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Abstract

Molecular spintronics, a cutting-edge field at the intersection of molecular sys-
tems and spin physics, seeks to harness spin degrees of freedom for innovative tech-
nological applications. Within this context, diverse molecular systems have at-
tracted considerable interest due to their multifunctionality. This thesis focuses on
the magnetic properties of 3d — 4 f mixed-metallic-centered molecules, investigated
through scanning tunneling spectroscopy, particularly inelastic electron tunneling
spectroscopy (IETS), and x-ray magnetic circular dichroism (XMCD).

In the first part, IETS measurements were performed on the 3d-4f molecule
TbNiy. These experiments identified inelastic excitations on the in-plane Fe mono-
layer and additional excitations in out-of-plane magnetic regions. These variations
in excitations suggest possible spin excitation phenomena, offering a foundation
for future studies using advanced theoretical approaches to uncover the underlying
mechanisms.

The second part explores polynuclear 3d — 4f 15-MC-5 and 12-MC—4 metal-
lacrowns through XMCD experiments, providing element-specific insights into spin
and orbital magnetic moments.

The first XMCD measurement on RENi;[15-MC-5] molecules revealed that anti-
ferromagnetically coupled Ni(II) ions contributed minimally to the overall molecular
moment. Rare-earth ions, such as Tb(III) and Dy(III), exhibited spin and orbital
moments lower than the expected ionic Hund’s rule values, attributed to finite mag-
netic anisotropy. To explain these discrepancies, a phenomenological model was
proposed, enabling the determination of magnetic anisotropy energy barriers at the
atomic level. This approach provides a nuanced alternative to conventional macro-
scopic magnetometry techniques.

Further XMCD studies on RENig[12-MC-4] double-decker metallacrowns ex-
amined the influence of solvents on magnetic properties. A significant spin-state
crossover from low-spin to high-spin was observed in Ni(II) ions when dissolved in
methanol, attributed to changes in coordination geometry, while dichloromethane
preserved the initial spin state. Charge-transfer multiplet calculations supported
these findings, underscoring the critical role of ligand fields in shaping spin behav-
ior.

Finally, angular-dependent XMCD experiments on single crystals of REMny[12—-
MC—4], with RE=Dy(III) and Th(III), revealed a fourth-order magnetic anisotropy.
This behavior is linked to the anisotropic charge distribution of 4 f orbitals within the
tetragonal crystal field. Crystal-field multiplet simulations validated the experimen-
tal results after corrections, showing angular dependence in the magnetic moments
of DyMn,, with maxima and minima along the easy and hard axes, respectively.
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Zusammenfassung

Molekulare Spintronik, ein innovatives Forschungsgebiet an der Schnittstelle von
Molekiilchemie und Spinphysik, zielt darauf ab, Spinfreiheitsgrade fiir technolo-
gische Anwendungen zu nutzen. In diesem Kontext haben vielfaltige molekulare
Systeme aufgrund ihrer vielseitigen Eigenschaften grofles Interesse geweckt. Diese
Dissertation untersucht die magnetischen Eigenschaften von 3d-4f metallzentrierten
Molekiilen mithilfe von Rastertunnelspektroskopie, insbesondere inelastischer Elek-
tronentunnelspektroskopie (IETS), und Réntgen-magnetischem Zirkulardichroismus
(XMCD).

Im ersten Teil wurden IETS-Messungen an dem 3d-4f Molekiil ThNiy durchge-
fithrt. Dabei wurden inelastische Anregungen auf der in-plane Fe-Monoschicht sowie
zusitzliche Anregungen in den magnetischen Regionen auflerhalb der Ebene fest-
gestellt. Die Unterschiede in diesen Anregungen deuten auf mogliche Spinanregun-
gen hin und bilden eine Basis fiir zukiinftige Studien, die fortschrittliche theoretische
Modelle verwenden, um die zugrunde liegenden Mechanismen zu klaren.

Der zweite Teil befasst sich mit XMCD-Studien an polynuklearen 3d-4f 15-MC-5
und 12-MC-4 Metallacrowns, um element-spezifische Spin- und Orbitalmomente der
beteiligten Atome zu bestimmen.

Erste XMCD-Messungen an RENi; [15-MC-5]-Molekiilen zeigten, dass die Ni(II)-
Ionen antiferromagnetisch gekoppelt sind und nur geringfiigig zum Gesamtdrehmo-
ment beitragen. Die Seltenen Erden Th(III) und Dy(III) zeigten reduzierte Spin-
und Orbitalmomente im Vergleich zu den Hund Regelwerten, was auf eine endliche
magnetische Anisotropie zuriickzufiihren ist. Ein phdnomenologisches Modell wurde
entwickelt, um Energiebarrieren fiir magnetische Anisotropie auf atomarer Ebene zu
bestimmen, wodurch eine genauere Alternative zu makroskopischen Magnetometrie-
Methoden geboten wird.

Weitere XMCD-Untersuchungen an RENig[12-MC—4]-Doppeldeckermetallacrowns
untersuchten den Einfluss von Losungsmitteln auf die magnetischen Eigenschaften.
Ein deutlicher Wechsel vom Low-Spin- zum High-Spin-Zustand der Ni(II)-Ionen
wurde beobachtet, wenn die Molekiile in Methanol gelost wurden. Diese Veran-
derung wird auf eine modifizierte Koordinationsgeometrie zuriickgefiihrt. Im Gegen-
satz dazu bewahrte Dichlormethan den urspriinglichen Spin-Zustand.
Ladungstransfer-Multiplettberechnungen bestétigten diese Ergebnisse und unter-
strichen die zentrale Rolle der Ligandenfelder im Spinverhalten.

Abschlieflend zeigten winkelabhéngige XMCD-Experimente an Einkristallen von
REMny[12-MC-4] mit RE = Dy(III) und Tb(III) eine magnetische Anisotropie
vierter Ordnung, die auf die anisotrope Ladungsverteilung der 4{-Orbitale im tetrag-
onalen Kristallfeld zuriickzufiithren ist. Simulierte Kristallfeld-Multipletts bestéatigten
die experimentellen Ergebnisse, wobei die magnetischen Momente von DyMn, eine
Winkelabhangigkeit mit Maxima entlang der leichten und Minima entlang der schw-
eren Achsen aufwiesen.
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— Chapter 1

Introduction: From Spin to Spintronics

The basic research in physics is curiosity-driven, seeking to uncover new laws of
nature, while applied research is more solution-oriented, aimed at addressing spe-
cific problems using established fundamental knowledge to ultimately develop new
products for the market. Thus, one can think of the basic research as a pacemaker
for all technological progress. However, these two types of research are not always
distinct; they often overlap and interact, especially when real-world challenges de-
mand new scientific insights [1]. In recent years, the spintronics has emerged as
a promising field, offering solutions to challenges faced by conventional electronics,
such as Joule heating and the limitations of size reduction. This progress requires
an in-depth understanding of the electron’s spin as an additional degree of freedom
in device functionality, beyond just its charge.

In 1921, Otto Stern and Walther Gerlach conducted a pivotal experiment to
test Bohr’s hypothesis regarding the space quantization of an atom’s orbital mag-
netic moment [2, 3], which is that the electron’s orbital angular momentum should
be quantized along a particular direction, manifesting in two distinct orientations
conventionally referred to as "up" and "down".

In their experiment, silver atoms were vaporized in a furnace within a vacuum
system, maintained by a mercury-diffusion pump, which allowed the atoms to travel
unimpeded through the apparatus. The silver atoms were then passed through two
collimators to form a narrow beam, which was subsequently exposed to an inho-
mogeneous magnetic field, as illustrated in Fig. 1.1. The inhomogeneous magnetic
field H exerts a magnetic force on the magnetic dipole m, given by F ., = V(m.H),
which induces a torque that influences the orientation of the silver atoms. These
atoms, characterized by a single valence electron in the 5s-orbital, [Kr]d'%5s!, were
expected to produce a continuous distribution on the detector plate according to
classical physics. However, the experiment revealed two distinct spots on the detec-
tor, rather than a continuous line, providing compelling evidence for the quantiza-
tion of angular momentum.

Subsequently, G. Uhlenbeck and S. Goudsmit introduced the concept of intrinsic
angular momentum, or "spin," based on the fine structure observed in atomic spectra
due to spin-orbit coupling [4]. It was later understood that the silver atom’s s-
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orbital actually has zero orbital angular momentum (I = 0), meaning the experiment
did not test the quantization of orbital angular momentum as initially intended.
Instead, it became the first empirical confirmation of the quantization of spin angular
momentum, with the two distinct points on the detector.

