation rates when placed on decoupling surfaces [34, 35, 36]. Observation
of the described quantum phenomena in classical SMMs with multiple magnetic atoms remains widely
elusive, which motivates the research presented in this thesis from a fundamental scientist’s perspective.
The SMMs of the first hour have been synthesized with two or more transition metal atoms like Mn,
Fe, or Ni as magnetic centers. They are interconnected via oxygen bridges or metal-metal bonds in a
highly symmetric (mostly octahedral) environment, which induces unpaired electrons in the 3d valence
shell which then carry the atomic spins ~sˆi . Direct or superexchange interaction between the magnetic
centers can then be described in a Heisenberg model [49]
Hex =

N
X

Jij ~sˆi~sˆj ,

(1.5)

i>j

with the pairwise exchange interaction constant Jij . The ground state of Hex forms the spin state
|Si, which is subsequently splitted by HGSA as described above. As an example, the magnetic core
of the mixed-valence cluster Mn12 -ac is shown in Fig. 1.2a. The spin center is typically coordinated
by three-dimensional, bulky organic ligands that provides suffficient shielding from the environment,
as can be seen in Fig. 4.1b at the Fe4 SMM investigated within this thesis. This class of molecules is
typically referred to as polynuclear SMMs, and has been extensively studied in the bulk phase during
the first two decades after their discovery. However, only few attempts have been made up to date
that investigate the peculiar magnetic properties of individual units, mainly due to their complex and
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fragile nature. This is one of the main motivation for the research performed in this thesis, and will
be underlined from a technological perspective in the following.
The introduced key characteristics of SMMs, i.e. magnetic anisotropy combined with slow magnetic
relaxation below TB , suggest them as particularly promising functional units for future integration in
small-scale circuits in the wide field of molecular electronics and spintronics [50]. Numerous applications
have been investigated and proposed theoretically like the implementation of algorithms in quantum
processing [51, 52, 53], read-out of spin states using a transport scheme [54], or use as molecular spin
transistors [6, 55]. Experimentally, SMMs have been successfully implemented to serve as spin-valves
in hybrid nanodevices [56, 57], to act as single-molecule transistors [7] or to operate the quantum
Grover algorithm [58, 59]. The main advantage of SMMs compared to the paramagnetic molecules
widely investigated in the literature as discussed above lies in the combination of chemical tunability, a
shielded magnetic core as well as the coordination environment which is fully supplied by the molecule
itself. Furthermore, they offer the possibility of synthesis upscaling as well as directed self-assembly
onto device surfaces [60]. Both fundamentally important as well as application-relevant, it is however
technically demanding to study the spin dynamics of most compounds due to their fast magnetic
relaxation, which closes their hysteresis curves below liquid helium temperature. Intense research
during the last two decades in a combined effort of organometallic chemistry and physics has thus led
to the development of SMMs whose magnetic nature is based on members of the lanthanide family, as
introduced in the following.

1.2 From 3d to 4f single-molecule magnets
In view of possible integration of SMMs in future devices it seems advisable to improve their key
characteristics in order to overcome magnetic bistability appearing only in the ultra-low temperature
regime. The main driving force during the first decades was thus the maximization of S and D in
Eq. 1.1, which in turn would lead to a slow down of magnetic relaxation in the classical picture (see
Eq. 1.3). Nowadays, record values of S = 60 [61] and |D| > 150 meV [32, 62] have been realized, and
magnetic hysteresis opening has been observed up to 80 K [31, 32]. This finding in 2017 marked a
breakthrough in the field of SMMs, as TB for the first time crossed the boiling temperature of liquid nitrogen, i.e. 77 K [63], which reminds of the technological breakthrough for the case of superconductors
in the 1980s [64]. Consequently, the corresponding molecules are suggested to be entitled as high-TB
SMMs [32]. However, the handling of these materials still face huge difficulties in terms of chemical
stability beyond the bulk phase, and no further studies on these compounds have been reported up
to now. Additionally it has been realized that spin relaxation not always follows the simple picture
mediated by the textbook phenomenological descriptions in Eqs. 1.1-1.3, but considerably suffers from
QTM and higher-order relaxation channels. Nowadays, design approaches thus aim to maximize the
axiality of the spin coordination in order to suppress QTM, as well as to synthesize rigid ligands to
minimize the phonon density of states around spin transition energies [65].
Improvements in molecular design have been achieved by the change from 3d-valence transition metal
ions (Mn, Fe, ...) to members of the 4d-valence Ln family to be incorporated as magnetic centers in
SMMs. The main reason for a considerable increase of TB is a stronger localization of the spin-carrying
electrons in the 4f -shell with respect to outer-lying orbitals, that well shields the magnetic moments
from the environment. In particular, late Ln family elements like Dy and Tb have demonstrated
outstanding magnetic properties in single-molecule [31, 32], single-atom [68, 69] and single-chain magnets [70, 71]. Figure 1.2b depicts the [(CpiPr5 )Dy(Cp*)]+ compound with TB > 77 K [32], where a
single Dy3+ ion is sandwiched between two carbon ring ligands in a highly axial coordinated configuration. Its cationic nature needs to be stabilized by [B(C6 F5 )4 ]− counter anions in the bulk phase,
which makes this class unfavorable for further processing like surface deposition and investigation of
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Fig. 1.2: Molecular structures of prototypical SMMs. (a) Magnetic core of the first synthesized SMM,
Mn12 -acetate [13]. The spins of twelve Mn3+/4+ atoms are exchange coupled to form a S = 10 spin ground state
and a magnetic easy axis perpendicular to the plot plane. C and H atoms are omitted for clarity, the structure has
been determined in X-ray crystallographic measurements [66]. (b) Molecular structure of [(CpiPr5 )Dy(Cp*)]+ ,
which exhibits a hysteresis opening up to 80 K [32]. Dy3+ is axially coordinated between two carbon ring ligands,
which also defines the principal magnetic axis. This cationic SMM is stabilized by the use of a counter anion,
which makes its handling extremely challenging in terms of chemical stability. H atoms are omitted for clarity.
(c) Molecular structure of the endohedral dimetallofullerene Ln2 @C80 (R), functionalized with R = CH2 Ph and
Ln = Dy [67]. The orientation of the [Dy3+ - Dy3+ ] magnetic core defines the direction of the magnetic easy
axis, having µJ = 21 µB , and is subject to a rotational degree of freedom. H atoms are omitted for clarity.

individual units. The next best family of SMMs with regard to the magnetic blocking temperature that
evolved during the last years are 4f -based endohedral metallofullerenes (EMFs) [37, 67, 72, 73, 74].
Here, one to three rare-earth atoms are trapped in the void of a C80 fullerene cage which can be
functionalized by organic sidegroups. Outstanding members of this family in terms of SMM properties
are the so-called dimetallofullerenes which obey the structure Ln2 @C80 (R), see Fig. 1.2c. Derivatives
with Ln = Dy and Tb show bulk magnetic blocking temperatures up to 28 K [73], and at the same time
exhibit outstanding chemical robustness, being stable at air. The slow relaxation of the spin ground
state places EMFs at the forefront of molecular candidates for quantum information processing and
is well suited for investigation in standard bath cryostats using all-electronic measurement schemes to
address its properties and dynamics. Beside the fast development in the field, important questions
remain open regarding their exact adsorption behavior, the effect of the respective substrate on their
electronic and magnetic properties as well as exploring possible routes to manipulate and control their
spin dynamics on a single molecule level.

1.3 Why to study surface-adsorbed single-molecule magnets?
For a practical integration of SMMs into future spintronic devices it is necessary to implement suitable
contact schemes in order to address individual molecular units. Experiments in this direction have
been performed by contacting SMMs in two- or three-terminal geometries, relying on the mechanical
break-junction technique [75, 76] or electromigration [6, 77]. Such measurements have been extensively
performed on prototypical complexes [78, 79, 80], but the results highly depend on the actual adsorption configuration of the SMMs between the electrodes, and only indirect methods provide information
about the realized contact geometry.
An alternative and at the same time the most defined route to access the peculiar characteristics
of SMMs is given by means of scanning probe techniques, which provide atomic resolution imaging
combined with the access to their local electronic and magnetic properties [81, 82, 83, 84]. In a scanning
tunneling microscope (STM) experiment, the desired molecule is adsorbed on a surface and imaged by
a sharp tip (see next section for more details). Full control over the tip position then allows to contact
the SMM at a defined ligand group or terminating atom, which reflects a realistic contact scheme.
However, the implementation of STM experiments imply two important requirements to be tackled
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experimentally before a detailed characterization can be performed. First, suitable deposition routes
have to be explored to gently transfer desired SMMs on the surfaces without fragmentation. Second,
the molecular design as well as the coupling to the substrate should not lead to a quenching of the
peculiar molecular magnetism, which is by no means a trivial issue in the world of nano-sized quantum
systems [85, 86, 87, 88, 89, 90]. Both challenges lead to a considerable delay between magnetic blocking
temperatures TB as measured in bulk and in surface-adsorbed molecular magnets, see Fig. 1.1b. This
discrepancy is one of the main driving forces for this thesis, which aims to push forward the state of
the art in surface deposition and characterization of one prototypical (Fe4 ) and one recently developed
(EMF) SMM.

1.4 Aim and outline of this thesis
This thesis aims to push forward the state of the art in three fundamental aspects:
• Implementing routes to arrange and address large, polynuclear SMMs on functional surfaces.
• Thorough characterization of their structural, electronic and magnetic properties.
• Exploring routes to controllably manipulate the molecular magnetism in individual complexes.
In order to approach these aims, the thesis is organized as follows: Key properties of SMMs have
been introduced in Sect. 1. Section 2 then briefly describes the experimental methods that were used
for their investigation, and aims to provide a complete overview of the relevant properties that can
be measured. Sample preparation and technical details of the experimental setups are described in
Sect. 3, in addition to technical upgrades that have been implemented and tested during this thesis.
The main part consists of Sects. 4 and 5 and presents separate introductions, results and discussions
about experiments on the surface-adsorbed prototypical molecular magnet Fe4 H as well as the recently
developed Ln2 @C80 (R) complexes, respectively. Each section is closed by a comprehensive conclusion
and outlook, which are briefly summarized in the final remarks in Sect. 6. A list of manuscripts and
conference contributions published throughout this thesis can be found in Sect. 8.
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2 Experiment - Methods and Principles
2.1 The scanning probe measurement technique
The invention of the scanning tunneling microscope in the 1980s offered a completely new, and in
particular spectacular direct view into the world of atoms [91, 92]. The technique allows to study
surfaces, surface reconstructions, adsorbed atoms, clusters and molecules with spatial resolution in the
picometer range by using an atomically sharp probe tip. The subsequent development of the scanning
force microscopy [93] complemented the new toolbox, and the whole family is typically referred to as
scanning probe methods (SPM). Whereas these methods were used for passive sample characterization
in the early days, SPM techniques are nowadays widely applied to even controllably manipulate single
atoms, molecules or nanostructures at surfaces [94]. For example, this has led to the generation of
interesting physical phenomena with single atom precision [95], as well as to first steps toward applications based on atoms and molecules [96]. In this thesis, classical STM techniques are used to
image single molecular magnets adsorbed on functional surfaces as well as to study the electronic and
magnetic properties of individual SMMs.
The basic concept of STM and related spectroscopic techniques are briefly described in the following,
based on [97] and [98]. The focus lies on the relevant formulas to understand the tunneling process,
for a more comprehensive view the reader is referred to these references.
In an STM setup, an atomically sharp metallic tip laterally rasters over the desired sample surface in xy-direction, keeping a small distance in the range of ≈ 1 nm, see Fig. 2.1a. A macroscopic piezocrystal
or piezoceramic allows tip movements in all three spatial directions with sub-picometer resolution.
Typical piezoelectric constants lie in the range of Å/V and are therefore well controllable with standard
voltage sources. The application of a bias voltage Ubias between tip and (conductive) sample together
with the small tip-sample distance leads to the formation of a small tunneling current It . Tunneling is
a purely quantum mechanical phenomenon, where the spatially extended wavefunction leads to a finite
possibility of an electron in the tip to be found in the sample, and vice versa. It typically lies in the
range of 10−12 to 10−8 A when Ubias ≈ 1 − 1000 mV, which can be measured with a sensitive amperemeter. Its sign depends on the polarity of Ubias and its magnitude shows an exponential response on
z, following
It (z) ∝ e−z

√

8me φ/~

.

(2.1)

The relevant quantity here is the material-dependent work function φ as the energy needed to extract
an electron from the sample surface through a vacuum barrier, which typically lies in the order of
several eV. The exponential dependence implies a high sensitivity of It with respect to the tip-sample
separation, which allows to resolve surface structures with atomic precision. Based on Eq. 2.1, topographic information can be obtained in two different measurement modes, which are displayed in
Fig. 2.1b. In the constant-height mode, z is hold constant and It is recorded as a function of x and y.
As this method occasionally leads to tip crashing into surface defects or adsorbants, a more common
technique is the constant-current mode. Here, a so-called setpoint is defined for It → It,set , and a
feedback loop regulates the z-piezo in order to keep It,set constant while rastering the sample, so that
z(x, y) reflects its surface topography.
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Fig. 2.1: Scanning tunneling microscopy - Setup, measurement modes and basic physics. (a)
Experimental configuration in an STM setup. An atomically sharp metallic tip (gray) rasters over the conductive
sample surface (orange), an applied bias voltage U leads to a tunneling current It (green arrow). (b) The two
main measurement modes in an STM as explained in the text. Either the tip height z (blue) or It (green) provides
the topographic information about the surface corrugation. (c) Model of electron tunneling as explained in
the text. The two Fermi levels EF are shifted by eU with respect to each other, which induces the tunneling
current It to flow (green arrow). The amplitude of the tunneling matrix element is color-coded as shaded green
area, with the largest contribution around EF,tip . In IETS, the tunneling electron looses energy when |eU | ≥ ∆
2
denotes the energy required to excite electrons into the vacuum
(red). The average work function φ = φ1 +φ
2
continuum, see Eq. 2.1.

The bias-voltage dependence of It (U ) can be well described within Bardeen’s first order perturbation theory that models tunneling phenomena in solid state materials. For a detailed derivation and
background the reader is referred to [97] and [98]. Considering the limit of weak tunneling, no electronelectron interaction, a non-dynamical picture as well as sufficiently large electron reservoirs in both tip
and sample, the tunneling current is then calculated using
Z
It (U ) ∝ |M ()|2 ρtip ()ρsample ( + eU ) [f (, T ) − f ( + eU, T )] d.
(2.2)
The corresponding model with all relevant quantities is sketched in Fig. 2.1c. M () denotes the energydependent tunneling matrix element, which will become important in tunneling spectroscopy, see next
section. ρ() marks the densities of states (DOS) in both tip and sample, serving as central property
that causes It to flow. Their product accounts for electrons tunneling from occupied states in one
electrode into unoccupied states in the other, and vice versa, which depends on the relative shift ±eU
between both Fermi levels EF . The Fermi function
f (, T ) =

1

(2.3)
−EF
1 + e kB T
accounts for the thermal energy of the electrons at EF , with kB being the Boltzmann constant. In the
low-temperature limit (< 4 K), the Fermi distribution evolves to a step function, and the tunneling
current can be written as convolution between the two DOS as
Z

EF +eU

It (U ) ∝

ρtip ()ρsample ( + eU )d.

(2.4)

EF

In first-order approximation, the tunneling current thus solely depends on the electron densities in both
STM tip and sample. The result furthermore illustrates that considerable information about ρsample ()
can be obtained by employing bias voltage-dependent measurements, which is typically referred to as
scanning tunneling spectroscopy (STS) and will be briefly introduced in the following.
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2.1.1 Tunneling spectroscopy of molecular orbitals
As evident from Eq. 2.4, the DOS of tip and sample contribute equally to It , so that both electrodes
can be interchanged with each other. Experimentally, this requires ρtip () to be rather flat in the
desired energy range in order to let ρsample () dominate the bias voltage-dependence of the tunneling
current. In STS, the STM tip position is then fixed over the sample surface at coordinates (x0 , y0 , z0 ),
and an It (U ) curve is acquired by sweeping the bias voltage. The derivative of the signal becomes
dIt
(U ) ∝ ρtip (EF )ρsample (EF + eU ) ≈ ρsample (EF + eU ),
(2.5)
dU
which directly resembles the electron density of the probed sample surface. Following Eq. 2.1, the
tunneling current is highly sensitive on the tip-sample distance, as well as the tunneling matrix element
M (). The latter furthermore depends on the applied bias voltage, and can significantly vary especially
for large values |U | > 1 V. Its influence on the tunneling spectra can be partially suppressed by
normalizing the differential conductance from Eq. 2.5 by the total conductance It /U , which gives [99]
gN (U ) = p

dIt /dU
(It /U )2 + c2

.

(2.6)

Here, a small constant c is added for smoothing the total conductance in order to suppress divergence
of gN around band-gap edges.
If a quantum-sized object is placed between tip and sample, electron tunneling is mediated by the
discrete electronic energy levels, which are referred to as molecular orbitals for the case of molecules.
In a simple picture, the relevant DOS probed by the tunneling current then consists of a superposition
of both surface and molecular states in the form
ρsample () = aρmol () + bρsurface (),

(2.7)

with typically a  b, which denotes a stronger coupling between tip and molecule due to the reduced
distance. The discrete molecular orbitals manifest as pronounced resonance peaks in dI/dU spectra,
and the normalization procedure in Eq. 2.6 becomes extremely useful to extract orbital energies and
transport gap values from STS measurements. Exemplary spectra can be seen in Fig. 4.11, analysis
will be discussed in more detail in Sects. 4.3 and 5.3. As extension to single-point STS measurements, dI/dU spectra can be recorded while rastering the sample surface in between each spectrum.
This technique provides the complete local information about ρsample (x, y, ), and complements angleresolved photoemission spectroscopy (ARPES) as surface-averaging technique to study surface band
structures [100].
2.1.2 Tunneling spectroscopy of inelastic excitations
This thesis investigates the properties of individual molecular magnets by means of STM and STS
techniques. Beside the study of electronic properties in terms of ρ(), the STM tip furthermore offers the possibility to probe spin-related phenomena in surface-adsorbed nanostructures, as will be
briefly introduced in the following. From a transport point of view, intrinsically magnetic tips allow a spin-polarized detection of It or the implementation of magnetic exchange force microscopic
measurements [101, 102], and spin dynamics and relaxation can be tracked by electric pump-probe
experiments [103]. No magnetic tip is however needed if many-body correlations like Shiba states [104]
or the Kondo effect [105, 106] are addressed, because they manifest as spectral features in STS measurements. The first detection of inelastic vibrational [107] and spin [108] excitations in atoms and
molecules opened an additional route to probe ground-state excitations in spin systems using STS.
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This so-called inelastic electron tunneling spectroscopy (IETS) as well as Kondo-related STS measurements are performed within this thesis in Sects. 4.4 and 5.5. The following section briefly introduces
the model background describing the first method, whereas the latter is described during data analysis.
Molecular phonon or spin transition energies ∆ typically lie in the range of 0.1 − 20 meV, which can
be well addressed in low-bias tunneling experiments when kB T is low enough (0.2 meV at 2 K). If the
energy |eU | of an electron tunneling through an atom or molecule is ≥ ∆, it can excite respective
transitions by loosing its energy, as there are still unoccupied states available in the other electrode,
see Fig. 2.1c. This opens an additional tunneling channel, which has to be added to the elastic It (U )
curve using [109]
Iinel (U, ∆) ∝

∆ + eU
1−e

∆+eU
kB T

−

∆ − eU
1−e

∆−eU
kB T

.

(2.8)

These terms manifests as temperature-broadened symmetric steps in the dI/dU curve, where the step
energy |eU | corresponds to the respective excitation energy ∆. Typically, spectra in the low-bias
regime are subject to a considerably low signal-to-noise ratio, wherefore the first derivative of It (U ) is
measured as 1st harmonic within a Lock-in detection scheme [110]. In this case, a small modulation
voltage of typically 0.5 − 1 meV smears out the original spectrum, which can be accounted for by
convolution of Iinel (U, ∆) with


2Umod
,
gLock-in (U ) = Re  q
(2.9)
2
2
π Umod − U
where Umod is the modulation amplitude. For more information about the experimental implementation the reader is referred to the comprehensive description in [110]. Further details about IETS and
its interpretation can be found in the respective data analysis paragraphs in Sects. 4.4 and 5.5.

2.2 The X-ray absorption spectroscopy technique
Electronic and magnetic properties of surface-supported molecular magnets have been shown to be
well addressable using X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) techniques [86, 111]. In particular, this covers determination of the coordination environment,
oxidation state, direction and magnitude of magnetic anisotropy, as well as orbital and spin magnetic
moments of the magnetic ions inside the SMMs. This section provides a brief description of the
underlying physical mechanisms in order to be able to interpret the experiments in Sect. 4.5, 4.6, 5.4
and 5.6. For a more detailed background, the reader is referred to Laan et al. [112]. Information about
the experimental setup used for the measurements within this thesis can be found in Sect. 3.3.
2.2.1 XAS and XMCD
In XAS experiments, a sample is placed in an X-ray beam of variable photon energy , which leads to
excited electrons near the surface of the material depending on . The amount of absorbed photons
is directly proportional to the available electronic transitions, which causes peaks in the absorption
spectrum XAS() due to the discrete energy levels in an atom. In magnetic materials, the transitions
of interest are core electrons that are excited into the unoccupied, spin-polarized conduction states at
the Fermi level. See Fig. 4.18 as typical example recorded on Fe3+ , which shows excitation of 2p1/2 and
2p3/2 electrons into the spin-polarized 3d band, referred to as L2 and L3 absorption edges, respectively.
Due to momentum conservation, left-hand (σ+ ) and right-hand (σ− ) circularly polarized X-ray photons

F. Paschke

2 EXPERIMENTAL METHODS

11

experience different absorption cross sections depending on the spin of the respective electron, which
causes an asymmetry between the two XASσ+ () and XASσ− () spectra. The difference between both
curves is therefore defined as the dichroic XMCD signal [112]
XMCD = XASσ+ () − XASσ− (),

(2.10)

and will be written as (σ+ − σ− ) in the rest of this thesis. A nonzero XMCD signal indicates a
disbalance of spin-up and spin-down electrons in a sample with designated quantization axis, and thus
provides a measure for a net magnetic moment. A corresponding example spectrum can be seen in
Fig. 4.18. The high spectral resolution of synchrotron X-ray radiation, its surface sensitivity as well as
its chemical selectivity have promoted XAS and in particular XMCD as widely used characterization
tool not only for bulk material surfaces or interfaces, but also for surface-supported spin systems like
atoms [68, 69, 113, 114, 115] and SMMs [33, 34, 35, 36, 72, 116, 117, 118, 119, 120]. A directionand magnetic field-dependent recording of the XMCD signal allows to extract information about the
magnetic easy axis as well as the magnetic anisotropy of a sample, which will be addressed in detail
in the respective data analysis within this thesis. For XAS and XMCD spectra, sum rules have
been developed to directly calculate orbital and spin magnetic moments per atom [121, 122], and
corresponding formulas are introduced in the following.
2.2.2 Sum rules
The sum rules are expressed differently in literature [113, 121, 122, 123, 124, 125, 126], with varying
unit conventions, wherefore special care has to be taken in order to obtain a meaningful output. The
following section therefore presents a brief derivation of orbital and spin sum rules from the original
works of Thole et al. [121] and Carra et al. [122]. The resulting formulas are ready to be used for data
analysis later on in this thesis. The ground-state expectation value of the orbital momentum operator
hL̂z i can be written as [121]
hL̂z i = nh

l(l + 1)
A,
c(c + 1) − l(l + 1) − 2

(2.11)

where nh denotes the number of holes in the valence shell, c the initial and l the final state of the
absorption edge. The resulting hL̂z i is given in units of ~. A can be fully determined by integration
over the measured XAS absorption edge in the form
R
2 (σ+ − σ− )d
A= R
,
(2.12)
(σ+ + σ− + σ0 )d
where the isotropic XAS signal σ0 is commonly expressed as σ0 ≈ 21 (σ+ + σ− ) as good estimation
for systems with small magnetic anisotropy [114, 124]. Considering c = 1 and l = 2 for 3d-valence
elements as well as c = 2 and l = 3 for 4f -valence elements, Eq. 2.11 thus reads
R

(σ+ − σ− )d
hL̂z i3d = −nh RL2+L3
3 L2+L3 (σ+ + σ− )d
R
2 M4+M5 (σ+ − σ− )d
hL̂z i4f = −nh R
.
M4+M5 (σ+ + σ− )d
4

(2.13)
(2.14)

The sum rule for the expectation value of the spin momentum operator hŜz i integrates separately over
each absorption edge, and the valence-depending formulas read [122]
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2 hŜz i3d + 7 hT̂z i3d
2 hŜz i4f + 6 hT̂z i4f

R
(σ
−
σ
)d
−
4
+
−
L2 (σ+ − σ− )d
R
= nh L3
L2+L3 (σ+ + σ− )d
R
R
2 M5 (σ+ − σ− )d − 3 M4 (σ+ − σ− )d
R
= nh
M4+M5 (σ+ + σ− )d
2
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R

(2.15)
(2.16)

with σ0 being replaced similarly to Eqs. 2.13 and 2.14. The spin dipole operator T̂z provides information
about the anisotropy of the spin, either induced by spin-orbit interaction or by crystal-field effects [122].
Equations 2.13 and 2.15 are applied in Sect. 4.5 to the XMCD spectra of Fe3+ with nh = 5. For a
half-filled shell, hT̂z i ≈ 0 is used as good approximation [123]. Equations 2.14 and 2.16 are applied
in Sect. 5.4 in order to deduce magnetic moments in Dy3+ , where nh = 5. Additionally, a ratio
hT̂z i
= −0.053 is used here as determined from atomic calculations of Dy3+ [127]. From the expectation
hŜz i
values for spin and orbital momentum operators, the total magnetic moment has then been calculated
using [112]

µB 
µB
µ J = µL + µS = −
hL̂z i + gS hŜz i ≡ − gJ hJˆz i
(2.17)
~
~
with gS = 2 in first-order approximation. Whereas these sum rules helped to reveal profound insight
into the properties of surface-supported atomic and molecular magnets [113, 114, 126], care has to be
taken in interpretation of calculated absolute values. Systematic errors can occur due to uncertainty
of the average oxidation state in the whole ensemble (≡ nh ), the direction of magnetization vector
as well as the background correction procedure [125]. Furthermore the spin sum rule only provides
reliable values if both absorption edges are well-separated from each other, which highly depends on
the strength of the spin-orbit coupling. For 3d5 elements, this results in a general underestimation of
hŜz i in the order of −30 % [125]. For 4f elements, correction factors become significant for systems
with shells less than half-filled, and only a small factor ChŜz i = 1.088 has been used for Dy3+ in this
work [127].
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3 Sample preparation and experimental setups
3.1 Ultra-high-vacuum preparation
All samples used in this thesis were prepared in-situ at a base pressure in the range of 5 × 10−10
to 5 × 10−9 mbar. The preparation chamber is equipped with a sputter gun operating up to 2 kV, a
flashing station for temperatures up to 1700 ◦ C, and several gas lines to supply the desired gases O2 ,
Ar, and C2 H4 . Different evaporators can be attached to the chamber, for the present work only one
alkali metal evaporator was used. Surface layer growth and quality can be monitored via a quartz
balance and a low energy electron diffraction (LEED) setup. The molecules are deposited with the
sample inside the preparation chamber using the electrospray setup, which will be discussed in more
detail in Sect. 3.1.3. The as-prepared samples are transferred under vacuum to the analysis chamber
in order to be stored or transferred into the STM under a pressure of 1 × 10−10 mbar.
3.1.1 Preparation of graphene/Ir(111)
Ir(111) single crystals have been ordered from Surface Preparation Laboratory B. V. with a surface
normal alignment accuracy of ≈ 0.1◦ . They were cleaned by repeated cycles of Ar+ sputtering at 2 kV,
heating in an O2 atmosphere of 5 × 10−7 mbar at 900 − 1050 ◦ C and subsequent flash annealing up to
1600 ◦ C. All parameters for one cleaning cycle are in detail listed in Tab. 3.1, at least 3 cycles have
been performed before graphene growth. A graphene layer was prepared by exposing the as-cleaned
Ir(111) surface to an ethylene (C2 H4 ) atmosphere at a pressure of 1.1 × 10−7 mbar for 20 min while
keeping the sample at T = 1200 ◦ C [128]. Pre- and post-annealing intervals of 2 min ensure a uniform
temperature of the sample surface.
3.1.2 Preparation of Au(111) and Pb(111)
Pb and Au single crystals cut along the (111) plane have been ordered similar to Ir(111). At least three
cleaning cycles have been performed for each sample with Ar+ sputtering and subsequent annealing
under UHV conditions. All parameters are collected in Tab. 3.1.
One cleaning cycle
Sputtering (Ar+ , 4.5 × 10−5 mbar)
O2 annealing (5 × 10−7 mbar)
Annealing
3× Flash annealing

graphene/Ir(111)
2 kV, 10 mA, 30 − 45 min
1050 ◦ C, 20 min
850 ◦ C, 20 min

Pb(111)
1.5 kV + see left

Au(111)
1.5 kV + see left

230 ◦ C, 15 min

650 ◦ C, 20 min

5 s > 1600 ◦ C

Tab. 3.1: Parameters for the preparation of single crystal substrates.

3.1.3 Electrospray setup
After the clean crystals are cooled to room temperature, deposition of molecules is performed using the electrospray ion beam deposition technique (ES-IBD) [129]. For simplicity, it is referred to
as electrospray deposition (ESD) throughout this thesis. The method allows the gentle transfer of
complex, fragile and non-volatile molecules on surfaces in an ultra-high-vacuum (UHV) environment.
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It thus complements thermal evaporation as standard method for in-situ surface deposition, extending the range of processable molecules to those which are prone to fragmentation at high temperatures. For ESD, molecules are dissolved in a polar solvent, and deposition of single complexes is
performed by the creation of charged droplets that are transferred into vacuum. A first ESD setup
was built in 1968 [130, 131], but previous experimental and theoretical works date back to the 19th
century [132, 133]. Nowadays, ESD is widely used in mass spectrometry [134], and molecules up to
whole viruses have been transferred with this method [135, 136]. Starting from 2006, ESD was first
demonstrated to be suitable for the surface deposition of clusters and molecules [137], and partially
served as blueprint for the development of the setup used within this thesis [138].

(a)

Skimmer
APE

Solution

N2-gas

Aperture

(b)
Sample in
preparation
chamber

Sample in
preparation
chamber

Solution
TMP

IGP

RP

TSP

60 cm

Fig. 3.1: The electrospray ion beam deposition technique and setup. (a) Sketch of the home-built
electrospray setup [110] used for sample preparation within this thesis. The beam of solved molecules is plotted
in blue, the vacuum pumping scheme is plotted in orange with following abbreviations: Turbo molecular pump
(TMP), rotary pump (RP), ion getter pump (IGP), titanium sublimation pump (TSP). Gray arrows denote
current measurements with respect to ground. (b) Corresponding photograph of the electrospray setup attached
to the preparation chamber (dashed line). Orange arrows denote the four pumping stages. Figure (a) and (b)
adapted with permission from [139]. Licensed under CC BY 4.0.

Figure 3.1a depicts the ESD working scheme used for molecule deposition in this work. The moleculecontaining solution (blue) is polarized using high voltages up to 4 kV, and is accelerated through air
toward a grounded capillary. The charged droplets cause the formation of an expanded spray in this
region, which can be tuned by a so-called atmospheric pressure electrode (APE) and imaged by a
camera, see Sect. 4.1 for an example. The inner diameter of the capillary is 250 µm, and air flow sucks
the droplets into the first pumping stage, where a pressure of roughly 1 mbar is generated by a rotary
pump. Subsequently, the beam is transferred via two conical skimmers into pumping stages 2 and 3
which are pumped by a Pfeiffer TPD011 (10 l/s for N2 ) and a Pfeiffer HiPace80 (67 l/s for N2 ) turbomolecular pump, respectively. The skimmers are introduced to extract supersonic droplets from the
beam and to reduce the amount of transferred residual gas [140]. They exhibit holes of 0.4 and 0.6 mm
diameter. Through two apertures of 1.5 and 2.5 mm diameter the beam is then transferred through
pumping stage 4 into the preparation chamber with a pressure in the range of 10−8 mbar during the
spray process. In the best case, all droplets are fully evaporated at this stage and only single, charged
molecules form the ion beam. This highly depends on the chosen solvent as will be further discussed in
Sect. 4.1 and 5.1. The ion current can be monitored at each skimmer, aperture, on a movable detector
plate, a 3 mm aperture in front of the sample and the sample itself, marked as gray arrows in Fig. 3.1a.
The corresponding setup is shown in Fig. 3.1b, which has been comprehensively described and characterized in a previous PhD thesis [110]. The renunciation of quadrupole mass selection, time-offlight mass spectrometer and ion optics considerably reduce its size compared to large table-top solutions [137, 141]. With a length of around 60 cm and a weight of 15 kg it can easily be unmounted
and attached to other preparation chambers. This advantage requires extremely pure solvent and
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molecule qualities in order to minimize undesirable residuals on the surface. The amount of solvent
molecules transferred to the sample can be effectively minimized by using highly polar solvents like
dichloromethan (DCM) or methanol (CH4 O), see comparison between Sect. 4.1 and 5.1. Further information on the ESD setup, ion beam shape and control parameters can be found in [110]. Sample
preparation parameters for the molecular magnets investigated in this work are listed in Tabs. 4.1 and
5.1.

3.2 STM setup
Scanning tunneling microscopy and spectroscopy experiments carried out in this thesis were performed
with an Omicron Cryogenic STM under a base pressure of < 10−10 mbar [142]. Pumping at a 4 He pot
allows a minimal working temperature of 1.8 K at the STM tunneling junction [143]. Under operation,
the nonmagnetic STM head is placed in the void of the He bath cryostat with a holding time around
5−8 days, and can be lowered into the analysis chamber for sample transfer. An external magnetic field
can be applied in out-of-plane (< 6 T) and in-plane (< 1 T) directions and can be combined to a < 1 T
magnetic field vector. All STM measurements were carried out in the constant-current mode using
grinded and polished PtIr tips from Nanoscore GmbH. A positive (negative) bias voltage corresponds to
tunneling into unoccupied (occupied) states in the sample. More information about the STM setup can
be found in [110, 144]. The STM head is vibrationally isolated from the environment by long springs
of low stiffness, and the whole STM setup including analysis and preparation chamber (≈ 2.5 tons)
is placed on a 30 ton concrete block. This is separated from the building’s fundament by wooden
blocks, which effectively decouples low-frequency vibrations transmitted from outside the laboratory.
The air-circulation system as well as the open interior of the laboratory building including two offices
however lead to a considerable residual noise level that easily excites natural oscillations inside the
apparatus. Therefore, an active damping system (ADS) between STM setup and concrete block has
been implemented during this PhD thesis, and corresponding test measurements are presented in the
following.
3.2.1 Active damping system
Six active damping modules purchased from HWL Scientific (4× model AVI-600LP, 2× model AVI200LP ) are symmetrically placed between STM setup and concrete block. The maximum load weight
amounts to 2.8 tons, which allows for additional equipment or upgrades at the UHV chambers (≈
2.5 tons at current configuration). The system allows force compensation through a feedback control
with a response time of 10 ms by modulation of its spring stiffness. For more technical information
see the manual [145]. On-site performance tests have been carried out with the STM tip in tunneling
contact and recording the power spectral density of the tunneling current in different activity configurations, see Fig. 3.2a. With the ADS switched on, the vibrational transmission η is then calculated
by the ratio
η(f ) =

PSDADS=on (f )
,
PSDADS=off (f )

(3.1)

which is displayed in Fig. 3.2b. In the normal operation mode with walking activity next to the
concrete block, the ADS reduces transmission of low frequencies down to only 10 − 20 % of the initial amplitudes. This marks a huge improvement for sensitive STM/STS measurements that require
outstanding stability of the tip-sample distance. As an example, Fig. 3.2c shows time traces of the
tunneling current for all three activity levels, revealing a residual noise amplitude of only ±10 pA at a
set current of 1 nA and +15 mV.
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Fig. 3.2: Active damping system of the STM setup. (a) Power spectral density (PSD) of the tunneling
current, recorded with the ADS turned on (blue) and off (orange) for different levels of activity: Standing outside
(left), walking outside (center) and walking on the concrete block that supports the STM (right). Tunneling
contact parameters: PtIr tip on Pb(111) surface, Uset = +15 mV, Iset = 1 nA, T = 1.6 K, B = 0 T, feedback loop
turned off. Frequency analyzer parameters: ∆t = 2.5 ms, ∆f = 97.7 mHz, Ttotal = 20 × 10 s. (b) Corresponding
transmission spectra η(f ), calculated from Eq. 3.1. A red dashed line denotes full transmission, the gray area
highlights the good suppression of vibrations at low frequencies. (c) Corresponding typical time traces of the
tunneling current with the feedback loop turned off for each activity level. The noise amplitude marked by two
arrows remains equally low with the ADS turned on.

These findings demonstrate an effective vibrational noise level reduction within the STM tunneling
junction, especially for low, mechanical frequencies up to 50 Hz. A more elaborate performance analysis
of the ADS is out of the scope of this thesis. Electronic frequencies in the kHz regime are suppressed
by the low-pass cut-off frequency of the pre-amplifier around ≈ 1 kHz. However, the low-bias STS
measurements carried out later in this thesis require a more accurate line filtering, as shown in the
following.
3.2.2 High frequency noise filter
Both the piezo control cable (PIC) as well as the temperature control cable (TCC) have lengths
around several meters outside the vacuum, and thus act as ideal antennas to pick up signals in the
MHz and GHz regime as commonly used in telecommunication techniques nowadays. Up to now,
these background signals have been coupled into the vacuum and the tunneling junction without
filtering, leading to a significant rise of the electronic (= Fermi) temperature of the electrons. In
order to suppress this high frequency (HF) noise, low-pass filters have been introduced to each piezo-,
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temperature-sensor- and heater-line in the PIC and TCC plugs on top of the cryostat, see Fig. 3.3a+b.
For this purpose, 4206-001LF RFI Power Line Pi Filters from Tusonix with a nominal capacity of
C = 3000 pF are combined with a series resistance R1 in order to form RC low-pass filters with the
desired cut-off frequency [146]
fc =

1
.
2π (R1 + R2 ) C

(3.2)

R2 denotes the internal, non-negligible resistance of the Pi filters and is not specified in the data sheet.
The different working frequencies of coarse and scan piezo are addressed by choosing different values
for R1 , and measured transmission curves T (f ) obtained with a sinusoidal input signal are plotted in
Fig. 3.3c. The ratio of amplitudes Û can be well fitted following the RC low-pass relation [146]
T (f ) =

1
=q
.
2
Ûin (f )
1 + (2πf (R1 + R2 ) C)

Ûout (f )

(3.3)

Resistances, fitted values and cut-off frequencies for all lines in PIC and TCC are summarized in
Tab. 3.2. The latter plug only hosts DC-lines to read out temperature sensors and to supply power for
STM head and 4 He pot heaters, wherefore fc has been chosen to be similar to the scan piezo without
loss of generality.

R1 (Ω)
(R1 + R2 )fit (Ω)
Cfit (pF)
fc (kHz)

PIC coarse
180
180
7065(55)
125.0

PIC scan
4700
4680
5660(60)
6.0

TCC
4990
4970
5810(50)
5.5

Tab. 3.2: Working parameters of the HF noise filters.

The impact of HF noise reduction on low-bias tunneling spectra can be ideally tested in a superconductorsuperconductor (SC-SC) tunneling junction. Type I superconductor materials are subject to a BCS-like
density of states, with sharp quasiparticle peaks at energies of ±∆ around the Fermi energy in STS
spectroscopy [147]. ∆ typically is of the order of meV (= 1.35 meV for Pb [148]), being in the range
of the thermal energy kB T ≈ 0.2 meV at helium temperatures and thus at the lower limit of energy
resolution in the STM setup. The convolution of two BCS-like densities of states results in a total gap
width of 4∆ with zero intensity in between, and is highly sensitive to the electronic temperature in
the tunneling junction [149]. Figure 3.3d shows corresponding test measurements performed at 2 K on
a Pb(111) surface and with a Pb cluster at the STM tip, both with and without the HF noise filters
characterized above. The thermal broadening significantly reduces when the piezo lines are low-pass
filtered (upper panel), and the quasiparticle peaks are well resolved even with an unfiltered TCC plug.
The resolution can be slightly enhanced when filtering the latter lines, but the effect is not as pronounced and grounding of the TCC lines has the same effect, see lower panel. Fitting of the spectra
suggests a reduction of the effective temperature from 7 − 9 to 2 − 2.5 K in the tunneling junction
(not shown here), which perfectly coincides with the measurement. This upgrade offers the required
sensitivity to the STM setup to detect spin excitations and correlation energies at ultra-low energy
scales at the limit of its intrinsic resolution, see Sects. 4.4 and 5.5 within this thesis.
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Fig. 3.3: High-frequency noise filter of the STM setup. (a) Low-pass filtering scheme of the PIC and
TCC lines going into the cryostat (right side). A dashed box indicates the Tusonix Pi Filter that hosts a
RC low-pass filter. (b) Photograph of all sub-D connections on top of the cryostat. The TCC plug (green)
is not filtered here, whereas the HF noise filter box at the PIC cable is already mounted (blue). Sample
and cryostat control cables (SCC/CCC, orange) are grounded in normal operation. The Preamplifier (red)
suppresses noise on the bias voltage and tunneling current lines with a low-pass filter. (c) Transmission of each
filter configuration, calculated as the amplitude ratio between an outgoing and incoming sinusoidal wave. Solid
lines denote a fit to the model as explained in the text, dashed lines indicate the respective cut-off frequency
fc . (d) Normalized dI/dU curves obtained on a Pb(111) surface with a Pb cluster at the tip, at different filter
configurations. This implies superconductor-superconductor tunneling, leading to a gap width of 4∆BCS [150],
see dashed arrow. Phonon-like excitations are visible as shoulders and are marked by black arrows [151]. The
gray curve is recorded in an external magnetic field of 250 mT, which suppresses superconductivity in both
electrodes. Uset = +15 mV, Iset = 2 nA, T = 1.9 K, Umod = 100 µV.

3.3 XAS setup: XTreme beamline at the Swiss Light Source
X-ray absorption experiments have been carried out at the XTreme beamline of the Swiss Light Source
(SLS) at the Paul-Scherrer Institute in Switzerland. This brief characterization follows [152], and the
reader is referred to this reference for more details. The X-ray photons are generated from accelerated
electrons that are stored in a 3rd generation synchrotron with an average beam current of 400 mA,
operating in the top-up mode [153]. Polarization and rough photon energy at XTreme are set by an
elliptically polarizing undulator, the desired final energy is tuned with a plane-grating monochromator.
The beamline operates in the range of 400−1800 eV, which covers the most interesting states related to
magnetism in solid state materials. The molecular magnets investigated within this thesis are subject
to considerable radiation damage when the X-ray photon flux is too high, so that the measurements are
performed in the defocused beam mode. Here the X-ray spot at the sample position is of rectangular
shape with 490 µm FWHM horizontally and a variable extension in the vertical direction, controlled by
the so-called exit slit, see also Sect. 3.3.2. The X-ray absorption is detected in the Total Electron Yield
mode (TEY), where the current between illuminated sample and ground is measured and normalized
to the energy-dependent total beam current I0 (), i.e.
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Isample ()
.
I0 ()

(3.4)

For the case of soft X-rays like in the measurements presented here, the resulting TEY signal is proportional to the X-ray absorption cross section [112]. Data processing and background subtraction steps
are implemented in a home-built routine and are shown in Appendix 12.1.
The preparation chamber at XTreme offers equal sample cleaning procedures under UHV environment
compared to the home laboratory as introduced in Sect. 3.1. A room-temperature STM and LEED
are available to check the quality of the surfaces, and alkali metal evaporation can be monitored via
a quartz balance. Alternatively, some of the samples investigated herein have been readily prepared
in the home lab and transferred using a UHV suitcase, which has been shown to significantly reduce
time consumption during the limited beam time. The clean crystals are then placed into the transfer
chamber, where electrospray deposition of the respective molecular magnets has been performed as
shown below. For XAS and XMCD measurements, samples are cooled to a nominal base temperature
of 2 K, and an external magnetic field of up to ±7 T can be applied along the beam direction. Different
incident angles are realized by continuous rotation in the range of θ = ±85◦ between surface normal
and beam direction.
3.3.1 Electrospray setup at the XTreme beamline

(a)

(b)

(c)

Transfer chamber
Top view

ESD setup

Preparation
chamber

Fig. 3.4: Electrospray deposition at the SLS XTreme Beamline. (a) Sketch of the ESD setup attached
to the XTreme beamline transfer chamber, as seen from the top. The sample is denoted in green, a laser (red)
is used for alignment with the ion beam. The inset photograph shows the intense reflection of the laser beam
as seen through the 45◦ port (white arrow). (b) Photograph taken in-line with the flange where the ESD setup
will be attached. The vertical wobble stick (arrow) comes from below, the two rods on top are the support
construction for the ESD. (c) Same view, ESD setup attached to the flange. Orange arrows indicate the first
three pumping ports.