Before the discovery of spin angular momentum, it was classically believed that
magnetism arose from electrons orbiting the nucleus, analogous to a current-carrying
loop generating an orbital magnetic moment. In quantum mechanics, however, the
orbital angular momentum is quantized along specific axes, typically referred to as
the z-axis. The corresponding orbital magnetic moment is then expressed as

<mi>:—/%3 <l > (1.1)

where pup = 221 = 0.927 x 1072 A.m? is the Bohr magneton, A is Planck

constant and < 1, >= hl, '

The intrinsic spin angular momentum of an electron, similar to other Fermions,
is characterized by a half-integer value, s = A/2. This spin can have two possible
projections along a given axis, typically denoted as s, = 4+h/2 which are conven-
tionally referred to as "spin-up" (| 1>) and ”spin-down” (| {>). The corresponding
spin magnetic moment is given by

<n§>:—2%i<&> (1.2)

An electron’s spin state can be represented as a coherent superposition of the
two spin projections, given by

X = al|T> +b| > (1.3)

where a and b are complex coefficients corresponding to the probability ampli-
tudes of each spin state, with |a|*>+|b|*> = 1. The spinor wave function, as introduced
in eq. 1.3, describes the non-relativistic quantum behavior of a single spin, with the

basis sates represented as
1
”>—(o> (1.4)

1> = (?) (15)

These basis states, together with the expectation values of the Pauli spin ma-
trices o; (where ¢ = z, y, 2) [6, 7], provide the framework for calculating the spin-
polarization vector of electrons along specific directions

P, < 0oy >
P=|PFP | =|<o0> (1.6)
P, <o, >

1Tt is important to note that the superscript is often omitted since it is assumed that the
observable is aligned along the z-axis, a convention followed throughout this thesis.



Chapter 1. Introduction: From Spin to Spintronics

-
-
. t
beam of
silver atoms
-
|— result expected

from quantum
physics

result expected from furnace
|/ classical physics /‘

inhomogeneous
magnetic field

Figure 1.1: Schematic of the Stern-Gerlach Experiment: Vaporized silver atoms are
emitted from a furnace and passed through two collimators towards an inhomoge-
neous magnetic field created by the pole pieces of an electromagnet—one shaped
with a groove and the other with a knife-like edge. The detector plate illustrates
the differing predictions of classical versus quantum physics. Adapted from [5]

For a beam of electrons, such as an electrical current, the spin polarization
is determined by summing the spin-up and spin-down probabilities of individual
electrons, yielding

T nt Nt
p_non 1 1 (1.7)
nt + nt I 11t

where n' and n'represents the number of electrons with spin-up and spin-down
orientation, respectively. Here, I = I refers to the intensity of spin-polarized
electrons, in solid-state system, with parallel alignment relative to the sample mag-
netization (or an external magnetic field in a vacuum), while I'™ denotes the an-
tiparallel alignment.

This degree of freedom in electron spin opens up new possibilities for utilizing
spin-dependent electron transport in various applications. One of the most signifi-
cant advancements in this area is the discovery of Giant Magnetoresistance (GMR)
8, 9] and Tunneling Magnetoresistance (TMR) [10], which have become foundational
technologies in modern data storage. The field dedicated to the study and appli-
cation of electron spin manipulation is known as Spintronics or spin — electronics
[11].

The core research areas of Spintronics focus on spin transport, spin dynamics,
and spin relaxation within solid-state systems [11]. Spin-polarized electrons, or
pure spin currents, can be generated in solid-state systems through various methods,
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including the application of electromagnetic waves [12], electrical spin injection from
adjacent ferromagnetic materials [13-16], electric field application [17], or thermal
gradient [18]. This ability to control spin currents has paved the way for innovative
devices that hold promise as alternatives to traditional charge-based electronics,
such as spin diodes [19], spin-torque oscillators [20], racetrack memory [21] and spin
qubits [22].

The inevitable fate of the current conventional charge-transport electronics has
been predicted by G. Moore in 1965 [23]. In his seminal paper, he introduced what
is now known as "Moore’s Law", stating that "the number of transistors integrated
on a chip doubles every two years', as depicted in Fig. 1.2. This projection was
based on the observation that the size of integrated transistors could be reduced by
a factor of two every four years. However, this continuous miniaturization is bound
to encounter physical limits, leading to significant challenges for integrated circuits,
including issues like cross-talk and energy dissipation. The innovative spintronics
devices mentioned earlier might offer promising solutions to these challenges. Yet,
the continuous shrinking of the ICs (top-down approach) push the researchers to-
wards conquering playgrounds other than the inorganic silicon wafers. This new
promising land must provide building blocks as small as possible and can be assem-
bled one by one upon request, which is known as 'bottom-up” approach. In 1974, the
molecules raised as a promising building blocks for novel and futuristic electronic
circuits with the discovery of some molecules, called hemiquinone, has the capability
to pass the current only in one way from the cathode to anode similar to p —n junc-
tion diodes, showing a molecular rectifier [24]. Later, other functions of electronic
devices, e.g. switching, transmissions (molecular wires), amplification, and storage
have been proven [25]. These findings are differ than the bulk-material-based molec-
ular electronics found in some well-established technologies like dye lasers, OLEDs,
and liquid-crystal displays, where this kind of novel molecular electronics contain
only several single molecules embedded between the electrodes and performing the
different electronics functions —rectification, amplification and storage— within the
same molecule in a mono-molecular approach [25].

The integration of organic molecular properties and functionalities into the de-
sign of novel spintronic devices opens up exciting possibilities in the emerging field of
Molecular Spintronics [27]. The molecular Spintronics, or spin-electronics, investi-
gates the injection, manipulation and detection of the electronic spins in spin devices
containing large area sets of molecules or in one unique molecule [26]. This field
lies at the interface between organic spintronics, molecular magnetism, molecular
electronics and quantum computing, as shown schematically in Fig. 1.3. This field
offers significant advantages, primarily due to the versatility of molecules, which
can be synthesized in various types and combinations at relatively low costs. Ad-
ditionally, their electronic and magnetic properties can be tailored to specific needs
through chemical synthesis.

When incorporating molecules into spintronic devices, two critical parameters —
spin-relaxation time 74 and spin-diffusion length /,— must be thoroughly evaluated
as they are key figures of merit for device performance. Early examples in this field,
such as Algs and Rubrene, exhibit long 7, but short [ [28]. In contrast, inorganic

4
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Figure 1.2: Moore’s prediction of the exponential growth in the number of transistors
integrated on a chip over time (logarithmic scale), with the names of well-known
processors marked at their respective years of fabrication. Image adapted from
Ref.[26]

semiconductors typically offer longer spin-diffusion lengths, facilitating more effec-
tive spin transport within devices. This difference arises from the distinct electronic
structures of semiconductors and molecules. In semiconductors, electronic states
merge to form bands, allowing electrons to move as quasi-free particles, resulting in
higher mobility, as seen in p-doped Si with a mobility of 1 = 450 cm?V ~ts~1. Con-
versely, in molecules, electrons occupy localized states and must hop between them,
leading to lower mobility, such as the y = 40 cm*V~'s™! observed in Rubrene [29].

The extended 75 observed in organic materials can be attributed to weak spin-
orbit coupling, especially since the elements commonly used in these materials are in
the upper rows of the periodic table (low Z), resulting in reduced spin-dephasing. In
addition to that, other spin-scattering mechanisms are minimized, e.g.: hyperfine in-
teractions and scattering with paramagnetic impurities which can sustain long-lived
spin states in organic molecules [27]. However, the combination of long 74 and short
ls poses challenges for Molecular Spintronics applications, rendering the spins be-
ing manipulated and detected close to the injection point. This limitation confines
potential applications to two primary strategies: (i) nano-scale devices with channel
length smaller than 20 nm, or (ii) single-molecule devices [27]. The realization of
single-molecule devices necessitates a microscopic understanding of spin transport
and interfacial interactions between molecules and the supporting substrates or elec-
trodes. High spatial resolution techniques, such as scanning tunneling microscopy
(STM), are invaluable in these investigations. STM enables the examination of sin-
gle molecules at the atomic level, providing insights into spin-dependent molecular
orbitals, the hybridization between electronic states of the substrate and molecular
orbitals, and the resulting spin-polarization at the interface. These phenomena are
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Figure 1.3: The interdisciplinary field molecular spintronics brings together physi-
cists, chemists, and material scientists. It lies at the intersection of organic spintron-
ics, molecular magnetism, molecular electronics and quantum computing. Image is
adapted from Ref. [30]

central to the emerging sub-field known as Spinter face.

This thesis presents a comprehensive magnetic investigation of several single
molecules containing mixed 3d — 4 f metallic centers, structured into five main chap-
ters. Chapter 1 introduces the fundamental concepts related to the electronic struc-
ture and magnetic properties of both isolated and adsorbed molecules. It also in-
cludes a literature review of other relevant molecules, particularly single-molecule
magnets. Chapter 2 provides an overview of the specific molecules studied in this
work, detailing their structures and magnetic properties. Chapter 3 will cover the
experimental techniques and instruments employed throughout the research. Chap-
ter 4 focuses on the scanning tunneling microscopy and spectroscopy results ob-
tained for 3d — 4 f molecules deposited on ferromagnetic substrates, specifically the
NiyTh molecule on 1.5 ML Fe (110) / W(110) substrate. Chapter 5 presents peer-
reviewed results on 3d-4f metallacrown molecules, investigated using element-specific
X-ray Magnetic Circular Dichroism (XMCD). This technique allowed for the sepa-
rate measurement of the spin and orbital magnetic moments of each element within
the molecule, providing insight into the magnetization-reversal energy barriers. Ad-
ditionally, changes in the local coordination environment of metallic centers were
linked to variations in the spin-ground states of the molecules in different solvents,
and the anisotropy of the 4f states in certain 3d — 4 f metallacrowns was character-
ized through angular-dependent XMCD measurements. The thesis concludes with a
summary of the key findings and an outlook on potential future research directions.
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Molecular Spintronics

2.1 Molecules: The Building Blocks of Molecular Spin-
tronics

2.1.1 Isolated Molecules

Electronic structure

The electronic structure of free atoms have a discrete “quantized” nature, in a sense
that only electrons can occupy some specific energy levels. The experimental ev-
idence supporting this fact is extensive and well-documented. It is most directly
derived from the selective absorption of radiation in which the absorbed radiation
energy itself is discrete. This absorbed energy is the necessary energy to promote
electrons between different atomic energy levels, AEF = hw, where h is Planck
constant divided by 27 yielding the unit of angular momentum and w is the ab-
sorbed radiation angular frequency. This energy-levels discreteness is persistent
when atoms combine to form molecules. The evaluation of the observations related
to these molecular systems can be done by solving Schridinger Equations [31] ap-
proximately in the framework of either valence band theory (VB) or molecular or-
bital theory (MO). The former has failed in determining the magnetism of some
molecules and the light-absorption meanwhile the later presents a comprehensive
understanding of the molecules and their energy levels [32].

In the MO theory, the molecular orbitals arise from the interaction between the
atomic orbital of the constituting atoms and they spread over the entire region of
space surrounding the molecule. This interaction is allowed once the symmetry of the
interacting atomic orbitals are compatible with one another and relatively close in
energy. Also, the resulted MOs must not outnumber the constituting atomic orbitals.
It is possible to understand the MO theory in terms of the simple Hy molecule where
each H atom has one electron in 1s orbital with associated wavefunction iand 1,
for each. The linear combination of the atomic orbitals (LCAQO) yield two MOs for
that molecular system
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¢MO = QyDbonding = % [¢1 + @Zjﬂ (21)
and
V10 = Vanstonding = s 1 — ] (22)
MO — Wantibonding — \/§ 1 2]- .

Equations 2.1 and 2.2 refer to the two LCAO cases where once the wave function
interfere constructively (bonding) and the other destructively (antibonding). The
bonding MO is stabilized and have lower energy with respect to the H atomic 1s
orbital, where the electrons in the bonding MO are attracted to both nuclei leading
to a stable covalent bond. On the other hand, the antibonding MO is destabilized
and have higher energy than the constituting atomic orbitals, as shown in Fig. 2.1.
The bonding MO has high probability to find the electrons in the central region
where the electronic density is concentrated between the two atoms. Meanwhile,
the antibonding MO has a nodal plane in the middle where the electron density is
zero and the electron density is concentrated in the opposite outer regions of the
nuclei.

The MO has specific symmetry either o- or m-symmetry, following the sym-
metry of the constituting atomic orbitals and their interference. The MO with
o-symmetry have center of inversion symmetry, i.e. the phase of the wave func-
tion does not change once rotated about the internuclear symmetry axis. Such
MOs can be denoted by o,(1s)? for the bonding ground state indicating that the
MO coming from 1s atomic orbitals and it is occupied by two electrons with even
parity, i.e. no phase change around the center of inversion in the molecule. On
the other hand, the antibonding state is denoted by 02(13)2 indicating to a phase
change and the presence of a nodal plane in the central region. The o-symmetry
MOs are formed from head to head overlapping of s- and p.-orbitals concentrating
the electron density in the middle region between the nuclei amlong the internuclear
axis. Meanwhile, the m-symmetry MO is formed from side-by-side overlapping of p,-
and p,-orbitals concentrating the electron density above and below the internuclear
axis. The overlapping integral in the w-symmetry MO is smaller than its counter-
part in the o- symmetry MO and the rotation about the internuclear axis changes
the phase, as shown in Fig. 2.2. Such introductory concepts work well for sim-
ple diatomic homonuclear molecules but the more the nuclear charge of the atoms
get increased the more orbital mixing occurs and things are more complicated. In
the hetronuclear molecules, the symmetry condition of the interacting orbitals still
a crucial mandate to form the MOs yet the orbitals energy determine the size of
overlapping between the two atomic orbitals in each MO. Thus atomic orbitals with
s-symmetry can overlap significantly with p.-symmetry orbitals but not with p,-
and p,- symmetry orbitals.
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Figure 2.1: Schematic diagram of the Hy molecular orbitals formed from the two 1s
atomic orbital of two H atoms (a). The in-phase interference between the atomic
orbital wave functions leads to bonding MO and forming stable Hy molecule (b).
Meanwhile, the out-phase interference forms anti-bonding MO and destabilized H}
molecule (c).

The above mentioned discussion of the formation of the MOs can be handy and
useful up to di- and triatomic molecules, where three set of orbitals can be depicted
for the former (2 atomic orbitals + 1 MO) and four set of orbital for the later (3
atomic orbitals + 1 MO). Unfortunately, diagrams become more difficult to read
and understand for polyatomic molecules. Thus, another approach is used to get a
descriptive diagram with less orbitals which is the Ligand Group Orbital Approach
(LGO). In this approach, the orbitals of the non-central atoms are grouped in LGO
and following the symmetry of this LGO and the central atom orbital the bonding
takes place to form the MO. The correspondence in the symmetry between the LGO
and the central atom orbital is crucial to yield the MO, otherwise no bonding occurs
and the orbital of the central atom will end up non-bonding. The derivation of
MO in that case depends on the symmetry point group of the molecule and a quick
example can be given to provide the reader with a general overview.

Fig. 2.3 shows for MOs of exemplary molecule XH, , where X is an arbitrary atom
with 2s and 2p as valence orbitals. The H — H fragment constitutes a ligand group
wavefunction from the two 1s atomic orbitals with two possible phases: (i) in-phase:
LGO1 = \/Li [¢1(1s) + o(1s)] , (ii) out-of-phase: LGO2 = \/LE [11(1s) — a(1s)].
The first LGO1 has 0,- symmetry which enables it to bond with the central atom X
25(04) orbital forming bonding MO of the first ground state ¢ (o,) and anti-bonding
MO #%(o4). On the other hand, the out-of-phase LGO2 has ¢,- symmetry which
matches well with the 2p,orbital symmetry to form bonding and anti-bonding MOs,
Yo(0y,) and g (oy), respectively. The bonding MO ;(o,) and v(0,) spread over
all three atoms leading to a delocalized bonding. The remaining 2p, and 2p,orbitals
becomes non-bonding orbitals.
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Figure 2.2: Graphical representation of o-symmetry MO (a) and m-symmetry MO
(b). The upper rows in both panels represent the bonding ground state where the
wavefunction amplitude increases in the region between the nuclei. Meanwhile, the
lower panel represents the antibonding MOs with nodal plane in the middle shows
small probability to find the electrons in that region. colors: Blue and Red refers
to the waves of different phases, Grey refers to the nodal plane , Black refers to the
atoms nuclei. Image is taken from Ref. [32].