The home-built ESD setup introduced in Sect. 3.1.3 is attached to the transfer chamber below the
cryostat of the XTreme beamline and separated by a DN40CF gate valve, see Fig. 3.4. For deposition,
the sample is placed onto the vertical wobble stick that offers a certain degree of freedom for the
placement of the sample in the ion beam. Correct beam alignment is checked after the attachment
using a laser beam which passes through the whole ESD setup and is reflected at the sample surface,
see inset in Fig. 3.4a. The optimized axial rotation of the ESD setup is shown in Fig. 3.4c, with the two
large turbomolecular pumps pointing downwards. Special care has to be taken regarding the operation
of the latter, as they should only run if the magnetic field inside the cryostat (≈ 40 cm distance) is
zero. A main drawback of the wobble stick is the absence of a sample current measurement to monitor
molecule coverage during the spray process. However, test measurements have shown that the current
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on the 4th aperture mostly coincides with the values measured on the sample plate and is thus used
accordingly. Concluding, spray parameters are the same as in the home laboratory and are listed in
Tabs. 4.1 and 5.1.
3.3.2 Flux-dependent measurements
The magnetic relaxation measurements presented in Sect. 5.4 require a tunable X-ray photon flux. At
XTreme, the beam intensity can be effectively controlled via the exit slit opening d, which lies in the
range of 1−50 µm. The number of photons is calculated from the current measured with a photodiode,
Idiode , using
Φ(d) =

Idiode (d)
,
e · QE · A

(3.5)

where e is the electron charge, QE = 354.32 the dimensionless quantum efficiency and A = 0.36 mm2
the area of the photodiode. These calibration measurements have been carried out by the beamline
scientist Dr. Jan Dreiser, prior to the last beamtime relevant for this PhD thesis, and are displayed in
Fig. 3.5. The beam intensity slightly varies between both circular polarizations, and is approximated
by a linear fit Φ(d) = a · d with a = 1.31Φ0 /µm, where Φ0 ≡ 0.001 ph/nm2 /s as used throughout this
thesis.
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Fig. 3.5: Calculation of photon flux at the SLS XTreme beamline. Measured photon flux per area for
different slit openings in the defocused mode. A solid line denotes the approximation that is used for calibration
of the photon flux throughout this thesis. Measurements performed in 2021 by beamline scientist Dr. Jan
Dreiser. Measurement parameters: cff = 5, FE = 0.5 × 0.5, E = 1289 eV.
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4 Fe4 H - Properties and control of a prototypical molecular magnet
on surfaces
The first half of this thesis investigates the surface deposition and its effect on the electronic and magnetic properties of tetranuclear iron(III) single-molecule magnets. Members of this molecular family
have been first synthesized in 1999 and belong to the best studied SMMs up to date, especially with
regard to their bulk properties [16, 18, 19]. The acronym Fe4 originates from their magnetic core
3+
which consists of a central iron atom (Fe3+
I ) that is connected to three outer iron atoms (FeII,III,IV ) via
oxygen in a triangular arrangement, see Fig. 4.1a. The generic chemical formula of this family reads
[Fe4 (L)2 (dpm)6 ], where H3 L is of the general form R-C(CH2 OH)3 and Hdpm abbreviates dipivaloylmethane, i.e. C11 H20 O2 [16]. The oxygen atoms of the six latter groups bond with the FeII,III,IV valence
electrons and thus terminate the molecule in the plane spanned by the four iron atoms, see Fig. 4.1b.
The two L3− groups are generally referred to as tripodal ligands and connect the oxygen atoms around
FeI . They serve as ideal platform to add functionalization side groups to the molecule in order to
modify its magnetic anisotropy [17, 154], to chemically graft it to surfaces [33, 155, 156, 157, 158]
and other technologically relevant materials [159, 160, 161, 162], to incorporate it in three-terminal
devices [78, 79, 80, 163, 164], or to facilitate thermal evaporation [165, 166, 167]. The oxygen atoms
induce a slightly distorted octahedral crystal field acting on every iron site that leads to a s = 5/2
high-spin state in each Fe atom. The peculiar magnetic properties of Fe4 SMMs originate from the
overlap of Fe and O atomic orbitals that mediates a superexchange interaction between the center and
peripheral Fe spins, with ~sˆ1 being antiparallel to ~sˆ2,3,4 , see Fig. 4.1a. This results in a spin ground state
of S = 5 and g = 2, with a magnetic easy axis pointing perpendicular to the plane spanned by the
four Fe atoms [16]. The magnetic anisotropy can be well modeled within the giant spin approximation
using a single term DŜz2 , and magnetic hysteresis can be observed in the bulk up to roughly 1 K, see
Fig. 4.1c [154]. Although the magnetic blocking temperature is rather low, the exemplary and well
described magnetic behavior of Fe4 complexes make them particularly interesting for on-surface studies of individual compounds, in view of potential implementation of SMMs in future molecule-based
electronic and spintronic units. Studying single, isolated molecular complexes furthermore allows to
avoid collective effects present in the bulk that modify the magnetic properties [168, 169].
The investigation of this particular SMMs’ on-surface properties gained large interest after the first
observation of slow magnetic relaxation and QTM in Fe4 sub-monolayers in 2009/2010 [33, 170]. Here,
chemical grafting to a gold surface was achieved by using a thiolate-terminated aliphatic chain (C9 )
as extending tripodal ligand, forming a thiol bond between sulfur and the Au atoms. However its
large size hampered the formation of oriented and ordered molecules on the surface, a prerequisite to
study individual complexes with local probe methods. The first challenge was overcome by subsequent
modifications of the ligand size [18, 158, 170], achieving a slantwise adsorption geometry of so-called
Fe4 Ph complexes, forming an angle of 35◦ between the molecule’s magnetic easy axes and the surface
normal [83, 167]. Whereas the first sub-monolayers of Fe4 derivatives where prepared by a drop-cast
method at air [33], the development of Fe4 Ph for the first time allowed thermal evaporation under UHV
conditions [165]. The last step towards ordered and oriented Fe4 SMMs on surfaces was then presented
in 2015 by the synthetisation and deposition of the so-called Fe4 H derivative on a h-BN/Rh(111) surface [84]. Apart from using the shortest tripodal ligand possible that favors a flat adsorption geometry,
R = H (see Fig. 4.1b), the thermal fragility of Fe4 H required to introduce the electrospray ion beam
deposition technique as alternative preparation method for UHV conditions [81, 129, 137, 171]. The
compound exhibits prototypical Fe4 behavior in the bulk and self-assembles in a highly ordered fashion
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Fig. 4.1: Structure and magnetic properties of Fe4 SMMs. (a) Top: Magnetic core of Fe4 molecular
magnets, with three peripheral iron atoms (FeII,III,IV , orange) connected via two oxygen atoms each (red) to
a central iron atom (FeI , orange). Bottom: Schematic representation of the corresponding ~sˆi = 5/2 high-spin
states of iron, which are antiferromagnetically coupled via the superexchange interaction J1 (green). The nextnearest neighbor interaction J2 (blue) is ferromagnetic and amounts to 5 − 10 % of |J1 | [16]. (b) Structure of the
Fe4 H compound as obtained from Density functional theory (DFT) calculations [84], viewed from perpendicular
(top) and parallel (bottom) to the plane spanned by the four iron atoms. The spatial extension of the flat-lying
compound amounts to hFe4H ≈ 870 pm. (c) SQUID magnetic hysteresis loops recorded at different temperatures
on an Fe4 compound with L = thme. Abrupt jumps of the magnetization indicate quantum tunneling between
spin states. At the indicated sweep rate, the hysteresis closes around 1 K (orange arrow). Figure (c) adapted
with permission from [154]. Copyright 2004 WILEY-VCH Verlag.

on the corrugated hexagonal boron nitride layer, with the plane spanned by the four iron atoms lying
parallel to the surface [84]. A profound STM/STS survey of Fe4 H on h-BN/Rh(111) as well as first
STM and XAS results on a graphene/Ir(111) surface can be found in the PhD thesis of P. Erler [110]
and serve as starting point for the research presented in this thesis.
The following chapter reports the investigation of the on-surface behavior of individual Fe4 H SMMs
and for the first time explores routes to manipulate their electronic and magnetic properties on a
single-molecule scale. This is achieved by comprehensively studying the structural, electronic and
magnetic properties of this peculiar prototype for bulky and polynuclear molecular magnets. A part
of the research presented in this chapter has been published throughout the course of this thesis in
Gragnaniello et al. [172], Paschke et al. [173] and Paschke et al. [139], with main contribution from the
author of this thesis, see also Sect. 8. For the local studies the focus was first set on graphene/Ir(111)
as decoupling substrate to complement the previous results [110], and was subsequently extended to
Pb(111) and Au(111) as prototypical superconducting and metal surfaces. For each substrate, STM
analysis reveals the formation of sub-monolayers and identifies graphene and Pb(111) as particularly
suitable for well-ordered surface adsorption of Fe4 H. Molecular orbitals are probed by STS and reveal
variations of the molecule-substrate interaction, which is demonstrated using the electronic corrugation
of the graphene Moiré superlattice. For the first time reported on such bulky molecular magnets,
imaging the orbitals allows to obtain a detailed picture of frontier electronic states with intramolecular
resolution. The peculiar magnetic properties of individual Fe4 H SMMs are shown to be widely retained
upon adsorption on graphene/Ir(111) both on a local and global scale by successfully employing IETS
and XMCD measurements, respectively. A subsequent XAS/XMCD survey on different functional
substrates reveals global manipulation of the SMM’s magnetic anisotropy, providing a measure of the
robustness of SMM behavior in Fe4 complexes. Finally a detailed study explores routes to selectively
manipulate the electronic and spin states in individual SMMs, successfully resulting in a protocol to
reliably dope single Fe4 H molecules for the first time.
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4.1 Electrospray deposition of Fe4 H sub-monolayers

(a)

(b)
Capillary
Emitter tip

(i)

(ii)

(iii)

Fe4H/THF/MeOH

ca. 3 mm

Fig. 4.2: Electrospray deposition of Fe4 H SMMs. (a) Photograph of the Fe4 H powder (i), the precursor
solution consisting of Fe4 H/THF (ii) and the final solution consisting of Fe4 H/THF/MeOH as used for ESD
(iii). (b) Photograph of a stable electrospray of Fe4 H/THF/MeOH in the ESD setup. The MeOH-induced
polarity of the solution leads to a pronounced expansion, keeping the pressure in the UHV chamber low and
leading to a high sample quality.

The preparation of sub-monolayers of Fe4 H SMMs on different surfaces has been performed using the
electrospray deposition method, see Sect. 3.1.3. Optimized parameters were adopted from previous
works [84, 110] and lead to excellent results with only few residual solvent molecules on all surfaces.
Around 1−2 mg of Fe4 H molecular powder were solved in 7.5−15 ml of THF and stirred for 2−3 hours
until no residual crystals were visible anymore. Whereas solid Fe4 H appears orange to red, the solution
manifests in a yellow color, a photograph is shown in Fig. 4.2a. The maximum time interval between
preparation and usage of the as-prepared solution has been 2 days, and no effect on the quality of the
resulting sub-monolayers has been observed. MeOH was added directly prior to the spray process with
a ratio of 1:6, which enhances the polarity of the solution and leads to suitable expansion and a smooth
shape of the spray, see Fig. 4.2b. The samples were kept at room temperature during the deposition
process, typical ESD operating parameters are summarized in Tab. 4.1. Subsequent heating of the
samples has been tested on graphene/Ir(111) and Au(111) in order to reduce solvent residuals as well
as defects in the Fe4 H sub-monolayers. Whereas heating to 150◦ C for one hour had the desired effect
on graphene, it lead to complete fragmentation of molecules on the gold surface. Surface deposition
on Pb(111) yielded sub-monolayers with a very low defect rate and almost no residuals on the surface,
thus no heating has been tested on this surface.

Capillary voltage (kV)
Flow-rate (µl/min)
Total charge (pAh)
Duration (min)
ppreparation (×10−8 mbar)
Subsequent heating
Used in section

graphene/Ir(111)
2−4
1−2
2−5
10 − 35
2−6
◦
150 C for 1 h
4.2, 4.3, 4.4, 4.5, 4.6

Pb(111)
2−4
1−2
4−5
15 − 40
2−4
4.2, 4.3, 4.5, 4.6

Au(111)
2−4
1−2
4−5
15 − 40
2−4
destruction
4.2, 4.3, 4.5

Tab. 4.1: Parameters for the electrospray deposition of Fe4 H SMMs on surfaces.
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4.2 Highly-ordered self-assembly on functional surfaces
This section investigates the adsorption behavior of Fe4 H sub-monolayers on three functional surfaces by means of STM imaging. The focus is first set on epitaxial graphene/Ir(111) due to its notably low interaction with adsorbed molecules [174, 175, 176, 177, 178, 179, 180, 181] and nanostructures [150, 182, 183]. In combination with an STM tip the system furthermore represents a realistic
contact scheme, as molecule-graphene hybrid systems are promising candidates for future molecular
electronic and spintronic devices [56]. In addition, preliminary measurements demonstrated the formation of sub-monolayers on the graphene surface [110], which serves as a basis for a more elaborate
structural analysis herein. From a technical point of view, graphene/Ir(111) can be easily prepared
in situ and provides extremely clean sample quality, see Sect. 3.1 for more details. Subsequently,
STM results after deposition of Fe4 H on a Pb(111) surface demonstrate an exceptional regular and
defect-free ordering of the SMMs into sub-monolayers. As Pb is a type I superconductor with a critical
temperature around 7 K, this choice furthermore allows to increase the energy resolution in low-energy
STS experiments [184], as well as to study interactions between the molecular giant spin and cooper
pairs [184, 185, 186, 187, 188, 189]. Finally, Au(111) is used as conductive substrate which is shown
to have a significantly enhanced effect on the adsorbed Fe4 H molecules, leading to fragmentation and
partial doping. At the end of this section, main structural parameters as deduced from STM analysis are compared between all surfaces. Concluding, this study provides a detailed overview over the
surface-adsorption of one of the most prototypical SMMs on different functional surfaces, and serves
as a basis for the subsequent investigation of electronic and magnetic properties in individual Fe4 H
complexes.
The STM measurements presented in this section have been carried out with the help of the master
students V. Enenkel and T. Birk.
4.2.1 Graphene/Ir(111) - Two-dimensional, weakly interacting substrate
Fe4 H sub-monolayers on graphene/Ir(111) have been prepared using the ESD method, followed by
cooling down the sample from room temperature to 2 − 6 K. Large-scale STM images of the surface
were recorded using a large tip-sample distance, using bias voltages around 2 − 3 V combined with a
small tunneling current in the range of 5−15 pA. Figure 4.3 displays resulting overview topographies of
the as-prepared system at different magnifications. At first glance, irregular boundaries allow to clearly
distinguish molecular islands from the straight step edges in the Ir(111) surface below the graphene
layer, see Fig. 4.3a. Islands preferably grow along those step edges and surface defects, most probably
caused by trapped molecules in surface potential minima that act as condensation nuclei [190]. The
same holds for Fe4 H molecules, fragments or solvent residuals on top of the molecular islands that are
trapped at the islands’ edges, domain boundaries or point defects [110], see Fig. 4.3b and c. Scanning
over several Ir steps leads to occasional dragging and releasing of molecules which is detected as horizontal stripes in the topography, see Fig. 4.3a. This observation is a first hint to only weak coupling
between Fe4 H SMMs and the graphene surface, predominated by a molecule-molecule interaction that
favors the formation of dense molecular layers. The molecular islands exhibit an average apparent
height of 692(59) pm at standard scanning parameters of 3 V and 15 pA, an exemplary line profile as
plotted in Fig. 4.3e shows only minor corrugation around ±50 pm on top of the islands. Note that
scanning at negative bias voltages is also possible for U < −2.5 V and yields comparable topographic
images.
The apparent height of Fe4 H highly depends on the applied bias voltage, as can be seen in a series of
STM topographies in Fig. 4.4. This particular island grows along a step in the graphene surface that
is build up by multiple Ir atomic layers in height, as evident from transverse height profiles shown in
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Fig. 4.3: Sub-monolayers of Fe4 H SMMs on graphene/Ir(111). (a) Large-scale STM topographic image
of molecular islands that extend over several steps in the graphene/Ir(111) surface. Note that the image plane
is tilted in order to clearly display each surface step. White lines indicate Fe4 H islands (irregular) and surface
steps (straight). U = +3 V, I = 10 pA, T = 1.9 K. (b) Same as (a), recorded at a different location with a larger
magnification. U = +3 V, I = 10 pA, T = 2.4 K. (c) Zoom on molecular islands with bright appearing molecules
being trapped along the island edges and domain boundaries, marked by arrows. U = +3 V, I = 10 pA,
T = 1.9 K. Figure (c) adapted with permission from [172]. Copyright 2017 American Chemical Society. (d)
Graphene Moiré superlattice as visible in (c) at usual Fe4 H scanning parameters. (e) Height profile recorded
along the white line in (c). (f ) FFT maps corresponding to the respective two Fe4 H domains in (c). Marked
features reveal two different rotations and are explained in the text and Fig. 4.5.

Fig. 4.4b. Whereas the surface step height does not vary, a small change from usual scanning conditions
around +3 V to +2.5 V significantly reduces the island height to 370(50) pm. This finding indicates
multiple molecular orbitals in this energy range that mediate electron tunneling in the junction, and
will be further investigated in Sect. 4.3. In addition, STM imaging at +2.5 V allows to clearly identify
point defects within the islands, see Fig. 4.4a. The evolution of the apparent island height h(U ) with
respect to the bias voltage is plotted in Fig. 4.4c and can be well fitted using
Uh=0 −U

h(U ) = h∞ + c · e Urise .
(4.1)
At large voltages, the height saturates around h∞ = 790 pm, being only slightly smaller than the
shortest spatial extension of Fe4 H, i.e. 870 pm. This distance is measured between the top and bottom tripodal ligands, see Fig. 4.1b, and indicates a flat adsorption geometry of Fe4 H SMMs on the
graphene/Ir(111) surface. The fit furthermore suggests vanishing apparent height at Uh=0 ≈ +2.2 V,
being in good agreement with the transport gap measured in Sect. 4.3 and the experimental observation that molecules are easily displaced by the STM tip at these tunneling conditions.
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Fig. 4.4: Bias voltage-dependent apparent height of Fe4 H SMMs on graphene/Ir(111). (a) Series of
STM topographic images of an Fe4 H molecular island that were recorded at different bias voltages. I = 10 pA,
T = 1.8 K. (b) Apparent height profiles along the white lines in (a), including intermediate bias voltage values.
The underlying graphene/Ir(111) step heights show only minor variation in this voltage range and are indicated
as shaded gray areas. (c) Extracted average apparent height h as a function of the bias voltage and I = 10 pA.
Error bars denote the width of the height distribution in histogram analysis of each island (not shown). A fit to
the data as discussed in the text is plotted as solid red line, the 95 % confidence interval is shown in light blue.

In order to gain a deeper insight into the ordering and adsorption configuration of Fe4 H SMMs on
graphene/Ir(111), STM topographic images with molecular resolution are shown in Fig. 4.5. A detailed analysis of the corresponding two-dimensional Fast Fourier transform (FFT) maps allows for
full extraction of relevant structural parameters, see Fig. 4.5e. The molecular magnets self-assemble
into a periodic hexagonal pattern highlighted in Fig. 4.5f, with lattice parameters of |~a1 | = 1.65(3) nm
and |~a2 | = 1.69(3) nm under an angle of ϕa = 59.6(1.6)◦ . These values are in well agreement to the
intrinsic ordering in Fe4 H single crystals within its crystallographic (001) plane [84], pointing to no
significant patterning effect of the graphene/Ir(111) surface. Depending on the tip state, also the periodicity of the graphene Moiré superlattice can clearly be detected, see FFT mappings for Fig. 4.5c
and d. The unit cell of the superstructure can be imaged next to the molecular islands at usual Fe4 H
scanning parameters or with atomic resolution, see Figs. 4.3d and 4.5f, respectively. Analysis yields
Moiré lattice parameters around |gr
~ 1,2 | = 2.58(14) nm under an angle of ϕgr = 60.3(3.2)◦ , being in
good agreement with literature values [191]. Collecting the relative rotation α between both unit cells
on a number of molecular islands does not reveal a clear correlation, as evident from histogram analysis in Fig. 4.5g. These findings demonstrate a rather weak impact of the graphene/Ir(111) surface
on the lateral adsorption sites of Fe4 H SMMs, in good agreement with other molecular complexes of
comparable size [110, 180]. Note that the Moiré-induced modulation on top of the Fe4 H islands is
however not visible by eye, and can only be identified in FFT mapping.
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Fig. 4.5: Ordered self-assembly of Fe4 H SMMs on graphene/Ir(111). (a-d) STM topographic images of
different molecular islands with intramolecular resolution and varying STM tip state. Fe4 H SMMs self-assemble
into a hexagonal lattice. Ua,c,d = +3 V, Ub = +2.8 V, Ia,c = 20 pA, Ib = 30 pA, Id = 10 pA, T = 1.8 − 1.9 K.
Figure (c) adapted with permission from [173]. Figure (d) adapted with permission from [172]. Copyright
2017 American Chemical Society. (e) FFT maps of (a) to (d) as indicated. The spots corresponding to the
molecular lattice are outlined as red hexagon, green spots are intensity-modulated third-order replicas and
reveal two different rotations with respect to the molecular lattice, marked by lines: (a), (b) and (d) are rotated
clockwise, (b) anticlockwise. Violet dashed arrows highlight spots of intramolecular origin (violet circles),
indicating rotations of single molecules. Blue spots visible in (a), (c) and (d) originate from the underlying
graphene Moiré superlattice. (f ) STM topographic images of the graphene Moiré superlattice on the bare
surface (left) and close-up into the molecular island of (d) (right). The respective unit cells are indicated in
white. Ugr = +0.2 V, Igr = 0.9 nA, T = 2.8 K. (g) Histogram of observed angles α between graphene Moiré and
molecular unit cells.

In addition to the graphene Moiré superstructure and the molecular lattice, several features can be
identified in the FFT maps in Fig. 4.5e. The majority of spots are higher order repetitions of the
molecular unit cell. Strikingly the third order repetition spots, corresponding to a hexagonal pattern
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with |~b1,2 | = 0.61(3) nm periodicity, exhibit a strong intensity modulation. Only one rotational domain
is strongly visible and marked by green circles in Fig. 4.5e. Following the FFT patterns, the angle between the red and green hexagons changes from θFFT = +18.0(6)◦ to −18◦ upon going from Fig. 4.5a to
4.5b, indicating two different rotational domains. Further spots indicated in violet follow this rotational
inversion and denote lattice periodicities between the second and third order features, i.e. between 0.6
and 0.8 nm. The corresponding lattice constants show a pronounced angular dependency which leads
to a propeller-like appearance in the FFT maps, marked by a violet arrow. The intensity of these
propeller-shaped clouds is larger in the vicinity of the main molecular unit cell directions, pointing
to only small relative rotations in the range of 0 − 15◦ . These distances of around 0.7 nm suggest an
intramolecular origin which requires to study the appearance of individual Fe4 H complexes within the
islands. Figure 4.6a displays the molecular structure as seen from the (001) direction, perpendicular
to the plane spanned by the four Fe atoms. A gray shaded area outlines the positions of the six dpm
ligands and perfectly fits to the topography of Fe4 H complexes in STM images as shown in Fig. 4.6b-d.
This finding suggests a flat adsorption configuration of Fe4 H SMMs on graphene/Ir(111) as previously
reported for deposition on h-BN/Rh(111) and being confirmed by DFT calculations [84]. At usual
scanning conditions around +3 V, the dpm ligands generally appear as protrusions that surround a
more or less pronounced molecular center. The three-fold symmetry of Fe4 H can either be recognized
by a pairwise reduced distance between the protrusions or a triangular-shaped intensity distribution,
as can be seen in Fig. 4.6c and d, respectively. The latter image furthermore illustrates that dpm
ligands of neighboring molecules tend to adopt a close packing with respect to each other, pointing to
a considerable attractive molecule-molecule interaction. This interaction leads to two possible molecular rotations with respect to the molecular unit cell as plotted in Fig. 4.6e, which corroborates the
observations in FFT analysis. The features marked in green and violet thus represent the average
distance between the dpm ligands as well as the respective angle between the Fe4 H molecular rotation
and unit cell vectors. The islands displayed in Fig. 4.5a and b therefore exhibit two different rotations
of the Fe4 H SMMs in their unit cells. Domain boundaries form when both rotational domains are
present in one molecular island, as visible in Fig. 4.3c and f.
A further distinction into two rotational subdomains each can be obtained by evaluation of the molecular rotation θ on a single molecule level. Figure 4.6f and g shows histogram analysis of θ as measured
for all molecules in Fig. 4.5c and d. The distribution of θ exhibits an average value of +7.1(4.8)◦ that
well agrees with the range of angles observed in FFT analysis. However it can be well fitted with a
sum of two gaussians, centered at θ1 = +2.7(6.6)◦ and θ2 = +9.6(5.4)◦ with a relative abundance of
roughly 40 % and 60 % as deduced from the respective area. The error denotes the gaussian widths.
This finding could originate from several effects listed in the following, however a more detailed analysis
is not in the scope of this thesis. First, periodic variations of the molecular rotation could minimize
the strain in the islands, which would lead to a molecular unit cell that is larger than defined by
~a1 and ~a2 . As evident from the overlap of distributions in the histogram it is however difficult to
precisely assign each molecule into one specific rotational domain. Molecular dynamics simulations of
a Fe4 H sub-monolayer are proposed to further evaluate on this. Second, the two sub-rotations could
be assigned to the two enantiomers of Fe4 H SMMs. As can be seen in the side-view of Fig. 4.1b, the
dpm ligands are tilted with respect to the surface normal which induces chirality of the molecular
structure, and both enantiomers are produced during synthesis [16]. Assuming a uniform orientation
of all molecular centers, i.e. the Fe atoms, would thus lead to a slight relative rotation of the observed
protrusions, depending on the respective chirality. The ratio as deduced in histogram analysis would
then reflect the occurrence of each species in the Fe4 H powder. Unfortunately, this value has not been
acquired during synthesis in order to be compared.
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Fig. 4.6: Ordering of Fe4 H SMMs in the molecular unit cell on graphene/Ir(111). (a) Molecular
structure of Fe4 H as viewed perpendicular to the plane spanned by the Fe atoms. H atoms are omitted for clarity.
A gray shaded area highlights the positions of the dpm ligands. (b-c) STM topographic images of embedded
Fe4 H SMMs. The white outline is taken from (a) and perfectly fits the molecular appearance. Arrows in (c)
indicate pairs of dpm ligands that are connected to one Fe atom. U = +3 V, I = 10 pA, T = 1.9 K. (d) Same
as (b) and (c), recorded at a different STM tip state and showing three embedded Fe4 H SMMs. U = +3 V,
I = 10 pA, T = 1.9 K. (e) Sketches of the molecular unit cell (black) with both molecular rotations that are
possible with respect to the unit cell vectors: (i) anticlockwise, (ii) clockwise. The case θ = 0◦ is plotted in gray
in the background. (f ) STM topographic images indicating the determination of unit cell (red) and molecular
rotation (green), respectively. U = +3 V, I = 10 pA, T = 1.9 K. (g) Histogram of the relative rotation θ as
determined from all molecules in Fig. 4.5d. A sum of two gaussians (black) is fitted to the data as explained in
the text.

This morphological study of sub-monolayers and single Fe4 H SMMs on a graphene/Ir(111) surface
reproduces preliminary results [110] and extends the analysis of molecular adsorption down to a single
molecule level in great detail. Except for slight rotational differences as discussed in the end, all molecular magnets exhibit the same, flat-lying adsorption configuration. An attractive molecule-molecule
interaction superimposes a rather weak impact of the graphene/Ir(111) surface on the self-assembly,
and no templating effect of the Moiré superlattice has been observed. The findings now provide a basis
to discuss surface adsorption on other functional substrates as well as to further evaluate electronic
and magnetic properties, presented in the following sections.
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4.2.2 Pb(111) - Exceptional well adsorption behavior on a superconductor
Fe4 H sub-monolayers on a Pb(111) surface have been prepared using the same procedure as on
graphene/Ir(111), see Sect. 4.1. However, STM analysis reveals less solvent residuals and clusters
on the surface, and no post-annealing of the sample is required. Figure 4.7 shows overview STM topographic images of Fe4 H molecular islands, both grown at surface step edges (a, d) and free-standing (b,
c). Apart from those, no isolated molecules can be found on the surface, which indicates a dominant
intermolecular interaction similar to adsorption on graphene. However, the apparent height lies around
h1 = 515(39) pm, being smaller than the value observed on the previous substrate and thus pointing
to an enhanced electronic coupling to the Pb surface. This is supported by second layer molecules and
fragments being trapped almost only at island defects but not at the islands’s edges, indicating a less
abrupt potential step as for the case of graphene. Fe4 H sub-monolayers on Pb(111) furthermore tend
to form straight island edges in the high symmetry directions of the molecular unit cell, see arrows
in Fig. 4.7a and b. This behavior significantly differs from the rather irregular edges observed on
graphene, but recalls the major adsorption behavior of Fe4 H SMMs on a h-BN/Ir(111) surface into a
(1/2 × 1/2) superstructure and is suggested to be purely driven by intermolecular interactions [84]. A
further difference to the adsorption on graphene is the observation of rare, albeit stable formation of
close-packed second and third layers of Fe4 H SMMs as displayed in Fig. 4.7d. Their apparent height is
h2 ≈ 850 nm, in perfect agreement with the real spatial extension of Fe4 H around 0.87 nm as measured
between the two tripodal ligands, see Fig. 4.1b. For later studies, this allows to separately address
embedded molecules that are subject to different molecule-substrate interactions, as well as to study
the electronic and magnetic properties of Fe4 H multilayers. Summarizing, both intermolecular as well
as molecule-substrate interactions are suggested to be enhanced on Pb(111) as compared to graphene,
which is also reflected in larger tunneling currents up to 100 pA that can easily be used at the same bias
voltage without displacement of molecules. These findings highly recommend Fe4 H/Pb(111) as system
for further investigation of electronic and magnetic properties, especially in view of the interaction of
the molecular spin with the superconducting state of Pb.
Magnifications into the molecular islands are shown in Fig. 4.8 and reveal a close-packed ordering of
Fe4 H SMMs as similarly observed on graphene in the previous section. Depending on the tip state,
molecules appear with three- or six-fold symmetry, with six protrusions being assigned to the dpm
ligands. All molecules adsorb in a flat-lying geometry on the surface and arrange in a hexagonal
pattern with lattice parameters |~a1 | = 1.64(5) nm, |~a2 | = 1.66(5) nm and ϕa = 60.7(9)◦ , see Fig. 4.8b.
In order to determine the relative angle α between both the surface and molecular unit cell, either the
atomic lattice of Pb(111) or electron reflection patterns as observed in Fig. 4.7c allow to deduce the
high symmetry directions of the underlying Pb surface. Despite the rather strong molecule-substrate
interaction as discussed above, no correlation between both orientations has been found as evident from
histogram analysis in Fig. 4.8f for a number of islands. Concerning the relative rotation θ between
each Fe4 H SMM and the molecular unit cell however yields an average rotation of |θ| = 6.9(4.3)◦ as
obtained by analyzing all molecules in Fig. 4.8a. Interestingly, this particular island is divided by a
straight boundary into two rotational domains, visible as dark line in STM topography and marked by
an arrow. Whereas the molecular unit cell vectors are equal in both domains, the relative molecular
rotation changes its sign. Histogram analysis is shown in Fig. 4.8g and reveals further division into two
main sub-rotations similar to the results on graphene. The distributions of both domains are effectively
mirrored at θ ≈ 0◦ and can be well fitted by sums of two gaussians, which yields θ1,small = −3.2(4.3)◦
and θ1,large = −9.1(4.6)◦ for the left, as well as θ2,small = +1.6(4.4)◦ and θ2,large = +8.6(5.9)◦ for
the right domain. The relative abundance of the smaller peak to the total area accounts to 41 %
and 32 %, respectively. This finding and its good agreement with the observed ratio on graphene, i.e.
≈ 40 %, underlines the dominant role of molecule-molecule interaction on the island formation in Fe4 H
molecular magnets, both on "innocent" as well as metal substrates.
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Fig. 4.7: Sub-monolayers of Fe4 H SMMs on Pb(111). (a) STM topographic overview of sub-monolayers
that nucleate at Pb step edges. Arrows indicate the formation of straight island edges as visible at the majority
of islands. U = +3 V, I = 15 pA, T = 5.0 K. (b) Same as (a), but a free-standing island. U = +2.5 V, I = 50 pA,
T = 4.1 K. (c) Same as (b), but a different island. Depressions marked by arrows are defects in the Pb(111)
surface, as magnified in the inset (12 × 12 nm2 ). U = +2.5 V, I = 50 pA, T = 4.1 K. (d) Molecular island with
a second and third layer of close-packed Fe4 H SMMs, color-coded in blue and red, respectively. U = +3 V,
I = 15 pA, T = 5.2 K. (e+f ) Height profiles along the white lines in (c) and (d), respectively. Arrows indicate
the sub-island depressions in the Pb surface. The different apparent heights of first, second and third layer
molecules are indicated with h1 and h2 .

Concluding, Fe4 H molecular magnets adsorb in a flat-lying geometry on a Pb(111) surface, being
subject to molecule-substrate and intermolecular interactions that favor the formation of densely packed
sub-monolayers. No isolated molecules have been found on the surface, single complexes might be
found along surface step edges, which is not further evaluated here. Less fragments, solvent residuals
and disordered molecules compared to graphene as substrate suggests the Pb(111) surface as an ideal
candidate for further investigation of electronic and magnetic properties of single Fe4 H SMMs in local
probe experiments.
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Fig. 4.8: Ordered self-assembly of Fe4 H SMMs on Pb(111). (a) STM topographic image of a molecular
island with intramolecular resolution. A white arrow denotes a domain boundary between the two rotational
domains, marked by light and dark green hexagons. U = +2.5 V, I = 30 pA, T = 3.1 K. (b) Close-up image
into (a), with the molecular unit cell sketched in white and its orientation marked by the red arrow. (c+d)
STM topographic images obtained with a different tip state. Uc = +2 V, Ic = 20 pA, Tc = 1.9 K, Ud = +2.8 V,
Id = 15 pA, Ud = 4.2 K. (e) STM topographic images indicating the determination of the Pb(111) atomic
lattice direction (blue) and the molecular rotation (green, zoom in (b)), respectively. UPb = +90 mV, IPb =
1.5 nA, TPb = 2.5 K. (f ) Histogram of measured rotations α between Pb atomic and Fe4 H molecular unit cell
orientations. (g) Histograms of the relative rotation θ as determined from all molecules in Fig. 4.8a. Sums of
two gaussians (black) are fitted to the data as explained in the text.
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4.2.3 Au(111) - Strongly interacting metal surface
In order to investigate the surface adsorption of Fe4 H SMMs on a prototypical, non-superconducting
metal surface, sub-monolayers have been prepared on Au(111) using the ESD method. Subsequent
STM topographic analysis reveals ordered sub-monolayers comparable to the ones discussed in the
previous sections, as well as a considerable amount of molecular fragments and solvent residuals on
the bare gold surface. Attempts to reduce these residuals by using post-annealing temperatures up to
100◦ C resulted in substantial fragmentation of all Fe4 H molecules. Figure 4.9 summarizes the obtained
STM topographic results, each showing different adsorption aspects, which will be discussed in the
following. Generally, the Au(111) surface has been extensively used to study the adsorption of single
atoms [192, 193], organic molecules [194, 195, 196], molecular magnets [33, 37, 120, 197] and other
functional materials [198, 199, 200]. At low coverage, a considerable templating effect is imprinted
by the herringbone surface reconstruction, which is highlighted in Fig. 4.9a in gray [201]. Favored
adsorption sites for atoms and molecules are the so-called elbow regions [192, 193, 197], where hcp, fcc
and domain walls merge and cause local minima in the adsorption potential [201, 202]. Furthermore,
adsorption on the Au(111) surface often comes along with considerable hybridization of molecular orbitals with the surface electrons, which can cause renormalization of orbital energies [194, 203, 204],
a quench of magnetic moments [85, 205] or inducing a bending of the molecular structure [40, 206].
On the other hand, Au(111) can also preserve molecular magnetism when the molecular ligand shell is
designed appropriately, as was shown for functionalized Fe4 derivatives [33, 111, 157, 167], lanthanide
(Ln)-based phthalocyanines [40, 42, 207] or Ln-based metallofullerenes [37, 120].
The results for surface-adsorbed Fe4 H molecular magnets presented here reveal a twofold picture. On
the one hand, fragments and solvent residuals cover the whole gold surface, and are mainly trapped at
the herringbone elbows or surface step edges, see Fig. 4.9a and d. This finding indicates a considerable
impact on the structural integrity of Fe4 H as well as a strong pinning to the surface. As measurements
at low temperature around 4 K do not show any mobility of the complexes, molecule fragmentation
is suggested to take place around room temperature, during and after the ESD deposition process.
On the other hand, STM imaging also reveals large-scale molecular islands of intact Fe4 H SMMs on
the Au(111) surface. Similarly to results on graphene/Ir(111) and Pb(111), the molecules adsorb in a
flat-lying geometry and self-assemble in a densely packed hexagonal lattice with unit cell parameters
of |~a1 | = 1.64(2) nm, |~a2 | = 1.67(3) nm and ϕa = 60.0(1.1)◦ . The apparent height is determined to be
≈ 589(66) pm, lying in between the values for graphene/Ir(111) and Pb(111). FFT mappings shown
in Fig. 4.9h reveal the same characteristic propeller-shaped intensity distributions as discussed in the
previous sections, indicating a molecular rotation with respect to the unit cell. The six dpm ligands
appear as protrusions, and the molecular center either exhibits a pronounced triangular shape or a
depression, see Fig. 4.9e-g.
Some of the islands show a pronounced modulation of molecular appearance at usual scanning parameters, see Fig. 4.9a-c. Several possible effects could explain this finding. First, the modulation could
be directly related to local differences in the work function caused by the herringbone reconstruction,
which would result in different apparent heights. However, the surface potential on Au(111) varies by
only ≈ 100 meV [202, 208, 209], which is likely to be too small compared to bias voltages around +2 V
to induce such differences. Second, fragments or solvent residuals could be trapped below the molecular
islands similarly as observed on the bare surface, which would lead to a substantially rough underlay causing topographic modulations. This scenario is supported by a notably smaller intermolecular
distance of |~amodulated,1 | = 1.55(2) nm, |~amodulated,2 | = 1.58(3) nm, which could be realized when the
molecules partially use the z-direction as turnout. The decrease of molecular distances however does
not reflect on the individual molecular rotations with respect to the unit cell, with θbright = −7.7(4.5)◦
and θdark = −8.0(4.6)◦ as measured in Fig. 4.9c and being in well agreement with the values obtained
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Fig. 4.9: Surface adsorption of Fe4 H SMMs on Au(111). (a) STM topographic image of the herringbone
surface reconstruction (left) and a molecular island (right). U = +2 V, I = 50 pA, T = 5.4 K. (b) Bias voltagedependent topography of a molecular island. Utop = +2 V, Ubottom = +2.5 V, I = 50 pA, T = 5.3 K. (c)
Close-up into a molecular island with varying apparent height. U = +2.5 V, I = 10 pA, T = 5.3 K. (d) Flat
appearing molecular island surrounded by fragments. U = +3 V, I = 15 pA, T = 4.3 K. (e) Molecular island
imaged with intramolecular resolution. U = +2.5 V, I = 20 pA, T = 4.3 K. Figure (e) adapted with permission
from [139]. Licensed under CC BY 4.0. (f ) Molecular island imaged with a different tip state and at negative
bias voltage. U = −2.2 V, I = 15 pA, T = 4.5 K. (g) Zoom on single molecules in (e) and (f). (h) FFT analysis
of (c) and (f). The spots correspond to the molecular unit cell (red), its third-order replicas (green) and to the
dpm ligands with a rotation-dependent periodicity (violet arrow).

on graphene/Ir(111) and Pb(111). A direct correlation of both gold and island surface topographies
could shine further light on these questions. However, attempts to wipe away molecular islands using
the STM tip in order to reveal the actual orientation of the herringbone reconstruction underneath
were not successful. Notably, the distinction between dark and bright appearing molecules is strictly
twofold, and no intermediate intensities are observed, see Fig. 4.9b. This strongly supports a discrete
electronic effect like partial charging or hybridization with the fragments or the reconstruction.
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In addition to islands with a modulated molecular appearance also uniform sub-monolayers of Fe4 H
have been observed, as displayed in Fig. 4.9d-g. This finding generally excludes the height modulation
discussed above to originate directly from the herringbone reconstruction, as such an effect would be
expected to act equal on all molecular islands on the surface. It is thus suggested that molecular
fragments are occasionally trapped or displaced upon formation of molecular sub-monolayers, likely
depending on the respective coverage or exact nature of fragments (solvent residuals, Fe4 H fragments,
or a mixture). Further investigation in this direction is not part of this thesis, and future experiments
with different coverages are suggested to address these questions. Analysis of all molecular rotations
in Fig. 4.9f yields an average angle with respect to the unit cell of θ = −10.0(4.5)◦ , that can be fitted
using only one gaussian curve, see Appendix 12.2. The absence of a second main rotation as observed
on graphene and Pb weakens the assignment to the two different enantiomers of Fe4 H and rather suggests a minimization of intraisland strain as explanation for the formation of rotational sub-domains.
Molecular dynamics simulations are suggested to shine light on this question, but are not part of the
current work.
Surface adsorption of Fe4 H molecular magnets on an Au(111) surface was found to exhibit a richer
behavior than observed on graphene/Ir(111) and Pb(111). In addition to similar sub-monolayers with
highly-ordered, flat-lying Fe4 H complexes, a substantial amount of fragments and solvent residuals were
observed over the whole surface. On a fraction of molecular islands, these trapped complexes likely
induce a twofold modulation of the apparent height. This defined manipulation makes the system
particularly interesting for further investigation of its electronic and magnetic properties, with first
results being discussed in the following sections.
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4.2.4 Substrate-dependent adsorption properties of Fe4 H SMMs
This section summarizes the main morphological parameters obtained in Sections 4.2.1 - 4.2.3 concerning the surface-adsorption of Fe4 H molecular magnets on graphene/Ir(111), Pb(111) and Au(111).
For a direct comparison, Fig. 4.10 displays all relevant results, the corresponding average values are
collected in Tab. 4.2. The unit cell of the dense molecular packing shows no significant substratedependency, and coincides well with the intrinsic ordering in Fe4 H single crystals as measured in the
(001) crystallographic plane [84]. The attractive intermolecular interaction thus plays a dominant role
for lateral island formation, also after adsorption on metal surfaces. However, different couplings can
be seen in a substrate-dependency of the molecules’ apparent height, which is related to a change of the
molecular orbital energies as will be shown in the next section. Slightly larger unit cell areas in molecular islands compared to bulk hint to a certain lateral relaxation, likely due to their finite size. Islands
that exhibit intensity-modulated complexes like shown in Sect. 4.2.3 have been once observed on an
Au(111) and a graphene/Ir(111) substrate, respectively. Their unit cell size is considerably smaller,
which is likely caused by molecular fragments trapped below the Fe4 H complexes. Molecular rotations
with respect to the unit cell vectors are found to be comparable on all substrates, but the formation of
an additional rotational sub-domain has only be observed on graphene and Pb. This finding excludes
the molecules’ chirality to be reflected in the molecular rotation as discussed in Sect. 4.2.1, and is likely
to be caused by a minimization of intraisland strain. The absence of two rotational sub-domains on
Au(111) is then assigned to a stronger molecule-substrate interaction.
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Fig. 4.10: Structural parameters of sub-monolayers of Fe4 H SMMs on surfaces. (a) Substratedependent average apparent height of Fe4 H molecular islands as a function of tunneling conductance G =
Itun /Ubias . T = 2 − 6 K. (b) Sketch of main structural parameters in the two-dimensional self-assembly. θ1 and
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Height (pm)
|~a1 |, |~a2 | (nm)
ϕa (◦ )
θ1 ( ◦ )
θ2 ( ◦ )

Crystallographic
(001) plane [84]
870
1.62 − 1.63
60.1(0.3)

graphene/Ir(111)
790
1.65(3), 1.69(3)
59.6(1.6)
9.6(5.4), ≈ 60 %
2.7(6.6), ≈ 40 %

39

Pb(111)
h1st = 515,
h2nd = 850
1.64(5), 1.66(5)
60.7(0.9)
8.9(5.3), ≈ 64 %
2.4(4.4), ≈ 36 %

Au(111)
590
1.64(2), 1.67(3)
60.0(1.1)
8.6(4.5), 100 %

Tab. 4.2: Structural parameters of Fe4 H SMM sub-monolayers on surfaces.
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4.3 Molecular orbitals reveal substrate-dependent coupling
After elucidation of the molecular adsorption in Sect. 4.2, this section investigates the electronic properties of individual Fe4 H SMMs by means of dI/dU spectroscopy. Following the STM structural analysis,
measurements were performed with graphene/Ir(111), Pb(111) and Au(111) as substrates. Varying
energies of spectral features indicate different electronic couplings, with the least strong observed on
the first surface. Subsequently, the focus is therefore set on the Fe4 H/graphene/Ir(111) system to study
adsorption site-dependent modulation of orbital energies as well as to spatially resolve the molecular
states with intramolecular resolution. A large transport gap reveals a widely unaffected electronic
landscape of Fe4 H, which underlines the weak impact of the graphene surface and serves as basis for
subsequent investigation of its magnetic properties. Similar dI/dU measurements carried out on the
Fe4 H/Pb(111) system will be discussed in Sect. 4.6.2 in the course of chemical doping.
The STS measurements presented in this section have been carried out with the help of the master
students V. Enenkel and T. Birk. DFT model calculations have been performed by León Martin of
the AG Pauly, Uni Augsburg.
Representative spectra for each substrate are plotted in Fig. 4.11a-c, which were obtained with the
STM tip centered over individual Fe4 H complexes. Due to the energies of the relevant features in the
range of ±(2 − 4) eV, all dI/dU curves were normalized by the total conductance, I/U , see Sect. 2.1.1.
The spectra exhibit pronounced peaks that are separated by a clearly visible transport gap, whereas
no such features are observed on the bare surfaces nearby the molecular islands. The resonances measured at negative and positive bias voltage are assigned to elastic tunneling into the highest occupied
(HOMO) and lowest unoccupied molecular orbitals (LUMO) of Fe4 H, respectively. However one should
have in mind that the large size and thus large number of electrons in such polynuclear SMMs implies
energy levels that lie close in energy, as can be seen in the DOS obtained for Fe4 H in gas-phase DFT
calculations [84]. Assignment of the broad resonances in dI/dU spectroscopy to single MOs is thus
an oversimplification of the molecules’ electronic landscape, but anyhow provides valuable insight into
the electronic molecule-substrate coupling. A reliable indicator in this sense is represented by the
transport gap, which is proportional to the real HOMO-LUMO gap and furthermore depends on the
coupling-dependent broadening of molecular energy levels. Comparing results on different substrates,
a decrease of the transport gap therefore denotes enhanced molecule-substrate interaction. In this
study it is determined at a signal level of (dI/dU )/(I/U ) ≈ 2 − 4, whereas small increases of intensity
observed next to the HOMO/LUMO resonances are assigned to direct tunneling into the substrate
DOS. In order to investigate the impact of the respective surface on the electronic properties of Fe4 H
SMMs, spectra have been collected on a large number of molecules (≡ N ). Resulting HOMO/LUMO
energies as well as the measured transport gaps are summarized in histograms in Fig. 4.11d-f and listed
in Tab. 4.3. Gaussian curves denote average values and observed standard deviations over the ensemble.
(eV)
HOMON
LUMON
LUMO+1N
Transport gapN

graphene/Ir(111)
−2.28(16)198
+2.49(13)224
4.21(20)222

Pb(111)
−3.06(9)17
+1.40(5)56
+1.82(7)41
3.59(32)31

Au(111)
−2.07(43)29
+1.61(49)53
2.94(66)44

Tab. 4.3: Electronic properties of Fe4 H SMMs on surfaces.
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Fig. 4.11: Electronic properties of Fe4 H SMMs on surfaces. (a-c) Substrate-dependent, normalized
dI/dU spectra obtained with the STM tip placed over the center of Fe4 H complexes (blue), together with spectra
obtained on the bare substrates next to molecular islands (gray). HOMO/LUMO resonances and determination
of transport gaps are indicated. On Pb(111), a pronounced shoulder is labelled as LUMO+1. Uset,a = +3 V,
Iset,a = 20 pA, Ta = 1.9 K. Uset,b = +2.5 V, Iset,b = 50 pA, Tb = 4.5 K. Uset,c = +3 V, Iset,c = 30 pA, Tc = 5.2 K.
(d-f ) Corresponding histogram analysis of spectral features as measured on a large number of molecules, for
values see Tab. 4.3. Gaussian curves (orange) indicate average values and standard deviations.

Following the histogram analysis, several observations can be made. First, the LUMO energies measured on the bare metal substrates are considerably lower than observed on graphene/Ir(111). This
reflects less energy that is necessary for an electron to occupy the first available molecular orbital above
the Fermi level when Fe4 H adsorbs on Pb or Au, and therefore underlines a stronger molecule-substrate
interaction on these surfaces. Consequently, the larger barrier for electron injection upon adsorption
on graphene points to a weaker impact on the electronic properties of Fe4 H SMMs. Second, the observed transport gaps on the bare metal surfaces account to roughly ≈ 3−3.5 eV, whereas a value above
≈ 4 eV is measured on graphene. This finding not only corroborates the weak influence of the graphene
surface, but also well agrees with a calculated HOMO-LUMO gap around 3.9 eV of the molecule in
the gas phase [84]. The discrepancy is likely due to a systematic underestimation of band gap values
by DFT [210, 211]. Third, the distribution widths of observed HOMO/LUMO energies strongly vary
due to locally modulated intermolecular or molecule-substrate interactions. They span from a broad
range of ±0.5 eV on Au(111) to a narrow window of ±0.1 eV on Pb(111). This finding supports the
conclusions of STM analysis in Sect. 4.2, that indicate more diverse adsorption environments on Au,
whereas Fe4 H SMMs arrange in a very uniform way on Pb. The difference could furthermore be related
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to the spatially modulated surface structure on Au and graphene/Ir, in contrast to the flat Pb(111)
surface, which will be addressed in the next section.
The characterization of frontier molecular orbitals in Fe4 H SMMs on different surfaces fully support the
findings from STM analysis. Graphene/Ir(111) is confirmed to have only weak impact on the molecule’s
electronic and structural properties, and therefore serves as ideal candidate to further investigate the
peculiar magnetic properties of Fe4 H after surface adsorption. The following section thus provides a
more detailed electronic characterization of this particular system.

4.3.1 Spatially resolved electronic properties of Fe4 H SMMs
In contrast to the Pb surface, both Au(111) and graphene/Ir(111) offer the possibility to disentangle the impact of molecule-substrate and intermolecular interactions on the energy distributions of
frontier molecular orbitals, due to their spatially modulated surface topography. Local variations
in intermolecular interactions that reflect on the HOMO/LUMO energies and the transport gap are
caused by slightly different adsorption geometries and intraisland strain, and are thus expected to
appear randomly distributed over the molecular lattice. On the other hand, a long-range modulation
of electronic properties on graphene/Ir(111) is expected to reveal variations in the molecular-substrate
interactions, according to the specific position of each complex with respect to the graphene Moiré
superlattice. As shown in Sect. 4.2.1, no correlation between the molecular and the graphene unit cell
vectors has been observed, which implies the appearance of all possible adsorption positions of Fe4 H
SMMs on the surface.
In order to experimentally observe variations in dI/dU spectroscopy on a reasonable length scale that
includes several molecules, the rotation between both unit cells has to be sufficiently small. Figure 4.12
shows results obtained on a molecular island that is rotated by α = 1.3(5)◦ with respect to the graphene
Moiré unit cell (see Fig. 4.12b-d). The lateral distance d between two virtually identical adsorption
sites can then be calculated using
√
|~aMoiré |
3 |~aMoiré |
d = sin (θMoiré )
≈
(4.2)
sin (α)
2 sin (α)
With |~aFe4H | ≈ 1.61 nm and |~aMoiré | ≈ 2.58 nm as determined by FFT analysis of Fig. 4.12a, this
leads to a distance of d ≈ 99 nm, which corresponds to roughly 61 molecules. A series of STS spectra
has subsequently been collected along the line indicated in Fig. 4.12a, and resulting values for the
LUMO energy and transport gap are plotted as a function of the lateral distance in Fig. 4.12e and f,
respectively. For stability reasons due to the extended measurement interval, negative bias voltages
were limited to −2.3 V, thus no HOMO values could be extracted. The LUMO exhibits short-range
correlations within an energy window of ±0.2 eV around the average value, whereas no long-range
modulation can be observed on the length scale of d. The observed scattering is thus likely caused
by varying molecule-molecule interactions and slightly different measurement positions. On the other
hand, the transport gap shows a clear long-range correlation, with a similar spread of values around
±0.2 eV, see Fig. 4.12f. Fitting the data to a sine-function reveals a modulation amplitude of roughly
±100 meV with a periodicity of ≈ 62 molecules. This finding perfectly matches the expected adsorption
site variation and thus demonstrates the impact of different graphene Moiré superlattice sites on the
electronic properties of Fe4 H. A similar effect has been observed for CoPc molecules on gr/SiO2 , on
h-BN [212] and on gr/Ir(111) [176]. Note that the variation of the transport gap can either be caused
by an unequal shift of both HOMO and LUMO orbitals, as well as by a change of their line widths.
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A variation of resonance energies and transport gaps in the dI/dU spectra can result from several
mechanisms. First, local variations of the substrate’s work function imprint a spatially varying doping
level of the graphene layer, which would induce a uniform shift of both HOMO and LUMO energies
by keeping the transport gap unaffected [176]. The work function modulation on graphene/Ir(111)
accounts to roughly 0.1 eV [213, 214], and is therefore assigned to be hidden in the short-range variations
observed in the LUMO energy. Second, the topographic corrugation of the graphene layer leads to
different molecule-substrate distances which imprints on the polarization energy, that is necessary to
add or remove electrons from the molecule. This leads to an enhancement of the transport gap above
the graphene Moiré top site with additional reduction of the resonance line widths [176], being well in
line with the measurements. This demonstrates a variation of molecule-substrate interactions due to
the graphene Moiré superstructure, that is however overlaid by the short-range impact of intermolecular
couplings and can only be distinguished on an ensemble of molecules, not on an individual one. Note
that a direct correlation between specific Moiré adsorption sites and molecular positions was not feasible
due to the uncertainty of lattice extrapolation below the molecular sub-monolayer.
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Fig. 4.12: Spatial modulation of electronic properties in Fe4 H SMMs on graphene/Ir(111). (a)
STM topographic overview of a molecular island. The starting and end positions for the series of STS spectra
are indicated by circles, arrows denote the direction. U = +3 V, I = 20 pA, T = 1.8 K. (b) Zoom in (a), the
molecular unit cell is sketched in blue. (c) STM image of the graphene Moiré lattice next to the island, with
the unit cell sketched in gray. U = +0.1 eV, I = 1 nA, T = 1.8 K. (d) Sketch of both unit cells, with the relative
rotation α. (e) Spatial variation of the LUMO peak energy as obtained from a series of STS spectra recorded
over the center of Fe4 H SMMs along the indicated direction in (a). The mean value is indicated as solid line, an
energy window of ±0.2 eV is sketched as guide to the eye (shaded area). (f ) Spatial variation of the transport
gap. A fit to a sine-function is plotted as solid line, the spread of values is indicated with an energy window of
±0.2 eV (shaded area). Figure (a)-(f) adapted with permission from [172]. Copyright 2017 American Chemical
Society.

Substrate-related changes of the HOMO/LUMO energies also depend on the shape of the respective
molecular orbitals [176]. Extended states on the molecular ligands can be much more affected by
local work function variations or partial hybridization than spatially confined orbitals in the molecule’s
center. In order to further investigate the electronic properties of Fe4 H SMMs on graphene/Ir(111),
molecular orbitals have been imaged by spatially resolved dI/dU spectroscopy. Figure 4.13 displays
results obtained on a single Fe4 H complex embedded into a molecular island. The topography with
roughly six-fold symmetry well agrees with a flat-lying adsorption configuration, as can be seen by
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comparison to a calculated Tersoff-Hamann image, see Fig. 4.13c. A dI/dU spectrum recorded over
the molecular center is shown in Fig. 4.13b and reveals distinct resonance peaks. As noted before
and supported by a DFT calculated spectrum of the gas-phase molecule [84], the large size of Fe4 H
leads to multiple molecular orbitals lying close in energy next to the transport gap. Therefore, the
HOMO/LUMO resonances host several molecular states each, which can not be identified in the
spectrum. However, pronounced differences within each resonance can be distinguished in spatially
resolved measurements, see Fig. 4.13d. The designated HOMO and LUMO orbitals are recognized at
energies of −2.05 eV and +2.40 eV, respectively. The HOMO is characterized by a clearly localized
intensity distribution over the molecular center, yielding a three-fold symmetric feature that likely
indicates the positions of the three outer iron or corresponding oxygen atoms. Going toward larger
negative bias voltage values, the intensity first localizes on top of the tripodal ligand and then spreads
over the outer ligand shell, i.e. the dpm ligands. Above the Fermi level, the LUMO is asymmetrically
distributed over three of the dpm ligands, subsequently followed by a delocalized intensity that covers
the whole molecule. Around +2.8 eV, an orbital localizes over the molecular center, with a weak,
three-fold symmetric contribution connected to three of the dpm ligands.
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Fig. 4.13: Molecular orbitals of a single Fe4 H SMM on graphene/Ir(111). (a) STM topographic
image of an embedded Fe4 H molecule. The scale bar has a length of 0.5 nm, the molecular shape is outlined
in white. U = +3 V, I = 15 pA, T = 1.9 K. (b) Normalized dI/dU spectrum recorded above the molecular
center, see mark in (a). Uset = +3 V, Iset = 15 pA, T = 1.9 K. (c) Calculated Tersoff-Hamann image of a
gas-phase Fe4 H complex as viewed from the (001) direction. Figure (c) adapted with permission from [84].
Copyright 2015 American Chemical Society. (d) Molecular orbitals obtained on the molecule in (a) from
spatially resolved and normalized dI/dU spectra, cut at energies that exhibit different, pronounced intensity
distributions. 1.5 × 1.5 nm2 , 30 × 30 pixels. Figure (d) adapted with permission from [172]. Copyright 2017
American Chemical Society.

As discussed before, orbitals that are strongly localized within the molecular cage are expected to
be less affected by the molecular environment in contrast to those residing on the dpm ligands. The
impact of the molecule-substrate interaction that mainly acts in the out-of-plane direction is difficult
to access in this particular measurement geometry, especially on such bulky compounds. However,
lateral variations of orbital shapes that are caused by intermolecular interactions can be well resolved
in a scanning probe measurement. Figure 4.14 therefore shows spatially resolved molecular frontier
orbitals of three adjacent Fe4 H complexes within a molecular island. The HOMO states around −2.3 eV
exhibit comparable intensity distribution over each tripodal ligand and magnetic core, suggesting to be
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uniform in all Fe4 H SMMs in the molecular sub-monolayer. On the other hand, the molecular orbitals
at larger negative bias voltages which are localized over the dpm ligands, see Fig. 4.13d, reveal more
diverse intensity distributions over the ensemble of molecules. Whereas the rough characterization
made in Fig. 4.13d remains valid, orbitals seem to be randomly distributed over the dpm ligands
with varying intensity, see energy cuts at −2.43 and −2.58 eV, respectively. The same holds for the
unoccupied molecular states, where each molecule exhibits slightly different orbital shapes. These
modulations are likely caused by electrostatic van-der-waals interactions between the closed-shell dpm
ligands that lead to renormalization of molecular orbitals, depending on the local strain in the island
and the relative rotation between the complexes. The findings corroborate the observed spread of
orbital energies in Fig. 4.11, likely caused by varying measurement locations over each molecule, where
each molecular orbital that resides on the outer ligand shell at the same time reflects variations of the
molecule-molecule interaction. On the other hand, the results demonstrate an effective shielding of
the Fe4 H magnetic core by the bulky ligand shell, highlighting the compounds’ chemical inertness and
robust SMM behavior.
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Fig. 4.14: Molecular orbitals of multiple Fe4 H SMM on graphene/Ir(111) (a) STM topographic image
of three Fe4 H complexes in a molecular island. The length of the scale bar is 1 nm. U = +3 V, I = 15 pA,
T = 1.9 K. (b) Normalized dI/dU spectra recorded above the molecular centers marked in (a). Dashed lines
denote the region where no data points were acquired. Uset = +3 V, Iset = 15 pA, T = 1.9 K. (c) Molecular
orbitals obtained on the molecules in (a) from spatially resolved and normalized dI/dU spectra, cut at energies
that exhibit different, pronounced intensity distributions. 3.5 × 3.5 nm2 , 50 × 50 pixels.

The investigation of the electronic properties of single Fe4 H SMMs on graphene/Ir(111) reveals only
weak impact of the surface on the frontier orbital energies. Spatially resolved molecular states demonstrate the influence of intermolecular interactions on the dpm ligands, whereas the orbitals residing on
the magnetic core remain widely unaffected. These findings highly recommend the Fe4 H/graphene/Ir(111)
system for further investigation of its on-surface magnetic properties. In addition, this section presents
first experimental results for spatially resolved molecular orbitals on bulky, polynuclear molecular magnets that exhibit uniform adsorption geometry on a surface. Due to a large number of molecular states
lying close in energy, it is generally difficult to identify and access all of them in STS measurements,
which is essential for profound comparison between DFT calculations and experiment. Preliminary results for DFT calculated maps of molecular orbitals as performed by León Martin from the AG Pauly at
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Uni Augsburg are shown in the Appendix 12.3. For future studies, the defined adsorption configuration
of Fe4 H as well as the demonstrated ability to entangle different electronic states with sub-resonance
resolution makes this system an ideal candidate to explore the limits of electronic characterization of
large compounds using the STM technique.
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4.4 Bulk-like magnetic signature in individual Fe4 H SMMs on graphene/Ir(111)
The reproducible, well-defined and flat adsorption geometry as well as the shielded nature of its magnetic core as derived in the previous sections makes the Fe4 H/graphene/Ir(111) system an ideal candidate to further study its magnetic properties on a single molecule level. This section therefore reports
on IETS experiments that attempt to unravel transitions between the lowest lying spin states of the
SMM, see also Sect. 2.1.2. These are of the order of the magnetic anisotropy barrier DŜz2 , which
accounts to ≈ 1.3 meV for the case of Fe4 H [84]. Acquisition of dI/dU spectra therefore requires a
decrease of the bias voltage from scanning conditions at +3 V to the desired range around +20 mV.
This implies a significant reduction of the tip-molecule distance due to the molecule’s large transport
gap, as illustrated in Fig. 4.15a, which easily induces molecule disruption or displacement [215]. In this
regard, Fe4 H adsorbed on a graphene/Ir(111) layer offers significantly improved measurement conditions compared to previous IETS studies on such large compounds, namely Mn12 /h-BN/Rh(111) [81]
and Fe4 Ph/Cu2 N [83]. First, the effective spatial confinement of the complexes in densely packed
sub-monolayers minimizes their mobility in the lateral direction. Second, their uniform adsorption
configuration ensures reproducible approach conditions for the STM tip. A careful choice of the voltage sweep rate and set current values then maximizes the probability to preserve the molecules’ integrity
during acquisition of IETS spectra, as shown in the following.
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Fig. 4.15: STM tip approach for IETS measurements on Fe4 H SMMs on graphene/Ir(111). (a)
Illustration of STM tip approach from scanning conditions with a bias voltage of +3 V to intra-gap values
around +20 mV, necessary for IETS experiments. (b) STM topographic images of an embedded Fe4 H complex,
recorded before (left) and after (right) repeatedly performed STM tip approach. The length of the scale bar is
0.5 nm. U = +3 V, I = 20 pA, T = 5.9 K. (c) Tip displacement z as a function of the bias voltage, using a sweep
rate of ±0.5 V/s with Iset = 20 pA. Curves were recorded over the center of Fe4 H (colored, see mark in (b)), as
well as on the bare graphene/Ir(111) surface (black). The tip position at +3 V at both locations is defined as
zero. Approach and retract directions are indicated as solid and transparent color, respectively. A black arrow
reflects the apparent height of Fe4 H at +3 V, which is almost completely quenched at IETS parameters. Figures
(b) and (c) adapted with permission from [173]. Copyright 2019 American Chemical Society.

Figure 4.15b shows STM topographic images before and after repeated approach and retract of the
STM tip over the center of a Fe4 H complex. The apparent height of Fe4 H with respect to the graphene
surface is roughly 720 pm at a bias voltage of +3 V (see Fig. 4.4c), which reduces to effectively 0−200 pm
upon ramping down to +20 mV, as evident from the corresponding z(U ) traces plotted in Fig. 4.15c.
Lowest impact on the molecules’ integrity has been found for a voltage sweep rate of ±0.5 V/s, and
exploring the range of tunneling currents between 5 − 50 pA identifies 20 − 30 pA as upper border
before significant molecular fragmentation sets in. Whereas the tip displacement evolves exponentially on the bare graphene substrate, a pronounced decrease is observed on Fe4 H around +2 V upon
transition into the intragap regime. Small jumps within the low-conductance region are assigned to
minor reordering of the molecule in the tip-sample junction, as previously reported for a different Fe4
derivative [83]. They are only observed while ramping down the bias voltage, but absent during the
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Fig. 4.16: IETS measurements on Fe4 H SMMs on graphene/Ir(111) (a) STM topographic images
recorded before (top) and after (bottom) acquisition of low-bias dI/dU spectra. Magnetic field values as
indicated are applied in the out-of-plane direction. U = +3 V, I1 T = 30 pA, I6 T = 20 pA, T = 1.9 K. (b)
dI/dU spectra obtained with the tip centered over the marked complex in (a), together with a background
spectrum recorded on the bare graphene/Ir(111) surface nearby the island (gray). Blue arrows indicate the
excitation energies, and an exponential moving average (orange) serves as guide to the eye. A model fit using
Tfit = 5.5 K is plotted as solid black line, see text for details. Uset = +20 mV, Iset = 20 pA, T = 1.9 K,
fLock-In = 693.7 Hz, Umod = 1 mV. Figure (b) adapted with permission from [173]. Copyright 2019 American
Chemical Society.

acquisition of dI/dU spectra. The optimized tip approach parameters have been used for all IETS
experiments presented in the following, and STM topographic imaging of the Fe4 H SMMs before and
after each spectroscopic measurement has been performed to ensure the molecules’ integrity. A modulation voltage of Umod = 1 mV has been applied for Lock-in detection of the dI/dU signal that reflects
the best compromise in this low-conductive regime between viable signal-to-noise ratio and sufficiently
low spectral broadening.
Figure 4.16a presents topographic images of an Fe4 H molecular island, acquired before and after performing low-bias dI/dU spectroscopy on a single complex marked in the images. The corresponding
IETS spectra recorded with an applied magnetic field of 1 and 6 T in out-of-plane direction are shown
in Fig. 4.16b and exhibit symmetric conductance steps around ±5 mV. No such features are observed on
the bare graphene surface nearby and are thus assigned to inelastic excitations within Fe4 H. Amplitude
asymmetries between negative and positive bias voltages could stem from different molecule-substrate
and molecule-tip couplings, or from different tip locations over the spin center [216, 217, 218]. Another
step-like feature is visible around +10 mV at both magnetic fields, but is not observed at negative
voltages. Although the line shape of the conductance steps slightly change upon increasing the applied
magnetic field strength to 6 T, the signal-to-noise ratio and the step broadening however do not allow
to unambiguously determine a shift of the excitation energy.
In order to unravel a phonon- or spin-related nature of the observed excitation energies, low-bias dI/dU
spectra have been accumulated on a large number of molecules (N = 191). Further exemplary curves
obtained on different Fe4 H complexes are displayed in Fig. 4.17a and indicate a certain variation of
spectral shapes across the ensemble. In order to reliably deduce the excitation energies, model fits have
been performed based on the standard equation that describes contributions of inelastic processes to
the tunneling current It [109], i.e.
It (U ) = c1 U + c2

e (Uexc + U )
1−e

e(Uexc +U )
kB Teff

− c3

e (Uexc − U )
1−e

e(Uexc −U )
kB Teff

.

(4.3)
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Fig. 4.17: Spin excitation energies in Fe4 H SMMs on graphene/Ir(111). (a) Typical dI/dU spectra
recorded on two different molecules (orange), with a background spectrum acquired on the bare graphene/Ir(111)
surface (gray). Model fits are plotted as solid black lines, see text for details. Uset = +20 mV, I = 30 pA,
T = 1.9 K, fLock-In = 693.7 Hz, Umod = 1 mV. (b) Histograms of fitted excitation energies both at 1 and
6 T applied magnetic field in out-of-plane direction. Average values and standard deviations are highlighted
as gaussian curves, the observed shift is indicated with dashed lines. (c) Lowest lying spin energy multiplets
as calculated from Hexch + HZFS + HZeeman using Fe4 H bulk parameters and a magnetic field of 1 T that is
co-aligned with the magnetic easy axis. Zero energy is defined by the ground state level (bold), and arrows
indicate all possible spin transitions with ∆m = 0, ±1. The measured excitation energy of ≈ 5 meV analyzed in
(b) corresponds to the |5, 5i → |4, 4i transition. Figure (a)-(c) adapted with permission from [173]. Copyright
2019 American Chemical Society.

The elastic contribution is assumed to be roughly linear within the small energy window of the exdI
|elastic (U ) = c1 in the dI/dU curves. The values ±Uexc
periments, which leads to a simple offset dU
denote the symmetric step positions, and are directly reflecting the corresponding excitation energy
Eexc = |eUexc | of the respective inelastic process. Fitting constants c2 and c3 account for the step
amplitudes on either side of the Fermi level. The broadening of the conductance steps is expressed by
an effective temperature Teff ≈ 5.5 K that can be calculated using [219]
(5.4kB Teff )2 = (5.4kB T )2 + (2.4eUmod )2 ,

(4.4)

with T = 1.9 K being the nominal sample temperature and Umod = 1 mV reflecting the rms value of
the modulation voltage. The resulting curves are plotted as solid black lines in Fig. 4.16b and 4.17a,
the extracted excitation energies for all molecules are plotted as histograms in Fig. 4.17b. For magnetic fields of 1 and 6 T applied in the out-of-plane direction, average values and standard deviations
are found to be Eexc,1T = 4.3(1.4) meV and Eexc,6T = 5.0(1.5) meV, respectively. The magnetic fielddependent shift of the excitation energy reveals a spin-related origin of the underlying inelastic process
and is thus assigned to reflect transitions from the spin ground state.
In order to further evaluate on the exact nature of the observed spin excitation, the molecular spin
energy levels are calculated within the giant spin model. With Fe4 H being one of the most prominent
compounds that show prototypical SMM behavior, the spin multiplets are then described in the lowest
order approximation by [16]
Xˆ
Xˆ ˆ
~ˆc
~ i + J2
~i S
~j + DŜ 2 + gµB S
~ˆH.
~ˆ
Ĥ = Ĥexch + ĤZFS + ĤZeeman = J1 S
S
S
z
i

(4.5)

i6=j

This model takes into account Heisenberg-like exchange interactions between nearest and next-nearest
neighbored spin centers, which are mediated by the oxygen atoms and characterized by J1 and J2 ,
~ˆc denotes the spin of the central iron atom, whereas S
~ˆi are the spins of
respectively. Consequently, S
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the three peripheral iron atoms. The magnetic anisotropy constant D expresses the impact of the
crystal field on the unpaired 3d electrons, that induces a magnetic easy axis for the whole molecule
in z-direction, i.e. pointing perpendicular to the plane spanned by the iron atoms. In a first order
approximation, it is typically considered to be constant in adjacent spin multiplets [83]. Ŝz thus denotes the out-of-plane component of the total molecular spin. The shift of spin energies in an external
~ˆ the total spin
~ˆ is described by the Zeeman term, where g is the Landé factor and S
magnetic field H
of Fe4 H. In this model, the molecular structure of Fe4 H offers a crucial advantage with respect to previous IETS studies on such large compounds [81, 83]. As shown in Sect. 4.2, all molecules exhibit the
same, flat-lying adsorption geometry, suggesting magnetic easy axes that are uniformly aligned in the
out-of-plane direction. This will be unambiguously demonstrated in Sect. 4.5 and thus allows to indeed
consider the z-direction as quantization axis for the spin magnetic moment, where all eigenstates are
well-defined.
From Eq. 4.5, the lowest lying spin multiplets with S = {4, 5, 6} have been calculated using the
Fe4 H bulk values J1 = 2.100 meV, J2 = 0.118 meV, D = −52.9 µeV, and g = 1.994 [84]. The resulting energy parabolas are plotted in Fig. 4.17c for an out-of-plane magnetic field of 1 T. Whereas
the spin multiplets |Si are separated by each other due to the exchange interaction term Ĥexch , each
multiplet splits into (2S + 1) sub-states |mi, referred to as zero field splitting described by ĤZFS .
Note that, strictly speaking, Ĥexch and ĤZFS do not commute. However, the corresponding energy
scales differ by roughly an order of magnitude, see Fig. 4.17c. In the lowest order approximation the
eigenstates are therefore well defined and can be written as |S, mi. Based on the selection rule for
spin-flip transitions induced by tunneling electrons, ∆m = {0, ±1} [109], several possible spin excitations can now be identified when the Fe4 H molecule is initialized in the |5, 5i spin ground state. First,
an intramultiplet transition to |5, 4i, second, an intermultiplet transition to |4, 4i in the nearest spin
multiplet, and third, transitions into three states |6, {4, 5, 6}i of the next-nearest spin multiplet. The
corresponding excitations are denoted by arrows in Fig. 4.17c and account to ∆E|5,5i→|5,4i = 0.59 meV,
∆E|5,5i→|4,4i = 4.96 meV, and ∆E|5,5i→|6,{4,5,6}i = 11.9 − 13.2 meV using bulk parameters and B = 1 T.
At the nominal sample temperature of 1.9 K and a magnetic field of 1 T, roughly 96 % of all Fe4 H
molecules are in the |5, 5i ground state. The observed excitation energies around ≈ 5 meV are thus
assigned to reflect inelastic spin excitation into the first excited spin multiplet, i.e. |4, 4i. The experimental resolution of 5.5 K or 2.6 meV greatly exceeds the lowest intramultiplet transition ∆E|5,5i ,
consequently no features have been detected around zero bias voltage. Several spectra like shown in
Fig. 4.16b exhibit small steps around 10 − 12 meV, which could hint to possible transitions into the
S = 6 multiplet. However, such signatures were only seldomly observed, not always symmetrically
distributed around zero voltage and furthermore not feasible to be fitted due to their low intensity.
In addition, step energy analysis would require much more statistics due to three possible spin transitions, each evolving differently upon application of a magnetic field. The following discussion therefore
focuses on the |5, 5i → |5, 4i spin excitation.
The measured shift of the excitation energy upon going from 1 to 6 T accounts to an average value with
exp
standard error of ∆E|5,5i→|5,4i
= 0.76(21) meV, being in good agreement with the expected Zeemanshift of 0.58 meV for g ≈ 2. The energy difference between the two energy levels is deduced from
Eq. 4.5 and can be written in lowest order approximation as [49]
5
5
∆E|5,5i→|5,4i = −9D + (J1 − 3J2 ) + gµB B ≡ −9D + J10 + gµB B
(4.6)
2
2
This equation provides direct access to the intramolecular exchange interaction expressed by J10 =
J1 − 3J2 , which can be considered as an approximated nearest neighbor interaction between the central
and the outer iron atoms. Taking into account the magnetic anisotropy D = −63 µeV as measured for
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an Fe4 H sub-monolayer in XAS experiments (see next Sect. 4.5), one obtains a value of J10 = 1.5(4) meV.
This is in good agreement with the value 1.7 meV obtained on bulk Fe4 H [84] and furthermore agrees
well with values reported for other Fe4 derivatives [17, 83, 111, 167, 170, 220]. As |J2 | ≈ 0.1|J1 |, the
antiferromagnetic exchange interaction J1 as main contribution to the molecule’s magnetic properties
is as well considered to be bulk-like.
Despite the observation of an average bulk-like magnetic exchange interaction within the ensemble of
Fe4 H SMMs, histogram analysis reveals a rather large spread of values, see Fig. 4.17b. To explain this
finding, several effects have to be taken into account. First, a randomly distributed error is likely to
arise due to the weak signal-to-noise ratio, that reflects on the model fit and thus leads to uncertainties in the determination of step energies in an estimated range of ±0.5 meV, see spectra in Fig. 4.16
and 4.17. Second, the exact position of the molecule with respect to the graphene Moiré unit cell
leads to a variation of molecular orbital energies, see Sect. 4.3.1. This can lead to renormalization
of the spin state energies [221], but is however expected to be negligible due to (i) the rather weak
modulation of the molecular electronic states as well as (ii) the bulky and inert structure of Fe4 H.
In contrast to planar, single-ion SMMs on surfaces [38, 222, 223], the spin carrying orbitals in Fe4 H
are localized to the molecular core and well shielded from the environment. More likely to induce
variations in the exchange interaction are structural distortions of the molecular cage, which imprint
on the exact positions of oxygen and iron atoms and thus modify the orbital overlap [19]. Detailed
characterization and modeling of this effect has been performed on related Fe4 derivatives using Mössbauer spectroscopy [224] and IETS [83]. For the present system, two main sources can be considered
to induce significant strain on the molecular structure. First, the close proximity between molecule
and STM tip as outlined at the beginning of this section is likely to press on the molecular cage via
electrostatic repulsion [83]. Second, significant lateral strain is expected to act on the molecules, as
can be seen in the formation of different rotational sub-domains within the islands, see Sect. 4.2.1.
Due to the absence of a systematic shift of J10 as well as no visible difference between measurements
operated at two different tip-sample distances (20 and 30 pA), the second mechanism is expected to
dominate. The observed spread of measured J10 values is thus suggested to be mainly caused by the impact of intraisland strain, that induces slight changes in interatomic distances within the magnetic core.
For the first time, these results report on bulk-like magnetism in large, polynuclear SMMs that has
been confirmed on a single molecule level using scanning probe techniques. This has been achieved by
a minimization of the tripodal ligand in an Fe4 derivative, in order to promote a well-defined adsorption
configuration with all magnetic easy axes pointing parallel to an external out-of-plane magnetic field.
The flat adsorption geometry together with a confinement in densely packed molecular islands then
allows to efficiently access the molecular magnetism using tunneling electrons to induce inelastic transitions of the spin ground state into the first excited spin multiplet. Performing IETS measurements on
a large number of molecules allows to quantify the influence of the molecular environment on the antiferromagnetic exchange interaction constant J1 . Compared to numerous IETS experiments existing
on planar molecules like metal phthalocyanines (MPc) [38, 43, 222, 225, 226, 227, 228, 229] and other
single-ion magnets [218, 230, 231], the presented results denote a major step for the implementation
of this method on bulky, polynuclear molecular magnets. It furthermore highlights the weak impact
of the graphene/Ir(111) surface on Fe4 H SMMs, suggesting this system as ideal candidate for further
investigation of its molecular magnetism.
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4.5 Substrate-dependent magnetic anisotropy in Fe4 H SMMs
The self-assembly of Fe4 H SMMs into densely-packed molecular islands on a variety of different functional surfaces suggests the co-alignment of all magnetic easy axes in the out-of-plane direction, see
Sect. 4.2. Furthermore, the uniform adsorption behavior makes these systems particularly suitable to
be investigated using ensemble-averaging measurement techniques. In this sense, element-selective and
surface-sensitive XAS and XMCD experiments are ideally suited to address their oxidation and spin
states, see Sect. 2.2 for more details. Fe4 H sub-monolayers have been prepared in situ at the XTreme
beamline of the SLS, following the very same procedure as implemented for the STM and STS experiments presented in Sect. 4.2–4.4. The results presented in this section reveal a widely robust molecular
magnetism in Fe4 H SMMs upon adsorption on both decoupling and metal substrates, and furthermore
confirm an out-of-plane orientation of the molecules’ magnetic easy axes. However, the axial magnetic
anisotropy expressed by D varies depending on the substrate, showing bulk-like behavior on Au(111),
being slightly enhanced by roughly +20 % on graphene/Ir(111) and obtaining multiple evolutions on
Pb(111). The findings are furthermore compared to results on graphene/Ru(0001) and h-BN/Rh(111),
where measurements have been previously performed by P. Erler, L. Gragnaniello and S. Rusponi, but
are not yet published. Both systems exhibit a strong impact on the Fe oxidation state as well as a
damped magnetic anisotropy, subject to roughly −35 % on the latter substrate compared to the bulk
value. The following section therefore presents a thorough bundling of magnetic characterization of the
prototypical Fe4 H molecular magnet after adsorption on different, functional surfaces. In combination
with the previous STM/STS characterization, the results allow to identify suitable molecule-substrate
combinations to subsequently explore possible routes to manipulate its peculiar molecular magnetism.
The XAS and XMCD measurements presented in this section using graphene/Ir(111), Au(111) and
Pb(111) as substrates have been carried out with the help of the master students V. Enenkel and T.
Birk and were furthermore accompanied by the members of the XTreme beamline, V. Romankov, M.
Studniarek, and J. Dreiser.
XAS spectra recorded at the Fe L2,3 edges on Fe4 H sub-monolayers are collected for all substrates
in Fig. 4.18. The spectra are normalized to the maximum of the (σ+ + σ− ) signal around 708.5 eV
(≡XAS0 ), where σ+ and σ− refers to left and right circularly polarized light, respectively. The XMCD
signal is derived as the difference (σ+ −σ− ) and expressed in percent with respect to XAS0 . The spectral
shapes on graphene/Ir(111), Au(111) and Pb(111) are in well agreement with measurements previously
reported on Fe4 H [110] and related Fe4 derivatives on gold [33, 86, 111, 157, 162, 167, 170, 220] and
on Pb(111) [119]. The L3 edge is characterized by a splitting in two main sub-peaks with a magnitude
of 0.4·XAS0 and XAS0 in the (σ+ + σ− ) signal, which is generally attributed with an Fe3+ oxidation
state in an octahedral environment as expected for intact Fe4 H SMMs [16]. Together with the shape
of the XMCD signal it furthermore indicates a ferrimagnetic alignment of inner and peripheral iron
spins which accumulates in the S = 5 spin ground state [111]. On the other hand, an increase of the
sub-peak ratio to roughly 0.5·XAS0 and 0.65·XAS0 on graphene/Ru(0001) and h-BN/Rh(111) indicates substantial impact of the respective substrates on the electronic properties of Fe4 H, and will be
discussed at the end of this section.
The nonzero XMCD signal at 708.5 eV (≡XMCD0 ) indicates a net magnetic moment in the outof-plane direction on all samples. Tracking XMCD0 as a function of an external magnetic field
therefore allows to record magnetization curves of the Fe4 H sub-monolayers, which are displayed for
all substrates in Fig. 4.19. The magnetic hysteresis loop as key characteristic for SMMs is completely closed due to the nominal sample temperature of 2.5 K, which widely exceeds the magnetic
blocking temperature of Fe4 compounds that lies around 1 K [154]. This allows to average the forward and backward sweep of the measurement as well as to symmetrize the resulting curve using
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Fig. 4.18: XAS/XMCD spectra of Fe4 H SMMs on functional surfaces. Normalized XAS and XMCD
spectra of Fe4 H recorded at the Fe L2,3 edges at sub-monolayer coverage. σ− and σ+ refers to right and
left circularly polarized light, respectively. The incident X-ray beam and the applied magnetic field points
parallel to the surface normal (θ = 0◦ ). The XMCD signal is expressed in percent and reversed for clarity.
T = 2.5 K, B = 6.8 T. The experimental data using graphene/Ru(0001) and h-BN/Rh(111) as substrates have
been acquired by P. Erler, L. Gragnaniello and S. Rusponi.