For more complex polyatomic molecules, the molecular orbitals (MOs) are treated
as many-particle systems with atomic orbitals serving as the basis functions. If a
molecule has n atoms, there are n orthonormal atomic orbitals: {x1, x2, -+ ...... Xn}-
Consequently, MOs are formed from LCAOs as follows:

Yy = cuxi + Caxe ... + CniXn = Z CriXp (2.3)
o
where 1 = 1,2,........ ,n, and ¢,; is the molecular orbital coefficient, whose mag-

nitude indicates the contribution of atomic orbital 4 in the corresponding MO. The
MOs are orthonormal:

< ¢z|¢] > = (Sij (24)

where ¢;; is the Kronecker-Delta function, 6;; = 1if ¢ = j and 9;; = 0 if
i # j. The ¢,; values are obtained by solving the eigenvalue equation of the effective
one-electron Hamiltonian, H¢/7:

H 4 = Eqp; (2.5)

where E; is the energy of the MO ;. The overlap between two atomic orbitals,
X and x,, centered on two different atoms will be expressed as the overlap integral:

S =< Xulxv > (2.6)

10
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Figure 2.3: Schematic diagram of the electronic structure of the exemplary molecule
XH,. The molecule lying along the z-axis. 1s orbitals of H atoms form LGOs with
two phases and two symmetries (far right). The bonding between these LGOs and
the orbitals of X atom (far left) must fulfill the symmetry condition of the MO. The
bonding MOs are ¢;(o,) and v5(0,), meanwhile their corresponding anti-bonding
MOs are i (0,) and ¢§(o,).

The symmetry of the orbitals influences this overlap integral S,, and dictates
whether it vanishes or not and whether the resulting MO has o- or m- symmetry.
The more positive Sy, is, the more stabilizing the MO, i.e.: bonding MO. The deter-
mination of the MOs energy can be obtained by solving a well-known mathematical
result from that theory, called secular determinant:

Z |Hw/ - EiSuV|CuV =0 (27)
I

where the coefficients ¢, are chosen to minimize the energy according to the
variational theorem. More rigorous and comprehensive explanation of deriving MOs
of molecules and their corresponding energy can be found in chemistry resources like
Ref. [32-34].

The most significant molecular orbitals (MOs) are the Highest Occupied Molec-
ular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). The
HOMO is the highest energy MO that contains electrons, while the LUMO is the
lowest energy MO that is unoccupied. Similar to the density of states in solid-state
physics, the HOMO can be likened to the top of the valence band, and the LUMO
to the bottom of the conduction band. The energy difference between these two
orbitals, known as the HOMO-LUMO gap, is essential in various molecular studies.
It typically represents the lowest possible electronic excitation energy in a molecule.
For instance, colorless substances have a large HOMO-LUMO gap, preventing them
from absorbing any visible light wavelengths. The HOMO-LUMO gap of molecules
can be determined experimentally through complementary techniques such as ul-
traviolet absorption spectroscopy [35] electron attachment spectroscopy, or cyclic
voltammetry measurements [36]. Additionally, the high spatial resolution of Scan-
ning Tunneling Spectroscopy allows for the measurement of the HOMO-LUMO gap

11
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Figure 2.4: Schematic diagrams of coordination complexes geometries with coordi-
nation numbers 1 — 6. Original Image is taken from Ref.[41].

in single molecules [37-39]. Theoretically, the HOMO-LUMO gap can be calculated
using Density Functional Theory (DFT) and Hartree-Fock methods [40].

In this thesis, we will explore an intriguing class of molecules known as coordi-
nation complexes, which are significant in the field of molecular magnetism due to
their unique ability to exhibit magnetic properties through variations in their struc-
tural and electronic configurations [42-44]. Coordination complexes consist of a
transition metal (3d) or lanthanide (4f) cation M™* covalently bonded with several
ligands (coordinated). These ligands can range from simple ions such as C1~, to
small molecules such as HoO or NHg, larger molecules such as HNCH;CH;NHS,,
or even macromolecules like proteins [41].

The ligands attach to the central metallic ion via donor atoms, which can vary
in number: a single donor atom (unidentate), two donor atoms (didentate), or mul-
tiple donor atoms (polydentate) [32]. The coordinate covalent bond in coordination
complexes differs from conventional covalent bonding in that the pair of electrons
originates solely from the ligand, making the ligand a Lewis base and the metal ion
a Lewis acid [45]. Hence, this bond is a specific type of covalent bond known as a
coordinate covalent bond (or dative bond). The geometric structure of a complex is
determined by the spatial orientation of these metal-bound groups and the number
of donor atoms in the ligands, known as the coordination number. For instance,
in a four-coordinate complex, the donor atoms can be arranged at the vertices of
a tetrahedron, forming a tetrahedral geometry, or in a plane at the corners of a
square, forming a square planar coordination geometry. It is important to note
that the coordination number of a complex differs from the oxidation number of the
central cation. For example, in the complex [Co(INHz)g]®>", the oxidation number
of the cobalt ion is +3, whereas the coordination number is 6. The excess charge on
the complex is referred to as the secondary valence, while the oxidation number is
known as the primary valence. Some common idealized structure for coordination
complexes with coordination numbers 1-6 are shown in Fig. 2.4.

The magnetic properties of coordination complexes can be understood through

12
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the Crystal Field theory (CF) introduced by H. Bethe in 1929 [46]. According to
this model, ligands are considered as point charges that generate an electrostatic
field acting upon the d-orbitals of the central atom. If the d-orbitals experience a
uniform electrostatic field intensity, the energies of all the d-orbitals would increase
by the same amount. However, because the five d-orbitals have different anisotropic
spatial distributions, as illustrated in Fig. 2.5a, they are affected differently, where
some orbitals will be closer to the ligand point charges than others, leading to a
lifting of their degeneracy. The resulting splitting of these orbitals is dependent
on the strength of the crystal field and the spatial arrangement of the surrounding
ligands. Here, we will explain two geometries: the octahedral ligand field splitting
and the square planar ligand field splitting.

In an octahedral ligand field, the d,2_,2 orbitals and d.» orbitals are destabilized
more than the d,,, d,. and d,, orbitals. This is because the former group of orbitals
points along the Cartesian axes and interacts strongly with the ligands positioned at
these axes, belonging to the group symmetry e,. On the other hand, the latter group
of orbitals points between the axes and interacts less with the ligands, resulting in
lower energy and greater stabilization; these orbitals belong to the group symmetry
tay [32], as depicted in Fig. 2.5b. The energy difference between the two sets of
energy levels is defined as A,, octahedral ligand field splitting, and the two sets
are split with respect to the Barycenter, which is the raised energy level of the
degenerate orbitals in a spherical ligand field .Thus, the e, set is raised by 0.6 4,
and the ¢y, set is lowered by 0.4 A,.

On the other hand, the energy splitting in a square planar ligand field follows a
different pattern. In this geometry, the d-orbitals split into four distinct symmetry
groups: aig(d,2), big(dy2_y2), be(dsy), and eg(dy., dy.), as shown in Fig. 2.5b. The
ligands lie in the x-y plane along the coordinate axes. Therefore, the d,2_,2 orbital
is the most destabilized in this geometry because its lobes point directly along the
x-y coordinate axes. The d,,, orbital, which lies between the x-y coordinates and has
its lobes pointing between the axes, has the second highest energy. The d.2 orbital
is lower in energy than these two but higher than the d,. and d,. orbitals. This is
because the d.» orbital has a ring of electron density in the x-y plane that interacts
with the ligands, making it more destabilized than the d,, and d,, orbitals.

The energy splitting between the different d-orbitals depends on the strength of
the ligand field which can be determined from the empirical spectrochemical series :

CO, CN™ > phen > bpy > NH3 > H,O > OH™ > CI” > SCN™ >1".

If the ligand field lies in the right side of that series (weak ligand field) then
the magnitude of the energy splitting, say A, in octahedral ligand field, will be
less than that generated by ligands on the far left side of the series (strong ligand
field). Consequently, in some complexes with weak ligand fields with d* —d" electron
configurations, it is more energetically favorable to fill the upper orbitals, e.g.: e,
orbitals in octahedral ligand field, rather than pair the electrons in the lower orbitals,
e.g.: ly, orbitals in octahedral ligand field, resulting in high-spin complexes with
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Figure 2.5: (a) Graphical representations of the five d-orbitals. (b) Schematic energy
diagram of the d-orbitals of a hypothetical complex with a central Ni**ion in both
octahedral (center) and square planar ligand field (right). In the octahedral ligand
field, the complex results in a high-spin configuration (HS) with spin S = 1, whereas
in the square planar ligand field, it results in a low spin (LS) configuration with spin
S = 0. However, the square planar ligand field can also produce a high-spin complex
if the ligands are weak enough, making it more favorable to fill the d,2_,2 orbital
rather than pairing the electrons in the d,, orbital.

-y

unpaired electrons. On the other hand, in strong ligand fields, it is more energetically
favorable to pair the electrons in the lower orbitals rather than fill the upper orbitals,
yielding low-spin complexes.