XMCD0,sym (B) = (XMCD0 (B) − XMCD0 (−B)) /2 in order to maximize the signal-to-noise ratio [110].
XAS spectra were recorded before and after each magnetization curve in order to quantify the degree
of beam damage during the long exposure time (≈ 40 min) to the X-ray photons. Only measurements
that showed less than 10 % change in the L3 sub-peak ratio were selected for further processing. The
magnetic field is pointing along the X-ray beam direction and forms an angle θ with respect to the
surface normal. Consequently, θ = 0◦ and 60◦ is referred to as normal and grazing incidence in the
following, respectively. On all surfaces, XMCD0 exhibits a steep increase around zero field when measured in normal incidence, which slows down when changing θ towards the in-plane direction. Due to
the rotational symmetry of the surface, this directly implies an out-of-plane magnetic anisotropy of the
Fe4 H sub-monolayers. Following the uniform, flat adsorption geometry of all molecules as investigated
in Sect. 4.2 and on a h-BN surface [84], each Fe4 H SMM thus exhibits a magnetic easy axis that is
pointing parallel to the surface normal. This finding demonstrates a robust molecular magnetism in
surface-supported Fe4 H molecular magnets as commonly observed in other derivatives [33, 119, 167].
However, the small tripodal ligand used in this particular compound, R = H, minimizes the distance
between the surface and magnetic core. In addition, the flat-lying configuration maximizes the contact
area between the organic ligand shell to the underlying substrate, compared to derivatives that exhibit
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Fig. 4.19: Magnetization curves of Fe4 H SMMs on functional substrates. Magnetization curves
of Fe4 H sub-monolayers obtained by recording the XMCD signal at 708.5 eV (≡XMCD0 ) upon sweeping the
magnetic field with 2 T/min. The magnetic field is pointing along the X-ray beam and forms an angle θ = 0◦
(blue) and 60◦ (orange) with respect to the surface normal, see insets. Solid lines denote fits to the GSA model,
see main text for details. T = 2.5 K. The experimental data using graphene/Ru(0001) and h-BN/Rh(111) as
substrates have been acquired by P. Erler, L. Gragnaniello and S. Rusponi.

longer linker chains [33, 55, 83, 119, 157, 161, 162, 167, 170, 232]. These factors are expected to make
Fe4 H more prone to substrate-induced variations of its molecular magnetism, both acting randomly
as well as systematically on the ensemble of molecules. Whereas the first effect has been addressed in
Sect. 4.4 for the case of the exchange interaction J1 on graphene/Ir(111), the XMCD measurements
presented in Fig. 4.19 allow to quantify the impact of the substrate on Fe4 H on a global level, as
presented in the following.
At the nominal sample temperature of 2.5 K, only the lowest spin multiplet S = 5 is occupied. The
XMCD magnetization curves can thus be fitted by calculation of the energy levels using [110]
~ˆH,
~ˆ
Ĥ = DŜz2 + gµB S

(4.7)

eigenstate |mi corresponds to an out-of-plane magnetic moment of
ˆ
~
h~
µS im = −gµB h~eB · Si. Considering the Zeeman shift of eigenstates as well as the thermal occupation along the spin multiplet yields a total magnetic moment that depends on the temperature T ,
the magnetic anisotropy D, the magnetic field strength H and the angle θ between magnetic field (~eB )
~ Fitting of the magnetization curves is then performed under the assumpand magnetic easy axis (S).
tion of S = 5 and g = 2 and with free T and D, resulting curves for θ = 0◦ and 60◦ are plotted as solid
lines in Fig. 4.19. Calculated curves agree well with the measured data and provide access to a global
value of Dfit for each substrate, which is summarized in Tab. 4.4. Observed magnetic anisotropies
|Dfit | lie between 34 − 71 µeV and indicate a certain impact of each surface, albeit corroborating an
where

each

spin
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overall intact magnetism as suggested from the XAS and XMCD experiments. A variation of Tfit is
assigned to different thermal contacts depending on the mounting of the respective sample. The error
bars for both D and T account for results of N different measurements, which were partially acquired
on distinct samples. It furthermore covers an estimated variation of values due to the fitting routine.
To simplify comparison, all values including XAS sum rule analysis are visualized in Fig. 4.20 and will
be discussed in the following.
Analyzing the L3 sub-peak ratio in both XAS and XMCD spectra reveals bulk-like values on graphene/
Ir(111), Au(111) and Pb(111), see Fig. 4.20a. This finding corroborates the weak impact on the
electronic properties of Fe4 H on these substrates as investigated in Sect. 4.3, and indicates a preserved
oxidation state of Fe3+ in all molecules. Note that considerable beam damage can be clearly identified
after long exposure of the same measurement spot to the X-ray beam, leading to a considerable
increase of the L3 sub-peak ratios. In general, this points to a growing amount of Fe2+ ions in the
sample [233], and is observed for Fe4 H after adsorption on graphene/Ru(0001) and h-BN/Rh(111). For
the latter substrate, STM topography reveals a flat adsorption behavior [84] similar to the substrates
studied in this thesis. The height corrugations of the Moiré superstructures on graphene/Ir(111),
graphene/Ru(0001) and h-BN/Rh(111) are comparable, accounting to 30 pm [234], 20 − 110 pm [235]
and 55 − 80 pm [236, 237], respectively. A similar adsorption geometry is thus expected for surfaceadsorption on graphene/Ru(0001). Furthermore, molecule fragmentation is assumed to be equally low
on all substrates, especially on half-metal 2D layers like graphene and h-BN. The partial change of the
irons’ oxidation state is thus assigned to an electronic impact of the substrates on the molecular orbitals
of Fe4 H, being most pronounced upon adsorption on h-BN/Rh(111). This particular surface exhibits a
strong patterning of its work function of around 1.5 eV [238] and has been shown to induce local doping
in CoPc molecules depending on the respective adsorption site [239]. Although a similar effect on Fe4 H
seems less likely due to its shielding ligand shell, a pronounced shift of molecular orbitals as observed
in STS experiments [84] could indicate partial, site-selective charging. To address this question, more
detailed STM experiments on these substrates are suggested, in order to obtain a comparable picture
as presented in this thesis in Sect. 4.2 – 4.4.

−Dfit (µeV)
Tfit (K)
N
mL (µB /atom)
mS (µB /atom)
mL /mS
mL + mS

powder [84]
50.1(2.0)
1
0.34(10)
1.40(20)
0.24(7)
1.74(14)

Pb(111)
71.0(29.8)
4.8(5)
6
0.41(10)
1.47(16)
0.28(3)
1.88(16)

gr/Ir(111)
63.2(2.5)
3.3(6)
4
0.44(11)
1.64(34)
0.27(4)
2.08(36)

Au(111)
48.7(2.5)
2.9(6)
3
0.22(9)
1.17(25)
0.19(9)
1.39(27)

gr/Ru(0001)
40.9(2.0)
3.0(5)
1
0.35(10)
1.59(10)
0.22(5)
1.94(14)

h-BN/Rh(111)
33.7(6.2)
1.6(5)
5
0.35(13)
1.27(42)
0.28(3)
1.62(44)

Tab. 4.4: XAS and XMCD - Magnetic properties of Fe4 H SMMs on surfaces.

In order to further deduce key magnetic properties of the Fe4 H sub-monolayers, sum rule analysis has
been performed on the XAS spectra, see Sect. 2.2.2 for more details. Resulting values for the spin
(mS ) and orbital (mL ) magnetic moments per atom are listed in Tab. 4.4 and visualized in Fig. 4.20b.
Large error bars assigned to the powder sample were estimated based on the uncertainties depending
on the exact oxidation state, the direction of magnetic easy axis and the respective background correction [125]. The alignment of all magnetic easy axes in the out-of-plane direction as deduced before
minimizes systematic underestimations when measuring at normal incidence, i.e. θ = 0◦ [240]. The
magnetic moments calculated on all substrates are in fair agreement with the bulk values, having a
small orbital moment of mL ≈ 0.34(10) µB /atom. Note that the values obtained on h-BN/Rh(111)
have to be interpreted carefully as analysis of the L3 sub-peak ratio does not indicate a pure Fe3+
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Fig. 4.20: Substrate-dependent XAS and XMCD results of Fe4 H SMMs. (a) L3 sub-peak ratios
measured in both XAS (blue circles) and XMCD (orange circles) spectra, as illustrated in the inset. Values
observed on a powder sample are plotted as dashed lines with an estimated uncertainty of ±0.05 as shaded area.
A black arrow and squared data points denote an increase of the ratio, observed after considerable exposure
time (> 2 h) to the X-ray beam. Error bars denote standard deviations over several measurements. (b) Values
of spin (mS ) and orbital (mL ) magnetic moments as well as the ratio mL /mS as deduced from sum rule analysis.
(c) Fitted magnetic anisotropy Dfit (left axis) together with the temperature Tfit (right axis) as deduced from
the XMCD magnetization curves. Values measured on a powder sample are plotted as dashed lines with an
estimated uncertainty shown as shaded area. Error bars are not always visible, but are listed in Tab. 4.4.

oxidation state. The major contribution to the molecular magnetism is carried by the spin magnetic
moment mS ≈ 1.40(20) µB /atom, revealing a pronounced discrepancy to the value of 2.5 µB /atom as
expected from a ferrimagnetic alignment of the Ŝi = 5/2 spin states on the four Fe3+ atoms. This
finding can be partially explained by a systematic underestimation of mS in the range of ≈ 30 %
for d5 valence systems [125]. Accordingly, a spin magnetic moment of mtheo ≈ 1.75 µB /atom would
be expected, together with a completely quenched orbital contribution, which is however clearly not
reflected in the sum rule analysis. Strikingly, mtheo is directly reproduced by the sum of mL and
mS as obtained on the powder sample, and considering the large error also in the sub-monolayers
on all substrates. Unfortunately, no literature values can be found for direct comparison despite a
large number of XMCD studies [33, 86, 111, 119, 157, 162, 167, 170, 220]. Thus these results present
the first profound sum rule analysis of XAS and XMCD spectra on Fe4 H, and suggest a widely retained magnetic moment in each individual complex on the surface within the accuracy of this method.
The key SMM characteristic that can be deduced from XMCD magnetization curves is the magnetic
anisotropy expressed by D, see Eq. 4.7. Fitted values are shown in Fig. 4.20c and reveal a pronounced
impact of the substrate, leading to an enhanced D upon adsorption on graphene/Ir(111) and Pb(111),
bulk-like behavior on an Au(111) surface and reduced magnetic anisotropy on graphene/Ru(0001) and
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h-BN/Rh(111). Results on the latter two substrates complement the deviations already observed for
the L3 sub-peak ratio, indicating molecular cores that do not contain pure Fe3+ ions. Thus the assumption S = 5 might be an inadequate starting condition for the fit. On the other hand, structural
relaxation of Fe4 H on the both topographically and electronically corrugated h-BN layer could induce
structural deformations and orbital renormalizations on the molecular ligand shell sufficient to imprint
on the magnitude of D [83]. The same argument holds for surface-adsorption on graphene/Ru(0001),
where the strong topographic corrugation is expected to expose the complexes to considerable intraisland strain. However, no final conclusion is made at this stage due to the acquisition of only one single
magnetization curve and the lack of an STM topographic analysis. Experiments in this direction are
suggested to be ideally suited for correlating slight differences in adsorption parameters like lattice
constant and molecular rotations to the observed variation of global magnetic anisotropy of Fe4 H.
A bulk-like magnetic anisotropy after surface-adsorption on a gold surface has been observed previously for other Fe4 derivatives, where the distances between magnetic core and substrate were large
due to extended tripodal ligands [33, 55, 83, 119, 157, 161, 162, 167, 170, 232]. The observation of
an unaltered value for D also in the case of Fe4 H underlines the robust molecular magnetism of Fe4
SMMs. The absence of a pronounced detuning of the crystal field points to negligible interaction
between the conduction electrons of gold and the spin-carrying iron atoms or the exchange-mediating
oxygen atoms, keeping the intramolecular bonding lengths and angles unchanged. This finding is in
line with a reduced intraisland strain as deduced from the absence of a second molecular sub-rotation,
see Sect. 4.2.3. Together with the exclusive detection of an Fe3+ oxidation state as discussed before, the
results furthermore do not indicate any deterioration of Fe4 H complexes on Au(111). The fragments
observed in STM topographic analysis are therefore assigned to solely represent solvent residuals or
other contaminants on the surface.
XMCD measurements on two different samples of Fe4 H/Pb(111) lead to a large error bar in Fig. 4.20c.
Magnetization curves have been recorded on four and two distinct spots, respectively. Whereas XAS
spectra indicate a pure Fe3+ oxidation state in both samples, fitting XMCD(B) yields magnetic
anisotropies of D1 ≈ 53.3 µeV for the first and D2 ≈ 106.6 µeV for the second one. The latter case
is displayed in Fig. 4.19, and suggests a doubled magnetic anisotropy as compared to the bulk value
around 53 µeV. Such a large increase was suggested in DFT calculations to result from charge transfer
of one hole to the molecule (Q = +1), changing its total spin to S = 92 [241]. In this model, the
magnetic anisotropy barrier is enhanced by roughly +230 %, which by far exceeds the measured value
change here. Fitting the magnetization curve assuming a S = 92 spin multiplet for all molecules in
S=9/2

the sample yields D2
≈ 131 µeV, see Appendix 12.4. This trend could indeed point to a collective
charging of Fe4 H on the Pb(111) substrate, probably caused by a considerable overlap between the
surface sp-bands of Pb [242] with the molecular ligands. This assumption is supported by tracking the
same, three-fold symmetric orbital in STS spectroscopy, which is occupied on graphene/Ir(111) (see
Fig. 4.13, at −2.05 eV) and unoccupied on Pb(111) (see Fig. 4.29, at +1.8 eV). However, the measurement of D1 on the first sample contradicts the increase of magnetic anisotropy and suggests a clearly
bulk-like behavior of Fe4 H, although preparation procedures were similar in both cases. Further XAS
and XMCD measurements are therefore suggested to clarify the evolution of D after adsorption on
Pb(111), accompanied by ab-initio calculations of the interface between Fe4 H and both substrates. A
collective charging effect in such large, polynuclear molecular magnets has not been observed before,
wherefore experimental evidence would be highly interesting for further magnetic studies, e.g. employing IETS experiments on single complexes as performed on graphene/Ir(111) in Sect. 4.4.
Concerning adsorption on graphene/Ir(111), the magnetic anisotropy in Fe4 H is slightly enhanced by
roughly +25 % as measured consistently on four different samples. As shown in the previous sections
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4.2 – 4.4, the molecules are rather weakly coupled to the surface. This is characterized by the delocalized π-electron system on the carbon hexagons, which favors a purely electrostatic van-der-Waals
interaction. This suggests that structural relaxation on the surface induces slight deformations of the
ligand shell, which varies the crystal field and thus leads to a systematic increase of D. At the same time
the molecule is sufficiently rigid not to significantly change the Fe-O bonding lengths and angles, keeping the average exchange interaction J1 unchanged, see Sect. 4.4. As stated before, graphene/Ir(111)
therefore serves as ideal candidate to address widely intact, individual Fe4 H molecular magnets using
STM methods. These findings can be directly mapped to other large molecular complexes, and will
play a key role in the second part of this thesis.
Concluding, this section reveals a widely intact molecular magnetism in surface-supported Fe4 H SMMs,
independently on the respective substrate. Variations of the magnetic anisotropy expressed by D are
discussed with regard to the specific surface topographies, electronic properties, the coupling strengths
as observed in STM and STS experiments, as well as in comparison to DFT calculations for the case of
Pb(111). This particular system is suggested to be addressed in detail in future experiments in order
to unravel a possible, strong enhancement of D, probably caused by a collective charging process on
the surface.
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4.6 Chemical doping of individual Fe4 H SMMs on surfaces
The detailed characterization of Fe4 H sub-monolayers as investigated in sections 4.2 – 4.5 now serve as
basis to explore possible routes for manipulation of its electronic and magnetic states. This manipulation can be of global nature like the substrate-dependency of the magnetic anisotropy discussed in the
previous section. The literature reports on numerous substrate-related effects, mainly investigated on
flat-shaped transition metal phthalocyanine molecules (TMPcs). To just mention a few examples, this
includes charge transfer on strongly [243] and weakly interacting surfaces [244], substrate-mediated
hybridization of two adjacent complexes [245], or spin state alteration depending on the exact adsorption configuration [246, 247]. In the view of possible implementations of SMMs into functional devices
it is however of great interest to investigate how to control and manipulate molecular properties on
a local scale, i.e. on a single molecule level. In this regard, scanning probe techniques offer a perfect toolbox to address individual SMMs on surfaces, and simultaneously read out its electronic and
magnetic states with high spatial resolution. Using the STM tip itself allows to continuously tune the
magnetic anisotropy [248, 249] or the spin state [250] in individual magnetic complexes, and to discretely switch their spin state [251]. To date, no comparable studies exist for bulky, polynuclear SMMs
as investigated in this thesis due to the non-trivial molecule-tip interaction and complex electronic
landscape of the molecules. Figure 4.21 presents the impact of an STM tip approach to Fe4 H SMMs
on graphene/Ir(111), realized by keeping the bias voltage at +3 V and increasing the tunneling current
from 5 − 40 pA which corresponds to an average approach of −120 pm. Note that above tunneling
currents of 40 pA, most molecules start to deteriorate or rearrange in the STM junction.
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Fig. 4.21: Manipulation of Fe4 H SMMs on graphene/Ir(111) using the STM tip. (a) Series of
dI/dU spectra obtained on two different Fe4 H molecules embedded in a sub-monolayer. The molecules behave
differently upon STM tip approach, as illustrated on top. Left panel: No pronounced change of electronic
orbital energies. Right panel: A white arrow indicates the emergence of a new LUMO, whereas the original
HOMO/LUMO are shifted. Uset = +3 V, T = 1.9 K. (b) dI/dU spectra recorded with large (black) and small
(blue) tip-sample distance, reflecting the two electronic configurations displayed in the right panel of (a). A blue
arrow indicates the new LUMO*. (c) Histogram analysis of LUMOs obtained on 55 molecules. A white arrow
and a dashed white line denote ELUMO* and Istart , respectively. Standard deviations are plotted as shaded
areas.

Series of dI/dU spectra recorded along reduction of the tip-sample distance are plotted in Fig. 4.21a
for two differently reacting molecules. Results on the first one are shown in the left panel and exhibit
only minor shifts of its LUMO/HOMO energies toward a smaller transport gap, indicating a slight
increase of the molecule-tip coupling. Results on the second complex are plotted in the right panel and
reveal an abrupt change of electronic configuration around a tunneling current of Iset ≈ 20 pA. At this
value, both HOMO and LUMO resonances are shifted toward larger energies, whereas a new resonance
appears at around +1.5 eV within the transport gap, labelled LUMO* in the following. Corresponding
dI/dU spectra before and after this transition are displayed in Fig. 4.21b. The behavior is highly reproducible and observed on 11 out of 55 investigated Fe4 H SMMs, which is likely depending on the actual
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condition in the tip-molecule junction. The LUMO energies of all recorded dI/dU spectra (N = 736)
are collected and plotted as histogram in Fig. 4.21c. Most Fe4 H complexes exhibit only minor renormalization of their orbital energies. For all molecules that are strongly reacting on the tip approach,
LUMO* systematically appears at roughly the same tip-sample separation of Istart = 26(7) pA with
an average energy of ELUMO* = +1.37(24) eV. The regularity of this finding suggests a tip-induced
charge transfer from or to the molecular cage, stabilizing Fe4 H in a defined ±Q state as has been
observed in other Fe4 derivatives using three-terminal solid state devices [80]. This is supported by the
comparison to STS results obtained Pb(111) and Au(111), see Fig. 4.11b and c. The LUMO energies
of +1.4 and +1.6 eV observed on these metallic substrates well agree with ELUMO* , and suggest the
realization of a strong Fe4 H-metal coupling between the SMM and the metallic STM tip upon tip approach. However, the mobility of the complexes inside the STM junction make such experiments highly
demanding in terms of stability and time consumption, thus no further measurements were conducted
in this direction. Interestingly, similar dI/dU characteristics have been observed when Fe4 H SMMs on
graphene/Ir(111) are individually doped by Li atoms, which will be presented and further discussed in
Sect. 4.6.1.
Chemical doping of molecular thin films using alkali metal atoms has been extensively investigated
using ensemble-averaging techniques [252, 253, 254, 255, 256]. However a local picture is unavoidable
to understand the underlying processes on a single molecule level, and STM has led to unprecedented
insights into a variety of doping phenomena during the last decade. Adsorption of multiple alkali atoms
to a single C60 fullerene molecule demonstrated a stepwise addition of roughly 0.6 electron charges with
every Li atom [257]. Precise determination of several adsorption sites and the formation of different
charge states were reported for TMPcs [258], which have been shown to host up to six Li atoms on
different positions. Manipulation of crystal field and spin states was reported for different MPcs on
a metal surface [259], a full quench of the molecular spin after Cs doping was demonstrated using
the Kondo effect for double-decker YPc2 molecules [260]. All these studies have been performed on
molecules of small spatial extend and, for the case of molecular magnets, hosting only a single magnetic ion. No attempt has yet been reported to manipulate charge or spin state of individuals of large,
polynuclear molecular magnets. The complexity lies in the lack of defined adsorption configurations
of these naturally bulky compounds combined with large organic ligands that effectively shield the
spin-carrying orbitals of the magnetic ions from the dopants.
The following section for the first time presents successful chemical doping of the large, prototypical
Fe4 H SMM using electron donors. Attachment of single Li atoms has been systematically investigated
on a graphene/Ir(111) and a Pb(111) surface. Multiple adsorption sites are realized on the first substrate, and induce an electronic configuration similar to the one observed in tip-approach experiments.
Even more striking, an exceptional well-defined adsorption configuration is stabilized in the second
molecule-substrate combination, characterized by full transfer of one electron to the molecular cage
and inducing formal Fe2+ oxidation states to the magnetic core.
The STM, STS, XAS and XMCD experiments presented in this section have been carried out with the
help of the master students V. Enenkel and T. Birk. XAS/XMCD measurements were furthermore
accompanied by V. Romankov, M. Studniarek and J. Dreiser from the XTreme beamline at the SLS
synchrotron. DFT model calculations have been performed by León Martin of the AG Pauly, Uni
Augsburg.
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4.6.1 Multiple doping configurations in Li-Fe4 H on graphene/Ir(111)
Fe4 H islands on graphene/Ir(111) have been characterized in detail in sections 4.2 – 4.5, and individual
complexes will be referred to as undoped in the following. Alkali deposition was performed by thermally
evaporate Li atoms at different coverages in the sub-ML range, while the sample was held at room
temperature. Subsequent characterization by STM topographic imaging is summarized in Fig. 4.22.
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Fig. 4.22: Li doping of Fe4 H SMM sub-monolayers on graphene/Ir(111). (a) STM topographic
image of an Fe4 H island after evaporation of 100 pm of Li. U = +3.2 V, I = 15 pA, T = 5.8 K. (b) Molecular
fragments on the bare graphene/Ir(111) surface. The inset shows the FFT map, a red hexagon reveals a
lattice constant of 2.5 nm and indicates their arrangement in the graphene Moiré superlattice. Ub-f = +3 V,
Ib-f = 15 pA, T = 4.5 K. (c+d) Overview STM topographies of molecular islands after evaporation of 50 pm
of Li. T = 5.5 K. (e+f ) Zoom into molecular islands, highlighting bright Fe4 H SMMs in blue. Te = 5.5 K,
Tf = 4.5 K. (g) Amount of bright Fe4 H complexes as a function of the nominal amount x of deposited Li. A
linear fit to ax + b yields a = 0.45(3) %/pm and b = 2.7(7) %. (h) A height histogram of (f) reveals the apparent
height of the doped molecules. Straight lines indicate a 3-fold gaussian fit.
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Deposition of large Li coverages > 50 pm lead to a considerable amount of clusters on the bare graphene
surface, see Fig. 4.22a. Depending on the actual tip apex and scanning conditions, these residuals are
either prone to tip displacement or confined to the graphene Moiré superlattice. The latter case allows
to identify the individual clusters likely to be mainly fragments of Fe4 H complexes due to multilobe
appearances, as can be seen in Fig. 4.22b. A zoom on the molecular islands in Fig. 4.22c-f reveals that
most of the molecules in the close-packed lattice appear to remain in their undoped state, whereas
several complexes exhibit a locally brighter appearance. Their relative abundance in the molecular
islands linearly grows with the amount of deposited Li, see Figure 4.22g. A three-fold gaussian fit of a
height histogram plotted in Figure 4.22h reveals an increased apparent height of 90-100 pm compared
to the top of undoped Fe4 H. Zooming on single molecules recognizes different appearances and allows
to classify them in six types (I to VI), which are collected in Fig. 4.23a-f. Histogram analysis of
their abundance is plotted in Fig. 4.23g and reveals type I and II as most prominent ones, which are
characterized by 1 and 2 pronounced ligands, respectively. Furthermore the six-fold symmetry of the
Fe4 H complex is best visible on these types and indicate an intact structure of the original molecule.
The Li atom is therefore considered to be successfully attached to the molecular cage, and the region
around the outer Fe atoms and dpm ligands is assumed to act as preferred adsorption site. The
resulting complex is thus named Li-Fe4 H in the following. Note that regardless of the appearance with
one or two protrusions, only one Li atom is attached to the Fe4 H molecule, which will be discussed in
more detail later on.
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Fig. 4.23: Different types of Li-Fe4 H complexes on graphene/Ir(111). (a-f ) Observed appearances
after deposition of Li atoms. Crucial quantity for classification are the spots with strongest topographic protrusion on the molecule. They are characterized by (I) 1 dpm ligand, (II) 2 dpm ligands, (III) 1 dpm ligand +
center, (IV) 2 dpm ligands + center, (V) > 2 dpm ligands, and (VI) mainly center. U = +3 V, I = 10 − 15 pA,
T = 1.8 − 5.6 K. (g) Histogram counting the total and relative abundance of each type (N = 381).

The electronic impact of Li doping on the Fe4 H molecular orbitals are addressed by employing dI/dU
measurements, a typical spectrum is shown in Fig. 4.24. In contrast to global and substrate-induced
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effects, selective doping of only few individual complexes offers the advantage to directly compare
doped and undoped species. Three main differences are observed on Li-Fe4 H. First, a new resonance
appears in the transport gap and will be referred to as LUMO* in the following. The LUMO*+1 is
shifted toward larger energies and not always visible. The energies of both orbitals are collected for a
large number of Li-Fe4 H complexes (N = 163) and displayed in Figure 4.24b. The average resonance
positions are determined to ELUMO* = +1.41(22) eV and ELUMO*+1 = +2.65(16) eV. Compared to
undoped Fe4 H the LUMO resonance thus shifts by −1.1(2) eV, whereas ELUMO*+1 is only slightly
enhanced compared to the original LUMO energy, see Sect. 4.3. Furthermore, the HOMO peak shifts
toward larger negative energies and can not be resolved on every molecule because defragmentation
sets in at high voltages. Second, since the displacement of the LUMO is stronger than the one of the
HOMO, the transport gap reduces in size to 3.6(6) eV compared to 4.2(2) eV for undoped Fe4 H. This
is also supported by the increased FWHM of the LUMO resonance, being 850(160) meV compared
to 530(120) meV for the undoped case. The third observation is a significantly reduced amplitude of
the LUMO* resonance to only 19(9) % of the initial intensity. STS spectra were mainly recorded on
molecules of type I and II, whereas for few measurements on the other types no significant difference
of these parameters were observed.
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Fig. 4.24: Electronic properties of Li-Fe4 H complexes on graphene/Ir(111). (a) dI/dU spectra
recorded over the center of an undoped Fe4 H (black) and a Li-Fe4 H of Type I (blue). The HOMO and LUMO*+1
can not be resolved on this particular complex. Uset = +3 V, I = 10 pA, T = 5.6 K. (b) Histogram of LUMO*
and LUMO*+1 energies collected on N = 163 Li-Fe4 H complexes. Gaussian curves denote average values and
standard deviations. Note that LUMO*+1 was out of the measurement range on several complexes as in (a),
highlighted by the gray bar. Dashed lines and shaded areas denote values determined for the LUMO* after
STM tip approach (see Sect. 4.6) and for the LUMO in undoped Fe4 H (see Sect. 4.3). (c) Molecular orbitals
obtained by spatially resolved dI/dU spectroscopy, cut at the indicated energies within an energy window of
±100, ±250, ±250, ±200, and ±100 meV, from left to right. Molecular shapes are indicated, the Li-Fe4 H of
type I is sketched in blue. 50 × 50 pixels, 5 × 5 nm2 .

The observation of an equal dI/dU characteristic on all Li-Fe4 H complexes suggests the adsorption
of only one Li atom on each Fe4 H SMM at the investigated coverages. Strikingly, the energy shift of
roughly −1 eV of the LUMO reveals a spectrum that equals the one observed after STM tip approach,
see Fig. 4.21. Li attachment is thus suggested to stabilize the molecule in a similar electronic state,
most likely by the transfer of the valence electron to the molecular cage. From an electronic point
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of view, it furthermore indicates only one favored adsorption configuration for the dopant. The six
different appearances in STM topography would then stem from slight variations of the rich molecular
orbital landscape. Spatially resolved dI/dU measurements indeed reveal two distinct molecular orbitals
within the LUMO* resonance of Li-Fe4 H, see Fig. 4.24c. The localization of orbital intensity varies
when measuring different Li-Fe4 H complexes, which makes it difficult to systematically identify certain
states. This finding shows that Li attachment not only shifts one molecular orbital, but rather induces
a renormalization of orbital energies and shapes, as observed even for smaller molecules like MPcs [258].
The likely transfer of at least a fraction of a charge has furthermore considerable electrostatic impact
on neighboring, undoped molecules, see Fig. 4.25. HOMO and LUMO resonances of adjacent molecules
are subject to considerable energy shifts up to −200 meV, visible up to the next-nearest neighbors of
Li-Fe4 H. Due to the subsequent evaporation of the alkali metal after deposition of the molecules on the
surface, the Li atoms are suggested to sit on top of the SMMs, localized in the region around the outer
Fe atoms and dpm ligands. Due to the manyfold of appearances both in topography and molecular
orbital shapes, no further interpretation of the doping process can be given at this stage. As next step,
it is inevitable to compare experimental results to DFT model calculations of doped Fe4 H to reveal
exact adsorption sites and their impact on the electronic and magnetic properties, which was however
not carried out within this thesis.
+2.6 eV

(b)

(c)

Li-Fe4H
5

23
10
(dI/dU)/(I/U)

16

nearest neighbor
next-nearest neighbor

Fe4H

Fe4H

-2.0

2.5

LUMO (eV)

-2.2 eV

HOMO gap (eV)

(a)

-2.2
-2.4
-2.6

2.4

2.3
0

1

2

Distance to Li-Fe4H

1

2

Fig. 4.25: Electronic impact of Li-Fe4 H complexes on adjacent Fe4 H SMMs. (a) Same Li-Fe4 H
complex as in Fig. 4.24c. Spatially resolved dI/dU spectroscopy, cut around the HOMO and LUMO energies
of the undoped Fe4 H SMMs. The orbitals of molecules in the vicinity of Li-Fe4 H exhibit an intensity variation.
(b) Sketch of Li-Fe4 H (blue) with its surrounding undoped Fe4 H molecules (red, orange). Next- and Next-nextnearest neighbors are approximately defined as next-nearest neighbors for simplicity. (c) Average transport gap
value at the HOMO (left, see sketch) as well as the LUMO energy (right) as a function of distance, recorded in
the vicinity of six different Li-Fe4 H complexes. Color-coding according to (b). Dashed lines and shaded areas
denote average values and standard errors as obtained on purely undoped samples, see Sect. 4.3.

These measurements represent the first attempt to chemically dope a large and polynuclear molecular
magnet, using Fe4 H adsorbed on a graphene/Ir(111) surface as model system. Whereas this SMMsubstrate combination shows only weak impact on the molecules’ electronic and magnetic properties,
it exhibits rich behavior after co-deposition of Li. Multiple topographic appearances strikingly exhibit
the same dI/dU characteristics, with a uniform shift of the LUMO by roughly −1 eV toward the
Fermi level. This indicates systematic attachment of a Li atom to the molecular cage, which has to
be evaluated by DFT model calculations. Further work on this project has been postponed beyond
this thesis after the observation that Pb(111) offers a more suitable substrate for controlled chemical
doping of Fe4 H, which will be presented in the following.
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4.6.2 Pb(111) as suitable substrate for controlled Li doping
Li evaporation of a nominal amount of 25 pm on Fe4 H/Pb(111) has been performed with the sample
kept at room temperature. Figure 4.26 collects STM topographies of the as-prepared surface, ranging
from single Li atoms to large-scale molecular islands. At low temperatures, Li atoms preferably adsorb
on top of Pb atoms. Similar to the previously investigated system, few bright molecules appear on
top of the molecular islands, likely representing comparable adsorption configurations as discussed
for Li-Fe4 H on graphene/Ir(111). A striking difference however can be seen in Fig. 4.26d-f, revealing
molecules with a dark appearance occurring mainly at the island edges.
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Fig. 4.26: Li doping of Fe4 H SMM sub-monolayers on Pb(111). (a) STM topographic overview of
a molecular island after nominal deposition of 25 pm of Li (≡ NLi ). U = +2.5 V, I = 20 pA, T = 1.9 K.
(b+c) Single Li atoms and a dimer on the Pb(111) surface at two different tunneling parameters. Li preferably
adsorbs on top of Pb atoms, see inset with lines indicating the atomic lattice (3 × 3 nm2 ). A subsurface defect
appears as depression with three-fold symmetry. Ua = +1 V, Ub = +10 mV, Ia = 0.2 nA, Ib = 0.6 nA, T = 4 K,
NLi = 25 pm. (d-f ) Zoom on different molecular islands. Subsurface defects appear as weak depression at
these parameters, see inset in (d). The scale bar in the inset has a length of 5 nm. Ud = +2 V, Ue,f = +2.5 V,
Id,e = 20 pA, If = 30 pA, Td = 4 K, Te,f = 1.9 K, NLi = 25 pm.

Magnifications of molecular islands are displayed in Fig. 4.27, and allow to identify the dark appearing
complexes to be characterized by a spherical shape that is surrounded by a dark ring. They occur
more frequently than bright molecules, exhibit an exceptional uniform appearance and sit exactly
on the hexagonal lattice formed by the undoped Fe4 H SMMs. Depending on the tip state, a sixfold symmetric shape is weakly visible in STM topography, see Fig. 4.27d. These findings suggest
successful adsorption of a Li atom to Fe4 H in a very defined manner, keeping the molecular cage
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Fig. 4.27: Appearance of Li-Fe4 H complexes on Pb(111). (a+b) STM topographic images of molecular
islands with bright and dark appearing complexes. Ua = +2.5 V, Ub = +2.6 V, Ia = 15 pA, Ib = 20 pA,
T = 1.8 K, NLi = 25 pm. (c+d) Zoom inside islands with two different tip states. Li-Fe4 H mainly appears
with a spherical shape surrounded by a dark ring, see (c). It can also exhibit the well-known six-fold symmetry
with an overall damped intensity, see (d). The inset shows a zoom on undoped Fe4 H (blue/red) and Li-Fe4 H.
Uc = +2 V, Ud = +2.5 V, Ic = 20 pA, Id = 10 pA, Tc = 2.3 K, Td = 1.8 K, NLi = 25 pm. (e) Close-up view at
an island edge with the most frequent tip state like in (c). U = +2.5 V, I = 40 pA, T = 1.9 K, NLi = 25 pm.
(f+g) Strongly doped molecular islands, showing areas with 50 % (f) and 100 % (g) of Li-Fe4 H. U = +2.5 V,
I = 20 pA, T = 4.5 K, NLi = 125 pm.

intact. The resulting complexes are referred to as doped Li-Fe4 H in the following. Note that a similar
appearance has also been observed on graphene/Ir(111), see Fig. 4.22c, which however was limited to
a single location. The fact that Li-Fe4 H on Pb mainly appears at island edges suggests that Li atoms
diffuse under the sub-monolayer during deposition at room temperature, and subsequently adsorb to
the molecular cages from below. At the same time, the rare occurrence of this particular adsorption
configuration on graphene/Ir(111) can then be explained by a favored intercalation of Li atoms under
the graphene layer [261]. This would result in exclusive chemical doping of Fe4 H from the top, being
in good agreement with the observations in Sect. 4.6.1.
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The uniform topographic appearance of Li-Fe4 H on Pb(111) is reflected in its electronic properties.
Figure 4.28b shows dI/dU spectra recorded over the center of a Li-Fe4 H complex and an undoped
Fe4 H SMM nearby. Whereas the latter spectrum shows a HOMO below < −2.5 eV and a two-fold
LUMO(+1) resonance peak as investigated in Sect. 4.3, Li-Fe4 H exhibits two differences. First, a
pronounced HOMO* resonance appears below the Fermi level, significantly reducing the transport gap.
Second, the LUMO* resides as a single resonance peak, roughly placed at an energy corresponding to
the LUMO+1 in undoped Fe4 H. Average values and standard deviations collected on a large number
N of molecules are listed in Tab. 4.5 and visualized in Fig. 4.28c.
(eV)
Fe4 H (see Tab. 4.3)
Li-Fe4 HN

HOMO(*)
−3.06(9)
−1.04(18)115

Transport gap
3.59(32)
2.22(12)106

LUMO(*)
+1.40(5)
+1.89(16)114

LUMO+1
1.82(7)

Tab. 4.5: Electronic properties of Li-Fe4 H SMMs on Pb(111).

As evident from histogram analysis, the spread of HOMO* and LUMO* energies roughly equals,
whereas the corresponding HOMO*-LUMO*-gap of 2.93(9) eV exhibits a narrow distribution. This
finding corroborates the highly uniform molecule-substrate coupling as suggested from STM analysis,
which retains the sum of oxidation and reduction potential and thus keeps the HOMO-LUMO separation unaffected. The observed spread of orbital energies then mainly stems from weak variations of
intermolecular interactions within the close-packed sub-monolayer, possibly due to different molecular
rotations, see Sect. 4.2.2.
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Fig. 4.28: Electronic properties of Li-Fe4 H complexes on Pb(111). (a) Same topography as in
Fig. 4.27e. (b) Corresponding dI/dU spectra recorded over the center of the Fe4 H (black) and doped Li-Fe4 H
complex (blue). A dashed arrow indicates the reduced transport gap of Li-Fe4 H. Uset = +2.4 V, Iset = 40 pA,
T = 1.9 K. (c) Histogram analysis collecting HOMO*, LUMO*, and HOMO*-LUMO*-gap energies on a large
number of Li-Fe4 H complexes (N ≈ 110). Gaussian curves denote average values and standard deviations. The
LUMO+1 as measured on undoped species is indicated by a dashed line.

The well overlap of the LUMO+1 and LUMO* of undoped and doped Fe4 H, respectively, suggests that
these resonances represent the same orbitals. The HOMO* can then be interpreted as former LUMO
orbital that has been shifted below the Fermi level upon Li attachment. In this simplified picture,
the spatial distribution of HOMO* and LUMO should be roughly the same, whereas the shape of the
LUMO* should correspond to the former LUMO+1. Figure 4.29 summarizes spatially resolved dI/dU
measurements on both undoped and Li-Fe4 H in order to evaluate on this question. The spectrum on
the first complex reveals HOMO orbitals that are mainly located on the dpm ligands. This finding
already significantly differs from Fe4 H on graphene/Ir(111), where the HOMO is highly localized over
the outer Fe atoms, see Sect. 4.3.1. The sharp LUMO resonance is shown at two energies, one at the
flank (+1.3 eV), and one at its peak (+1.55 eV), followed by the shoulder referred to as LUMO+1.
Whereas the first dI/dU map shows increased intensity over the dpm ligands, larger energies reveal a
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Fig. 4.29: Molecular orbitals of undoped and doped Fe4 H SMMs on Pb(111). (a) STM topographic
image of an undoped Fe4 H complex on Pb(111). The molecular shape according to the six dpm ligands is
outlined in white. U = +2.5 V, I = 30 pA, T = 3.1 K, 1.8 × 1.8 nm2 . (b) Normalized dI/dU spectra recorded
at the indicated locations in (a). Uset = +2.5 V, Uset = 30 pA, T = 3.1 K. (c) Molecular orbitals of the complex
in (a) obtained by spatially resolved dI/dU spectroscopy. The maps are cut at energies indicated by dashed
arrows in (b) and averaged over energy windows of ∆E-2.35eV = ±150 meV, ∆E-2.0,+1.3,+1.8,+2.4eV = ±100 meV,
∆E+1.55,+2.25eV = ±50 meV. 33 × 33 pixels. (d-f ) Same as (a-c), recorded on a doped Li-Fe4 H complex. The
six-fold symmetric molecular shape is determined in (f) at an energy of −1.1 eV. Energy windows used for
averaging are ∆E+1.65eV = ±150 meV and ∆E-2.3,-1.1,+1.3,+2.2eV = ±100 meV. Uset = +2.5 V, Iset = 40 pA,
T = 1.9 K, 30 × 30 pixels.

localization of electron density over the molecular center. The LUMO+1 clearly exhibits a three-fold
symmetry with distinct lobes indicating the outer Fe atoms, comparable to the HOMO observed on
graphene/Ir(111). The symmetry of Fe4 H is even better visible when going to higher energies around
+2.3 eV, where dpm ligands show pairwise intensity modulations. In accordance with the dI/dU spectra and underlining the uniform surface adsorption on Pb(111), spatially resolved measurements on
other undoped Fe4 H complexes reveal a similar appearance of molecular orbitals.
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In order to compare the electronic properties, Figure 4.29d-f show similar measurements on a Li-Fe4 H
complex that appears with the typical spherical shape in STM topography at a bias voltage of +2.5 V.
The high resolution as well as the STM tip state reveals a donut-like intensity distribution with slightly
triangular shape, indicating the molecule’s three-fold symmetry. The most striking observation is a
clearly visible intact molecular cage within the HOMO*, being localized over the dpm ligands. This
allows to deduce the molecular shape, which can be overlaid on the STM topography in Fig. 4.29d.
Almost no electron density is observed on the flank of the LUMO* at +1.3 eV, residing intensity is thus
assumed to originate from the neighboring undoped complexes. The LUMO* is strongly localized over
the molecular center, and evolves to a donut-shaped intensity distribution at higher energies above
+2 eV. These findings support the proposed mechanism that the donated electron fully occupies the
LUMO of the undoped complex, shifting it underneath the Fermi level to form the HOMO*.
Spatially resolved measurements that cover both undoped Fe4 H as well as Li-Fe4 H complexes allow to
directly compare the evolution of molecular orbitals, see Fig. 4.30. The results corroborate the findings
observed on single molecules and demonstrate the uniform impact of Li attachment to the electronic
configuration of Fe4 H SMMs. Figure 4.30b supports the assumption that the HOMO* corresponds to
the former LUMO, as well as the LUMO* which equals the former LUMO+1. The increase of intensity
does not have a physical meaning at this stage, as the tip-sample separation and thus the tunneling
matrix element at Uset = +2.5 eV highly depends on the number of filled orbitals. In addition, the
LUMO+2 in undoped Fe4 H reveals a lobe-like structure with two-fold or three-fold symmetry, in rough
accordance with the LUMO*+1 in Li-Fe4 H which exhibits a donut-like shape.
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Fig. 4.30: Shift of molecular orbitals in Li-Fe4 H complexes on Pb(111). (a) STM topographic image
and corresponding normalized dI/dU spectra of undoped Fe4 H (red colors) and Li-Fe4 H (blue colors) complexes,
recorded at the indicated positions. Uset = +2.5 V, Iset = 40 pA, T = 1.9 K, 5 × 5 nm2 . (b) Molecular orbitals
deduced from spatially resolved dI/dU spectroscopy, cut at the respective energies marked as dashed arrows in
(a). The upper row shows orbitals of undoped Fe4 H complexes (white shapes), the lower row shows orbitals of
doped Li-Fe4 H complexes (blue shapes). The dI/dU maps at +1.8 and +2.4 eV are plotted with two different
color scale ranges each. 55 × 55 pixels, 5 × 5 nm2 .

The intensity distribution of both LUMO* and LUMO*+1 explains the spherical or slightly donutshaped appearance of Li-Fe4 H in STM topography when scanning at bias voltages around +2.5 V. On
the other hand, the roughly six-fold symmetry of the HOMO* suggests to recover the typical shape
of undoped Fe4 H complexes upon scanning at negative bias voltages < −1.5 V. This is demonstrated
in Fig. 4.31a and b, where a change of the bias voltage polarity leads to a switch between the typical
Fe4 H molecular shape and the spherical appearance of Li-Fe4 H. Given stable STM tip conditions, the
effective lateral confinement of the molecules in the sub-monolayers furthermore allows to reduce the
bias voltage to intragap values in order to recover the six-fold symmetry in Li-Fe4 H, see Fig. 4.31c.
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Strikingly this also holds for bright appearing complexes, where the Li atom is assumed to be adsorbed
to the top of the molecules upon landing on the surface. The resulting complexes are thus named Li*Fe4 H in the following. Figure 4.31c shows several different appearances of Li*-Fe4 H at +2.2 V, which
are all resulting in the same six-fold symmetric lobe structure when scanning at +0.5 V. These findings
confirm the impact of Li attachment on Fe4 H to be of pure electronic nature, without considerably
affecting the molecule’s integrity, both for Li-Fe4 H as well as Li*-Fe4 H complexes.
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Fig. 4.31: Imaging Li-Fe4 H complexes on Pb(111) at low and negative bias voltages. (a) STM
topographic image of the same location at negative and positive bias voltage, respectively. This allows to
include the HOMO* and reveals the six-fold symmetry in Li-Fe4 H (blue), indicating an intact molecular cage.
White shapes denote undoped Fe4 H complexes. I-2.5eV = 10 pA, I+2.5eV = 40 pA, T = 1.9 K. (b) Same as (a)
for a large molecular island. Intact Li-Fe4 H complexes can be clearly identified at negative bias voltages (blue
shapes). I = 15 pA, T = 1.8 K, NLi = 25 pm. (c) STM topographies recorded at different bias voltages on a
strongly doped molecular island. Scanning with an intra-gap bias voltage (+0.5 V) allows to identify the six-fold
symmetry of both spherical as well as bright appearing molecules (Li*-Fe4 H). The inset demonstrates this for
undoped Fe4 H (white), Li-Fe4 H (blue) and a Li*-Fe4 H complex (orange). I = 20 pA, T = 3.3 K, NLi = 125 pm.