14
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Magnetic Properties of coordination complexes

In the 1950s, Guha et al. observed paramagnetic behavior at low temperatures (be-
low 80 K) in a Cu(II) acetate complex [47]. This magnetic behavior was attributed
to superexchange interaction, with an exchange interaction of J ~ —18.6meV, be-
tween the two Cu(II) ions by acetate bridges within the complex. Subsequently,
various magnetic orderings in polynuclear complexes have been reported at different
temperatures, ranging from 5.5 K in the blue Prussian family complex

Fe [Fe(CN)g)5.xH20, to 60 K in Nizg[Cr(CN)g]2.9HO (ferromagnet) [48], 125
K in Cs;Mn[V(CN)g] (ferrimagnet) [49], 240 K in Cr3[Cr(CN)g]2.10H2O (fer-
rimagnet) [50], and up to 376 K in KV[Cr(CN)gl2.2H20 (antiferromagnet) [51].
The nature of the magnetic ordering in these complexes is determined by the sym-
metry of the interacting orbitals of both the ligand and the central metal ion. If the
orbitals are symmetry-allowed, the interaction will be antiferromagnetic, whereas if
they are symmetry-forbidden or orthogonal, the interaction will be ferromagnetic
[52].

Later in the early 1990s, an unusual discovery in the coordination complex
[Mn;2012(OAc)16(H20)4], commonly referred to as the MnjsAc cluster, opened
new avenues in molecular magnetism research [43]. Sessoli et. al. observed a mag-
netic anisotropy in this cluster, leading to magnetic bistability at a low temperature
of 4.4 K, which resulted in a pronounced hysteresis [43]. Consequently, the magne-
tization in this molecule experiences slow relaxation in the absence of a magnetic
field. This retention of magnetization has become of great interest due to its poten-
tial applications in data storage and quantum computation [53-55]. This family of
coordination complexes is known as single-molecule magnets (SMMs) [56-58].

The archetypical SMM Mnj2Ac skeleton consists of four internal Mn(III) ions
with ground spin state, S = 1/2, and eight peripheral Mn(IV) ions with ground spin
state, S = 3/2, in which they are antiferromagnetically coupled with each others
resulting into total ground spin state of S = 10 leading to a ferrimagnetic spin
arrangement. This “Giant Spin” has 25 + 1 projections which are mg microstates
ranging from S = —10 to S = 410. The unperturbed Hamiltonian of this system
includes the Zeeman energy, in the presence of an applied magnetic field along the
molecule’s unique axis H,, and the crystal-filed splitting that lifts the degeneracy of
the microstates in the absence of the magnetic field, known as Zero-field splitting

(ZFS) [59]:
H = gupH.S. + D[S2 — g(s +1)] (2.8)

where ¢ is the gyromagnetic ratio, up is Bohr magneton, and D is the ZFS
parameter. The corresponding energies of these microstates can be calculated from
the Eq. 2.8 resulting into:

E(m,) = D(m?—110/3) + gupmsH. (2.9)

where —S < my; < S, and the two lowest microstates (most thermally stable
states) are separated by an effective energy barrier. This energy barrier U.ss oc-
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curs due to the easy axis magnetic anisotropy in this molecule, which means that
the magnetization is preferentially oriented parallel to the z axis. For integer spin
systems, it is equal to

Uesr = S?|D, (2.10)

meanwhile, it is equal to
1
Uess = (5= ID| (2.11)

for half-integer spin systems. If D < 0 , then the largest microstates m; = +10
lie lowest in energy in this molecule leading to depict the microstates states as
two wells separated by an effective energy barrier and the separation between two
subsequent microstates is equal to |D|(2|ms| — 1), as shown in Fig. 2.7. Below
the blocking Temperature Tz in the absence of the magnetic field the molecules
thermally populate the two lowest microstates equally, i.e.: my; = —10 and mg =
+10, as shown in Fig. 2.7(a). If the magnetic field is applied parallel to the easy
axis of the molecule with large value enough, the my = —10 state will be the
only populated state, below Tz, where this projection is parallel to the applied
field. Once the applied magnetic field is removed, the system relaxes back to its
thermal equilibrium state as shown in Fig. 2.7(c). The magnetization relaxation
decay exponentially, M. (t) = M,(t = 0)exp(t/7), where 7 is the relaxation time.
The most sought goal of the researchers in the molecular magnetism community is
to increase the magnetization relaxation time of such molecules at higher blocking
temperature which might lead to use this kind of molecules as potential data storage
mediums. The main source of this relaxation is the spin-phonon coupling which
originates from the perturbation of the crystal field induced by lattice vibrations
and it will be added to Eq. 2.8 to yield an effective Hamiltonian of the molecule,
and it is known as Orbach relaxation process [60]. The spins lose energy during
transitions between the microstates by emitting phonons, which excite vibrational
modes of the lattice. Villain et al. demonstrated that the magnetization relaxation
rate in such molecules follows the Arrhenius law [60]:

T = T19exp(Uess/kpT) (2.12)

The prefactor 7y is given by:

27 h2pc® [ S? r
T0O —

- 2.13
3 ho (2:13)

Uery

where p is the specific mass, ¢ is the phonon velocity, and |Vjo| is the spin-phonon
matrix elements of the last step to climb the energy barrier, which is the slowest
and thus the most determinant transition for the relaxation rate. Also, alternative
relaxation mechanisms can take place like: direct process and the Raman process,
in which phonons can cause a “spin flip” within the ground doublet. These mecha-
nisms will render the magnetization relaxation temperature independent in the low
temperature regime [61]. For MnjsAc , 70 = 2.1 x 1077 s , and Uy /kp = 62 K
yielding a relaxation time of 2 months at 7' = 2 K, and up to 50 years below T" =
1.5 K [62]. As a matter of fact, another two relaxation mechanisms related to the
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spin-lattice mechanisms takes place besides Orbach relaxation and QTM; i.e.: the
Raman and direct processes. These relaxation mechanisms are beyond the scope of
this study. Thus, the reader is refereed to Ref.[63] for further reading.

The magnetization of SMM molecules can experiences a quantum tunneling be-
tween two degenerate microstates on the sides of the well, known as “resonant tun-
neling states”, without the need to overcome the energy barrier U.ss [59]. This
tunneling occurs due to admixture of the states with some perturbation resulted
from the transverse anisotropy in the x-y plane:

H = E(S2—-5)) (2.14)

where F is a the transverse anisotropy parameter with limits of 0 < |E/D| <
1/3. As a result of the coexistence of these two phenomenon below T, the field-
dependent magnetization, M (H), of theses molecules shows a hysteresis loop with
sharp transitions at some specific fields due to “short cuts” in the magnetic relaxation
through the quantum tunneling magnetization [64], as shown in Fig. 2.6(c).

The main strategy to increase the energy barrier, besides the suppression of the
zero-field QTM, was to increase the ground-state spin value S following the energy
barrier equations 2.10,2.11 [44, 65]. Yet such strategy did not yield SMMs with larger
Ues that exceeds the one of the Mn;2 Ac SMM. For example, the complex aggregate
of {MnlyMn!'} has a spin ground state of S = 83/2, yet it does not show any
hysteresis loop indicating to the absence of SMM behavior at low temperatures [66].
On the other hand, synthesizing complexes with large magnetic axial anisotropy,
i.e.: large negative values of ZFS parameter D with small £ values, can be more
promising for larger U,.rs [52]. Such approach can be challenging because a highly
delicate control of the local coordination environment of the central metallic ions
in the host molecules is required. Besides that, the 3d ions has quenched orbital
magnetic moment which can not produce a sizable magnetic anisotropy.