Li-Fe4 H is observed mainly at island edges, whereas bright Li*-Fe4 H complexes are distributed equally
over the sub-monolayers. The adsorption of Li atoms to the molecular cage is thus suggested to be
realized in two different ways. First, atom diffusion at room temperature leads to attachment of
Li from the molecular base, leading to Li-Fe4 H as extensively investigated in this section. Second,
direct adsorption of Li atoms happens during the evaporation process, mainly from the top of the
molecular cage and forming Li*-Fe4 H. In order to further evaluate these assumptions, samples have
been prepared with different Li coverages and comparable amounts of Fe4 H SMMs. Figure 4.32 shows
a strongly doped sub-monolayer, where the island edge consists of roughly 100 % of Li-Fe4 H and the
interior represents a mix of undoped Fe4 H, Li-Fe4 H and bright Li*-Fe4 H complexes. Corresponding
relative abundances of each species have been obtained for different coverages and on a large number
of islands, results are displayed in Fig. 4.32b. The amount of Li*-Fe4 H is assumed to form during Li
evaporation from the top, thus being proportional to the deposited amount of Li atoms, expressed by
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NLi*-Fe4 H
NLi
(NLi ) = c1
.
Nmolecules
Nmolecules

(4.8)

The corresponding fit yields c1 = 0.072 %/pm and well represents the observed evolution. An offset
of NLi=0 ≈ 4 % indicates defective Fe4 H complexes at zero Li coverage, see for example Fig. 4.7. On
the other hand, the fraction of Li-Fe4 H increases fast and saturates around 40 % at large Li coverages.
Here, Li atoms are suggested to diffuse below the molecular sub-monolayers and attach to single Fe4 H
molecules, starting from the island edge in an area of thickness d, see sketch in Fig. 4.32c. A linear
increase of d with the amount of deposited Li, d = cNLi , clearly does not fit the experimental data, see
dashed line in Fig. 4.32b. The saturation rather suggests a self-limiting process, that prevents free Li
atoms to further diffuse below the islands if d is large enough. In the simplest (linear) approximation,
the change of d (≡ d0 ) is thus assumed to decrease with the total thickness d(NLi ), which can be
modeled by d0 ∝ [d0 − d(NLi ))]. Integration yields


N
− NLi
d(NLi ) = d0 1 − e 0 ,
(4.9)
where d0 denotes the characteristic thickness of the doped area that forms at a coverage N0 . The
amount of Li-Fe4 H corresponds to the ratio between area of the edge of thickness d and the total area
and can be written as
NLi-Fe4 H
(NLi ) = 2d(NLi ) − d(NLi )2 ,
Nmolecules

(4.10)

where the circular model island is arbitrarily chosen to have a radius of R = 1. The resulting fit is
plotted as solid line in Fig. 4.32b and well follows the experimental data. Whereas d0 solely depends
on the choice of R, the fit routine yields a characteristic coverage of N0 = 53.1 pm of Li. The formation
max
of Li-Fe4 H considerably saturates above 2N0 and reaches NLi-Fe
≈ 44 %. The well agreement of both
4H
Eqs. 4.8 and 4.10 to the experimental data corroborate the suggested, simple models. In particular
these findings demonstrate Li attachment from below and above the flat-lying Fe4 H molecular magnets,
which will be important in DFT model calculations as discussed at the end of this section.
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Fig. 4.32: Strong Li doping of Fe4 H SMMs on Pb(111). (a) STM topographic image of a strongly doped
molecular island. The orange line separates areas of low doping (inside) from areas with ≈ 100 % of Li-Fe4 H
(outside). U = +2.5 V, I = 10 pA, T = 4.5 K, NLi = 125 pm. (b) Relative abundance of Li-Fe4 H and Li*-Fe4 H
complexes as a function of the nominal deposited amount of Li. Error bars denote standard deviations as
measured on a large number of islands/molecules (Nislands ≈ 20 per coverage, Nmolecules ≈ 30000 per coverage).
Solid and dashed lines denote fits to the data according to the models explained in the text. (c) Model of Li
atom diffusion under the molecular islands, which allows Li-Fe4 H to form preferably in an area of width d at
its edge (blue). The adsorption of Li atoms upon landing on the top is assumed to grow linearly upon forming
Li*-Fe4 H (green).
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At Li coverages below N0 , the sub-monolayers mainly consist of undoped Fe4 H molecules and Li-Fe4 H
complexes, and the number of fragments on the bare Pb surface remains low. This allows to perform
ensemble-averaging techniques to investigate the impact of chemical doping on the electronic and
magnetic properties of Fe4 H SMMs. Two doped samples have been prepared with Li evaporation after
(NLi = 25 pm) and before (NLi = 50 pm) deposition of Fe4 H on the clean surfaces. The latter procedure
is suggested to considerably minimize the amount of top-doped Li*-Fe4 H in the sub-monolayers, but
so far has not been investigated in STM topographic measurements. Figure 4.33a shows XAS spectra
recorded for all coverages, and reveals an approximately linear increase of the L3 sub-peak ratio with
growing amount of Li-Fe4 H. This indicates a partial reduction of Fe3+ to Fe2+ atoms in the sample [233]
and has been shown to directly reflect a spin state change in single-ion TMPc molecular magnets [259].
The interpretation of results in polynuclear complexes like Fe4 H is however more elaborate due to
multiple spin centers that couple together to an effective macrospin S. The donated electron in LiFe4 H could either reduce one of the Fe3+ ions or lead to such a renormalization of molecular orbitals
that each of the four Fe atoms remains in a formal Fe2+ state. A simple approach to this question is
presented in the following, a deeper analysis is out of the scope of this thesis and suggested for future
experiments.
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Fig. 4.33: Impact of Li doping on the Fe oxidation state in Li-Fe4 H complexes on Pb(111). (a)
XAS spectra recorded on different samples at the iron L2,3 edges, depending on the nominal deposited amount
of Li. Normalization on the average peak height of the two L3 sub-peaks and a shift by +5 eV (25 pm Li) and
+10 eV (50 pm Li) to the right allows for better comparison of their intensity ratio, see dashed black lines and
the inset. Evaporation of Li was performed after (25 pm) and before (50 pm) electrospray deposition of Fe4 H.
T = 2.5 K, θ = 0◦ , B = 0 T. (b) Simulated XAS spectra obtained from multiplet calculations. The color scale
decodes the amount of Fe2+ among Fe3+ ions in the sample, ranging from 0 (black) to 100 % (red). The inset
shows the calculated L3 sub-peak ratio and the experimentally observed values including its error bar as shaded
areas.

XAS spectra of pure Fe3+ and Fe2+ samples were simulated by performing multiplet calculations using
the CTM4XAS program [262] and were subsequently added proportionally, see Fig. 4.33b. Parameters were taken from previous multiplet calculations of Fe4 derivatives [86, 157, 162, 167, 170] and
broadenings were adjusted to best fit the experimental data at zero Li coverage, see Tab. 4.6. The
spectral shape as well as the L3 sub-peak ratio for a pure Fe3+ state well reflects the experimental curve
obtained on the undoped sample, corroborating intact Fe4 H complexes on the Pb(111) surface. The
calculated evolution of the L3 sub-peak ratio as a function of NFe2+ is shown in the inset of Fig. 4.33b
and exhibits a slightly nonlinear behavior, which well reflects the evolution of experimentally measured
ratios. This allows to deduce the amount of Fe2+ atoms in the sample as a function of nominally evap+2.5
orated Li, and yields NFe2+ ≈ 15.0+2.5
−3.0 % for 25 pm and 39.0−3.0 % for 50 pm of Li. Strikingly, these
values roughly coincide with the amount of doped Fe4 H molecules in the samples, lying in the range
around 20 and 35 %, respectively (see Fig. 4.32b). This finding directly suggests that each Li atom
attached to an Fe4 H SMM induces a formal Fe2+ oxidation state in all four iron ions at the same time,
which has not been observed in large molecular magnets up to date.
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Symmetry
Slater integral reduction (%)
10 Dq (eV)
Spin-orbit coupling reduction (%)
M (meV)
Temperature (K)
Lorentz broadening (eV)
Gaussian broadening (eV)

Mannini et al. [86]
Octahedral
60
1.5
-
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This thesis (CTM4XAS)
C4 (octahedral)
60
1.5
100
1
3
0.15
0.2

Tab. 4.6: XAS multiplet calculations of Fe2+ and Fe3+ in Fe4 H.

The measurements presented in this section for the first time demonstrate successful attachment of Li
atoms to a large, polynuclear molecular magnet, and moreover indicate a direct impact on the oxidation
state of their magnetic core. Ab-initio calculations suggest a change of the spin state to S = 29 in both
reduced and oxidized Fe4 SMMs, together with a significant enhancement (+230 %) and suppression
(−88 %) of its magnetic anisotropy D upon extracting or adding one electron, respectively [241]. As
both STS and XMCD experiments propose the transfer of an extra electron to the molecular cage,
D is expected to roughly vanish in Li(*)-Fe4 H. As shown in Fig. 4.32b, a complete doping of 100 %
can only be achieved for large Li coverages, which comes along with considerable fragmentation of
molecules. XMCD magnetization curves are therefore only possible to be performed on a mixed phase
of undoped Fe4 H and Li(*)-Fe4 H, which makes data analysis elaborate and prone to overparameterization. Furthermore, XMCD experiments on an undoped Fe4 H/Pb(111) sample have to be performed
in advance to unambiguously clarify the reference value for D, see discussion in Sect. 4.5. At a Li
coverage of 50 pm, roughly 40 % of all molecules are Li-Fe4 H complexes, and a collapse of D in those
would lead to a significantly smaller area between the magnetization curves recorded at θ = 0◦ and
60◦ . However, preliminary measurements do not indicate such a huge difference, and fitting to Eq. 4.7
rather suggests a slight increase of D upon doping, see Appendix 12.5. This would be in line with
single-molecule transport measurements on Fe4 derivatives that revealed an enhancement of D up to
+50 % upon adding one electron in three-terminal devices [78, 163]. Detailed measurements in this
direction are out of the scope of this thesis and are planned for the near future.
Accompanying DFT model calculations are performed at the moment by León Martin (Uni Augsburg,
AG Pauly) to obtain deeper insight into the nature of Li attachment and its impact on the electronic
and magnetic properties of Li-Fe4 H. First results of Li relaxation into the molecular cage as well as the
DOS of both undoped and doped complexes are displayed in Fig. 4.34. Similar relaxation of Li atoms
that are placed in different starting positions indicate a stable adsorption configuration in the large
pocket between two dpm ligands and two outer Fe atoms. On the other hand, placing the Li atom next
to the small pocket nearby leads to a relaxed position over the outer Fe atom. In these prospective
calculations, Li has been placed in the plane of the Fe atoms. More realistic starting configurations
with the Li atom being placed below (or above) the molecular cage are currently executed. Note that
the rotational symmetry of Li-Fe4 H in STM topography points to a rather centered adsorption site,
whereas the calculated relaxed positions coincide with the asymmetric appearance observed on Li*Fe4 H complexes, see Fig. 4.31c. This motivates the assumption that the Li atom could in fact replace
the terminating H atom of the tripodal ligand which points to the surface. DFT calculations targeting
the stability of this configuration are currently under way, and could reveal a global alteration of the
Fe oxidation states in the whole SMM as observed in the XAS experiments.
A first calculation of a charged Fe4 H SMM has been carried out by adding one extra electron to
the neutral molecule, see Fig. 4.34b. Upon doping, the DOS reveals a considerably reduced HOMO-
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LUMO-gap, mainly due to the appearance of a new HOMO* near the Fermi level. Without explicitly
considering the attachment of a dopant atom, this is in good agreement with the experimentally
measured dI/dU characteristics, see Fig. 4.28. It thus points to a stable charge state in Fe4 H SMMs
that is realized by complete transfer of one electron to the molecular cage, supplied by the Li atom.
Note that at the same time, the DOS does not reflect the results obtained on graphene/Ir(111) as
substrate (see Sect. 4.6.1), suggesting a different charge state to be realized in this system. Further
calculations and the deduction of important magnetic properties like J and D are currently under way.
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Fig. 4.34: Preliminary DFT calculations of Li attachment to Fe4 H SMMs. (a) Relaxation of Li atoms
into the molecular cage of Fe4 H, starting at different initial positions (top row). The atom is placed in the plane
of the iron atoms, see side view. (i), (ii) and (iii) relax to the same final position in between two outer Fe
atoms, (iv) relaxes on top of one Fe atom. (b) DOS of neutral Fe4 H (black) and with an additional electron
(blue). Arrows indicate the frontier orbitals. All calculations were carried out by L. Martin of the AG Pauly,
Uni Augsburg.

This section for the first time provides a detailed experimental study on chemical doping of large,
polynuclear molecular magnets. Successful Li attachment to Fe4 H SMMs that are adsorbed on a
Pb(111) surface is shown to be mainly driven by atom diffusion under the molecular islands, leading
to only one defined adsorption configuration, named Li-Fe4 H. The valence electron of Li seems to be
fully transferred to the molecular cage, occupying the LUMO orbital and shifting it underneath the
Fermi level. Comparison of STM and XAS measurements suggest the full reduction of the magnetic
core in Li-Fe4 H to four Fe2+ ions. Experiments and DFT calculations to unravel its implications on
the molecules’ magnetic properties are planned for the near future or are already under way. These
results open a route to controllably manipulate charge and spin state in SMMs with large and bulky
ligand shells on a single molecule level, being of particular importance for future synthesis strategies
of these compounds as well as their integration in functional devices.
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4.7 Fe4 H SMMs on surfaces - summary and outlook
This chapter provides a comprehensive study of the structural, electronic and magnetic properties in
individual Fe4 H SMMs after adsorption on functional surfaces. Fe4 represents one of the most prototypical molecular magnets whose nonzero spin state stems from the interaction between multiple
magnetic atoms. Such compounds are generally difficult to be arranged and investigated on surfaces
due to their bulky and inert ligand shell. In order to face this issue, the special derivative studied in
this thesis has been previously developed in order to realize a flat adsorption geometry, and has been
demonstrated to be well suitable for scanning probe experiments [84]. As a follow-up, the scope of
this thesis was thus to study the impact of different surfaces on the electronic and magnetic properties in these prototypical, polynuclear molecular magnets as well as exploring routes to controllably
manipulate their SMM behavior using chemical doping.
Surface self-assembly and substrate-dependent coupling
Graphene/Ir(111), Au(111) and Pb(111) were chosen as three functional surfaces to study the adsorption behavior of Fe4 H SMMs on a metallic 2D material, a metal and a superconducting surface,
respectively. Surface deposition using the electrospray method is presented in sections 4.1 and 4.2 and
revealed a similar formation of well ordered molecular sub-monolayers on all substrates. The particularly chosen ligand shell of Fe4 H imprints a uniform, flat adsorption geometry for all complexes on the
surface, with all magnetic easy axes pointing parallel to the surface normal. This observation seems
trivial, but is an indispensable requirement to acquire statistics on a large number of equally adsorbed
molecules in order to deduce and interpret substrate-induced variations of its structural, electronic and
magnetic properties. Attractive intermolecular interactions between the outer dpm ligand shells are
shown to be the dominant driving mechanism for island formation, also on metal surfaces. Relaxation
of the molecular lattice leads to the formation of two rotational sub-domains on graphene/Ir(111) and
Pb(111), whereas the observation of only one domain on Au(111) indicates a different pinning to the
surface.
Measuring dI/dU characteristics in Sect. 4.3 revealed frontier molecular orbitals and pronounced transport gaps on all surfaces. The size of the latter depends on the respective substrate, indicating weak coupling to the graphene/Ir(111) surface, moderate coupling to Pb(111) and strong coupling to Au(111).
A first focus was thus subsequently set on the Fe4 H/graphene system. For the first time performed
on such large, polynuclear SMMs, orbitals were imaged with high spatial resolution and allow to determine the positions of Fe spin centers within the molecule, as well as to compare their shapes with
DFT calculated molecular states. The graphene Moiré superstructure weakly imprints on the molecular orbital energies, being in the range of intermolecular variations within the islands. A striking
difference between the orbital shapes has been observed between graphene/Ir(111) and Pb(111) which
might point to a global charge transfer on one of the substrates, and has to be evaluated in future
STS studies. Furthermore, similar experiments are suggested to be carried out on Au(111) in order to
extend the deficient dI/dU statistics, for a detailed comparison to the other substrates.
Bulk-like magnetic signatures after surface adsorption
The Fe4 H/graphene combination for the first time allowed to systematically measure inelastic spin
excitations on equally adsorbed, polynuclear molecular complexes, see Sect. 4.4. This marks a significant progress compared to the only two previous studies performed on Mn12 and Fe4 SMMs, where
molecules were placed in a random geometry on the surfaces [81, 83]. Results indicate spin transitions
between the ground and the first excited spin multiplet, which allowed to determine the intramolecular
magnetic exchange interaction J1 on a large number of complexes. The findings corroborate a weak
impact of graphene on the molecular magnetism, resulting in a bulk-like average value of J1 , and at
the same time quantify environmental effects by a considerable spread of values. This is expected to
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be significantly reduced in Fe4 H on Pb(111), due to the exceptionally uniform adsorption configuration. Future IETS experiments should thus be performed on this system, which would as well provide
significantly enhanced spectral resolution due to convolution with the superconducting gap. Results
are expected to reveal not only inelastic excitations, but also to provide additional insight into the
interplay between a macrospin impurity and the superconducting phase in Pb.
One of the key magnetic properties of single-molecule magnets, i.e. their magnetic anisotropy D, has
been extensively addressed in Sect. 4.5. XAS measurements revealed purely Fe3+ oxidation states in
slightly distorted octahedral environments, indicating intact Fe4 H SMMs on all three surfaces. The
acquisition of XMCD magnetization curves allowed to deduce a global value of D, which are subject
to substrate-dependent, albeit small variations around the bulk value. These results demonstrate the
robust molecular magnetism in this prototypical, large molecular magnet upon close contact with
functional surfaces. Future experiments are suggested to recall the Fe4 H/Pb(111) system, where two
different samples suggest either bulk-like or clearly enhanced magnetic anisotropy. Together with the
proposed IETS measurements, results are expected to provide a magnetic characterization that is
indispensable as reference to carry on with the study of chemical doping as discussed in the following.
Chemical doping of individual molecules
Manipulation and control of the electronic properties and spin states in individual Fe4 H complexes is
not only highly interesting from a fundamental point of view, but also represents a key challenge for a
possible integration in future spintronic devices. The last part of this chapter, Sect. 4.6, therefore reports on first experiments to continuously or permanently dope the molecular cage, either by using the
STM tip or chemical doping, respectively. The first attempt was performed on graphene/Ir(111), and
revealed an abrupt transition between two electronic configurations upon approaching the STM tip. A
similar effect has subsequently been observed in dI/dU spectra of chemically doped Fe4 H SMMs after
attachment of single Li atoms, and is mainly characterized by a downshift of the LUMO by roughly
-1 eV. On-surface DFT calculations of a charged Fe4 H complex on graphene/Ir(111) are suggested to
further evaluate its influence on the molecular magnetism.
The tendency of Li to intercalate below graphene leads to the exclusive formation of Li-Fe4 H complexes
that are doped from the top, which implies the observation of many different adsorption configurations
in STM topography. This situation changes for Fe4 H on Pb(111), where Li atoms can diffuse on the
surface underneath the molecular islands and mainly attach to the SMMs from below, as investigated
in Sect. 4.6.2. This results in a well-defined electronic impact on the molecular orbitals, shifting the
LUMO in Li-Fe4 H underneath the Fermi level, which suggests full transfer of one electron to the
molecular cage. The attachment of a single Li atom furthermore leads to a full reduction of the
magnetic core to four Fe2+ ions, whose impact on the magnetic ground state has to be evaluated in
future XMCD experiments. In particular, the evolution of carefully recorded magnetization curves at
Li coverages in the range of 10 − 100 pm are suggested to deduce a change of D in Li-Fe4 H complexes.
Furthermore, IETS measurements on these samples should complement the proposed experiments on
undoped Fe4 H on Pb(111), as Li adsorption below the magnetic core is expected to be robust against
STM tip approach. Accompanying first-principle calculations are performed at the moment and will
provide detailed information about magnetic exchange interactions, magnetic anisotropy and exact
adsorption positions of Li.
Final conclusion
Fe4 H SMMs offer the perfect platform to study key properties of large, polynuclear molecular magnets
on a single molecule level. The presented investigation considerably extends the knowledge about their
surface adsorption, their electronic and their magnetic properties. It furthermore explores a promising
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route to permanently manipulate its charge and spin state, which has not yet been attempted for
comparable compounds. However, the low magnetic blocking temperature of < 1 K can be considered
as main drawback, both from an experimental as well as from an application-relevant point of view.
The second half of this thesis therefore investigates surface-adsorption of a recently developed molecular
magnet, that obeys a significantly enhanced TB which is accessible in the available experimental setups.
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5 Ln2 @C80 (CH2 Ph) - Lanthanide dimetallofullerene molecular
magnets on surfaces
As shown in the previous chapter at single Fe4 H molecules, the investigation of prototypical, 3d-based
complexes adsorbed on different substrates provides detailed insights into the on-surface physics of
single molecular magnets. Both fundamentally important as well as application-relevant, it is however technically demanding to study the magnetization dynamics of such compounds due to their fast
magnetic relaxation that closes their hysteresis curves far below liquid helium temperature. Intense
research during the last two decades in a combined effort of organometallic chemistry and physics has
thus led to the development of SMMs whose magnetic nature is based on members of the lanthanide
family, the so-called rare-earth elements. Their magnetic properties originate from unpaired spins that
occupy the 4f shell, which is in general more localized around the atomic core in relation to the 5s,
5p and 6s shells and thus exceptionally well shielded from the environment. In this sense, SMMs have
been synthesized that pushed the limit of reasonable slow magnetic relaxation up to temperatures of
80 K [31, 32], lying above the temperature of liquid nitrogen and thus representing a quantum leap in
the research field of SMMs. However the investigation and addressing of molecules that reach such
high temperatures still face huge difficulties in terms of handling, deposition and chemical stability
beyond the bulk. On a scale of the magnetic blocking temperature, the next best family of SMMs
that evolved during the last years and whose members show outstanding properties in terms of both
chemical robustness and magnetic relaxation is formed by 4f -based endohedral (di)metallofullerenes.
Here, one or two rare-earth atoms are trapped in the void of a C80 fullerene which can be functionalized
by attaching organic sidegroups to the outside of the cage. Just recently a study of metallofullerenes
on substrates already pushed the limit of TB observed in surface-adsorbed SMMs further to 10 K [37],
being well suited for investigation in standard bath cryostats. Beside the fast development in the field,
open questions remain regarding their exact adsorption behavior, the effect of the respective substrate
on their electronic and magnetic properties as well as finding possible routes to manipulate and control
their magnetism on a single molecule level.
The following chapter reports the investigation of one of the most promising endohedral dimetallofullerene complex, namely Ln2 @C80 (CH2 Ph), after adsorption of sub-monolayers on functional surfaces. Its molecular structure can be seen in Fig. 1.2c. Following the literature the abbreviation {Ln2 }
will be used throughout this thesis [73], with Ln being replaced by the respective rare-earth element.
The highest magnetic blocking temperatures have been observed in the bulk phases of {Dy2 } and
{Tb2 } derivatives, accounting to 18 and 28 K, respectively [67, 263]. Whereas this thesis thoroughly
investigates surface-adsorption of the first compound, the latter one was just recently demonstrated
to retain its molecular magnetism upon surface-adsorption on HOPG [264]. A part of the research
presented in this chapter has been published throughout the course of this thesis in Paschke et al. [265]
and Paschke et al. [266], with main contribution from the author of this thesis, see also Sect. 8. For
the local studies in this work the focus was set on graphene/Ir(111) as substrate due to its outstanding
decoupling properties as observed for Fe4 H and other single-molecule magnets [172, 173, 180]. Turning
to the global magnetic characterization, also Au(111) and Pb(111) were then used as prototypical
metallic and superconducting surfaces, respectively. Starting with the deposition procedure, the structural as well as electronic properties of single molecules and molecular islands are addressed on a local
scale using STM and STS. It is proven for the first time that the STM tip can address and image the
single-electron bond located inside the fullerene cage, which is directly related to the robust magnetism
of this outstanding SMM. Furthermore, XAS and XMCD studies reveal an extremely slow magnetic
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relaxation when adsorbed on graphene, resulting in a magnetic blocking temperature of 17 K, setting
a new benchmark in the field of surface-supported molecular magnets. IETS is then successfully employed to chase low-energy inelastic spin excitation processes in order to gain knowledge about the spin
states in the complex electron system of a single molecule. Finally a prospective study is presented
how to manipulate the magnetic properties of {Ln2 } dimetallofullerenes by using chemical doping.
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5.1 Electrospray deposition of lanthanide dimetallofullerenes

(a)

(b)
Emitter tip

Capillary
{Dy2}/DCB
ca. 3 mm

{Er2}

{Dy2}

Fig. 5.1: Electrospray deposition of {Ln2 } SMMs. (a) Photograph of the used DCB solutions containing
{Er2 } (left) and {Dy2 } (right) dimetallofullerenes. The concentration of {Er2 } is lower than for {Dy2 }. The
latter solution yield the best sample quality with almost no solvent residuals on the surface. (b) Photograph of
a stable electrospray of {Dy2 }/DCB in the ESD setup. The condensed shape of the spray leads to an increase
of pressure in the preparation chamber. The distance between emitter tip and capillary entry is marked by an
arrow. The image is averaged over 6 screenshots.

The preparation of sub-monolayers of {Ln2 } dimetallofullerenes on different surfaces has been carried
out using the electrospray deposition method, see Sect. 3.1.3. First approaches to use DCM or ACN as
polar solvents revealed a rather low solubility with the molecules quickly precipitating. Excellent results
in terms of deposition procedure and sample quality were then obtained by using 1,2-dichlorobenzene
(DCB). Due to the very small synthesis yield, the amount of molecular powder can only roughly be
estimated by eye to be in the range of 0.05 – 0.5 mg, which are then solved in amounts of DCB in the
range of 1 – 5 ml. Depending on the resulting concentration the solution manifests in a yellow to brown
color, with examples that lead to the best sample qualities being depicted in Fig. 5.1a. Typical ESD
operating parameters are summarized in Tab. 5.1, a photograph of the resulting shape of the spray is
shown in Fig. 5.1b. As the expansion of the spray between emitter and capillary is not as efficient as for
polar THF/MeOH solutions used for Fe4 H, the pressure at the sample is slightly enhanced and a large
amount of material is transferred to the sample. Highly depending on the solution concentration, a
considerable amount of solvent molecules relative to the number of {Ln2 } complexes can thus be found
on the surface. For the case of graphene/Ir(111), attempts to reduce the number of solvent molecules
by stepwise heating the sample up to 50 and 100◦ C resulted in an increased number of large clusters
on the surface. Concluding, the electrospray deposition method for the first time applied to {Ln2 }
dimetallofullerenes thus suggest to use a DCB solution as concentrated as possible in order to minimize
solvent residuals at the surface. Noteworthy, the sample current produced by DCB remains low in the
range of 0.5 – 1 pA and thus requires careful determination of any offset current. Furthermore, only
very short deposition times in the order of 30 – 120 seconds are needed in order to obtain a reasonable
coverage < 0.3 monolayer. The specific samples studied in the subsequent sections of this chapter are
listed in Tab. 5.1 in order to provide the preparation parameters for future studies.
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Capillary voltage (kV)
Flow-rate (µl/min)
Total charge (pAh)
Duration (min)
ppreparation (×10−7 mbar)
Estimated monolayers (STM)
Used in section

Ln = Er
2.5 − 3.5
1.5
0.25
8
4
≈ 0.1
5.2, 5.3

2.5 − 3.5
1.0
0.015
1
1
≈ 0.005
5.2, 5.3, 5.5

F. Paschke

Ln = Dy
2.5 − 3.5
1.5 − 2.0
0.2 − 0.3
15 − 20
5−7
≈ 0.1 (extrapolated from STM)
5.4, 5.6

Tab. 5.1: Parameters for the electrospray deposition of {Ln2 } SMMs on surfaces.
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5.2 Ordered self-assembly of lanthanide dimetallofullerenes on graphene/Ir(111)
This section investigates the adsorption behavior of {Dy2 } and {Er2 } dimetallofullerenes on a metallic,
albeit weak interacting graphene/Ir(111) surface by means of STM. Whereas Ln = Dy was chosen due
to its outstanding performance as SMM [67], Ln = Er was selected to compare the electronic properties
based on the different [Ln3+ – e – Ln3+ ] core of both compounds [73, 263]. Epitaxial graphene/Ir(111)
was used as a starting substrate due to its notably low impact on the structure and electronic properties of adsorbed molecules [36, 172, 180] as well as the ease to produce surfaces in situ that obey
extremely clean quality. This study represents the first on-surface characterization regarding this class
of peculiar SMMs and serves as an inevitable basis for the subsequent investigation of both electronic
and magnetic properties of {Ln2 } sub-monolayers. The findings are presented in a logical order starting with isolated single molecules, followed by molecular islands both embedded in a large amount of
solvent residuals and free-standing. For this reason results for both Ln species are shown alternately,
due to different coverages at each sample. However no difference in surface adsorption behavior was
observed between both species, which is assigned to the equal dimensions of the molecular cage [263]
which dictates the interaction with the surface and within molecular islands.
The STM measurements were conducted with the help of the master student Tobias Birk, the classical
molecular dynamics simulations were performed by Dr. Stanislav Avdoshenko at the IFW Dresden.
5.2.1 Isolated molecules on the surface
After electrospray deposition at room temperature and subsequent cooling to 4 K, only few isolated
molecules are found on the surface, even at low coverage. Already at moderate tunneling parameters
around 1 − 2 V and 10 pA, molecules can be easily displaced by the STM tip, pointing to a substantially weak interaction with the surface. For more details regarding single molecule manipulation see
Sect. 5.5. If the tip state is not prone to drag the molecules, each one appears as a pronounced spherical
main body of 0.9(1) nm in height, as can be seen in Fig. 5.2a-c. The spherical shape and its apparent
height well match the real diameter of the C80 fullerene cage of around 1 nm [67]. On the other hand
STM imaging suggests a mean diameter of roughly 2 nm and a base diameter of 3 nm, which is likely
caused by the finite, non-negligible curvature of the tip apex. For this reason, a small protrusion on
one side of the spherical body that can be assigned to the CH2 Ph side group is not always visible, see
Fig. 5.2a-c. Its low apparent height as well as its extension from the fullerene cage thus suggests an
adsorption orientation where the -CH2 - linker of the side group is pointing towards the surface. The
molecular adsorption position with respect to the graphene Moiré superlattice can be visualized by
subsequently changing scanning parameters [191], see Fig. 5.2a. Both the corrugation of topography
and electronic potential of the graphene lattice leads to a preferred adsorption site for {Ln2 } molecules
with the C80 fullerene centered in the fcc region. The asymmetry caused by the CH2 Ph side group
furthermore allows to define a main molecular axis, sketched as orange arrow in Fig. 5.2a. The results
suggest a favored adsorption angle measured around the surface normal, being roughly aligned in one
of the high symmetry directions. Depending on the state of the tip apex, {Ln2 } manifests in different
appearances in STM topography, see Fig. 5.2a-c. Whereas all images are recorded at a bias voltage of
1.5 V, details of the C80 fullerene cage are more or less visible, and its apparent height varies between
0.8 − 0.9 nm as can be seen in Fig. 5.2e-f.
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Fig. 5.2: Surface adsorption of isolated {Dy2 } SMMs on graphene/Ir(111). (a) STM topographic
image of two {Dy2 } molecules. The dashed black lines indicate the graphene Moiré superlattice with different
regions accordingly: fcc (circle), hcp (square), and atop (rhombus). White triangles denote the protruding
CH2 Ph group. Bottom and top part of the image: Ugr = +0.1 V, Igr = 0.1 nA, T = 2.9 K; the rest of the image:
Umol = +1.5 V, Imol = 10 pA. Figure (a) adapted with permission from [265]. Licensed under CC BY 4.0.
(b)+(c) STM topographic images of single {Dy2 } molecules, recorded with different tip states. U = +1.5 V,
I = 10 pA, T = 2.7 K. (d)-(e) Height profiles recorded along the blue and orange arrows in (a)-(c). The black
arrows have a length of 2 nm. White triangles denote the presence or absence of the protruding feature assigned
to the CH2 Ph side group in (a) and (b), respectively. Different apparent heights are highlighted by the dashed
black line.

In order to obtain a better insight into the molecules’ adsorption configuration, the STM results are
compared to classical molecular dynamics (MD) simulations. Computational details are only briefly
summarized here, more details can be found in Paschke et al. [265]. In first order approximation
the underlying graphene Moiré superlattice is realized by a buckled monolayer of carbon atoms. The
corrugation amplitude was set to 25 pm together with a lattice periodicity of 2 nm. The atomic coordinates of a {Ln2 } molecule are obtained in a gas-phase DFT calculation. It is then placed on the
graphene sheet and allowed to relax on the surface using the LAMMPS package [267], being parameterized using GAFF2 force fields with AMBER tools and in-house python scripts [265, 268, 269].
The deposition algorithm includes quick NVE injection (microcanonical ensemble) and two-step NVT
annealing (canonical ensemble) at 300 K and 100 K following a quenching down to 10 K with an overall
time of ≈ 0.5 ns. Periodic boundary conditions are implemented to minimize confinement effects. The
resulting adsorption configuration is plotted in Fig. 5.3a-c and allows several observations. First, the
free molecule relaxes into the depleted area of the graphene Moiré superlattice in well accordance with
the STM results. Corresponding to the fcc region of a real graphene/Ir(111) surface [191], it thus
obeys the same adsorption site as measured in the experiment. Second, the CH2 Ph side group is found
to lie rather parallel to the surface, with the -CH2 - linker pointing towards the surface, as can be
seen in Fig. 5.3c. Furthermore, the side group points into the same high symmetry direction of the
underlying graphene Moiré superlattice as observed in STM topography. Together these findings fully
support the observed adsorption site, orientation as well as angle of an isolated {Ln2 } molecule on
graphene/Ir(111) and thus underline the main role of van-der-Waals interactions in the surface adsorption process. The exceptionally well agreement even in the absence of any strong interaction like
ionic or covalent bonding thus suggests only weak electronic coupling between SMM and the graphene
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substrate. In order to illustrate the surface adsorption, both the calculated molecular structure as
well as the STM image of Fig. 5.2a are plotted together in Fig. 5.3d. One observes a large difference
between the real-space size of {Ln2 } and its extent in STM topography. Likely caused by the finite
curvature of the STM tip as discussed before, this finding explains the partial visibility of the CH2 Ph
side group, albeit all molecules are expected to obey roughly the same adsorption configuration.

(a)

(b)

Ausschnitt simulation 1.5nm
(d)

(c)

-CH2-

1 nm

0.5 nm
0.1 graphene (nm) 0.2 0.3

{Dy2} (nm)

1.2

0

Height (nm) 1.0

Fig. 5.3: Simulated adsorption configuration of a single {Ln2 } SMM on graphene. (a)-(c) A single
molecule after relaxation on a graphene sheet, see main text for details about the calculation. Both graphene
and molecule are colored in distinct color scales. View angles are 0◦ (a), 75◦ (b) and 90◦ (c) with respect to the
surface normal. Dashed black lines in (a) indicate the graphene Moiré high symmetry directions and cross at the
lowest depression. The black arrow in (c) denotes the -CH2 - linker group which is pointing towards the surface.
Figure (a) and (b) adapted with permission from [265]. Licensed under CC BY 4.0. (d) The surface-adsorbed
{Ln2 } molecule as derived from the classical simulation and seen from the top, true to scale overlaid on a zoom
in the STM topographic image of Fig. 5.2a. The center of the C80 fullerene cage has been positioned on the
maximum height in topography and the CH2 Ph side group is rotated to match the topographic protrusion.

5.2.2 Self-assembly into molecular islands on the surface
The rare occurrence of isolated {Ln2 } SMMs on graphene indicates a weak molecule-substrate coupling
and a considerably high mobility of the molecules after surface deposition. The majority of them
constitute in dense-packed molecular islands, STM topographies of several examples are plotted in
Fig. 5.4a-f for the case of {Dy2 }. At typical measurement parameters of 1 − 2 V and 10 pA, the islands
obey an apparent height of 939(21) pm, which matches the size measured for isolated molecules, see
Fig. 5.4g and h. Whereas only few free-standing islands can be found (Fig. 5.4a), they mostly form
along steps or wrinkles of the graphene/Ir(111) surface (Fig. 5.4b-f). These findings suggest a strong
molecule-molecule interaction that is dominating during the diffusion process after surface deposition.
The condensation of molecular islands along features and defects is driven by variations in the surface
potential energy landscape and was observed for many other molecules on graphene [177, 181, 270].
Depending on direction and magnitude of topographic or potential energy steps, the islands can grow
in a more or less ordered structure. In case of strong patterning as can be seen for a graphene wrinkle
in Fig. 5.4c, the impact of the underlying graphene Moiré superlattice as shown previously for isolated
molecules is suggested to be completely negligible. Here, long-range ordering of {Dy2 } is observed even
far away from the graphene wrinkle. The corresponding structure will be analyzed in the following.
For weak pinning potentials like low step heights or small defects, short-range ordering or mixed phases
are observed, as can be seen in Fig. 5.4a and b. These observations also hold for very small islands as
depicted in Fig. 5.4d-f.
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Fig. 5.4: Self-assembly of {Dy2 } SMMs into molecular islands on graphene. (a)-(f ) STM topographic
images of {Dy2 } molecular islands. The graphene Moiré superlattice is colored in gray where possible. Most
islands grow at surface step edges or graphene wrinkles. Ua,c = +2 V, Ub,e = +1.5 V, Ud,f = +1 V, I = 10 pA,
T = 2.6 − 3 K. Figure (b) adapted with permission from [266]. Licensed under CC BY 4.0. (g) Apparent
height profile along the blue arrow in (a). (h) Histogram of apparent heights of different islands. A gaussian
fit highlights mean value and standard deviation.

Magnifications of the ordered pattern are depicted in Fig. 5.5a and b. It consists of bimolecular rows
wherein the molecules arrange in a tetragonal packing with an average molecule-molecule distance of
d1 = 1.01(3) nm. Neighbored rows are stacked with a hexagonal dense packing, leading to a reduced
distance of d2 = 0.92(4) nm. No preferred orientation of the rows with respect to the main crystallographic directions of the underlying graphene superlattice can be observed. Figure 5.5a furthermore
shows a defect-free domain boundary, which can be described by a relative shift of the rows by d1 /2,
elucidated by red rectangles. At typical scan parameters around 2 V and 10 pA the molecules obey
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different apparent heights, pointing to a variety of adsorption configurations within the molecular
sub-monolayer. For a more detailed analysis, Fig. 5.5c shows apparent height histograms of several
molecular islands. The distributions can be well fitted by a sum of two gaussians, referred to as normal
and bright molecules in the following. For both {Dy2 } and {Er2 } SMMs the average height difference
amounts to 63(5) pm, indicating the similarity of the {Ln2 } family from a structural point of view.
Both appearances are assigned to two major adsorption orientations with regard to the CH2 Ph side
group. A more detailed interpretation can be obtained by comparison with classical molecular simulations and is given at the end of this section. All these findings point to a dominant molecule-molecule
interaction that overrides the single preferred adsorption site and orientation as obtained for isolated
molecules on graphene/Ir(111).
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Fig. 5.5: Ordered packing of {Ln2 } SMMs on graphene. (a)+(b) Zoom into {Dy2 } molecular islands
of Fig. 5.4a and c. The self-assembly into bimolecular rows is indicated by white rectangles and triangles, the
packing along the domain boundary is sketched in red. Intermolecular distances d1 and d2 are indicated and
explained in the main text. U = +2 V, I = 10 pA, T = 3 K. (c) Apparent height histograms of two {Dy2 } and
{Er2 } molecular islands, fitted with a sum of two gaussian functions (orange and blue curves, respectively).
The peaks corresponding to normal and bright molecules are indicated by arrows. Figure (c) adapted with
permission from [265]. Licensed under CC BY 4.0.

Apart from ordering into bimolecular rows, {Ln2 } shows the clear tendency to adopt a hexagonal closepacked structure within the islands, which cannot be fully realized due to the outstanding CH2 Ph side
group. This can be well illustrated by looking on larger islands, where areas with long-range ordering
in bimolecular rows alternate with seemingly disordered areas, as depicted in Fig. 5.6a-c. However,
careful analysis of tetragonal arranged molecules as shown in Fig. 5.6d-f reveals an almost complete
coverage with small domains of row packing as discussed before. Molecules sitting at the crossing
points of domain boundaries mostly exhibit reduced or increased brightness, pointing to strain in the
packing that pushes the molecules towards or away from the surface, respectively. Whereas small
agglomerations like in Fig. 5.4 and 5.5 mainly host normal and bright molecules as analyzed above,
larger islands as shown in Fig. 5.6a-c additionally possess several pronounced, outstanding lobes.
Histogram analysis as plotted in Fig. 5.6g-i therefore yields an additional shoulder around 50 − 100 pm
above the island surface. Magnified images are shown as insets and reveal a flower-like shape, with
streaks indicating a certain flexibility upon interaction with the STM tip. These features are assigned
to an adsorption orientation of the C80 cage where the -CH2 -linker points away from the surface, so
that the CH2 Ph side group stands out of the molecular island. The linear C-C bond allows the side
group to rotate freely and is thus prone to displacement by the STM tip. However, if three {Ln2 }
SMMs are densely packed, the three-fold symmetry seems to imprint on the possible resting positions
of the protruding side group, see inset in Fig. 5.6b.
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Fig. 5.6: Large-scale ordering in {Ln2 } SMMs on graphene. (a)-(c) STM topographic images of large
islands of {Dy2 } (a) and {Er2 } (b+c). In addition to normal and bright molecules like observed in small
islands, also protruding lobes are visible. Magnified examples are shown in the insets (4 × 4 nm2 ). Ua,b = +3 V,
Uc = +2.2 V, I = 10 pA, T = 2.6 − 5.7 K. (d)-(f ) Rotational domains of bimolecular ordering are color-coded
by their angle. The exclusive occurrence of three rotations point to a preferred hexagonal ordering, with a
broken symmetry caused by the CH2 Ph side group and defects in or beneath the islands. Note that different
rotations can overlap at domain borders. (g)-(i) Apparent height histograms of (a)-(c), fitted with a sum of
three gaussians (orange curve). The blue curve denotes the occurrence of another adsorption orientation with
upstanding CH2 Ph side group (black triangles), in addition to normal and bright molecules (gray curves).

Concerning normal and bright molecules in dense-packed islands, STM imaging at low bias voltages
around 1.0 − 1.5 V allows to obtain more detailed information about their specific adsorption orientation. Figure 5.7a and b shows bias-dependent measurements on two islands with different STM
tip states. Whereas {Ln2 } appears bulky at large bias voltages, more details become visible when
approaching the Fermi level. As can be seen from the comparison of Fig. 5.7a and b, the resulting
contrast highly depends on the respective tip state. Whereas the appearance of {Ln2 } is similar for
large bias voltage, reducing it reveals either a stable (Fig. 5.7a(iii)) or a fuzzy image, likely caused by
a molecule attached to the tip (see Fig 5.7b(ii)). Under stable scanning conditions, the spherical shape
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splits up into different lobes, and the height difference between normal and bright molecules becomes
smaller. Figure 5.7c serves as feasible example, displaying the previously discussed molecular island
shown in Fig. 5.4a and Fig. 5.5a. Different molecular appearances indicate a large number of adsorption configurations within the dense-packed island, even within one single bimolecular row. Frequently
emerging shapes of single molecules are collected in Fig. 5.7d. Although STM imaging does not allow
an explicit classification, different locations and sizes of the smaller lobe suggest different positions of
the CH2 Ph side group, thus showing different rotations of the C80 cage.
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Fig. 5.7: Intramolecular resolution of {Dy2 } SMMs on graphene. (a) Bias voltage-dependent STM
topographic imaging of the same area, recorded at +2 V, +1 V and +0.5 V, respectively. Blue arrows point to
identical molecules and serve as guide to the eye. I = 10 pA, T = 2.7 K. (b) Bias voltage-dependent STM
topographic imaging of another area with a different STM tip state, recorded at +2 V and +0.4 V, respectively.
I = 10 pA, T = 2.7 K. (c) Intramolecular resolution on the molecular island of Fig. 5.4a and Fig. 5.5a. The
same bimolecular rows as before are indicated by white rectangles. U = +1.5 V, I = 10 pA, T = 2.8 K. Figure
(c) adapted with permission from [265]. Licensed under CC BY 4.0. (d) Zoom on selected STM appearances
of {Dy2 } complexes, the size of each cutout is 1 × 1 nm2 . Color scales are adjusted to maximize contrast, green
arrows point to possible positions of the CH2 Ph side group.

In order to further investigate local ordering and different adsorption configurations of {Ln2 } on
graphene, STM measurements of dense layers are compared to classical MD simulations as introduced
before. Dilute and dense molecular layers have been simulated by deposition of 200 and 400 molecules
on a graphene surface, respectively, in a simulation box of 21.3 × 24.6 × 10.0 nm3 [265]. The results are
plotted in Fig. 5.8a. At low coverage, preferred adsorption sites in the voids of the underlying graphene
superlattice as observed for an isolated molecule induce directed growth of molecular rows along the
high symmetry directions. This influence becomes less prominent in the dense layer as it starts to
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Fig. 5.8: Classical MD simulations of a sub-monolayer of {Ln2 } SMMs on graphene. (a) Snapshots
from a MD run of a dilute (left) and dense (right) layer of {Ln2 } on buckled graphene. Different color scales
are used for the surface and molecules. Bimolecular ordering emerges in the dense layer and is marked with
white rectangles. Hexagonal dense-packed ordering is marked with white zig-zag lines. (b) Sketch of different
adsorption orientations, with z measuring the height of the -CH2 -linker with respect to the surface. The side
group is colored according to the color scale used in (a). A dashed side group indicates its rotational degree of
freedom. (c) Color-coded image showing the height z for each molecule of the MD run in (a). (d) Histograms
of the height z, reflecting preferred molecular rotations depending on dilute or dense packing. Figures (a)(d) adapted with permission from [265]. Licensed under CC BY 4.0. (e) Comparison of simulated molecular
orientations and STM topographic appearances of single {Dy2 } molecules as observed in Fig. 5.7c. White
rectangles denote two different rotations of the side group when -CH2 - points to the side (blue = up, red =
down). Blue circles indicate a dense packing of {Ln2 } with the side group standing upwards, similar to the
simulation. The size of areas is 2 × 2 nm2 , 2 × 2 nm2 , and 4 × 4 nm2 .

compete with intralayer strain, even without explicitly taking into account particular molecule-molecule
interactions. Regarding the self-assembly, several observations can be made. First, the C80 cage tries
to adopt a hexagonal dense-packed ordering, as indicated with zig-zag-lines in Fig. 5.8a. Second, the
packing symmetry is broken due to the protruding CH2 Ph side group and induces tetragonal packed
bimolecular rows, which is indicated by rectangles. Third, a reasonable measure for the rotation of an
individual {Ln2 } molecule regardless of the rotation of the side group is given by the height z of the
-CH2 - linker above the surface, see sketch in Fig. 5.8b. Color-coding the height z as plotted in Fig. 5.8c
reveals the formation of only two dominant rotations of the C80 cage in a dense layer. They are either
characterized by the CH2 Ph side group lying flat on the surface as observed for an isolated molecule or
with -CH2 - pointing to the side of the C80 cage. Histogram analysis in Fig. 5.8d reveals a respective
population that depends on the molecular density, which is likely caused by the increased intralayer
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strain. This furthermore causes a larger number of molecules with their side groups standing upwards,
having large z values. Figure 5.8e displays typical examples of these major adsorption orientations
together with STM images of single {Dy2 } SMMs embedded in molecular islands. Generally, these
findings resemble the observations and conclusions made from STM analysis, suggesting a thermally
self-driven assembly of {Ln2 } dimetallofullerenes with only weak interaction with the graphene surface.

5.2.3 Molecular islands with solvent residuals
As stated in the beginning of this chapter, surface-deposition of {Ln2 } SMMs using the electrospray
method is highly sensitive to the number of molecules in the DCB solvent. When using a low concentration, a considerable amount of solvent molecules reside on the surface in relation to the target
compound, which is {Er2 } in the presented study. Hence, the formation of molecular islands is not only
observed on the bare graphene substrate but furthermore embedded into sub-monolayers that presumably consist of C6 H4 Cl2 molecules, see Fig. 5.9a-c. The color scale is adjusted in order to highlight the
solvent layer in gray tones. It appears that {Ln2 } molecules arrange on top of the DCB islands which
exhibit an apparent height of around 151(41) pm. This is however not reflected in the height of molecular islands. Histogram analysis of several islands as plotted in Fig. 5.9d reveals an average apparent
height of 935(53) pm, exactly resembling the value obtained for islands that self-assemble on the bare
graphene surface (see previous section). This suggests a phase separation of {Ln2 } and DCB molecules,
preferring the formation of disjoined islands. Having a closer look on the sub-monolayers in Fig. 5.9a-c
reveals a comparable self-ordering pattern into bimolecular rows and hexagonal close-packed domains
as observed for free-standing islands. In addition, it furthermore shows the formation of a hexagonal
superlattice with a periodicity of 2.4(1) nm as obtained from FFT analysis performed on top of the
islands, see insets in Fig. 5.9a-c. This superstructure is found to be aligned with the graphene Moiré
unit cell as measured next to the islands and moreover resembles its lattice constant of 2.543 nm [191].
The surrounding DCB sub-monolayer is thus suggested to induce strain in the {Ln2 } islands, leading
to a periodic modulation of the molecular lattice that is imprinted by the corrugated graphene substrate. This finding is supported by the intensity of the superlattice spots in the FFT maps, which is
decreasing with respect to the molecular spots upon shrinking the size of the surrounding DCB layer.
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Fig. 5.9: {Er2 } molecular islands with a DCB sub-monolayer on graphene. (a)-(c) STM topographic
images of large molecular islands, embedded into a sub-monolayer of solvent molecules that is colored in gray.
Insets show FFT maps calculated using only the surface of the respective islands. Orange rings indicate
molecular spots with a periodicity of roughly 1 nm, blue circles denote a hexagonal superstructure within the
islands. The intensity of the latter is decreasing upon reducing the size of the surrounding DCB layer from (a)
to (c). U = +3 V, I = 10 pA, T = 2.9 − 5 K. Figure (c) adapted with permission from [265]. Licensed under CC
BY 4.0. (d) Apparent height histograms of several embedded islands. Gaussian curves indicate average values
and standard deviations. A dashed line marks the value obtained for free-standing {Ln2 } islands.

In order to visualize the impact of surrounding DCB layers in more detail, Fig. 5.10a and b display closeup STM topographic images of two embedded molecular islands. The ordering into densely-packed
bimolecular rows is clearly visible and resembles the findings obtained on free-standing molecular
islands. In addition, the superstructure as identified by FFT analysis in Fig. 5.10c constitutes as dark
molecules, placed on a roughly hexagonal lattice as indicated. The molecular packing however does not
allow the formation of a fully hexagonal structure, pointing to DCB-induced strain that is weaker than
the molecule-molecule interaction which drives the self-assembly. Histogram analysis shows a reduced
average apparent height of ∆dark ≈ −50 pm with respect to that of normal molecules, as can be seen
in Fig. 5.10d. Dark molecules are suggested not to reflect a third adsorption orientation with respect
to the CH2 Ph side group as shown in the previous section, but rather being physically pushed towards
the surface by several picometers. Thus ∆dark is expected to depend on the size of the surrounding
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DCB layer in the vicinity of the molecular island as stated before, presumably providing a reasonable
measure for the intraisland strain. However the measurements performed within this thesis do not
provide sufficient statistics to further evaluate this suggestion.
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Fig. 5.10: Ordering in {Ln2 } islands surrounded by DCB sub-monolayers. (a)+(b) STM topographic images of a {Dy2 } and an {Er2 } molecular island on graphene, surrounded by DCB sub-monolayers,
respectively. The molecules arrange in bimolecular rows, the roughly hexagonal superstructure constituting
as dark molecules is sketched with a dashed white lattice. Ua = +2 V, Ub = +2.2 V, I = 10 pA, T = 2.8 K.
(c) Corresponding FFT maps. The regularly placed dark molecules constitute as inner spots, referring to the
dashed white lattice in (a) and (b). The molecular lattice with a periodicity of roughly 1 nm is marked in
orange. (d) Apparent height histogram of (b), fitted with a sum of three gaussians. The peak corresponding to
dark molecules is plotted in blue, the ones corresponding to normal and bright molecules are displayed in gray.
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5.3 Electron transport through the single-electron Ln – Ln bond
The profound structural characterization of {Ln2 } dimetallofullerenes on a graphene/Ir(111) surface
now serves as a basis for a detailed study of the electronic properties of both isolated and embedded complexes on a single-molecule level. This section investigates the energies as well as the spatial
extend of molecular orbitals in the vicinity of the Fermi level, probed by means of elastic scanning
tunneling spectroscopy. From this point of view, surface-adsorbed {Ln2 } dimetallofullerenes represent
an exceptionally interesting system, as their unique SMM properties are expected to be directly addressable using tunneling electrons in an STM junction. Electronic access to 4f magnetic moments
in single-atom or single-molecule magnets usually is difficult to realize due to their highly localized
nature in relation to outer atomic orbitals [39, 42, 271, 272, 273, 274, 275, 276]. However, the outstanding magnetic properties of dimetallofullerenes are directly related to its singly occupied Ln – Ln
bonding orbital, localized inside the C80 fullerene cage. It mediates the exchange interaction between
the two Ln atoms, which is referred to as [Ln3+ – e – Ln3+ ] magnetic center of the molecule, resulting
in a strong axial (Ln = Dy, Tb) or in-plane (Ln = Er) magnetic anisotropy [73, 263]. Calculations have
shown that this MO is split into two components that are strongly spin-polarized and energetically
well-separated, with the unoccupied part sitting energetically below the cage-based orbitals [73, 263].
It thus constitutes the LUMO of the whole compound and should in principle be addressable in dI/dU
STS measurements. Upon going from heavier to lighter 4f elements, Ln = La to Ln = Er, a decrease
of the LUMO energy with respect to the cage-based orbitals can serve as unambiguous indicator for
this particular MO. Identification of the singly-occupied Ln – Ln bonding orbital in a tunneling experiment would thus open a route to directly address the [Dy3+ – e – Dy3+ ] magnetic core in {Dy2 }
dimetallofullerenes and to manipulate the ferromagnetic exchange interaction within a single molecule
using electronic transport.
The STS measurements were conducted with the help of the master student Tobias Birk, the DFT
calculations were performed by Dr. Stanislav Avdoshenko at the IFW Dresden.
Typical normalized dI/dU spectra recorded over the center of {Dy2 } and {Er2 } dimetallofullerenes
embedded into molecular islands are plotted in Fig. 5.11a and b, respectively. The spectra are characterized by clear resonance peaks that are assigned to single or multiple molecular orbitals each. The
frontier peaks around the Fermi level are referred to as HOMO and LUMO, well-separated by a transport gap. Further resonances at lower and higher energies are denoted as HOMO-x and LUMO+x
with x = 1, 2, 3, ..., respectively. Acquiring spectra on a large number of molecules reveals two different
spectral shapes referred to as Type I and Type II. Whereas Type I molecules exhibit a pronounced
LUMO+1 resonance, its magnitude is suppressed in Type II complexes, along with small differences
in the other resonance intensities. The observation of only two distinct spectral shapes reminds of the
occurrence of only two major adsorption orientations as discussed in the previous section. Analysis
of STM data and STS spectra on a large number of molecules indeed reveals a correlation between
apparent height and spectral shape, as shown in Fig. 5.11c and d. Whereas normal molecules exhibit
either spectra, bright molecules mainly show Type I behavior. Based on the results of classical molecular simulations, this suggests the LUMO+1 being related to the CH2 Ph side group, with an enhanced
tunneling probability when pointing to the side of the molecular cage.
Apart from the lowest-order classification into two different types based on the intensity of the
LUMO+1 resonance, spectral shapes differ significantly regarding higher-lying molecular orbitals. Figure 5.12a shows a variety of spectra obtained on different {Dy2 } molecules, with the HOMO-x and
LUMO+x resonances marked by arrows and the respective type written nearby. All orbital positions as
well as their intensities exhibit a certain distribution, which can be explained by several effects. First,
it indicates different molecular rotations within each of the two major adsorption orientations with the
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Fig. 5.11: Electronic properties of {Ln2 } SMMs on graphene. (a)+(b) Typical (dI/dU )/(I/U ) spectra
recorded over the center of {Dy2 } and {Er2 } molecules embedded in molecular islands, respectively. HOMO,
LUMO and LUMO+x resonances are indicated, the transport gap is marked as dashed black arrow. The two
types can be distinguished by the intensity of the LUMO+1 resonance and are referred to as Type I (higher
intensity) and Type II (lower intensity). Uset = +2.2 V, Iset = 10 pA, T = 3.0 K. (c)+(d) Correlation of
STM topographic apparent height and STS spectral shape. The majority of bright molecules exhibit a Type I
spectrum. Figures (a)-(d) adapted with permission from [265]. Licensed under CC BY 4.0.

CH2 Ph side group pointing to the side or down. Second, it can be a measure for the variety of moleculemolecule interactions within the islands, depending on intraisland strain or the respective orientations
of neighbored molecules. Third, the molecule-substrate interaction can be different depending on the
exact adsorption site on the graphene Moiré superlattice as observed for Fe4 H SMMs [172]. Disentangling these contributions requires careful analysis of a large number of embedded molecules, with the
STM tip combining intramolecular resolution and stable STS measurement conditions and is not part
of this work. However one observes a striking reduction of the distribution width when calculating the
difference between LUMO+x and the respective LUMO energy of each molecule, plotted in Fig. 5.12b
for {Dy2 }. This normalization on the frontier orbital minimizes the effect of different work functions
on the spectra, that shift the whole set of HOMO or LUMO orbitals to slightly different energies. Histogram analysis now allows the distinction of five additional molecular orbitals that can be well-fitted
with a sum of gaussian curves. Upon growing distance to the LUMO, less orbitals are identified as
peaks with respect to the background, thus the highest-lying orbital around LUMO+1.7 eV is only
rarely visible. Resulting orbital energies are summarized in Tab. 5.2. Due to the sweep direction of
the measurement from positive to negative bias voltage, only few orbitals could be observed on the
HOMO side.
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Fig. 5.12: Multiple molecular orbitals of {Dy2 } SMMs on graphene. (a) Normalized dI/dU spectra
obtained on different {Dy2 } SMMs in molecular islands. HOMO and LUMO are clearly visible, additional
orbital resonances are marked by black arrows. The respective type is written on the right. Uset = 2.1 − 2.6 V,
Iset = 10 pA, T = 2.8 K. (b) HOMO-x and LUMO+x resonance energies obtained on a large number of
molecules, subtracted by the respective HOMO and LUMO energy of each molecule. A fit to a sum of gaussian
curves reveals five additional molecular orbitals on the LUMO side.

The analysis in the following neglects higher-lying orbitals and just takes into account the most pronounced resonances, that are HOMO, LUMO and LUMO+1. The histograms in Fig. 5.13a collect
measured peak energies for both surface-adsorbed {Dy2 } and {Er2 } complexes. Average values and
standard deviations are summarized in Tab. 5.2. At this point, both the spectral similarity as well as
the broad distributions of orbital energies do not allow a distinction between both molecular species
in the experiment.

HOMO
LUMO
LUMO+1
LUMO+2
LUMO+3
LUMO+4
LUMO+5

{Er2 }
−1.29(18) eV176
+0.62(11) eV186
+1.13(13) eV147

{Dy2 }
−1.38(26) eV202
+0.64(11) eV242
+1.09(13) eV224

normalized on LUMO
{Dy2 }

+0.44(09) eV
+0.90(09) eV
+1.05(10) eV
+1.26(11) eV
+1.66(08) eV

Tab. 5.2: Experimental resonance energies of {Ln2 } SMMs on graphene/Ir(111). Tabulated values
of HOMO, LUMO and further resonance energies, both absolute and relative values. The standard deviations
are written in brackets, small numbers denote the amount of analyzed molecules.

In order to evaluate the differences in electronic properties of both complexes in more detail, DFT
modeling of the gas-phase molecules has been performed by S. Avdoshenko and are compared to the
experimental results. Figure 5.14a shows the calculated total DOS of {Dy2 } and {Er2 }, plotted together with the projected DOS (PDOS) as evaluated at the Ln atoms. The Fermi energy corresponds
to E = 0 eV, and a pronounced gap separates the HOMO and LUMO states, marked as green arrows.
Figure 5.14b displays the corresponding frontier molecular orbitals for both complexes. Whereas the
overall spectral shape and orbital distributions of both compounds are widely similar, a striking difference is observed concerning the energy of the LUMO. As stated in the beginning of this section,
the LUMO represents the unoccupied part of the single-electron Ln – Ln bond which is located mainly
inside the C80 cage, see Fig. 5.14b. Its occupied part is energetically well-separated and lies below the
highest occupied cage-based orbitals, as can be seen as solid blue curve in Fig. 5.14a. With the electron in the occupied part mediating the ferromagnetic alignment between the two Ln spins, charging
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Fig. 5.13: Resonance energies of frontier orbitals in {Ln2 } SMMs on graphene. Histograms showing
the measured resonance peak energies obtained on a large number of {Dy2 } (N ≈ 220) and {Er2 } (N ≈ 160)
molecules. Figure adapted with permission from [265]. Licensed under CC BY 4.0.

or tunneling into the unoccupied part is expected to allow local manipulation of the magnetic coupling
in {Ln2 } SMMs. While the cage-based orbital energies remain constant, the energy of the LUMO
decreases by roughly ∆Efree = −170 meV upon going from Ln = Dy to Ln = Er, being in principle well
detectable in STS experiments. However, structural relaxation and interaction with a surface leads to
renormalization of molecular orbitals, especially around the Fermi level [176, 277, 278]. Therefore, DFT
modeling has been carried out for {Dy2 } and {Er2 } complexes adsorbed on a single graphene sheet
using the adsorption configuration of an isolated molecule as obtained from classical MD simulations
as starting geometry. The resulting DOS and PDOS plots are presented in Fig. 5.14c. The electronic
properties of the surface-relaxed compounds widely coincide with the gas-phase results, thus confirming the robust chemical nature of the dimetallofullerene family. The chemical shift of the LUMO in
a constant HOMO – LUMO+1 gap amounts to roughly ∆Esurf = −180 meV, in good agreement with
the previous result.
Upon comparison with the calculated DOS, the LUMO resonance observed around +0.5 eV in the
dI/dU spectra can now be assigned to the unoccupied part of the single-electron Ln – Ln bond. In order
to corroborate this finding, both the LUMO – HOMO as well as the LUMO+1 – HOMO gap is calculated
for each molecule separately and plotted as histogram in Fig. 5.14d. As stated above, this normalization
minimizes variations of the work function caused by different molecular rotations or exact measurement
locations, and allows for a significantly more precise statistical analysis of orbital energies. The latter
Dy
Er
gap remains roughly constant with EHOMO-LUMO+1
= 2.43(24) eV and EHOMO-LUMO+1
= 2.43(20) eV,
which well reflects the DFT results. HOMO and LUMO+1 are thus assigned to cage-based orbitals
with only weak contribution from the Ln atoms, the gap is marked as dark green arrows in Fig. 5.14.
Analysis of the LUMO – HOMO gap however reveals a striking difference in energy when going from
Dy
Er
Ln = Dy to Ln = Er, with EHOMO-LUMO
= 2.01(21) eV and EHOMO-LUMO
= 1.91(21) eV, both values
are visualized as gaussian curves in Fig. 5.14d. The STS measurements obtained on a large number
Dy→Er
of molecules thus yield a net shift of ∆ESTS
= −106(16) meV, with the uncertainty representing
the standard error. The chemical shift is in good agreement with both the gas-phase and surfacerelaxed DFT calculations, and unambiguously proves the Ln-related origin of this molecular orbital.
Experimentally, this finding is furthermore supported by electrochemical measurements that reveal a
systematic shift of the first reduction potential in the series from {La2 } to {Er2 }, and in particular
with a difference of −0.18 eV between {Dy2 } and {Er2 } [73].
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Fig. 5.14: Shift of the LUMO by going from {Dy2 } to {Er2 } SMMs. (a) DFT-calculated DOS (dashed
curves) and PDOS contributions from the Ln atoms (solid curves) for gas-phase {Dy2 } and {Er2 } molecules.
The LUMO – HOMO and LUMO+1 – HOMO gaps are marked as bright and dark green arrow, respectively.
The LUMO shifts by ∆Efree upon changing the Ln species. Black triangles denote LUMO+1 and LUMO+2
orbitals. The energy levels are artificially broadened by 0.2 eV. (b) Frontier molecular orbitals of {Dy2 } and
{Er2 } as obtained from gas-phase DFT modeling, plotted at an orbital density of 0.02 a. u.. (c) Same as in (a),
but for surface-relaxed {Dy2 } and {Er2 } molecules. The energy levels are artificially broadened by 0.1 eV. (d)
Histograms of the measured LUMO – HOMO and LUMO+1 – HOMO gap values obtained on a large number of
molecules (NDy ≈ 180, NEr ≈ 175). Average values and standard deviations are marked as gaussian fits. The
shift ∆ESTS of the LUMO inside the constant LUMO+1 – HOMO gap is highlighted by two arrows. Figure
adapted with permission from [265]. Licensed under CC BY 4.0.

In order to corroborate the identification of individual molecular orbitals of {Ln2 } SMMs in STS
measurements, spatially resolved dI/dU maps are compared to the corresponding DFT calculations.
Figure 5.15a shows the topography of an isolated {Dy2 } molecule on the graphene surface, with a
dashed line indicating the preferred adsorption configuration where the side group lies parallel on the
surface. A simulated STM image as obtained by using a Tersoff-Hamann approximation of the surfacerelaxed DFT calculation is plotted on the right and shows excellent agreement. The normalized dI/dU
spectrum recorded on top of the molecule is shown in Fig. 5.15b and exhibits pronounced molecular
resonances which are assigned to HOMO, LUMO and LUMO+x. Spectra collected on a 30 × 30 grid
over an area of 2.75 × 2.75 nm2 allow to image the spatial extend of these orbitals, results are plotted in
Fig. 5.15c. In order to account for the finite spectral resolution of ≈ 50 meV, the intensity distributions
correspond to maps averaged over an energy window of ±50 meV around the displayed peak energies.
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Two significantly different orbital shapes can be identified within the HOMO resonance, whereas the
LUMO peaks only exhibit one pronounced orbital each. This finding is in line with the energetically
densely-packed HOMOs and well-separated LUMOs as can be seen in the DOS plots in Fig. 5.14a and
b. The corresponding calculated frontier orbitals are plotted next to the dI/dU maps. Comparison to
the gas-phase calculations in Fig. 5.14b reveals only minor alteration of orbital density distributions
after relaxation on the graphene surface. Fair agreement is obtained on the HOMO side, where the
HOMO-2 is localized both on the C80 cage and in the molecular center, whereas the HOMO-1 and
HOMO exhibit a ring-like shape. The LUMO resonance being assigned to the unoccupied component
of the Ln – Ln bonding orbital shows faint intensity over the whole C80 cage with a clear maximum near
its center. The LUMO+1 orbital is mainly localized over the CH2 Ph side group with slightly suppressed
intensity over the molecular cage, being in line with the previously observed correlation of molecular
appearance in STM topography and classification in STS measurements. The LUMO+2 is delocalized
over the whole C80 body with less intensity over the side group. These findings well reflect the DFT
calculations of the surface-adsorbed complex. Together with the similarity of gas-phase and surfacerelaxed DOS and PDOS of the molecule, the measurements thus suggest a widely unaffected electronic
structure of {Dy2 } complexes after deposition on the graphene substrate. It furthermore supports the
assignment of the LUMO resonance to reflect tunneling through the single-electron Ln – Ln bonding
orbital, situated mainly within the C80 cage. This opens up a promising route to directly address
and manipulate the magnetic coupling and thus spin state of individual {Dy2 } SMMs via electronic
transport, viable in scanning probe or electromigration techniques [7, 78, 80, 103, 279, 280, 281].
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Fig. 5.15: Molecular orbitals of an isolated {Dy2 } SMM on graphene/Ir(111). (a) STM topographic
image and simulated Tersoff-Hamann plot of a surface-adsorbed {Dy2 } molecule. The C80 main body and
the protruding CH2 Ph side group are sketched as large and small dashed circles, respectively. A cross denotes
the center of the molecular cage. The scale bar has a length of 1 nm. U = +1.5 V, I = 20 pA, T = 2.9 K.
(b) Normalized dI/dU spectrum recorded at the position of the cross in (a). Uset = +1.5 V, Iset = 20 pA,
T = 2.9 K. (c) Molecular orbitals obtained from spatially resolved dI/dU measurements, generated by averaging
the constant energy cuts within ±50 meV around the displayed resonance energies. A white triangle denotes the
CH2 Ph side group. Corresponding DFT frontier orbitals of the surface-adsorbed {Dy2 } molecule are plotted
next to the respective dI/dU maps. On the HOMO side, two close-lying orbitals are shown together (violet and
magenta). Figure adapted with permission from [265]. Licensed under CC BY 4.0.

The identification of frontier molecular orbitals of an isolated {Dy2 } complex in STS measurements
now allows for a detailed investigation of molecules that are embedded in sub-monolayers. Previously
made assumptions about the different positions of the CH2 Ph side group, based on STM imaging with
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intramolecular resolution as shown in Fig. 5.7c and d, are unambiguously validated in the following.
Figure 5.16a shows an STM topographic image of an overall bright {Dy2 } SMM within a molecular
island. It exhibits a slightly elliptical shape that consists of two distinct lobes, differing by their
apparent height. Normalized dI/dU spectra recorded on top of both areas are plotted in Fig. 5.16b
and show the typical sequence of molecular resonances. Having a more intense LUMO+1 peak, the
bright lobe can now be unambiguously assigned to the CH2 Ph side group. This supports the previously
made assumption that bright molecules are oriented in such a way that the protruding -CH2 - linker
points parallel to or slightly away from the surface. dI/dU maps generated at the respective resonance
energies are shown in Fig. 5.16c and allow to identify the molecular orbitals as seen under a different
angle compared to the isolated molecule. On the HOMO side, several close-lying orbital shapes can
be distinguished, all showing a rather symmetric intensity distribution on the C80 cage. Following the
DFT calculations they can be mainly assigned to the cage-based orbitals. Fig. 5.16c in addition shows
the intensity distribution at −1.9 eV, which indicates the formation of a highly asymmetric molecular
orbital. However the used energy range in the measurement does not allow detection of the resonance
peak. Corresponding to the single-electron Ln – Ln bonding orbital, the LUMO is delocalized over the
whole molecular cage except for reduced intensity on the lower part. This suppression is caused by the
CH2 Ph side group protruding from the cage that exhibits a pronounced LUMO+1 which is localized
in one intense lobe, marked as white triangle. On the contrary, the LUMO+2 is delocalized over the
C80 cage and exhibits suppressed intensity on the side group. Especially on the LUMO side these
results perfectly resemble the findings as observed for an isolated molecule in Fig. 5.15. This not only
supports the weak electronic influence of the graphene surface and surrounding molecules on {Dy2 }
complexes, but also complement their STS characterization with a second adsorption orientation.
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Fig. 5.16: Molecular orbitals of an embedded {Dy2 } SMM on graphene/Ir(111). (a) STM topographic image of a {Dy2 } molecular island, with the shape of one bright molecule indicated as white ellipse.
The scale bar has a length of 1 nm. U = +1.8 V, I = 10 pA, T = 2.8 K. (b) Normalized dI/dU spectra recorded
at the respective locations marked in (a). Uset = +2.1 V, Iset = 20 pA, T = 2.8 K. (c) Spatially resolved molecular orbitals corresponding to the peak energies in (b), marked as dashed black lines. The molecular shape is
sketched as white ellipse, a white triangle denotes the determined position of the CH2 Ph side group. The maps
are generated by taking into account an energy window of ±50 meV around the displayed energy values. The
LUMO energies are +0.75 eV, +1.25 eV and +1.8 eV, respectively.
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In order to directly compare the electronic transport properties of two different adsorption orientations,
simultaneous dI/dU mapping of several {Dy2 } complexes within one island has been performed.
Figure 5.17a shows a zoom on the previously investigated island in Fig. 5.7c, with a white rectangle
highlighting an ordered arrangement of 2 × 2 {Dy2 } molecules. The two upper ones exhibit a doublelobe structure, almost comparable to the one presented in Fig. 5.16, and are identified as bright
molecules. The two lower ones show a small protrusion to the side, rather comparable to the shape
of an isolated molecule on the surface like in Fig. 5.15, and are identified as normal molecules. This
classification is confirmed by recording their dI/dU spectra, plotted in Fig. 5.17b, where the intensity
of the LUMO+1 allows to distinguish both types. The spatially resolved unoccupied orbitals are shown
in Fig. 5.17c, together with the respective topography and molecular shapes. Whereas the LUMOs are
rather delocalized over the C80 cage as previously observed, the position of the LUMO+1 lobes illustrate
the two different rotations of the {Dy2 } complexes within the packing. An additional intensity lobe on
the bright molecules furthermore demonstrates a molecular rotation that is different to that observed
in Fig. 5.16, albeit having the -CH2 - linker pointing to the side. The LUMO+2 is delocalized over
the C80 cages with suppressed intensity at the positions of the side group. In addition it evolves to
a ring-like appearance when the CH2 Ph is rotated towards the z-direction, as can be seen for the
upper two molecules. These findings corroborate the assignment of resonances in dI/dU spectroscopy
to distinct molecular orbitals which now allows the determination of adsorption orientations of any
{Dy2 } molecule within a sub-monolayer.
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Fig. 5.17: Molecular orbitals of 2 × 2 embedded {Dy2 } SMMs on graphene/Ir(111). (a) STM
topographic image of a {Dy2 } molecular island as magnification into Fig. 5.7c. The 2 × 2 molecules are
arranged in the tetragonal packing. U = +1.5 V, I = 10 pA, T = 2.8 K. (b) Normalized dI/dU spectra
recorded at the respective locations marked in (a). The different intensity of the LUMO+1 allows to classify the
molecules into Type I (large intensity) and Type II (small intensity). Uset = +2.1 V, Iset = 10 pA, T = 3.0 K.
(c) Spatially resolved molecular orbitals corresponding to the peak energies in (b), marked as dashed black
lines. The molecular shapes are sketched with white lines, white triangles denote the determined positions of
the respective CH2 Ph side group. The maps are generated by taking into account an energy window of ±50 meV
around the LUMO energies of +0.95 eV, +1.4 eV and +1.8 eV, respectively. The size is 2.5 × 2.5 nm2 .
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In this section, the combination of extended STS data collection on {Dy2 } and {Er2 } SMMs, an
in-depth survey of spatially resolved molecular orbitals of {Dy2 } as well as a detailed comparison to
DFT calculations allows to unambiguously prove electron tunneling over the singly occupied, fully spinpolarized Ln – Ln bonding orbital. It is identified as LUMO in dI/dU spectra and shows a delocalized
intensity distribution with a certain maximum over the center of the C80 body, depending on the
molecule’s orientation. The orbital itself is located inside the fullerene cage, its occupied part mediates
the ferromagnetic alignment of the two Dy atoms in the [Dy3+ – e – Dy3+ ] moiety. Access via electron
transport as shown here thus opens a unique route to detect and manipulate the magnetic state
of individual {Dy2 } molecules, circumstancing direct access to the spin-carrying 4f atomic orbitals.
Addressing this state in {Dy2 } suggests similar results when investigating related dimetallofullerenes of
the family, having Gd – Er as metal centers [73]. The presented findings furthermore underline the weak
interaction between {Ln2 } SMMs and a graphene surface, leaving the gas-phase electronic structure of
the molecules widely unchanged. This suggests the {Ln2 }-graphene system to be a promising platform
for further studies related to the outstanding magnetic properties of endohedral dimetallofullerenes.
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5.4 Magnetic properties - anisotropy, bistability and slow relaxation
In terms of their chemical robustness combined with outstanding magnetic properties, endohedral
{Ln2 } dimetallofullerenes belong to the most promising candidates for practical implementation of
SMMs into functional devices [37, 72, 73, 74]. In particular this applies to the family members
with Ln = Dy [67] and Ln = Tb [263], both showing exceedingly high magnetic blocking temperatures TB in bulk measurements, being around 18 and 28 K respectively [263]. Such high temperatures are expressions of extremely slow magnetic relaxation time scales that are determined to 55 and
1080 hours at low temperatures below 5 K. However the transition from bulk to surface-supported single molecules can significantly change the molecules’ structure as well as their electronic or magnetic
properties [40, 46, 81, 83, 116, 117, 118, 126, 207, 224, 282]. Whereas this chapter started with exploring the first two topics, the following section investigates the effect of surface-adsorption on the
magnetic moment, magnetic anisotropy and magnetic relaxation in {Dy2 } sub-monolayers after adsorption on different functional surfaces. Synchrotron-based XAS together with XMCD experiments
are employed as surface-sensitive and element-selective methods to probe oxidation and spin states
of the samples. Beside graphene/Ir(111) that shows only weak molecule-substrate coupling as investigated before, Au(111) as well as Pb(111) are chosen as prototypical metallic and superconducting
substrates, respectively. Preparation of {Dy2 } dimetallofullerene sub-monolayers on all surfaces has
been performed following the very same procedure as employed for the STM and STS characterization,
see Sect. 5.1 for more details. The results presented in the following reveal significant differences in how
each of the functional surfaces affect the peculiar molecular magnetism of {Dy2 } dimetallofullerenes.
The findings open several promising routes to gain local control over the orientation and magnitude of
magnetic anisotropy as well as the spin ground state of individual {Ln2 } dimetallofullerene molecular
magnets.
The XAS and XMCD measurements were conducted with the help of the master student Tobias Birk
and the PhD student Vivien Enenkel, and were accompanied by the XTreme beamline scientists Vladyslav Romankov and Jan Dreiser.
For all substrates, Fig. 5.18 shows XAS spectra recorded at the Dy M4 and M5 edges using left
(σ+ ) and right (σ− ) circularly polarized light, normalized to the maximum of the (σ+ + σ− ) curve at
1289 eV (≡ XAS0 ). The XMCD signal is derived as the difference (σ+ − σ− ) and expressed in percent,
its scale is plotted in reversed order for clarity. The spectral shapes on all surfaces indicate a Dy3+
oxidation state [114, 283] as expected for intact {Dy2 } SMMs [67] and coincide well with measurements
performed on related endohedral dimetallofullerenes [37, 72, 117, 120]. The M5 edges are characterized
by a splitting into three subpeaks with a magnitude of roughly 0.4·XAS0 , 0.7·XAS0 and XAS0 in the
(σ+ + σ− ) signal. Note that the spectra obtained on graphene/Ir(111) are measured with the X-ray
beam being aligned parallel to the surface normal (θ = 0◦ ), whereas the ones obtained on the other
two substrates showed comparable signal-to-noise ratio after changing the incidence angle to θ = 60◦ ,
see insets in Fig. 5.18. This finding indicates a pronounced reorientation of the magnetic easy axis
upon variation of the molecule-substrate interaction and is analyzed in more detail in the following.
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Fig. 5.18: XAS/XMCD spectra of {Dy2 } SMMs on functional surfaces. Normalized XAS and XMCD
spectra of {Dy2 } recorded at the Dy M4,5 edges at a coverage of roughly 0.1 ML. σ− and σ+ refers to right
and left circularly polarized light, respectively. The angle between incident X-ray beam and surface normal is
plotted as inset and amounts to θ = 0◦ for graphene/Ir(111) and θ = 60◦ for the other two substrates. The
scale of the XMCD signal is expressed in percent and reversed for clarity. Measurement parameters: B = 6.8 T,
T = 2.5 K. Left panel adapted with permission from [266]. Licensed under CC BY 4.0.

5.4.1 Substrate-induced alignment of the magnetic easy axes
The nonzero magnetic moment of the {Dy2 } dimetallofullerenes is best reflected by the magnitude of
the XMCD signal at 1289.0 eV (≡XMCD0 ), whereas it exhibits only small intensity at the M4 edge.
In order to investigate any preferred orientation of the magnetic easy axis upon surface-adsorption,
Figure 5.19a therefore collects spectra measured at the Dy M5 edges as obtained on all substrates
under normal (θ = 0◦ ) and grazing (θ = 60◦ ) beam incidence. Regarding {Dy2 } on graphene/Ir(111),
only a small variation of XMCD0 between 52 and 58% is observed, and the overall spectral shape stays
constant. This finding is in line with the observation of rather disordered molecular magnets with
several different adsorption orientations, as in STM and STS analysis in Sect. 5.2 and 5.3. However,
the situation changes for {Dy2 } being adsorbed on metallic Pb(111) and Au(111) substrates, where
XMCD0 strongly varies between 25 and 60%, with a clear preference for an in-plane magnetic easy
axis. In addition to the magnitude also the spectral shape changes, with the second subpeak of the
(σ+ + σ− ) signal gaining intensity towards 0.9·XAS0 . This can be related to an anisotropic distribution
of the 4f electrons due to their interaction with the C80 cage and the molecular environment, as has
been briefly investigated for related endohedral dimetallofullerenes [117]. There, multiplet calculations
reveal a significant decrease of the second subpeak’s intensity when the X-ray beam and magnetic field
vector are aligned with the magnetic easy axis of the sample.
In order to investigate the orientational preference of magnetic easy axes in the sub-monolayers in
more detail, extended series of M5 spectra over a large range of angles up to θ = 85◦ have been
recorded on all substrates. The resulting evolutions of XMCD0 upon variation of θ are plotted in
Fig. 5.19b. The data can be fitted using a function XMCD(θ) = C1 · cos2 (θ) + XMCDiso , symmetric
with respect to θ = 0◦ due to the roughly rotational symmetries of the surfaces. Whereas one cos(θ)
stems from the effective magnetic field that acts on the magnetic moment µ
~ mol and induces µ
~ eff,θ , the
second cos(θ) results from the projection of µ
~ eff,θ onto the direction of the X-ray beam, which points
parallel to the magnetic field. The sign of C1 indicates a preferred out-of-plane (C1 > 0) or in-plane
(C1 < 0) orientation of the magnetic easy axes in the samples. For the case of graphene/Ir(111) and
Pb(111), angle-dependent XAS spectra recorded over the full M4,5 range additionally allow for the
deduction of magnetic moments using sum rule analysis, see Sect. 2.2.2 for details. Results are plotted
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Fig. 5.19: Magnetic anisotropy of {Dy2 } SMMs on functional surfaces. (a) Normalized XAS and
XMCD spectra of {Dy2 } recorded at the Dy M5 edge for all substrates. The coloring scheme is the same as
used in Fig. 5.18. The XMCD signals for both θ = 0◦ and θ = 60◦ are plotted on top of each other to highlight
the substrate-dependent magnetic anisotropy. Measurement parameters: B = 6.8 T, T = 2.5 K. (b) Evolution
of XMCD0 upon variation of the beam incidence angle θ for all substrates. Solid lines denote fits to the function
XMCD = C1 · cos2 (θ) + XMCDiso as explained in the main text, together with the 95 % confidence intervals
as shaded areas. (c) Left y-axis: Angular dependency of the magnetic moment µz per Dy3+ ion as deduced
from sum rule analysis. Solid lines denote fits to the function µz = C2 · cos2 (θ) + µz,Iso and coincide with the
findings in (b). Shaded areas indicate the 95 % confidence intervals. Right y-axis: Ratio between orbital and
spin magnetic moments hL̂z i / hŜz i (squares) as deduced from sum rule analysis, plotted together with constant
fits as dashed lines.

in Fig. 5.19c and reveal magnetic moments in the range of 3 − 6 µB per Dy3+ ion, in fair agreement
with the expected value of 5 µB /atom for an isotropic ensemble of {Dy2 } molecules [120]. Fitting
the data to a function µz (θ) = C2 · cos2 (θ) + µz,Iso well corroborate the evolution of XMCD0 and the
assignment of a preferred magnetic direction in both samples. All fitted parameters are summarized
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in Tab. 5.3. Furthermore, Fig. 5.19c shows the experimentally determined ratios between orbital and
spin magnetic moments hL̂z i / hŜz i. They do not obey a pronounced angular dependence and thus
yield 1.999(33) for graphene/Ir(111) and 1.904(67) for Pb(111) as substrate, perfectly matching the
value of 2 as expected for Dy3+ ions [127]. No ratios for surface-supported lanthanide-based molecular
magnets comparable to {Dy2 } dimetallofullerenes have been reported in the literature up to now.
Angle-dependent XMCD in {Dy2 } sub-monolayers
C1 (%)
XMCDIso (%)
C2 (µB ) µz,Iso (µB )
on graphene/Ir(111)
+3.9(0.9)
51.7(0.6)
+1.1(0.5)
3.7(0.4)
−25.4(1.6)
58.5(1.0)
−3.0(0.8)
6.0(0.6)
on Pb(111)
on Au(111)
−28.3(2.7)
53.7(1.8)
Tab. 5.3: Fitted parameters of angle-dependent XMCD of {Dy2 } SMMs on surfaces, indicating a
preferred out-of-plane (C1,2 > 0) and in-plane (C1,2 < 0) orientation of the magnetic easy axes in the {Dy2 }
sub-monolayers.