Lanthanides (Ln) began to be incorporated into the synthesis of Single-Molecule
Magnets (SMMs) due to their large spin and orbital magnetic moments. The un-
quenched orbital angular momentum in these ions leads to strong spin-orbit cou-
pling, resulting in a total angular momentum J, which can be deduced from Hund’s
rules. The ground state of these ions is represented as 2°*'L;, where S is the to-
tal spin angular momentum, L is the total orbital angular momentum, and J is
the total angular momentum which is equal to J = L + 5 | if f-orbitals are more
than half-filled and J = L — S if f-orbitals are less than half-filled [69]. The spec-
troscopic notion (S, P, D, F, G, H, .... ) is used to designate the total orbitals
angular momentum of the ground state corresponding to the values (0, 1, 2, 3, 4,
5, ...). The 4f orbitals are localized and retain the ionic electronic structure within
the molecules. Although the spin-orbit coupling in the ground state is smaller than
the surrounding crystal field, the latter can be considered a significant perturba-
tion, lifting the degeneracy of the ground state and yielding 2J + 1 m; projections
(substates) ranging from —J to +.J [61]. Including Ln in SMMs leads to significant
magnetic anisotropy, introducing the concept of "single-ion" SMMs (SIMs). The first
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Figure 2.6: (a) Schematic representation of the molecular structure of the Mnj,Ac
cluster. Color scheme: Mn3* (blue), Mn** (olive green), O (red), N (blue), C (grey),
H atoms are omitted for clarity. (b) Energy barrier separating bistable magnetiza-
tion direction (m, ground microstates) ms = +10. (c) Isothermal field-dependent
magnetization measurements at varying temperatures with constant field sweep rate
of 2 mT/s of the SMM MnjsAc. The hysteresis loop opened below T = 4 K shows
steps due to resonant QTM. The steps are getting sharper at lower temperatures and
it becomes temperature-independent at T = 0.6 K. Images are taken from Ref.[67,
68].

known SIM was (BuyIN)[TbPcy], where Pc?~ is the phthalocyanine ligand, which
had an effective energy barrier of 28.52 meV (230 cm™!), a record for several years
[70]. Moreover, the blocking temperature of the slow relaxation of magnetization in
SIMs exceeds that of SMMs, with the first reported SIM having a T of 40 K [70],
compared to no SMM exceeding 8 K.

Most Ln-SIMs include Tb(III), Dy (III), Er(III), or Ho(III) [61], due to their
large ground m microstates. For example, Dy(III) ions, with a 4/ electron config-
uration, have a ground state of H,5 /2, with the second-lowest energy state 6H,s /2
about 372 meV (3000 cm 1) above, providing stability and bistability for the lowest
my in the molecule [71], as shown in Fig. 2.8(a). Similarly, Tb(III) ions have
a ground state of “Fy, with the separation between the lowest ground microstate
my = 6 and the first excited state m; = 5 around 49 meV (440 cm™!) [72].

A notable strategy to achieve a large U,y is the Reinhart model, which involves
selecting the appropriate ligand field symmetry for the Ln central ion [73]. The 4f-
shell electron density distribution of Ln(III) ions exhibits strong angular dependence
described by the quadrupole moment. The different occupation of these orbitals in
the ground state of Ln (II) results into shape variation ranging from an oblate shape
(equatorially expanded like donuts) to prolate shape (axially elongated like a cigar),
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Figure 2.7: Schematic diagram of the two-well model of the magnetization relax-
ation. (a) In the absence of the magnetic filed, the two lowest microstates of the
molecules S = %10, separated by an effective energy barrier U.ys, are equally ther-
mally populated below Ts. (b) In the presence of the magnetic field, the molecules
starts to populate the lowest microstate aligned with the magnetic filed direction
S = —10. (c) Once the applied magnetic field is removed, the magnetization of the
molecules relax back slowly to the lowest state S = +10 by overcoming the energy
barrier (black dotted arrow). It is possible a to observe QTM once the energy levels
of the two microstates are degenerate (yellow dashed arrow).

as shown in Fig. 2.8(b). To prevent magnetization reversal, a ligand field should be
created to minimize electrostatic repulsion at m; = 4+J and maximize it at other mi-
crostates, as shown in Fig. 2.8(c). SIMs with an Ln(III) ion with an oblate 4f-shell,
such as Ce(I1I), Pr(III), Nd(IIT), Tb(III), Dy(III), and Ho(III), can achieve
large anisotropy if the molecule’s scaffold provides an axially symmetrical ligand
field, as seen in (BuyN)[LnPc,] [70], as shown in Fig. 2.8(d). Conversely, Ln(III)
ions with a prolate 4f-shell prefer a circumferential ligand field. However, it should
be noted that such straightforward approach is not working all the time, where the
easy axis of magnetization may not always align with the molecular symmetry axis,
and Dy(III), being a Kramers’ ion with an odd number of f-electrons, maintains
the stability of the m; ground state regardless of the ligand field symmetry [61].

A mixed nd — 4f SMM has been reported in the literature as an attempt to
mix the high spin S resulting from the magnetic exchange interaction of the nd
ions and the large anisotropy of the Ln(III) [74, 75]. The potential application of
such molecules in future data storage remains challenging due to several arising
issues. Firstly, the low Tg presents a significant obstacle,where the record Tz is still
slightly below the liquid nitrogen temperature 60 K . Additionally, QTM at zero
field between the two lowest microstates hinders any bistability in these molecules.
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Figure 2.8: (a) Dy(III) free ion electronic structure diagram of low energy states in
different perturbations: electron repulsion (left), spin-orbit coupling (middle), and
crystal field (right). The spin-orbit coupling left the degeneracy of the ground state
yielding multiplets with total angular momentum |L + S| < J < |L — S|. The
crystal field lefts the degeneracy of the ground state ®Hys/5 into 2J+1 m; substates,
i.e. 16 m; substates. Image is taken from Ref. [67]. (b) Ln(III) Quadrupole of the
4f-shell electron distribution. (c¢) Sketch of the low- and high-energy configuration
of the oblate (left) and prolate (right) f-orbital electron density. Due to the strong
spin-orbit coupling in Ln(III), S (green arrow) co-rotate with the electron density
cloud. Thus, for the oblate electron density, the axial ‘‘sandwich’- type crystal field
minimizes the energy of the m; = J (high moment) microstates, and maximize the
energy of the other intermediate microstates. Meanwhile, the equatorial electron
configuration minimizes the energy of the high moment for the prolate electron
density. (d) Structure of [TbPc?] (Pc?*~ =phthalocyanine) with red, blue, and gray
spheres represent terbium, nitrogen, and carbon respectively. Hydrogen atoms have
been removed for clarity.

However, some progress has been made in this direction, particularly by tuning
QTM, as in the case of Mngy SMM. These molecules do not exhibit zero-field QTM
due to weak intermolecular antiferromagnetic exchange coupling within the molecule
dimer, which shifts the resonance between the two lowest microstates and leads to
the retention of magnetization upon the removal of the external magnetic field [76].

2.1.2 Molecule-surface interaction

To realize the potential applications of these molecules in advanced spintronics de-
vices, it is essential to investigate their interactions with substrates at a fundamental
level. This entails a comprehensive understanding of the adsorption mechanisms of
the molecules, as well as the reciprocal modifications that occur, including changes to
the local substrate at the adsorption sites and alterations in the electronic structure
of the molecules themselves.

There are two primary adsorption mechanisms affecting molecules adsorbed on
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a substrate: physisorption and chemisorption. In physisorption, the molecule binds
weakly to the surface, resulting in minimal influence on the electronic structure of
both the adsorbate and the substrate. Consequently, the discrete molecular orbitals
are preserved, and the intrinsic molecular properties remain largely unchanged. In
contrast, chemisorption involves the formation of new chemical bonds between the
molecules and the substrate, leading to the emergence of an interface with altered
electronic structures and properties. Such hybridization yields into broadening the
electronic states of the molecules and shifting it with respect to the states in the gas
phase [77], as depicted in Fig. 2.9(a).

In the gas phase, molecular states have longer lifetime, and their energies are
precisely defined. However, upon adsorption on a metallic surface, the electron from
the molecule has a finite probability of escaping to the surface. This interaction
reduces the lifetime of the molecular states (7) and increases the energy uncertainty,
following the Heisenberg uncertainty principle, resulting in energy broadening with
a finite width I' =~ é [78]. The extent of this broadening can vary from meV to eV,
depending on the density of states (DOS) of the metal and the interaction strength
between the molecule and the surface [79).

In ferromagnetic metals, the spin-split DOS causes spin-dependent hybridization,
lifting the degeneracy of the molecular electronic states and resulting in different
energy shifts for different spin orientations [78]. This spin splitting can lead to
various interface effects such as spin inversion [80], enhancement, or spin filtering
[81]. The distinction among these effects is determined by the relative differences
in broadening and shifting of the molecular orbitals occurring in the DOS of that

spin-polarized interface, or spinterface, Dlnt (E) which is given by [78]:

T(i)/g7T
(E — el)2 + (1w /2)2

DT(U (E) _

int

(2.15)

where I'"™) and EZ%) is the spin-dependent molecular state broadening and the
effective molecular level energy when coupled to the surface, respectively. The spin-
polarization of the spinterface is defined as:

D! — D!
Py = —ot ot (2.16)
Dlnt + Dlnt
Spin-polarization inversion at the interface took place, i.e. Py = —Ppy, when

the broadening of the molecular state is larger than the shift of the molecular state
with respect to the Fermi level, AE = Ep — € , ie: [' > AE The DOS of the

interface, expressed in Eq. 2.15, becomes DlTnt) 1( T OC T( 7, where the broad-

ening is proportional to the DOS of the ferromagnetlc substrate. The larger the
broadening the smaller the molecular DOS Dlnt . Such spin-polarization inversion
in the spinterface is expected to happen for intermediate to strong coupling be-
tween the molecule and the substrate. Atodiresei et al. observed local induced
spin-polarization inversion near the Fermi level in the interface of HyPc molecules
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adsorbed on two monolayers Fe/W(110) [80]. SP-STM microscopy measurements
showed that the molecule has an opposite spin-polarization to the Fe substrate with
significant positive spin-polarization at the carbon ring sites opposite to negative
spin polarization for the Fe substrate but no significant polarization at the H atoms.
This energy-dependent spin-polarization is attributed to the hybridization between
the out-of-plane 7(p,) and substrate’s d-orbitals in what is known as p, — d Zener
exchange mechanism [82].