As discussed before, only weak preferential alignment of the magnetic easy axes in out-of-plane direction
is found for {Dy2 } on graphene/Ir(111). On the contrary, both Pb(111) as well as Au(111) imprint a
strong in-plane magnetic anisotropy in the {Dy2 } sub-monolayer, indicating a pronounced reduction
of possible adsorption configurations for these complexes on their surfaces. This behavior has been
observed for related dimetallofullerenes on a variety of metal surfaces due to the considerable moleculesubstrate interaction [37, 117, 120, 284, 285]. These results thus support a significantly increased
impact on the molecule’s properties when placed directly on metallic surfaces, which is likely to alter
the peculiar magnetism of the [Dy3+ – e – Dy3+ ] core of the molecules. On the other hand it suggests
the {Dy2 }/graphene-system to represent an ideal candidate to widely retain their outstanding slow
magnetic relaxation, which will be addressed in the following.
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5.4.2 Significant substrate-dependency of magnetic relaxation rates

Magn. moment mz (mB)

The effect of different substrates on the magnetic relaxation rate of {Dy2 } SMMs can be visualized
by the respective magnetization curves, recorded upon sweeping the magnetic field while tracking the
XMCD signal at 1289.0 eV. Figure 5.20 shows the resulting hysteresis loops, acquired at a moderate
sweep rate of 2 T/min and at T = 2.5 K. The values at B = ±6.8 T are normalized to the respective
magnetic moments as deduced from sum rule analysis, which has only minor effect on the relative
scaling of data obtained under normal (θ = 0◦ ) and grazing (θ = 60◦ ) beam incidence. The different
saturation magnitudes reflect the preferred orientations of Dy magnetic moments in the samples as
discussed before. On all three substrates the curves reveal a clear hysteresis opening with nonzero
magnetic remanence, indicating slow magnetic relaxation in the {Dy2 } sub-monolayers compared to
the time scale of the experiment. Whereas the data obtained on graphene/Ir(111) are measured using
a X-ray photon flux of 65.3 Φ0 , a reduced flux of 13.1 Φ0 was used to record the magnetization curves on
Pb(111) and Au(111), with Φ0 ≡ 1 × 10−3 photons·(nm2 s)−1 . Additionally considering X-ray induced
demagnetization processes that accelerate the magnetic relaxation in surface-adsorbed spin systems [68,
286], the reduced hysteresis loop area on both metal substrates thus point to a significantly enhanced
relaxation rate compared to the {Dy2 }/graphene system. This particular combination of SMM and
substrate exhibits an opening of the hysteresis around ±4 T and a coercive field of about 1.2 T, which
is comparable to values obtained by SQUID magnetometry at bulk samples [67]. On the other hand
it shows a reduced ratio of remanent to saturation magnetization Mrem /Msat ≈ 30 %, indicating a
relaxation rate that still exceeds the one in the bulk. These findings provide a first insight into
the magnetic relaxation of surface-adsorbed {Ln2 } dimetallofullerenes, and selects {Dy2 }/graphene
as promising candidate for further investigation of the involved relaxation mechanisms. The following
section therefore studies the temperature- and X-ray flux-dependent behavior of its magnetic properties,
revealing a magnetic blocking temperature TB that represents by far the highest one detected for
surface-supported single molecular magnets up to date.
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Fig. 5.20: Magnetization curves of {Dy2 } SMMs on functional surfaces. Magnetic hysteresis loops
of {Dy2 } sub-monolayers obtained by recording the XMCD signal at 1289.0 eV upon sweeping the out-ofplane magnetic field with 2 T/min. The lighter (darker) color denotes the forward (backward) sweep direction
from negative (positive) to positive (negative) magnetic field values. Measurement parameters: Φgr = 65.3Φ0 ,
ΦPb,Au = 13.1Φ0 , θ = 0◦ (blue) and 60◦ (orange), T = 2.5 K. Left panel adapted with permission from [266].
Licensed under CC BY 4.0.
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5.4.3 {Dy2 } on graphene/Ir - A system with record-slow magnetic relaxation
In order to study the magnetic relaxation in {Dy2 } on graphene/Ir(111) in more detail, XMCD magnetization curves have been recorded at sample temperatures of 2.5, 8, 15 and 22 K. The resulting
hysteresis loops are plotted in Fig. 5.21a, normalized onto the magnetic moment as obtained from
sum rule analysis at B = ±6.8 T and 2.5 K. The loop gradually closes and suggests small but finite
opening at 22 K, highlighted by different colors for both sweep directions. Calculation of the loop area
reveals a linear decrease with rising temperature, as can be seen in Fig. 5.21b. Previous XMCD measurements of TbPc2 on MgO rather suggest an exponential decay [35], which is clearly not observed
for {Dy2 } on graphene/Ir(111). A comparison with the evolution of bulk hysteresis loops obtained
from SQUID magnetometry as plotted in Fig. 5.21b yields a pronounced difference between bulk and
surface-adsorbed complexes. As the acquisition of magnetization curves is a highly dynamical process
out of thermal equilibrium, different sweep rates as well as the different measurement techniques are
possible reasons for this deviation. A detailed investigation is out of the scope of this thesis and is
suggested to be picked up in future experiments. Due to the possibility of representing an effectively
closed hysteresis loop, the data points at 22 K are omitted in the following. Even performing such
a defensive evaluation, a linear fit up to 15 K suggests a closing temperature Tclose above 20 K, plotted as dashed line in Fig. 5.21b. The extrapolation furthermore perfectly reproduces the hysteresis
area obtained at 22 K, suggesting its overall validity albeit measurement uncertainty. These findings
resemble the hysteresis loop closing temperature observed for the bulk [67] and thus demonstrates
the robust molecular magnetism of {Dy2 } after surface-adsorption on graphene/Ir(111). In addition,
passing the barrier of 20 K marks a major step forward in the field of surface-supported molecular
magnets [33, 34, 35, 36, 37] and recommends this particular system for further studies of the involved
relaxation processes.
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Fig. 5.21: Temperature-dependent hysteresis loop of {Dy2 } SMMs on graphene/Ir(111). (a) Magnetic hysteresis curves recorded with a sweep rate of 2 T/min and at different temperatures: 2.5 K (black), 8 K
(blue), 15 K (green) and 22 K (red/orange). Measurement parameters: Φ = 65.3Φ0 , θ = 0◦ . (b) Temperaturedependency of the hysteresis loop area as calculated from the XMCD magnetization curves (gray) and bulk
SQUID magnetometry results [67] (blue). Multiple points per temperature denote different measurements. A
linear fit a · T + b as performed up to 15 K yields a = −4.36(30) J·(mol·K)−1 , b = 104.1(2.5) J·mol−1 and is
plotted as solid red line together with its 90 % confidence interval in light red. A dashed line indicates its
extrapolation towards 25 K. The SQUID data are fitted using a function ∝ tanh(T ) to serve as guide to the eye
with no physical meaning. Figure (a) and (b) adapted with permission from [266]. Licensed under CC BY 4.0.

Simulation of the hysteresis curves has been shown to provide valuable insight in the relevant relaxation
pathways of surface-supported spin systems [118]. The magnetization M (t + ∆t) after a certain time
step ∆t is calculated following a rate equation M (t+∆t) = M (t)+∆M (t, ∆t), using the step size [118]
∆M (t, ∆t) = −Γ(B, T ) [M (t) − Mequi (B, T )] ∆t,

(5.1)
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with Mequi denoting the equilibrium magnetization at the given pair of B and T . This curve can either
be measured by increasing the temperature above the magnetic blocking temperature or increasing the
magnetic field sweep rate, so that the hysteresis loop fully closes. The measured saturation magnetization typically serves as initial value M0 . The total relaxation rate Γ sums over all relaxation channels
Γi that are taken into account,
X
Γ(B, T ) =
Γi (B, T ).
(5.2)
i

Note that this approach assumes exponential decay of the magnetization to the respective equilibrium
value. In order to prevent overparameterization during analysis of the XMCD hysteresis loops, a
minimal set of relaxation channels was first identified by simulation of M (B) as obtained by SQUID
bulk (B, T ),
magnetometry on a bulk sample [67], see Fig. 5.22a. The equilibrium magnetization Mequi
plotted as solid blue lines, has been calculated from the boltzmann occupation of the spin multiplet
in a powder sample using the PHI program and match the experimental curve at 22 K [67]. At low
temperature around 2 K, QTM is the driving relaxation mechanism around zero field and can be
expressed as [118]
b1
ΓQTM (B) =
,
(5.3)
1 + b2 (B − BQTM )2
with the constants b1 and b2 denote relaxation and oscillation between the two spin orientations [23].
The pronounced zero-field tunneling for the case of bulk {Dy2 } dimetallofullerenes implies BQTM =
0 T [67]. In addition to QTM the magnetic relaxation is driven by spin-phonon coupling, which in
the lowest order of approximation consists of a one-phonon direct spin relaxation process. Here, one
phonon is absorbed or emitted by the spin, leading to the expression [118]
Γdirect (B) = aB m f (B, T ) ≈ aB m ,

(5.4)

where a depends on the local environment and m depends on the fermionic (m = 5) or bosonic (m = 3)
nature of the spin. During analysis it turned out that the contribution of f does not improve simulation
of the data, thus it was set f (B, T ) = 1 for simplicity. The second-order approximation of spin-phonon
coupling leads to two-phonon Raman and Orbach processes that incorporate pronounced temperature
dependency and are only minor affected by the magnetic field. In lowest-order approximation they can
be expressed as constant relaxation rates with respect to B, leading to [118]
ΓRaman =
ΓOrbach (T ) =

1
,
τRaman
U
1
− eff
e kB T ,
τOrbach

(5.5)
(5.6)

where τ represents the respective spin-phonon relaxation times and Ueff denotes the effective energy
barrier.
The relaxation channels that are sufficient to conveniently simulate the SQUID magnetization curves of
bulk {Dy2 } are depicted in Fig. 5.22b. Following the SQUID magnetometry measurement technique, a
magnetic field sweep rate of 2.9 mT/s and no waiting time at zero field have been taken into account [67].
Previously obtained values for Orbach and Raman relaxation channels have been taken from Liu et al.
for T > 5 K [67] and are calculated to one constant value τconst for each temperature. Contributions of
temperature-independent QTM and direct relaxation were adjusted by eye to well match the hysteresis
loops at all temperatures with only one parameter set. All values are summarized in Tab. 5.4.
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Fig. 5.22: Simulation of bulk {Dy2 } magnetic hysteresis loops. (a) Hysteresis curves of bulk {Dy2 }
dimetallofullerenes (black dots), obtained by SQUID magnetometry [67] at roughly the same temperatures as
bulk
used for XMCD measurements on {Dy2 } sub-monolayers. Solid blue lines denote the equilibrium curves Mequi
as calculated with PHI. Simulated magnetization curves following the model explained in the text are plotted
as solid orange lines. The magnetic field sweep rate in both measurement and simulation is 2.9 mT/s. (b)
Individual relaxation channels corresponding to the respective hysteresis loops in (a): QTM (light green), direct
tunneling (dark green), Orbach/Raman (purple). The resulting sum of all channels is plotted as dashed black
bulk
line and used for the simulation. The curve at 22 K reflects Mequi
(22 K), where the total relaxation time τ ≈ 0 s.

Texp (K)
2.5
8
16
22

SQUID: Bulk {Dy2 }
QTM
Direct
−1
−2
b1 (s ) b2 (T ) a ((sTm )−1 )
0.005
300
0.0028
0.005
300
0.0028
0.005
300
0.0028
0.005
300
0.0028

m
1.4
1.4
1.4
1.4

Orbach/Raman
τconst (s)
∞
1933
149
4.25

Tab. 5.4: Parameters for the simulation of bulk {Dy2 } magnetic hysteresis loops, results are shown as
solid orange curves in Fig. 5.22. Whereas the values τconst are taken from extended SQUID measurements [67],
the relaxation parameters for QTM and direct tunneling (bold) are chosen to provide good agreement with the
hysteresis loops and at the same time do not depend on the temperature.

Using the respective saturation values as starting magnetization, the resulting hysteresis loops are
plotted as solid orange lines in Fig. 5.22a and show good agreement with the experimental data. The
enhanced relaxation rate around zero field can be well reproduced by the chosen QTM parameters.
Due to the extremely simplified expression for the direct tunneling, Γ = aB m , a tradeoff has to be
made for the rest of the magnetization curve. A good agreement around the coercive field as displayed
here at the same time introduces deviations at smaller or larger field values and vice versa. This can
be directly seen in the chosen value for the exponent, m = 1.4, which should be either 3 or 5 in the
physical model [118]. The discrepancy likely originates from the oversimplification of relevant spinphonon coupling processes, but nonetheless allows to identify the major contributions to the magnetic
relaxation in bulk {Dy2 }. Note that the field-independent constant relaxation τconst as obtained from
the SQUID measurements perfectly allow to simulate the hysteresis closing with increasing temperature.
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The relaxation parameters determined for the bulk magnetic hysteresis loops now serve as a basis
for simulating the XMCD magnetization curves shown in Fig. 5.21a for {Dy2 } sub-monolayers on
graphene/Ir(111). Alternation of the parameters or additional relaxation channels that have to be
included then allow to discuss X-ray- or substrate-induced relaxation pathways. The results are shown
in Fig. 5.23a. Equilibrium curves as calculated with the PHI program could only be fit to the data
at |B| > 4 T under the assumption of enhanced effective temperatures, which will be discussed later.
A good agreement between experimental and simulated magnetization curves is then obtained by
using the bulk relaxation parameters from Tab. 5.4, together with an additional relaxation channel
Γsurface (T ). This finding indicates either substrate-related or X-ray-induced demagnetization effects
that are not present in the bulk and do not depend strongly on the magnetic field. The contribution
can thus be written as
Γsurface (T ) =

1
τsurface (T )

≡

1
τ{Dy2 }↔gr (T )

+

1
τX-ray (T )

.

(5.7)

The newly introduced relaxation channel is plotted in Fig. 5.23b together with the bulk contributions
in order to simplify comparison. Obtained values for τsurface (T) are listed in Tab. 5.5 and complement
the bulk parameters as shown in Tab. 5.4. Note that the pronounced step in the simulated curves at
zero field mainly stems from a waiting interval of 20 s due to polarization reversal of the coil currents
with only small contribution of bulk QTM and is in good agreement with the experiment.
XMCD: Sub-monolayer {Dy2 }
on graphene/Ir(111)
Texp (K) Teff (K) τsurface (s)
2.5
21
45(10)
8
24
35(10)
15
28
22(10)
22
28
≈0
Tab. 5.5: Parameters for the simulation of sub-monolayer {Dy2 } magnetic hysteresis loops, shown
as solid orange curves in Fig. 5.23. Teff denotes the used temperature for the respective equilibrium curve
surface
Mequi
(B). The values for QTM, direct tunneling and Orbach/Raman processes are assumed to be bulk-like,
listed in Tab. 5.4. The constant relaxation time τsurface is then chosen in order to provide good agreement
between experiment and simulation, with the uncertainty being estimated manually.

As can be seen in Fig. 5.23b, τsurface dominates the magnetic relaxation of {Dy2 } on graphene/Ir(111)
for magnetic fields |B| < 4 T. In this regard, X-ray induced demagnetization as commonly observed for
surface-supported spin systems investigated by XMCD [68, 286] is assumed to contribute significantly,
due to the large photon flux of Φlarge = 65.3 Φ0 used in the experiment. In order to investigate the role
of the X-ray beam in more detail, magnetic hysteresis loops were recorded using the lowest feasible
photon flux of Φsmall = 0.2 Φlarge = 13.1 Φ0 . This value turned out to be the best compromise between
viable signal-to-noise ratio and total measurement time. The resulting magnetization curves at 2.5 K
and for both θ = 0◦ and 60◦ are plotted in Fig. 5.24a, together with the two curves obtained at large
flux. A strongly enhanced relaxation time leads to a further substantial opening of the hysteresis
loops. This implies an increase of the remanence to saturation magnetization ratio Mrem /Msat to
roughly 50 %, representing the largest value found for surface-adsorbed SMMs up to now [35]. The
slow down of magnetic relaxation can be well simulated by an enhancement of τsurface by roughly
+25 % to 55(10) s, the results are shown in Fig. 5.24b and c. The reduced intensity of the X-ray
beam furthermore leads to a decrease of the effective temperature for the best-fitting equilibrium curve
surface (B) by roughly -30 % to 15 K.
Mequi
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Fig. 5.23: Simulation of sub-monolayer {Dy2 } magnetic hysteresis loops on graphene/Ir(111).
(a) Hysteresis curves of sub-monolayer {Dy2 } dimetallofullerenes (black dots), obtained by XMCD. Solid
surface
blue lines denote the equilibrium curves Mequi
as calculated with PHI, together with the corresponding
effective temperatures written in blue. Simulated magnetization curves following the model explained in the
text are plotted as solid orange lines. The magnetic field sweep rate in both measurement and simulation
is 2 T/min. A waiting interval of 20 s at zero field has been taken into account. (b) Individual relaxation
channels corresponding to the respective hysteresis loops in (a). The parameters for QTM, direct tunneling and
Orbach/Raman processes have been taken from bulk analysis, see Fig. 5.22b. An additional field-independent
contribution Γsurface has been introduced and is plotted in orange. The resulting sum of all channels is plotted
surface
as dashed black line and used for the simulation. The curve at 22 K reflects Mequi
(28 K), where the total
relaxation time τ ≈ 0 s.

Concluding, a reduction of the X-ray photon flux has significant influence on the hysteresis loop opening
and thus the magnetic relaxation in {Dy2 } dimetallofullerenes on graphene/Ir(111). With regard to
the simulations, this is directly reflected in a substantial decrease of Teff for the equilibrium curve as well
as an increase of the relaxation time τsurface . Considering Eq. 5.7, the X-ray induced demagnetization
described by τX-ray is thus assumed to exceed τ{Dy2 }↔gr by far. All values are summarized in Fig. 5.25a
and b. The change in Teff as well as the temperature-dependency of τsurface is likely related to the
number of hot electrons that are generated by the X-ray photons at the surface [286] and is expected
to approach the actual sample temperature by further minimization of the photon flux. However,
the relation is highly non-linear with only -30 % decrease of Teff upon reducing the flux by -80 %.
In addition, the signal-to-noise ratio will require substantially longer acquisition times. Recording
hysteresis loops using a continuous flow of X-ray photons is thus not expected to provide further
insight into the relaxation mechanisms of {Dy2 }. Therefore, time-dependent XMCD measurements
will be introduced in the following and are shown to be highly feasible to close the gap towards zero
photon flux.
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Fig. 5.24: Flux-dependency of {Dy2 } magnetic hysteresis loops on graphene/Ir(111). (a) XMCD
magnetic hysteresis curves recorded at small (orange) and large (blue) X-ray photon flux for both θ = 0◦ and
60◦ and at T = 2.5 K. Figure (a) lower panel adapted with permission from [266]. Licensed under CC BY
4.0. (b) Simulated magnetization curve, plotted as solid orange lines together with the experimental data for
surface
θ = 0◦ (black dots). The blue curve denotes Mequi
(B) as calculated with PHI at an effective temperature of
Teff = 15 K. The magnetic field sweep rate for both experiment and simulation is 2 T/min, a waiting interval of
20 s at zero field has been taken into account. (c) Individual relaxation channels corresponding to the hysteresis
loop in (b). The parameters for QTM, direct tunneling and Orbach/Raman processes have been taken from
bulk analysis, see Fig. 5.22b. The additional contribution τsurface is plotted for small (solid) and large (dashed)
X-ray photon flux. The resulting sums of all channels are plotted in black accordingly, with the first one being
used for the simulation.
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Fig. 5.25: Simulation parameters of {Dy2 } SMMs on graphene/Ir(111). (a) Best-fitting effective
surface
temperatures Teff of the equilibrium magnetization curves Mequi
(B) for both small (orange) and large (blue)
X-ray photon flux. (b) Corresponding relaxation times τsurface introduced in addition to the bulk relaxation
parameters in order to simulate the magnetic hysteresis loops in Fig. 5.23 and 5.24. A linear fit τ = a · T + τT =0
to the data recorded at large flux yields a = −1.53(8) s/K and τT =0 = 48.5(8) s and is plotted as solid blue
line together with its 90 % confidence interval. Its extrapolation is sketched as dashed line to serve as guide
to the eye and does not cross the closing temperature of the hysteresis. This points to a mainly X-ray photon
flux-related origin.
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Time-dependent XMCD measurements have been shown to provide detailed insight into the relaxation
dynamics of surface-supported single-molecule [35] and single-atom [68] spin systems. This technique
is thus expected to allow disentangling the contributions of X-ray photon-flux induced and adsorptionrelated effects on the magnetic relaxation of {Dy2 } dimetallofullerenes on graphene/Ir(111). The
measurement scheme is plotted in Fig. 5.26a. After saturation of the sample for several minutes at
|B| = 6.8 T, the XMCD signal is recorded as a function of time at Brest = 20 mT. The time resolution
is limited by the finite magnetic field sweep rate of 2 T/min as well as the waiting time treversal = 22.3 s
between each point due to polarization reversal of the coil currents. At the same time this allows to
significantly reduce the X-ray photon flux by opening the beam shutter only for tacqu = 0.5 s at each
data point. The flux for the relaxation measurements thus has to be corrected using
Φ = Φcw

tacqu
,
tacqu + treversal

(5.8)

with the respective continuous flux value Φcw depending on the beam spot size [152, 286]. All measurements reveal a behavior that can be fitted with an exponential decay,
t

XMCD(t) ∝ e− τ + XMCD0 ,

(5.9)

where XMCD0 depends on the thermodynamic equilibrium at Brest and τ provides a measure for the
internal magnetization dynamics of {Dy2 } on graphene/Ir(111).
Resulting relaxation curves recorded under normal incidence can be seen in Fig. 5.26b. The extracted
relaxation times τ in dependence of the X-ray photon flux are plotted in Fig. 5.26c and reveal a
clear flux-induced decrease for values larger than Φc ≈ 0.4Φ0 . The dominant contribution of only
one relaxation channel in this regime allows to approximate the total relaxation time in first-order
approximation by using [68, 286]
−1
+ στ.
(5.10)
τ −1 (Φ) = τΦ=0
Here, τΦ=0 is the intrinsic relaxation time at zero flux and σ denotes the X-ray demagnetization
cross-section. A fit in the range of Φ > Φc yields τΦ=0 = 601(51) s and σ = 12.9(2.1) Gbarn and
is plotted as straight red line in Fig. 5.26c. τΦ=0 represents one of the longest times observed for
surface-supported molecular magnets [35, 36, 118], reflecting the robust molecular magnetism of {Dy2 }
dimetallofullerenes. The cross-section σ lies in the same order of magnitude of values measured on
comparable SMMs on surfaces, and is dominated by resonant excitation at the M5 -edge [35, 286].
The significant reduction of τ upon increasing the X-ray photon flux explains the smooth shape of
the magnetic hysteresis curves, that were obtained with a flux that exceeds Φc by far. Figure 5.26d
displays the experimental values of τ on an extended flux scale, including the result from simulation of
the magnetic hysteresis loop at 13.1 Φ0 , as derived before. It perfectly extrapolates the flux-dependency
observed with time-dependent measurements and thus underlines the dominant role of X-ray induced
magnetization on the shape of the hysteresis curves. In order to minimize the influence of τX-ray and
investigate substrate-induced magnetization dynamics one thus has to focus on the striking plateau
observed for flux values Φ < Φc , where τ{Dy2 }↔gr = 463(11) s. Its reduced value compared to τΦ=0 is
assumed to well reflect the intrinsic demagnetization time scale as if Φ would be zero. For this reason,
Φ = 0.28Φ0 is used in the following in order to evaluate the temperature-dependency of the relaxation
time in {Dy2 } on graphene/Ir(111).

F. Paschke

5 RESULTS – Ln2 @C80 (CH2 Ph)

(a)

Magnetic field

Bsat

(c)

XMCD

6.8 T
2 T/min

{Dy2} on graphene/Ir(111)

700
600
500

τ{Dy2}

gr

400

τ (s)

20 mT

Brest
Msat

115

t=0

Fc

300

Mrest
Time

(b)

(d)

{Dy2} on graphene/Ir(111)

600

F [F0]
0.14
0.29
0.43
0.57
0.86
1.43
1.43

0.06
0.04
0.02
Δ = +0.01 each

0
0

500

1000

1500

Time (s)

2000

2500

0.25
(c)

0.5

0.75

1.0

1.25

1.5

Time-dependent XMCD

200
150

τ (s)

0.08

0

{

0.10

XMCD (arb. u.)

200

Magnetization curve
simulation tX-ray

100

50
0

2.5

5

7.5

10

Photon flux (F/F0)

12.5

15

Fig. 5.26: Magnetic relaxation of {Dy2 } SMMs on graphene/Ir(111). (a) Measurement scheme of the
experiment as explained in the text. (b) XMCD time traces measured at different X-ray photon flux values
that are listed on the right. Φ0 ≡ 1 × 10−3 photons·(nm · s)−1 . The curves are shifted by +0.01 each for
clarity. Exponential fits as explained in the text are plotted as solid black lines. The XMCD signal was derived
from alternating the X-ray beam polarization and subsequent interpolation and subtraction of both curves,
XMCD(t) = σ+ (t) − σ− (t). Measurement parameters: T = 2.5 K, θ = 0◦ . (c) Magnetic relaxation time τ
as function of the X-ray photon flux. A horizontal dashed line denotes the substrate-induced magnetization
dynamics τ{Dy2 }↔gr = 463(11) s, whereas the solid red line marks a fit to derive the X-ray demagnetization
cross-section σ as explained in the text. Therefore, a reciprocal spacing is used for the vertical scale. The light
red area denotes the 90 % confidence interval. Figure (a)-(c) adapted with permission from [266]. Licensed
under CC BY 4.0. (d) Same as (c), but with an extended horizontal scale in order to include the relaxation
time τX-ray as deduced from simulation of the magnetic hysteresis loop, recorded at Φ = 13.1 Φ0 . The red line
extrapolates the fit in (c), whereas the blue line is a fit including τX-ray . Both curves perfectly coincide. The
light blue area denotes the 95 % confidence interval.

Figure 5.27a displays XMCD time traces recorded at sample temperatures of 2.5 K, 8 K and 15 K at the
lowest feasible photon flux under normal incidence. Small oscillations of the signal are caused by the
top-up operation mode of the synchrotron with a periodicity of roughly 190 s [153]. The curves show
initial magnetizations in accordance with the change of temperature that relax to an equal equilibrium
magnetization. The extracted exponential decay times τ with respect to the sample temperature are
plotted in Fig. 5.27b. In lowest-order approximation the data can be fitted using a linear function
which yields Tclose ≡ Tτ =0 = 21.7(6.9) K. This is in good agreement with the value obtained from the
temperature-dependency of the hysteresis loop area as shown in Fig. 5.21b. As Tclose highly depends on
the measurement dynamics it just serves as a rough estimate for the blocking temperature of a molecular
magnet. Therefore, TB(100) has been established as reliable characteristic in the SMM community [25],
denoting the temperature of a system when its magnetic relaxation equals 100 s, independently of the
involved processes. The low-order approximation allows us to infer a magnetic blocking temperature
of TB(100) = 17.1+5.7
−2.1 K for {Dy2 } on graphene/Ir(111), which exceeds the previous record for surfacesupported molecular magnets by far [37] and most notably matches its bulk value [67]. Whereas the
positive boundary denotes the standard error of the linear fit, the lower boundary is the difference to
the 15 K measurement at which the relaxation time is still considerably larger.
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Fig. 5.27: Magnetic blocking temperature of {Dy2 } SMMs on graphene/Ir(111). (a) XMCD time
traces recorded at different sample temperatures under normal incidence. Exponential fits are plotted as solid
black lines. Measurement parameters: Brest = 20 mT, Φ = 0.28Φ0 . (b) Magnetic relaxation times τ as
extracted from (a) as a function of the sample temperature. The solid red line denotes a linear fit to the data
using τ = a · T + τT =0 and yields a = −21.8(6.3) s/K and τT =0 = 474(60) s. Its extrapolation towards Tclose is
plotted as dashed red line. The determination of TB(100) is marked by dashed black lines. Figure (a) and (b)
adapted with permission from [266]. Licensed under CC BY 4.0.

The remarkable opening of the magnetic hysteresis loops exceeding 20 K together with the deduced
bulk-like magnetic blocking temperature of TB(100) ≈ 17 K set new benchmarks in the field of molecular
magnetism. Both findings confirm the robust magnetism of {Dy2 } dimetallofullerenes even after
surface-adsorption of single molecules on a graphene/Ir(111) substrate. An even higher magnetic
blocking temperature of 28 K has just recently been reported for the sister compound {Tb2 } on a
HOPG surface, that intrinsically obeys a larger TB in the bulk [264]. The findings underline the weak
impact graphene has on the [Dy3+ – e – Dy3+ ] magnetic core and its ligand field as derived previously
during STM and STS analysis. At the same time it suggests comparable interaction to be expected
for related members of the dimetallofullerene family, with Ln = La to Ln = Er [73, 263]. Regarding
the presented compound, a comparably detailed study on the other two functional substrates Pb(111)
and Au(111) is not part of this thesis. However, the following section briefly summarizes first results
in this direction, and reveals insights into substrate and magnetic field-dependent magnetic relaxation
dynamics of {Dy2 } SMMs.
5.4.4 Magnetization dynamics of {Dy2 } on different substrates
As derived from XMCD spectra and magnetic hysteresis loops in Sec. 5.4.1 and 5.4.2, respectively,
the choice of the substrate significantly imprints on the alignment of the magnetic moments as well as
on the magnetization dynamics of {Dy2 } dimetallofullerenes. The results shown in Fig. 5.28 extend
this investigation to time-dependent XMCD measurements on both Pb(111) and Au(111) substrates.
An enhanced magnetic relaxation rate as compared to {Dy2 } on graphene is evident from the smaller
hysteresis openings as shown in Fig. 5.20. This leads to a significantly reduced XMCD intensity at
t = 0 which includes an increase of the signal-to-noise ratio. Temperature-dependent XMCD time
traces recorded on Au(111) under normal incidence are plotted in Fig. 5.28a, magnetic-field dependent
measurements recorded on Pb(111) are plotted in Fig. 5.28b. Together with the values for {Dy2 } on
graphene/Ir(111), the extracted magnetic relaxation times are summarized in Tab. 5.6 and shown in
Fig. 5.28c as a function of sample temperature. Relaxation on the bare metal surfaces is clearly enhanced, with the effect on Au(111) being smaller than on Pb(111). Strikingly, a linear fit to τAu(111) (T )
Au(111)

reveals only weak temperature-dependency, leading to a closing temperature Tclose
= 21.3(1.1) K
in good coincidence with the value obtained on graphene. The magnetic blocking temperature is deAu(111)
termined to TB(100) = 15.6(8) K, still outperforming all previously reported surface-supported SMM
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compounds and being only slightly smaller than the bulk value [67]. In combination with the pronounced alignment of magnetic easy axes of individual {Dy2 } molecules, Au(111) thus is proposed as
excellent surface to further study the electronic and magnetic properties in local probe studies.
Time-dependent XMCD: Sub-monolayer {Dy2 }
Texp (K) on gr/Ir(111) (s) on Au(111) (s) on Pb(111) (s)
2.5
443(15)
330(17)
220(63)
256(15)
216(111)
8
15
169(16)
113(68)
Tab. 5.6: Magnetic relaxation times τ of {Dy2 } SMMs on different substrates. Extracted from
exponential fits to the XMCD time traces. Measurement parameters: θ = 0◦ , Φ = 0.28Φ0 , Brest = 20 mT.

The on-surface magnetic relaxation times of {Dy2 } sub-monolayers are compared to bulk behavior as
obtained by SQUID magnetometry [67], see Fig. 5.28d. Whereas τ resembles the bulk value around
15 K for graphene and Au(111) as substrate, it is strongly reduced at lower temperatures. This suppression is assigned to both X-ray induced demagnetization that limits the relaxation time as discussed
before as well as to zero-field QTM observed in bulk, which might be strongly modified upon surface
adsorption [118]. In bulk {Ln2 } dimetallofullerenes, QTM can be effectively suppressed by applying a
magnetic field [73, 263]. Accordingly, increasing the magnetic field Brest from 20 mT to 0.4 T leads to a
slow down of the magnetic relaxation in {Dy2 } on Pb(111) by +30 % at a sample temperature of 2.5 K,
as can be seen in Fig. 5.28b. For the case of {Dy2 } on graphene/Ir(111), the impact is even stronger
and increases the magnetic relaxation time by +110 % at T = 2.5 K to 941(86) s. Due to the X-ray
demagnetization being unaffected by the magnetic field, this value represents a lower margin for the
actual intrinsic relaxation time. Still, the observed values are considerably smaller than measured for
bulk {Dy2 }. With the presented density of data points, sample temperatures and magnetic field values,
the identification of individual relaxation channels remains a challenging task. Lifting the spin ground
state degeneracy is likely causing the suppression of QTM at low temperatures [20, 23]. Spin-phonon
coupling of the [Ln3+ – e – Ln3+ ] magnetic core to the molecular cage and substrate can further induce
significant relaxation over the anisotropy barrier or alter the spin multiplet energy levels. Resonances
between energy levels and phonon mode energies have been shown to provide efficient demagnetization
channels [115]. For the case of {Dy2 } on graphene/Ir(111), the anisotropy barrier height of roughly
615 K might couple to the graphene acoustic (ZA) phonons around 58 meV [287, 288] (≈ 670 K). Moreover, coupling of the spin to conduction electrons could induce spin-flip scattering [118]. However, a
more detailed investigation is inevitable to reliably study these hypotheses, including profound support
by first-principle calculations. Regarding enhanced temperatures around 15 K, the excellent agreement
to bulk relaxation dynamics on graphene/Ir(111) and Au(111) suggests only minor impact of the surface adsorption on the dominant relaxation channels in {Dy2 }. Thus, thermally activated Orbach
processes as deduced for the bulk are proposed to be the main driving mechanism for spin relaxation
at these temperatures [67], where the surface plays no dominant role anymore. This could explain the
outstanding high, almost bulk-like magnetic blocking temperatures TB(100) as observed for {Dy2 } on
graphene/Ir(111) and Au(111).
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Fig. 5.28: Magnetic relaxation of {Dy2 } SMMs on different substrates. (a) XMCD time traces
recorded on {Dy2 }/Au(111) upon variation of the sample temperature. Measurement parameters: θ = 0◦ ,
Φ = 0.28Φ0 , Brest = 20 mT. (b) XMCD time traces recorded on {Dy2 }/Pb(111) upon variation of the outof-plane magnetic field Brest . Measurement parameters: θ = 0◦ , Φ = 0.28Φ0 , T = 2.5 K. (c) Fitted magnetic
relaxation times for all investigated substrates as a function of sample temperature and at Brest = 20 mT.
Solid lines denote lowest-order linear fits to τ = a · T + b. For Au(111), the fit yields a = −17.6(9) s/K
and b = 374(4) s, the results for graphene are shown in Fig. 5.27b. Arrows indicate the values of Tclose and
TB(100) . (d) Temperature- and magnetic field-dependency of the magnetic relaxation time τ . Transparent dots
denote data obtained by SQUID magnetometry on a bulk sample, measured at 0 T (gray) and 0.4 T (red) [67].
Transparent lines are the corresponding fits. Experimental data on sub-monolayers are plotted without opacity,
lines serve as guide to the eye. Figure (c) and (d) adapted with permission from [266]. Licensed under CC BY
4.0.
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5.5 Magnetic properties of individual {Dy2 } SMMs on graphene/Ir(111)
The XAS/XMCD measurements in Sect. 5.4 reveal an outstanding robust molecular magnetism in
{Dy2 } dimetallofullerenes after adsorption on different functional surfaces. On graphene/Ir(111), wellordered molecular islands with small out-of-plane anisotropy exhibit a record-high magnetic blocking
temperature that most notably matches the bulk value. It is slightly reduced on Au(111), but at
the same time shows a significantly enhanced magnetic anisotropy favoring the in-plane direction.
These two systems are thus excellently suited to address the spin states and magnetization dynamics
at a single molecule level in future studies. Spin-polarized STM/STS [101, 271, 289], time-resolved
measurements of the tunnel current [290, 291], all-electronic pump-probe schemes [103, 280] or local
electron spin resonance measurements [292, 293, 294] are thus suggested to provide detailed insight
into the local magnetic properties of individual {Ln2 } dimetallofullerenes on these surfaces. Using a
dI/dU measurement scheme, inelastic spin excitation spectroscopy allows for characterization of the
spin state nature and its coupling to the environment [108, 221, 295]. However, the bulky shape of
{Ln2 } combined with a large number of possible adsorption positions and orientations imply a complex landscape of different interaction strengths, leading to a wide variety of spectral features. The
following section therefore for the first time presents results about IETS and Kondo features obtained
on {Dy2 } complexes on graphene/Ir(111) and aims to provide an initial overview over the phenomena
that can be observed in this system.
The STM/STS and IETS measurements were conducted with the help of the master student Tobias
Birk.
5.5.1 Controlled manipulation of single molecules
Locally addressing magnetic properties of individual molecular units requires precise control over the
coupling to the electrodes. In this regard, the sharp STM tip offers unique possibilities to manipulate
single atoms [296, 297] or single molecules [298] on surfaces. The molecule-substrate and molecule-tip
interaction strengths can be accurately tuned by changing the tip-sample distance, enabling transitions
between different coupling regimes [187] or inducing structural modifications [83]. However, {Dy2 }
dimetallofullerenes on graphene/Ir(111) preferably form dense molecular sub-monolayers as presented
in Sect. 5.2. This hampers precise addressing of single molecules due the permanent small thermal drift
and complex environment in the packing geometry. Instead, it turned out to be advisable to either
measure on isolated molecules on the surface or to attach single {Dy2 } complexes to the STM tip.
Figure 5.29a displays two isolated compounds, sitting in the fcc region of the graphene/Ir(111) surface.
An overall weak pinning is demonstrated by a fuzzy appearance of the molecule on the right, followed
by an abrupt displacement to the next fcc site upon scanning at moderate tunneling parameters. The
resulting configuration is imaged in Fig. 5.2a. Performing dI/dU spectroscopy on top of the molecules
yields pronounced peaks, whereas a flat DOS is obtained on the graphene surface, see Fig. 5.29b.
This indicates tunneling from tip to sample under participation of orbital resonances at roughly the
energies of HOMO and LUMO, named H1 and L1 , respectively. The corresponding tunneling scheme
is shown in Fig. 5.29c. In order to attach a molecule to the STM tip it is placed over the left molecule.
Keeping the bias voltage at Uscan = +1.5 V, the tip is ramped towards the surface by −∆z within
∆t, hold there for ∆t with Ubias = −1 V and is then retracted by +∆z within ∆t. Subsequently,
the bias voltage is changed back to Uscan . Whereas ∆t = 0.5 s throughout the whole procedure, ∆z
has been cautiously increased using 100, 200, 300 and 400 pm, but subsequent STM imaging did not
reveal any topographic change. After further increase to ∆z = 500 pm, no molecule could be observed
on the surface anymore, as can be seen in Fig. 5.29d. A dI/dU spectrum recorded over the bare
graphene surface now exhibits two pronounced resonances, shown as blue curve in Fig. 5.29e. They
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can be assigned to HOMO and LUMO orbitals and thus unambiguously indicate successful attachment
of the left molecule to the STM tip. Whereas the transport gap remains the same as marked in the
figure, both energies referred to as H2 and L2 are shifted due the difference between molecule-graphene
and molecule-tip coupling. Using this functionalized tip to record the dI/dU spectrum over the right
molecule yields two molecular resonances separated by a significantly enhanced transport gap. The
corresponding tunneling scheme is shown in Fig. 5.29f and explains the broadening by subsequent
tunneling over the orbitals of both {Dy2 } molecules. This leads to resonance energies observed at
right
right
roughly EHOMO
≈ |H1 | + |L2 | and ELUMO
≈ |L1 | + |H2 |. Note that also the shape of the right molecule
slightly changes in STM topography, and the small protrusion denoting the CH2 Ph side group is not
imaged by the functionalized tip.
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Fig. 5.29: Attachment of a single {Dy2 } SMM to the STM tip. (a) STM topographic image of two
isolated molecules on graphene/Ir(111). The graphene Moiré superlattice is sketched as dashed black lines as in
Fig. 5.2a, a white circle denotes the fcc region. The black arrow indicates the displacement of the right molecule
upon scanning. U = +1.5 V, I = 10 pA, T = 2.8 K. (b) Normalized dI/dU spectra recorded at the color-coded
positions in (a). Uset = +1.5 V, Iset = 10 pA, T = 2.8 K. (c) Tunneling scheme between sample, molecule and
tip. The coupling between molecule and sample is assumed to exceed the one to the STM tip, therefore the
HOMO (H1 ) and LUMO (L1 ) energy levels are pinned to the Fermi energy of the sample. (d) Same as (a), but
with the left molecule (dashed white circle) attached to the STM tip. (e) Same as (b). Dashed lines indicate
the constant transport gap of the left molecule, arrows denote the increase of the gap when tunneling through
two molecules. (f ) Tunneling scheme including a molecule attached to the STM tip, for the explanation see
main text.

The procedure presented above turned out to be the most controlled way to attach a single {Dy2 }
complex to the STM tip. Concluding, the occurrence of molecular resonances in dI/dU spectra that are
recorded on the bare graphene surface serve as strong indicator for a molecule located in the tunneling
path. Often, this goes along with a substantial change of imaging contrast, leading to pronounced
intramolecular resolution after attachment of a molecule to the tip as can be seen in Fig. 5.30a. The
corresponding dI/dU spectrum plotted in Fig. 5.30b reveals the HOMO resonance on the bare graphene
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surface. These two indicators were used for all measurements presented in the following IETS study
in order to assure a pure substrate-molecule-tip geometry.
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Fig. 5.30: Indications for a single {Dy2 } SMM at the STM tip. (a) STM topographic images recorded
before (left) and after (right) attachment of the {Dy2 } molecule to the STM tip that is marked with a white
arrow. U = +1.5 V, I = 10 pA, T = 2.6 K. (b) Normalized dI/dU spectrum recorded over the bare graphene
surface marked by a blue circle in (a), after the attachment of the molecule to the tip. Uset = +2.5 V, Iset =
10 pA, T = 2.6 K.