The second case occurs at the other limit where the broadening is less than
the shift of the MO energy levels, ie.: I' < AE. From eq. 2.15 one obtains

XO)
D?ét“ o AI;%)Q X ¢ A[;ﬁl(‘j))g , where the effective spinterface DOS DITIEti )

is proportional
to the DOS of the ferromagnetic substrate with the broadening inverse as a prefactor.
Thus, we expect an enhancement in the effective spinterface DOS when the MO
energy levels (with small I" ) shifts away from the Fermi level of the ferromagnetic
substrate (large AE). Based on that, the spin-polarization of the interface becomes
larger than the ferromagnetic substrate, Py, > Pgy. This is more likely to occur
for weak coupling where the broadening is small with respect to MO energy levels
shift. Also, the spin-dependent shift of the effective molecular level energy coupled
to the surface, e.s¢, makes this spinterface works as a spin-filter. Kawahara et al.,
using SP-STS, could detect spin-splitting of a LUMO derived molecular state of the
molecule Cgg adsorbed on different terraces with alternating in-plane magnetization
directions of Cr(001) surface [83]. This molecular state close to the Fermi level can
be used for energy-dependent spin-filtering, where the spin-up channel is separated
from the spin-down channel by several meV and the tunneling magnetoresistacne
(TMR) values achieved through these molecules can reach up to 100%. Both spin-
polarization inversion and enhancement can take place in the same molecule as it
is the case in CoPc molecules deposited on an Fe surface, where the carbon rings
hosts the spin polarization inversion whereas the enhancement of spin polarization
occurred on the cobalt center [84]. Fig. 2.9 (b), and (c) depicts the spin-polarization
inversion and enhancement in the spinterface DOS, respectively.

Various other effects can occur when magnetic molecules are adsorbed on sur-
faces, including alterations in the molecules’ magnetic anisotropy [85]. Stoll et al.
observed an in-plane easy axis magnetic anisotropy in Dy(tta)s complex deposited
on an Au(111) surface. This anisotropy arises from the alignment of the molecule’s
easy axis parallel to the surface, caused by the chemisorption of two tta ligands to
the substrate, which distorts the crystal ligand field around the Dy (III) ion. This
behavior contrasts with other lanthanide-containing molecules, where the magnetic
easy axis typically aligns perpendicular to the surface [86, 87]. Additionally, the
magnetic anisotropy of some SMMs could be tuned by reduction or oxidation of the
metallic surface which influences the mediating superexchange interaction between
these molecules and the substrate [88-90)].

On the other hand, the spin of the central transition metal in some molecules can
be completely quenched due to interaction with the substrate, as seen in CoPc ad-
sorbed on Fe [84]. Despite this quenching, the molecule still exhibits spin-polarization
inversion and amplification. In CoPc, the unpaired electron in the out-of-plane
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Figure 2.9: (a) The metallic substrate has a simple continuous spin-split 3d density
of states (DOS), while the molecule in the gas phase features discrete MO, with
only the LUMO illustrated. As the molecule nears the surface, the LUMO is altered
through broadening, I', and shifting, AE = Ep — €., due to hybridization at the
interface. The spin-dependent MO shifting and broadening becomes smaller in the
subsequent layers. (b) Spin-polarization inversion of the molecular DOS, Dltfti ), due
to large broadening compared to the energy levels shifts I" > AFE, as explained
in the text. (c) Spin-polarization enhancement (spin-filter) of DI oecurs when

int
I' > AE. Adapted from Ref. [78].

d,» orbital, located at the Co site, contribute to the total molecular spin yielding
S=1/2. However, electron transfer from the substrate to this orbital leads to its
occupation, thereby quenching the molecular spin [84]. Despite the spin quenching,

spin-splitting of the hybridized density of states DlTrfti ) is recovered due to the dis-
tortion of the molecular geometry upon adsorption. This distortion, along with van
der Waals forces at the interface, generates locally varying electronic charges in the

spin-up and spin-down channels within these hybridized states [84].

In contrast, electron transfer upon adsorption may either induce or leave the
spin of the central atom unchanged, as observed in NiPc and CuPc adsorbed on
Ag(100) [91]. Furthermore, when CoPc is deposited on different substrates, such
as Co, the spin-polarization characteristics of the molecule vary significantly. For
instance, CoPc on Co exhibits a spin-polarization resonance near the Fermi level,
which is absent when the molecule is adsorbed on Fe. Moreover, the spin polarization
in the molecular ligands of CoPc/Fe is stronger compared to CoPc/Co, likely due
to the stronger interaction between the molecule and the Fe surface. This strong

chemisorption results in a larger AF, leading to enhanced spin-polarization in the
Pc ligands [92].
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2.2 Molecules-Toolbox for Single-molecule Spintron-

ICS

Incorporating molecules into spintronic devices offers several distinct advantages
over traditional inorganic spintronic systems. First, molecules can be synthesized
and tailored to specific requirements, resulting in a vast array of functional molecules
to meet diverse needs. Second, the use of light elements in molecular synthesis, which
lack significant spin-orbit coupling and hyperfine interactions, enables long 7, in the
molecules. Third, the sharply defined electronic states of molecular orbitals (MOs)
allow for precise quantum mechanical manipulation, introducing novel functional-
ities to the devices, such as quantum tunneling effects [30]. Molecular spintronic
devices have been realized in various forms, including molecular spin valves [93],

quantum-information buses [94], molecular spin transistors [95], and single-molecule
magnets (SMMs) [43, 59, 68].

Single-molecule magnets (SMMs) have acquired significant attention in the molec-
ular magnetism community due to their relatively long magnetization relaxation
times below the blocking temperature, which for some SMMs can extend to years at
temperatures below 2 K [44]. In this section, a literature review will be presented,
focusing on various SMMs and the investigations related to them. Additionally, key
findings from studies of SMMs on surfaces and other metallic-centered molecules
will be discussed. It is important to note that this field is highly interdisciplinary,
integrating synthetic chemistry, materials science, and physics. Consequently, this
review will approach the topic from a physicist’s perspective, emphasizing funda-
mental interactions within these molecules—such as spin-spin exchange interactions,
substrate hybridization, and spectroscopic properties—rather than the synthetic de-
velopment of these molecules, which can be explored in more specialized references
(74, 96, 97].

SMMs exhibit a wide range of shapes, sizes, and compositions, with various guest
ions and host complexes. The first discovered SMM was the MnjsAc complex,
with an effective energy barrier Ugg= 6 meV (73.4 K) and a blocking temperature
of T = 3K [44]. Subsequent discoveries of transition metal-based SMMs have been
reported, but their Usg and Ty values remain lower than those of the archetypal
Mn;2Ac complex. One notable polynuclear transition metal SMM is the {Feg}
cluster ( [Feg'Oy(OH)q2(tacn)g)®") [98]. However, this SMM also has a lower
effective energy barrier than MnjsAc complex with Ugg= 2 meV ( 21.6 K) and Tg=
3 K. This molecule has exhibited intriguing quantum phenomena, such as quantum
tunneling of magnetization at low temperatures (~400 mK) [99], and quantum phase

interference [100].

In 2003, the first mononuclear lanthanide single-ion magnet (SIM), [TbPca] ™ ,
showed an improved effective energy barrier of Ugg= 28 meV ( 330.9 K), setting a
record at the time. However, the blocking temperature remained very low at Tg=
1.7 K [70]. This significant enhancement in lanthanide SMMs is attributed to the
strong spin-orbit coupling and large unquenched orbital angular momentum of the

25



Chapter 2. Molecular Spintronics

lanthanide ions, which lead to strong magnetic anisotropy. Phthalocyanine-based
SIMs have been a particularly prolific research area in molecular magnetism studies
[101], especially for surface deposition due to their planetary and chemical stability
[102, 103]. Intensive research efforts have improved the energy barrier of these SIMs,
reaching Ueg= 80 meV (938.1 K) with blocking temperature of Tg= 30 K [104].