5.5.2 Inelastic excitation of spin states and the Kondo effect
Performing dI/dU spectroscopy in the low-bias range around ±50 mV on isolated, embedded or tipattached {Dy2 } complexes reveals a wide variety of features in the spectra. This ranges from single
to multiple gaps, highly asymmetric or symmetric peaks, or a superposition of all those. As stated
above, this rich behavior likely stems from the pool of adsorption configurations, {Dy2 } can obey on
the surface or at the STM tip, which then imprints on the coupling between its magnetic moment
and the surface. Generally, the interaction of a magnetic impurity with a metallic surface can lead to
several, well-understood spectral signatures in the low-bias regime, of which the two most prominent
ones have been observed in {Dy2 } and will be discussed in the following.
First, transitions between the ground and the lowest excited spin states can be induced by inelastic
electron tunneling, as introduced in Sect. 2.1.2 and being comprehensively analyzed for Fe4 H SMMs
on graphene/Ir(111) in Sect. 4.4. To search for symmetric steps or features in the dI/dU curves, series
of spectra have been recorded with {Dy2 } attached to the STM tip upon changing the tip-sample distance. Like this, different coupling regimes and adsorption configurations are expected to be realized
within the tunneling junction. A successful example is displayed in Fig. 5.31a, where two coupling
regimes could be resolved. For low tunneling currents, the spectra appear rather flat despite an asymmetric dip at the Fermi level. Upon going from Iset = 50 → 55 nA, the spectrum abruptly changes to a
pronounced symmetric gap. This gap vanishes upon application of an out-of-plane magnetic field above
2.5 T, where only the asymmetric dip is recovered, see Fig. 5.31b. The latter signature can be well
fitted with a so-called Fano function, which will be described in detail later on, that is subsequently
used to normalize the spectrum at 0 T. This procedure yields a perfectly symmetric gap of width
±Exc ≈ 10 mV, whose steps are assigned to inelastic excitations of the {Dy2 } complex. A similar
lineshape has been observed to reflect spin excitations in other molecules that host magnetic center
ions [218, 227, 228, 230], and is generally distinguished from vibrational modes by a magnetic-field
dependency of Exc . Therefore, series of dI/dU spectra are recorded upon sweeping an out-of-plane
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magnetic field in the range of 0 → 2.75 → 0 T and subsequently corrected to the spectrum at 2.75 T,
see Fig. 5.31c. Two different sweep rates were intended to increase the resolution in the backward
sweep. Evidently, the gap changes upon variation of the magnetic field, the signature is therefore
assigned to reflect spin excitations in {Dy2 }, for the first time observed in a system that is based on
a [Dy3+ – e – Dy3+ ] magnetic core. Exc is extracted by a symmetric gaussian fit of the d2 I/dU 2 signal
(see Fig. 5.31b) and plotted for both series in Fig. 5.31d. Apart from the magnetic-field dependency,
several observations can be made. First, both evolutions are highly nonlinear, as would be expected
for a simple Zeeman shift between two energy levels, i.e. ∝ gJ µB B, lying in the range of roughly
0.7 meV. Second, the vanishing of the gap above a certain magnetic field value is not in line with the
classic description of spin-flip tunneling, and could point to a renormalization of spin states where no
transitions from the ground state are accessible anymore. Third, a pronounced hysteretic behavior
upon changing the sweep direction could be related to the exceptional slow magnetization dynamics
in {Dy2 } as discussed in Sect. 5.4.3.
A deep theoretical treatment of possible spin-flip tunneling paths through {Dy2 } SMMs is out of the
scope of this thesis. A first route to further evaluate the evolution of Exc can be the effective spin
Hamiltonian developed to reproduce the SQUID measurements of this particular family of compounds,
which is written as [67, 73]


ˆ
ˆ
H{Ln2 } = HCF,1 + HCF,2 − 2Keff~sˆe J~1 + J~2 .
(5.11)
Whereas the first two terms describe the crystal field around each of the two Ln3+ ions, Keff denotes
ˆ
ˆ
the exchange interaction between the central electron spin ~sˆe and both Ln spins J~1 and J~2 , see sketch
in Fig. 5.31e. In {Dy2 } with J = 15
2 , this accounts to Keff ≈ 4.0 meV, and the resulting calculated
spectrum is shown in Fig. 5.31f [67]. The energy barrier responsible for the slow magnetic relaxation
accounts to ≈ 53 meV, and is defined by the first exchange-excited states, where the complete Dy spins
subsequently flip (see orange arrows). Due to their large ∆m with respect to the ground states, they
are not expected to be visible in inelastic spin-flip spectroscopy. The nearest spin states that are accessible with low ∆m are separated by roughly 30 − 40 meV from the ground states (blue arrows), which
still exceeds the measured value of Exc ≈ 10 meV. This discrepancy could hint to the computational
uncertainties already discussed along the first description of this class of molecules [73], and provides
an additional experimental result that allows to test different effective spin Hamiltonians of such compounds. Note that measurements also reveal different, larger values of Exc , which will be discussed at
the end of this section. In order to refine the analysis of Exc in future studies, a complete fit of the
IETS spectra including coupling-dependent spin-flip matrix elements [45] is suggested to account for
the increased intensity next to the gap.
Figure 5.32 summarizes IETS measurements acquired on two different {Dy2 } complexes that were
both showing a pronounced zero bias peak in their dI/dU characteristics. For the first molecule, the
signature was not visible on the bare graphene/Ir(111) surface and the corresponding STM topography
revealed a smooth molecular shape, see Fig. 5.32a and d. This indicates a clean STM tip apex, and
the observed peak can be unambiguously assigned to the probed {Dy2 } complex. For this molecule,
two series of low-bias dI/dU spectra have been recorded upon variation of the tip-sample distance
and external magnetic field, see Fig. 5.32a and f, respectively. In the second case, a {Dy2 } complex
was attached to the STM tip apex which was confirmed by a pronounced zero bias peak on the bare
graphene surface and considerable intramolecular contrast in STM imaging, see Fig. 5.32b and d. Two
series of dI/dU spectra have been recorded with this functionalized tip upon variation of the tipsample distance, one over the bare graphene surface and one on a surface-adsorbed {Dy2 } complex,
see Fig. 5.32b and c, respectively.
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Fig. 5.31: Observation of inelastic excitations in {Dy2 } SMMs on graphene/Ir(111). (a) Normalized
dI/dU spectra acquired upon variation of the tip-sample distance, with a {Dy2 } complex at the STM tip apex.
The corresponding STM junction geometry is depicted on the right. Spectra are shifted by ∆ = +0.1 each for
clarity, the set current steps are ∆Itop = 5 nA and ∆Ibottom = 2 nA.Uset = +40 mV, T = 2.8 K. (b) Upper
panel: dI/dU spectra at Iset = 64 nA obtained at zero (1, black) and 2.75 T (2, gray) out-of-plane magnetic
field. A Fano fit as explained in the text in plotted in orange. Middle panel: Background corrected spectrum
obtained by (1)/(2). The gap is indicated as arrow. Lower panel: A gaussian fit of the d2 I/dU 2 spectrum
allows to determine Exc . (c) 2D plot of background-corrected dI/dU spectra at Iset = 64 nA recorded upon
variation of an out-of-plane magnetic-field. Selected spectra are plotted as dashed lines. The magnetic field
sweep rates and directions are indicated. (d) Corresponding evolution of the fitted inelastic excitation Exc .
Shaded areas denote the absence of a gap in the spectra. (e) Sketch of the two endohedral Dy3+ ions (green),
each exchange-coupled with the central electron spin (white) as described by Eq. 5.11. (f ) Calculated spectrum
of the effective spin Hamiltonian Eq. 5.11. Blue arrows indicate possible spin-flip transitions with small ∆m,
orange arrows denote transitions to the first exchange-excited states with one Dy spin completely flipped.
Figures (e) and (f) adapted with permission from [67]. Licensed under CC BY 4.0.

On magnetic atoms and molecules, a zero bias peak in low-bias dI/dU spectroscopic measurements
commonly arises upon scattering of substrate conduction electrons at the surface-adsorbed magnetic
impurity, which forms a so-called Kondo state [45]. The following, short description of the Kondo effect
has been mainly adapted from [45] and [221] and few references therein in order to provide a basis for
fitting and discussion of the observed features. In tunneling spectroscopy measurements, the Kondo
signature appears as an effective increase of the local density of states around zero bias voltage, being
described by a Lorentzian peak or a so-called Frota function [221]. Interferences of this many-particle
state with additional coherent tunneling channels can however lead to a strong asymmetry in the peak,
or even evolve as a dip in the spectrum. Together with an energy independent direct tunneling channel,
which imprints as simple background offset, the spectral shape can then be modeled by a Fano function
written as [221]
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0
Here, (U ) = eU −E
denotes the normalized energy, with U being the bias voltage, E0 the energy offset
Γ
and Γ the effective half-width of the peak. For low temperatures Tp TK , the latter quantity is directly
related to the Kondo temperature TK of the system via Γ(T ) = (kB TK )2 + α(kB T )2 . Temperaturedependent measurements are therefore suggested to be performed in the future in order to deduce TK .
This will provide more information about the actual coupling regime, with kB TK being the characteristic energy scale of the system above which the Kondo correlation vanishes. E0 depends on the coulomb
repulsion between the substrate’s conduction band and the Kondo resonance [299, 300], and to the best
of the author’s knowledge has not yet been observed to be continuously tunable in surface-adsorbed
atomic and molecular systems. A possible explanation could be the generally strong coupling of the
spin-carrying atoms in most Kondo systems in the literature to the substrate’s conduction band, which
induces a widely static coulomb repulsion. The situation changes for the case of endohedral C80 systems presented here, where the tip can continuously deform the molecular cage, and is thus being able
to fine-tune the overlap between spin state and substrate electrons. The asymmetry of the spectral
t2
feature is determined by the Fano factor q ∝ Γt
, with ti being the tunneling probabilities from the
1
tip into substrate (i = 1) and spin-carrying orbital (i = 2), respectively [301]. A symmetric dip is
expressed with q ≈ 0, and has been observed in metal adatoms on metal surfaces like Ce/Ag(111) [105]
and Co/Cu(111) [302]. For q ± 1, the shape is strongly asymmetric with a maximum at eU < (>)E0
for q < (>)0, typically observed on atomic systems like Ti/Ag(100) [303] and Co/Au(111) [106] as
well as high-TK molecules [41]. A symmetric peak is recovered for |q| → ∞, and has been observed on
molecular magnetic systems like d-CoPc [40], TbPc2 on Au(111) [42], or MnPc on Pb(111) [184]. On
graphene, the Kondo effect has been detected in Co adatoms [304] and small molecules [305], but no
experimental evidence has been reported for SMMs up to date.

Fitting the observed zero-bias peaks to Eq. 5.12 yields values for all series of dI/dU spectra, which
are displayed in Fig. 5.32e and g for the distance- and magnetic-field dependent measurements, respectively. The three different STM junction configurations in (a), (b) and (c) show comparable evolutions
of E0 , Γ and q. They are therefore assumed to reflect the same Kondo behavior of {Dy2 } on graphene
at different coupling strengths, which in turn means that each curve in Fig. 5.32e could be artificially
offset in x-direction to generate a single evolution for each parameter. Interestingly, the peak offset E0
then changes from a linear dependency with −39 µeV/pm to a saturation around −1.9 meV for strong
coupling between spin and substrate, similar to reported values for d-CoPc on Au [40]. This points
to a considerable particle-hole asymmetry for large tip-sample distances [301], which decreases upon
confinement of the SMM in the STM junction. Γ as a measure for the hybridization between spin
and substrate indicates the opposite trend, and slightly decreases upon STM tip approach. However it
saturates in the low-coupling regime around 5.2 meV, which is reflecting the unperturbed interaction
between {Dy2 } and the STM tip. This is notably smaller than in other molecular systems [40, 301],
which is suggested to reflect the low density of states of graphene compared to metals. Note that
both configurations Fig. 5.32b and c exhibit very similar spectral characteristics, the surface-adsorbed
molecule is thus assumed to not show a Kondo effect.
The application of an external magnetic field in the direction of J~{Dy2 } should split the Kondo peak
~ in the range of ≈ 1 meV [45]. Unfortunately, the width of the peak
by the Zeeman energy of gµB B
and the experimental resolution do not allow to properly fit the peak with two Fano-shapes. However,
its intensity decreases together with a small shoulder that develops on the right side of its maximum
~ with J~{Dy }
(see curve at 5 T), which could be a first sign of Zeeman splitting. The co-alignment of B
2
is however highly unlikely due to the isotropic arrangement of magnetic easy axes as observed in
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Fig. 5.32: Observation of the Kondo effect in {Dy2 } SMMs on graphene/Ir(111). (a-c) Normalized
dI/dU spectra acquired upon variation of the tip-sample distance. The corresponding STM junction geometries
with {Dy2 } complexes (circles) are depicted on the right. A background spectrum on graphene/Ir(111) is
plotted in gray, solid lines denote Fano-fits as explained in the text. Spectra are shifted by ∆ = +1 each for
clarity. Uset,mol = +40 mV, Uset,gr = 100 mV, Igr = 0.1 nA, T = 3.4 K. (d) STM topographic images of the first
geometry with a surface-adsorbed molecule (left), and the second geometry with a molecule attached to the
STM tip (right). Colored circles denote the locations of the measurements in (a), (b), (c) and (f). Uleft = +1 V,
Uright = +1.5 V, I = 10 pA, T = 3.4 K. (e) Fitted parameters of the Fano shapes in (a), (b) and (c). Solid lines
denote fits as explained in the text. (f ) Magnetic-field dependent dI/dU spectra on (a), with the tip close to
the molecule. Spectra are shifted by ∆ = +1 each for clarity. Uset = +40 mV, Iset = 2 nA, T = 3.4 K. (g) Same
as in (e), analyzed for the spectra in (f).

Sect. 5.4.1, so that the Kondo-splitting is rather expected to show nonlinear behavior [163]. Concerning
the Fano parameters, a linear behavior is clearly not observed in Fig. 5.32g. The magnetic-field
dependency of the Kondo peak in the surface-adsorbed {Dy2 } complex rather resembles the indifferent
evolution as observed for the spin-flip excitations in Fig. 5.31. Again, this could be related to the slow
magnetic relaxation, which prevents the spin system to adiabatically follow the magnetic field. Different
magnetic field sweep rates are suggested to be employed in future experiments to shine light on this
question.
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Fig. 5.33: Kondo effect and spin-flip excitations in {Dy2 } SMMs on graphene/Ir(111). (a) 2D
plot showing a series of d2 I/dU 2 spectra acquired upon varying the set tunneling current from 0.5 to 66.2 nA,
with a {Dy2 } SMM attached to the STM tip. The white dashed line denotes a change of the spacing ∆It .
Uset = +50 mV, T = 2.8 K. (b) Left: Corresponding, selected dI/dU spectra. Green arrows denote the zerobias Fano feature. Right: Corresponding derivatives as shown in (a), fitted with a symmetric gaussian curve to
exctract Exc . (c) Fitted excitation value Exc (left axis) and measured tip displacement z (right axis). Dashed
lines and arrows indicate abrupt spectral changes. (d) Excitation energy Exc as a function of an out-of-plane
magnetic field, recorded at set conductances of 20 nS and 1.3 µS. Linear fits are plotted as solid blue lines,
together with their 90 % confidence intervals as shaded areas. (e) Magnetic-field dependency of the half width
Γ of the Fano shape at 1.3 µS.

Both spin-flip excitations as well as Kondo correlations are typically occuring in different coupling
regimes between the magnetic impurity and the substrate. The STM tip however has been demonstrated to act as an ideal tool to induce transitions between or to detect a co-existence of both phenomena in surface-supported systems [229, 306, 307, 308]. Figure 5.33a and b show distant-dependent
dI/dU spectra and the respective fitted derivative curves of a {Dy2 } SMM attached to the STM tip.
For large tip-sample distance z, a pronounced gap around ±20 meV dominates the spectrum, together
with a weak asymmetric Fano shape around zero bias. Linearly increasing the tunneling conductance
leads to several considerable rearrangements of the molecule at the STM tip, which is tracked by jumps
of the height z and the gap width Exc , see Fig. 5.33c. In total, the tip approaches by ≈ −0.8 nm,
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which reflects almost one diameter of the C80 cage. At large tunneling conductance of 1.3 µS, the
excitation step intensities decrease and a pronounced zero-bias Kondo peak evolves, which indicates
stronger coupling between J~{Dy2 } and the surface electrons. Similar spectral shapes have been observed in surface-adsorbed atomic [308] and molecular systems [228, 243, 309, 310]. The peak-like
features around ±20 meV remind of vibron-assisted Kondo sidebands that have been observed on other
molecular magnets like CoPc [309] and cobaltocene [310]. Typically, their intensity is far smaller than
the main Kondo peak, and especially for a large tip-sample distance around 20 nS, this is clearly not
the case in the presented measurements. The gap is therefore considered to represent inelastic spin
excitations. A coexistence of both coupling regimes has been demonstrated earlier [308], and multiple
tunneling channels are likely to be realized in {Dy2 } due to the complexity of the system. The asymmetric excitation step intensities are suggested to depend on the exact orbitals that are participating
in the tunneling process [218].
The magnetic field-dependency of Exc measured at both extrema of the series, 20 nS and 1.3 µS, reveals similar but opposite linear trends in an out-of-plane magnetic field. The slopes are fitted to
−77(9) µeV/T and +93(20) µeV/T respectively (see Fig. 5.33d). This perfectly agrees with an expected Zeeman shift of gJ µB = 78 µeV/T with the Landé factor gJ = 1.35 in {Dy2 } SMMs [67], and
confirms Exc to represent inelastic spin-flip excitations with ∆mJ = ±1 in both coupling regimes. It
furthermore suggests an out-of-plane alignment of J~{Dy2 } upon attachment to the STM tip. Refined
calculations of the molecular spin states, including an external magnetic-field and a varying exchange
interaction Keff are suggested to further evaluate on the nature of these spin transitions. Strikingly,
the ratio Exc /z shows different regimes of linear evolution, likely caused by a continuous change of
the Dy – Dy bonding length upon compression of the molecule with the STM tip [83]. This finding for
the first time demonstrates controlled manipulation of the peculiar molecular magnetism in individual
{Dy2 } molecular magnets.
In addition to the spin-flip excitation energies, fitting the Kondo peak in the strong coupling regime
(1.3 µS) with a Fano function yield a broadening of the resonance with increasing magnetic field, see
Fig. 5.33e. A linear fit yields +113(10) µeV/T, which is in good agreement with the expected Zeeman
splitting described above. However the resolution and the low magnetic field did not allow to reliably
fit the resonance with two Fano shapes. This is suggested to be focussed on in future low-bias experiments, with comparable adsorption configurations of {Dy2 } at the STM tip apex. A linear evolution
of excitation energies and Kondo splitting then serves as ideal parameter to confirm a co-alignment of
~
the magnetic easy axis and B.
This section for the first time demonstrates successful inelastic spin excitation spectroscopy as well as
the observation of Kondo screening in individual {Dy2 } SMMs on a surface. Both signatures related
to the molecular magnetism occur separately or simultaneously, which likely depends on the exact
adsorption configuration of the complexes as well as the overlap between the molecular and substrate
orbitals. Tunneling current-dependent measurements have been shown to provide access to different
coupling regimes on the same complex. The findings are briefly discussed and analyzed with firstorder approximation models, and provide a promising base for subsequent theoretical modelling of the
complex spin states in this peculiar class of molecular magnets.
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5.6 Chemical doping of {Dy2 } SMM sub-monolayers
The capability to locally address single {Dy2 } dimetallofullerenes via IETS and related methods arise
the question how to controllably alter the peculiar magnetic properties of these compounds. The combination of direct access together with a control over the molecular magnetism in this class of SMMs
would give a boost towards their possible implementation in future spintronic units. Following the
results obtained on surface-adsorbed Fe4 H SMMs as presented in the beginning of this thesis, chemical
doping offers a promising route to locally charge individual molecular units. A particularly interesting
question that arises in the present case is the effect that an extra electron might have on the [Dy3+ –
e – Dy3+ ] magnetic core within the C80 cage. As shown in Sect. 5.3, the unoccupied component of the
Dy – Dy bonding orbital is located next to the Fermi level, and therefore is likely to be occupied by an
additional charge. Due to the key role the single-electron bond plays for the ferromagnetic interaction
between the two Dy atoms this could strongly affect the magnetic anisotropy, magnetic moment or
magnetic relaxation of the molecule. The following section reports first results on chemical doping
of {Dy2 } dimetallofullerenes, using thermally evaporated Li atoms as electron donors. Due to the
large magnetic blocking temperatures observed in Sect. 5.4, graphene/Ir(111) and Au(111) have been
chosen as suitable test substrates. The findings reveal a pronounced alteration of the peculiar magnetic properties, suggesting a phase transition between high and low magnetic moment inside {Dy2 }
dimetallofullerenes that can be controlled via an external magnetic field.
The XAS and XMCD measurements were conducted with the help of the master student Tobias Birk
and the PhD student Vivien Enenkel, and were accompanied by the XTreme beamline scientists Vladyslav Romankov and Jan Dreiser.
Figure 5.34 compares XAS/XMCD spectra as measured before and after thermal evaporation of roughly
1 Å of Li on the {Dy2 } sub-monolayers. The measurements are performed according to the preferred
direction of magnetic easy axes, θ = 0◦ on graphene/Ir(111) and θ = 60◦ on Au(111). Whereas the
spectra show only minor alteration for the latter case, the measurements on graphene reveal a suppression of the second subpeak’s intensity in the Dy M5 edge. Additionally, the XMCD signal is increased
by about +25 %, indicating an enhanced magnetic moment of the sample in out-of-plane direction.
Following a naive explanation, this could be caused by an actual change of the spin ground state of
one of the Dy ions from Jz = 15/2 to Jzdoped = 8. However, the formation of a 4f 10 oxidation state
by adding one electron is expected to decrease the total magnetic moment hJz i [114]. Furthermore,
given the chemical stability of {Dy2 } dimetallofullerenes due to the complex interplay between the
[Dy3+ – e – Dy3+ ] core and the C80 (CH2 Ph) cage, it appears rather unrealistic why an extra charge
should localize within the inner atomic orbitals of Dy. A second, less invasive explanation could be a
reorientation of a fraction of the magnetic easy axes in out-of-plane direction. Such a behavior is highly
promoted by the decrease of the second subpeak’s intensity [117] and includes several possible scenarios. First, the adsorption orientation of the whole molecular cage could change due to attachment of
one or more Li atoms [258], or due to the incorporation of Li atoms inside the molecular islands. This
assumption is expected to be evaluated within STM topographic measurements on doped samples in
future experiments. Second, the extra charge could manifest on the molecular cage in a way to reorient the preferred orientation of the [Dy3+ – e – Dy3+ ] moiety by alteration of the ligand field, as the
magnetic core is subject to a certain degree of freedom [67]. Third, the extra charge could be as well
localized within the molecular cage, either competing with the single-electron Dy – Dy bond or linking
with the unpaired electron, thus occupying the LUMO of the molecule. As stated in the beginning,
this could at the same time heavily affect the spin ground state of {Dy2 } SMMs. In order to answer
these questions, detailed theoretical calculations of the doped complexes are inevitable to get a deeper
insight. From the experimental approach, angle-dependent XAS/XMCD measurements as presented
in Fig. 5.19 for undoped {Dy2 } dimetallofullerenes are suggested as starting point to shine light on
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Fig. 5.34: XAS/XMCD spectra of Li-doped {Dy2 } SMMs on functional surfaces, recorded at the
Dy M5 edge and normalized to the (σ+ + σ− ) signal at 1289.0 eV (≡ XAS0 ). The coloring scheme is the same
as used in Fig. 5.18. The XMCD signals for both undoped and doped samples are plotted on top of each other
to highlight the doping-dependent magnetic moments. Measurement parameters: B = 6.8 T, T = 2.5 K.

the alteration of magnetic easy axes in the samples.
Recording the magnetization curves of Li-doped {Dy2 } SMMs provides an initial investigation of
their magnetic moment, magnetic anisotropy and magnetic relaxation. Results are shown in Fig. 5.35
and compared to the hysteresis loops obtained on undoped samples. On graphene/Ir(111), shown
in Fig. 5.35a, the sample has been doped starting with a small Li coverage of 0.1 Å, and the results
for θ = 0◦ are discussed in the following. Whereas the remanent to saturation magnetization ratio Mrem /Msat remains at roughly 50 %, magnetic relaxation during the forward sweep is faster for
B < 0 T and turns slower after crossing zero field. The backward direction shows a reversed behavior
accordingly. This implies a tremendous increase of the coercive field by roughly +50 % from 1.2 to
1.8 T, marking one of the largest values observed for surface-supported molecular magnets [35]. Further
increase of the Li coverage to 1.4 Å leads to a substantial change of the magnetization curve and is
thus considered to reflect the saturation limit. First, the saturation magnetization slightly increases
as already discussed in the course of Fig. 5.34. Second, the magnetization is suppressed in between
roughly ±3 T, keeping only a small hysteresis opening in the range of ±2 T. This striking observation
points to a highly non-trivial magnetic relaxation behavior in Li-doped {Dy2 } dimetallofullerenes on
graphene/Ir(111). It can be characterized by the crossover from a regime with large net magnetic
moment when |B| > 4 T, to one with small net magnetic moment when |B| < 2 T, with the transition
width likely depending on the magnetic field sweep rate. Note that roughly the same behavior is
observed when approaching the magnetic hard plane using θ = 60◦ .
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Apart from the smaller hysteresis opening, comparable results are obtained for the case of {Dy2 }
on Au(111), displayed in Fig. 5.35b. In the direction of the magnetic easy axis, θ = 60◦ , a slight
enhancement of the net magnetic moment at large magnetic field goes along with a suppression of
magnetization around zero field. Only a small hysteresis opening remains in the range of ±2 T, fully
corroborating the previous results on graphene. These findings suggest that the observed changes after
Li doping do not depend strongly on the surface and originate from either affecting the single-molecule
magnetism or the collective magnetic behavior of a sub-monolayer. This question is expected to be
directly answered in future experiments that investigate doping of bulk samples and comparing the
resulting magnetization curves to the XMCD results. Furthermore, no STM measurements have yet
been attempted to reveal the adsorption behavior of {Dy2 } on Au(111). Due to the strong pinning
potential of the surface’s herringbone reconstruction, molecules tend to separate on this particular
surface even up to large coverage [197]. This hampers the formation of molecular islands and could
serve as explanation for the pronounced directionality of the magnetic easy axes in the sample. Different
to the case of graphene where the molecules already exhibit a certain disorder, Li doping on Au(111)
induces a breakdown of the preferred adsorption orientation as suggested by the measurement at θ = 0◦ .
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Fig. 5.35: Magnetization curves of Li-doped {Dy2 } SMMs on functional surfaces, obtained by
recording the XMCD signal at 1289.0 eV upon sweeping the magnetic field with 2 T/min. The lighter (darker)
color denotes the forward (backward) sweep direction from negative (positive) to positive (negative) magnetic
field values. The respective magnetic easy axes are indicated. Measurement parameters: Φ = 13.1 Φ0 , T = 2.5 K.

For the first time, the presented results on Li-doped {Dy2 } sub-monolayers demonstrate a route to
alter the outstanding magnetic properties of these peculiar SMMs. However, conclusive explanations
for the observed crossover between high and low magnetic moment can not be made at this stage of
experimental findings. One possible scenario could be the occupation of the molecule’s LUMO by the
donated electron. This would imply pairing of the formerly single electron in the Dy – Dy bond and
thus strong alteration of the ferromagnetic interaction jDy-Dy > 0 between the two Dy3+ ions. In the
case of a complete quench, jDy-Dy = 0, only the crystal field anisotropy would remain to induce a
preferred orientation of the Dy spins. Slight differences in the atomic environments then could lead to
different spin-flip magnetic field values, imprinting steps on the magnetization curves. However those
are still expected to appear near or after crossing zero field, not around ≈ ±3 T as observed in the
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experiment. In case the interaction becomes weakly antiferromagnetic, jDy-Dy < 0, spin flops occurring
at reasonably low magnetic field values could serve as another explanation for the crossover between
high and low magnetic moment within individual molecules. However, a combined study of detailed
experiments accompanied by profound support from theory is inevitable to clarify the physics behind
this exceptional behavior. The following section gives a brief overview over suggested strategies for
future experiments in this direction.
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5.7 Ln2 @C80 (CH2 Ph) dimetallofullerene SMMs - summary and outlook
This chapter presents a detailed study of structural, electronic and magnetic properties of surfacesupported {Ln2 } dimetallofullerenes. The focus is set on the complex with Ln = Dy, which combines
chemical robustness with outstanding slow magnetic relaxation at temperatures up to 20 K in the bulk.
Together with the compound Ln = Tb, this combination places it at the forefront in the field of molecular magnetism regarding a possible implementation in future spintronic or molecular electronic units.
Up to 2021, only studies of bulk properties of this peculiar class of endohedral dimetallofullerenes have
been published. Thus, the scope of this thesis was the investigation of single molecules, their interaction with different functional surfaces, as well as exploring possible routes to controllably manipulate
their SMM behavior.
Surface deposition and access to the single-electron Ln – Ln bond
The electrospray deposition method has been successfully implemented in Sect. 5.1 to produce submonolayers of {Dy2 } dimetallofullerenes on three surfaces, i.e. Pb(111), Au(111) and graphene/Ir(111).
The molecular adsorption on the latter one has been extensively addressed by employing STM imaging
as presented in Sect. 5.2. {Dy2 } SMMs are found to form molecular islands and arrange in ordered
packings, but exhibit a variety of individual adsorption orientations due to a rather weak moleculesubstrate interaction. Molecular orbitals of both isolated and embedded molecules are energetically
resolved and imaged by detailed STS measurements, supported by DFT calculations and classical
MD simulations in Sect. 5.3. Comparison between the electronic properties of {Dy2 } and {Er2 }
sub-monolayers unambiguously identifies an electron transport channel that is mediated by the spinpolarized, single-electron Dy – Dy bonding orbital. This finding opens a route to directly address the
ferromagnetic [Ln3+ – e – Ln3+ ] magnetic core within {Ln2 } dimetallofullerenes with single molecule
precision. Exploring ways to reversibly charge the molecules’ LUMO is thus suggested to provide a
control variable in order to tune the molecular magnetism. A proper choice of the substrate material
and variation of the tip-molecule distance are suggested as follow-up experiments in this direction.
Subsequently, a spin-polarized STM tip could be used to read and possibly write certain magnetic
states to single {Ln2 } molecules, employing time-dependent current traces and appropriate bias voltage pulses [291, 293]. In this regard, variation of external magnetic field direction and magnitude as well
as temperature-dependent measurements are suggested to reveal the magnetic easy axis orientation as
well as the magnetic relaxation behavior of single, surface-supported {Ln2 } SMMs.
Exceptionally slow magnetic relaxation
Employing XAS and XMCD experiments as presented in Sect. 5.4 reveal a 100 s magnetic blocking
temperature of 17 K in {Dy2 } SMMs after adsorption on graphene/Ir(111). This finding exceeds previously reported values in surface-supported molecular magnets by far and most notably matches the
molecule’s bulk value. The limit was just recently redefined by the surface-deposition of the sister
compound {Tb2 }, revealing a hysteresis loop closure around 28 K [264]. Magnetic relaxation dynamics are addressed in detail using time-dependent XMCD measurements, serving as starting point to
extensively deduce the dominant surface-related relaxation channels. Follow-up experiments should be
performed with minimized X-ray flux below 0.28Φ0 and at temperatures between 2.5 and 20 K in steps
of ∆T = 0.5 K to extend the data presented in Fig. 5.28d. Magnetic field values of Brest,1 = 10 mT and
Brest,2 = 0.4 T are suggested in order to facilitate simulation and comparison to SQUID bulk values.
These measurements will allow precise fitting of the main relaxation channels for low (QTM, Raman)
and high (Raman, Orbach) temperature regimes. Subsequently, magnetic-field dependent XMCD time
traces recorded at 2.5 K and a larger temperature, e.g. 17 K, are suggested to provide detailed insight
into the spin multiplet structure of {Dy2 } as well as the role of QTM and spin-phonon coupling for
spin relaxation [115]. Results in this direction would be of substantial interest regarding a suitable
molecule-substrate design for other outstanding members of the endohedral dimetallofullerene family
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like {Tb2 } or related, functionalized compounds. Most important in all these experiments is a substantial waiting time for the magnetic moments to saturate or relax to their equilibrium values prior
to starting the measurement. Especially at low temperatures with τ being in the range of 1000 s, a
waiting time of at least 20 minutes has to be considered. A possible circumvention would be a short
increase of the X-ray flux in order to accelerate the magnetic relaxation.
The rather weak electronic interaction between {Dy2 } and graphene/Ir(111) as already inferred from
STM and STS experiments is confirmed by the observation of only a small preferential magnetic
anisotropy in out-of-plane direction. The scenario changes for surface-adsorption on Pb(111) and
Au(111), revealing a pronounced in-plane magnetic anisotropy and thus pointing to a reduced number
of possible adsorption configurations. As a follow-up experiment, this should be addressed in detailed
STM investigations of the respective systems, which are expected to provide a full picture of structural and electronic properties as performed for graphene/Ir(111) within this thesis. Identification of
the molecule’s Dy – Dy bonding orbital in STS spectroscopy would be of particular interest as stated
above. Surface-adsorption and substrate-induced renormalizations of the molecular orbitals should
be accompanied by classical MD simulations and DFT calculations in order to set the basis for an
extended XMCD study of magnetic properties. Whereas initial time-dependent XMCD measurements
in Sect. 5.4 show a considerable fast magnetic relaxation on the Pb(111) substrate, {Dy2 } dimetallofullerenes on Au(111) still exhibit an outstanding high magnetic blocking temperature around 16 K.
In combination with its pronounced magnetic anisotropy, this system therefore seems most promising
for studying its magnetization dynamics as outlined above for graphene/Ir(111).
Magnetic properties of single molecules
For the first time, the peculiar magnetic properties in {Dy2 } SMMs have been addressed in low-bias
STS experiments on graphene/Ir(111) in Sect. 5.5. Inelastic spin-flip excitations and Kondo correlations manifest as magnetic-field dependent conductance steps and zero-bias Fano shapes in the dI/dU
characteristics, respectively. The key for these measurements turned out to first attach the complexes
to the STM tip and subsequently vary the tunneling current in order to tune the system in a coupling
regime where respective signatures could be observed. The results provide a promising basis to develop
more sophisticated theoretical spin Hamiltonians in future work, that also account for a proper description of excited spin states. Due to the wide variety of possible adsorption configurations of {Dy2 }
SMMs to the STM tip, a large number of spectral characteristics are observed in the measurements.
Future experiments are thus suggested to repeat tip-approach STS on surface-adsorbed complexes on
other surfaces, which are subject to a more defined adsorption geometry as expected on Pb(111) and
Au(111). Additionally, inelastic spin excitations in time-dependent measurement schemes are expected
to provide information about population changes of the spin energy levels, due to the outstanding slow
magnetic relaxation in {Dy2 } molecular magnets. Such measurements have not been reported before
in surface-adsorbed magnetic systems and would present a completely new access to the magnetization
dynamics on a single molecule scale.
Chemical doping
The results presented in Sect. 5.6 reveal a controllable switching between high and low magnetic
moment in {Dy2 } sub-monolayers on graphene/Ir(111) and Au(111) by means of Li-doping. The
transition happens around a moderate magnetic field strength of ±3 T without notable hysteresis
and thus highly recommends these systems for future investigation towards their implementation in
spintronic units. First, STM experiments on Li-doped {Dy2 } sub-monolayers on both substrates
are suggested to study the molecules’ integrity, attachment of the Li atoms and resulting adsorption
configurations. Accompanying STS measurements should investigate the renormalization of molecular
orbitals as observed in Sect. 4.6.2 for Fe4 H on Pb(111) and can be compared to the results presented in
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Sect. 5.3. A shift of the LUMO orbital beneath the Fermi level would directly prove the donated electron
occupying the single-electron Dy – Dy bond. The measurements should come along with detailed DFT
calculations of both gas-phase and surface-adsorbed {Dy2 } complexes with one or several Li atoms
placed in different initial positions. Classical molecular simulations of doped sub-monolayers can
be compared to the results in Figs. 5.3 and 5.8. This would shine light on the packing geometry
and is expected to answer open questions about the preferred orientation of magnetic easy axes in
the samples. As stated in Sect. 5.6, angular-dependent XAS/XMCD measurements are suggested to
experimentally approach this task. However, turning to such ensemble measurement techniques ideally
requires to know the exact ratio of doped to undoped molecules in the sample in order to deduce useful
information. This has to be estimated from coverage-dependent STM measurements in advance. A
subsequent increase in steps of 0.1 Å of Li is suggested as starting point and can be performed in
parallel to the above described experiments. A detailed survey of XMCD magnetization curves, ideally
performed at the doping saturation limit, is then recommended to investigate the magnetic transition
in doped {Dy2 } dimetallofullerenes in more detail. Generally, the lowest X-ray flux should be used
to minimize X-ray demagnetization, following a low signal-to-noise ratio that requires the averaging
of 10 to 15 hysteresis curves. Temperature-dependent measurements in the range of 2 to 20 K are
suggested to reveal a possible transition from low to bulk-like magnetic moment around zero field,
indicating potential spin-flop processes. Changing the magnetic field sweep rate from 2 T/min to a
lower value, i.e. 0.1 T/min, could shine light on the width of the crossover between both regimes.
Additionally, measurements with different directions of the magnetic field performed on a sample with
a net magnetic easy axis, i.e. on graphene/Ir(111), are suggested to accompany model calculations
including spin-flip and spin-flop processes. Finally, SQUID magnetometry experiments on doped bulk
samples are necessary to disentangle the substrate- and doping-related contributions to the magnetic
relaxation of {Dy2 } dimetallofullerenes.
Final conclusion
This chapter provides a detailed investigation of surface-adsorbed endohedral {Ln2 } dimetallofullerene
molecular magnets. The focus lies on the compound with Ln = Dy, which belongs to one of the
most promising SMMs that have been synthesized up to now. A long magnetic relaxation time at
feasible temperatures  4 K allows to fully access their magnetization dynamics on macroscopic time
scales. Experiments for the future are suggested to be extended to Ln = Tb as well as varying the
functionalization sidegroup, which has been CH2 Ph in this work. Longer or shorter [311] ligands are
expected to implement desired adsorption geometries on functional surfaces like graphene, Pb(111) or
Au(111), perfectly suited for further investigation with scanning probe methods.
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6 Concluding remarks
The aim of this thesis was to refine the insights into structural, electronic and magnetic properties of
surface-adsorbed large, polynuclear SMM complexes, see bullet points in Sect. 1.4. For this purpose
one of the most prototypical compounds, Fe4 H, has been chosen as first elaborate model system, with
well-known bulk properties. The influence of different functional surfaces has been characterized on a
single-molecule scale, and the robustness of its peculiar molecular magnetism has been demonstrated
on conductive, superconductive and decoupling substrates. The Fe4 H/Pb(111) combination has been
identified as particularly suitable system for chemical doping of individual molecular units, and is suggested to be focussed on in future research. A comprehensive experimental summary, conclusion and
outlook is presented in Sect. 4.7. As Ln-based metallofullerene SMMs evolved to one of the key players
in the community during the last years, a Ln2 @C80 (R) complex has been chosen for the second part of
this thesis. For the first time, surface-deposition of these compounds has been extensively investigated,
and successful electronic characterization combined with magnetic measurements have been performed
on a single-molecule scale. Sub-monolayers of Dy2 @C80 (R) were shown to exhibit magnetic hysteresis
up to 20 K, which effectively doubles the previously reported values for surface-adsorbed SMMs, see
Fig. 1.1b. Alkali metal doping as possible route for spin manipulation has been explored, and measurements indicate huge implications on the peculiar molecular magnetism, which is suggested as main
focus for future research with these SMMs. Experimental results are comprehensively summarized,
discussed and combined with an outlook in Sect. 5.7.
Especially the investigation of the latter compound outlines a basic route for future research concerning
SMMs. The synthesis of new single-molecule magnets with increased magnetic relaxation times and
thus enhanced TB should be accompanied by extensive effort to deposit and study these compounds
on surfaces. In my opinion, a local picture is the only way to obtain a detailed understanding of
the molecular behavior in a contact scheme, which in turn marks the most relevant question to be
addressed for integration in future devices. Based on the development summarized in Fig. 1.1b, much
space for investigation thus remains for the on-surface community in tackling SMMs that obey TB
values far away from the ultra-low temperature regime.
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12 Appendix
12.1 XAS/XMCD spectra - Data processing
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Fig. 12.1: Processing of XAS spectra recorded at the XTreme beamline. Exemplary data set for the
first spectrum in Fig. 4.18. (a) Data treatment of raw XAS data recorded at the Fe L2,3 -edges in the TEY mode.
The steps are performed from top left to bottom right: (1) At least four spectra are recorded per polarization
and directly normalized on the total beam intensity I0 , which is measured by a gold mesh. (2) Pronounced
outliers are removed using a Hampel filter algorithm [312]. (3) Both polarizations are averaged. Corresponding
background (BG) spectra are recorded on the same crystal without Fe4 H molecules. (4) The XAS spectra are
divided by the BG spectra. Subsequently, the spectra are shifted so that XAS(700 eV) = 0, and multiplied by
a factor so that XAS(730 eV) = 1. (5) The continuum BG is expressed as step function centered at the two
absorption edge energies 1,2 (L3,2 ), with a relative weight of 2 : 1 corresponding to the degeneracy of both
edges. The function reads f () = 2 [2/3 (0.5 + arctan[( − 1 )/δ]/π) + 1/3 (0.5 + arctan[( − 2 )/δ]/π)] [313],
with the energy resolution δ = 90 meV of the XTreme beamline [152]. (6) The continuum BG is subtracted.
The maximum of the (σ+ + σ− ) signal is then normalized to 1 to obtain the final XAS spectrum, together with
both polarizations. (b) From the output in (a), the XMCD signal is calculated and fitted by a polynom of
degree n = 5 in the dark green sections (black line). This accounts for different fluctuations in the BG spectra
recorded at σ+ and σ− . The final XMCD signal is then obtained by subtraction of the fit and expressed in %.

158

Appendix

F. Paschke

12.2 Fe4 H on Au(111) - Molecular rotations
gaussian fit
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Fig. 12.2: Molecular rotations of Fe4 H SMMs on Au(111). Histogram of the relative rotation θ of
each molecule in Fig. 4.9f with respect to the molecular unit cell direction. In contrast to the results on
graphene/Ir(111) (Fig. 4.6g) and Pb(111) (Fig. 4.8g), only one main rotation is observed, wich can be well
fitted with a gaussian curve (solid line).

12.3 Fe4 H - DFT calculated molecular orbitals

(a)

(b)

DOS (arb. u.)

2

0

HOMO

-6.23 eV
LUMO

1

EF
-7

-6

-5

1

-4

-3

Energy (eV)

-2

-1

2

-6.20 eV

LUMO 1

-2.37 eV

6

-6.19 eV
1

-1.80 eV

1

-6.12 eV
1

-1.62 eV

1

-6.07 eV
1

-1.57 eV

HOMO

-5.97 eV
1

-1.52 eV

-1.35 eV

Fig. 12.3: DFT calculated molecular orbitals of gas-phase Fe4 H SMMs. These DFT model calculations
have been performed by León Martin from the AG Pauly at the Uni Augsburg. (a) Total DOS as calculated
for a gas-phase Fe4 H complex, with the Fermi level set arbitrarily between HOMO and LUMO. The levels are
artificially broadened by 100 meV. (b) Calculated maps of orbital density as viewed perpendicular to the plane
of the Fe atoms, see molecular outline at the top left (white). The dpm ligands are connected via dashed white
lines as a guide to the eye. The MOs on the HOMO side are densely spaced in energy, and a number denotes the
amount of MOs with roughly the same appearance around the indicated energies. More detailed calculations
in combination with an underlying substrate are currently under way and are expected to enable comparison
to spatially resolved STS measurements as presented in Sect. 4.3.
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12.4 Fe4 H on Pb(111) - Fit of XMCD magnetization curve
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Fig. 12.4: XMCD magnetization curve of Fe4 H SMMs on Pb(111). Magnetization curve as shown in
Fig. 4.19 for Fe4 H/Pb(111), fitted with Eq. 4.7 assuming a total spin of S = 92 (solid lines). First, the shape
of the fitted curves do not vary much from the S = 5 case, and the low signal-to-noise ratio advises a careful
interpretation of fitted values. The fit yields DS=9/2 ≈ 131 µeV, being larger than the value obtained for S = 5,
and could point to a collective charging of Fe4 H on the Pb(111) surface, which has to be evaluated in future
studies. T = 2.5 K, dB/dt = 2 T/min.

12.5 Li-Fe4 H on Pb(111) - Fit of XMCD magnetization curve
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Fig. 12.5: XMCD magnetization curves of Li-Fe4 H SMMs on Pb(111). Magnetization curves obtained
on an undoped Fe4 H/Pb(111) (left) and on a doped Fe4 H/Pb(111) sample with a nominal coverage of 25 pm of
Li (middle + right). Following Fig. 4.32b, this refers to roughly 25 % of Li(*)-Fe4 H in the sub-monolayers. As
can be directly seen from the data, the area between both curves recorded at normal and grazing beam incidence
does not vary much upon Li doping. This finding indicates that the magnetic anisotropy in Li(*)-Fe4 H most
S=9/2
S=5
≈ 38 µeV (left), DLi-Fe4H ≈ 58 µeV
likely is not quenched. Solid lines denote fittings to Eq. 4.7, which yield DFe4H
S=11/2
S=5
(middle), and DLi-Fe4H ≈ 47 µeV (right). For the latter two cases, DFe4H
was fixed to the value of the undoped
sample, and resulting magnetization curves where linearly added up with their respective weights of 0.75 and
0.25. It is important to note that the small signal-to-noise ratio at these coverages quickly leads to a large error
bar in value estimation when using the fitting function Eq. 4.7. Interpretation therefore has to be performed
carefully. The fitted results indicate an increase of D in the doped Li(*)-Fe4 H compounds, regardless of the
assumed spin state S = 9/2 or 11/2. This reflects results reported for single-molecule transport measurements
in three-terminal devices [78]. On the other hand, it only partially agrees with another, similar experiment [163],
indicating that the possible charge states in such large molecules highly depend in the contact geometry. Note
S=5
that here DFe4H
is smaller than the discussed values in Sect. 4.5, wherefore more detailed measurement series
with careful sample preparation, lower temperature and several Li doping levels are suggested for future research.