A limitation of mononuclear 4f SIMs, however, is the weak exchange interac-
tion between the spins in the well-shielded 4f orbitals and the surrounding lig-
ands, which hampers spin manipulation—critical for potential molecular spintron-
ics applications. Polynuclear 4f SMMs have shown improved U.s values, such as
[Dy (e — OH)(DBP),(THF)]2 with Ueg= 62 meV and Tg= 8 K [105]. This in-
crease is due to the strong Dy-Dy dipolar magnetic coupling, although quantum tun-
neling of magnetization (QTM) causes a narrow hysteresis loop. To suppress QTM,
the use of radical ligands between central Ln™? ions is crucial, as their diffuse orbitals
penetrate the outer shells of the 4 f ions, resulting in strong magnetic coupling. An
example is the SMM {[(Me3Si)N]o(THF)Ln)}2(p — n? : n® — N2)~, which
shows an open hysteresis loop up to Tg= 8.3 K with a coercive field of 1.5 T [106].
That short axial bonds connecting the central Ln™ ion to the ligand enhance the
magnetic axiality and increases the magnetization energy barrier reversal.

Later developments involved incorporating both 3d and 4 f ions into SMMs. The
first mixed 3d — 4 f SMM, reported in 2004, was the tetranuclear CusThy complex,
with Ugg= 2 meV ( 21.6 K) and Tg= 1.2 K [75]. A major breakthrough in SMM
research occurred in 2018 when Layfield and colleagues judiciously designed a lig-
and framework for the dysprosium metallocene [(Cp'F™®)Dy(Cp*)]*, resulting in
an SMM with an effective energy barrier of Ugg= 191 meV ( 2217 K) and a ro-
bust magnetic hysteresis above liquid nitrogen temperature, with Tg= 80 K [107].
This enhanced performance is attributed to the strong cyclopentadienyl (Cp) rings
that provide strong magnetic axiality of the Dy3* ions, with short Cp — Dy dis-
tance (2.296/2.284 A) and a wide Cp — Dy — Cp angle (162.5°), as well as the
constrained metal-ligand vibrational modes induced by the crystal field of the Cp
rings. Numerous other polynuclear and mononuclear rare-earth SMMs have been
explored in recent years, and additional reviews can be found in the literature [61,
74, 108, 109].

Another interesting class of SMMs that has recently garnered attention is met-
allacrowns (MCs) [110-113]. These multinuclear cyclic metal clusters feature a
structure similar to organic crown ethers, consisting of repeating [-M — N — O—]
units. The following chapter will delve into the details of metallacrowns, but here
we will briefly review key results and progress. These complexes demonstrate high
thermodynamic stability and structural integrity in solution, where the core motif
of MCs offers a defined arrangement of metal ions. Furthermore, their flexibility
arises from the ability to exchange guest metal ions, as well as bridging and sec-
ondary ligands, allowing for versatile molecular design and enabling surface-specific
linkages [110].

Early investigations of heterovalent manganese-based MCs, such as,
Mn(IT) (OAc)2[12 — MCumamn(shi) — 4/ (DMF)g, revealed low effective energy
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barriers due to the low-spin ground states resulting from intramolecular antiferro-
magnetic exchange interactions. Since a high-spin ground state is crucial for enhanc-
ing the energy barrier in 3d metal-centered SMMs [114], this low-spin preference was
a limitation. To address this, Rentschler and colleagues introduced the "magnetic
director" approach, which aims to enforce a high-spin ground state in these molecules
[110]. This approach simplifies the exchange coupling into two distinct interactions:
the radial coupling (J;) between the central ion and the peripheral metal ions, and
the tangential coupling (/) between the metal ions within the ring. The spin Hamil-
tonian’s energy levels vary linearly with the J;/.J; ratio. By carefully tuning these
couplings, a high-spin ground state can be achieved in 12-MC-4 complexes, such as
homometallic CuCuy, where a high-spin state emerges if the tangential exchange
coupling exceeds a threshold ratio of .J;/J, = 4 [110].

This concept was later extended to heterometallic MCs, such as the 12-MC-
4 CuFey complex, where the central Cu(II) ion (S = 1/2) aligns the peripheral
Fe(II) ions (S = 5/2) in parallel, acting as a magnetic director and leading to a
spin ground state of S = 11/2 [111], as shown in Fig. 2.10a. This alignment arises
from strong radial exchange interactions between the central Cu(II) ion and the
peripheral Fe(II) ions, facilitated by the antiferromagnetic exchange through the
dg2_,2 orbital. This orbital points directly toward the basal donor atoms, resulting
in an antiparallel alignment of the central Cu(II) ion relative to the peripheral
Fe(II) ions. This was confirmed through element-selective X-ray magnetic circular
dichroism measurements, which verified the antiparallel alignment [115]. While
these complexes do not exhibit slow magnetization relaxation, the magnetic director
approach has successfully yielded SMM behavior in other systems, such as CoCoy
12-MC-4 MC complexes. These systems demonstrate an energy barrier of 7 meV
(78.9 K) with Tg= 8.5 K [110].

The development of mixed 3d—4 f metallacrowns has also shown great promise as
a pathway to novel molecular magnets, where the 3d metals serve as spin carriers and
the unquenched orbital magnetic moments of 4 f trivalent ions provide high magnetic
anisotropy [67, 112, 113, 116, 117]. Notable examples include the {DyGag} double-
decker 12-MC-4 complex, which exhibits an energy barrier of 3.5 meV (40 K), and
the {TbNig} double-decker 12-MC-4 complex with energy barrier of 50.4 meV (585
K) [112]. Additionally, research on 15-MC-5 complexes has demonstrated improved
energy barrier values. Examples include DyNis and TbNis, which were explored
in this thesis and showed energy barriers of 28 meV (340 K) and 7 meV (85 K),
respectively [118]. These advancements underscore the potential of mixed 3d-4f
metallacrowns in enhancing the energy barriers and magnetic anisotropy of SMMs.
Fig. 2.10b shows the most prominent chronological progress of the SMMs and their
effective energy barrier.

Another key research question in the study of magnetic molecules involves in-
vestigating their behavior when deposited on different surfaces. The first attempt
to organize single-molecule magnets (SMMs) into an ultrathin film was made by
Clemente-Leén et al., using the Langmuir-Blodgett (LB) films technique [119]. How-
ever, this ambient approach did not see further development due to various limi-
tations, such as the inherent instability of LB films [120]. Alternative deposition
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Figure 2.10: (a) Molecular structure of the CuFes12 — MC — 4 complex (left) ,
Cu(II) (light blue), Fe(III) (gold), O (red), N (blue), C (black). Magnetic director

approach in the square magnetic model of the molecule (right). (b) Chronological
progress of the SMM U,s¢ and T mentioned in the text.

28



Chapter 2. Molecular Spintronics

techniques have since been explored, including the self-assembly of functional mono-
layers (SAMs). In one such method, monolayers of MnjsAcqia SMMs were grafted
onto gold substrates by immersing the substrate in a solution containing SMMs
functionalized with sulfur groups (thiols) [121]. These functional peripheral ligands
help preserve the magnetic properties of the SMM in the junction [122]. Other
methods, such as stamp-assisted nanopatterning, have been employed to deposit
hydrophobic Mnjo derivatives onto oxidized Si(100) substrates [123]. However,
molecules deposited using this method are physisorbed on the surface and exhibit
lower stability compared to covalently grafted layers. These gentler deposition tech-
niques have proven reliable in maintaining the structural integrity of the molecules,
as confirmed by X-ray photoelectron spectroscopy (XPS). Dunbar et al. success-
fully prepared thin films of Mn;5 — acetate using moderate thermal evaporation
methods like pulsed laser deposition (PLD) [124]. Additionally, several researchers
have reported the deposition of SMMs on various surfaces through thermal evapo-
ration using physical vapor deposition (PVD). For example, NdPcy/Cu(100) [125]
and DyPcy/Au(111) [126]. For further details on other unconventional deposition
and preparation techniques for SMMs and other magnetic molecules on surfaces, the
reader is referred to the references [54, 127].

SMMs and metallic-centered molecules have been extensively studied using var-
ious complementary techniques. These molecules have been primarily investigated
through SQUID magnetometry, which provides quantitative information on key
properties such as the blocking temperature (Tg), the effective energy barrier (Ueg),
and the relaxation time (7). However, additional insights into the behavior and
properties of SMMs can be obtained using other techniques. Neutron diffraction,
for instance, offers valuable structural and magnetic information [128], while elec-
tron paramagnetic resonance (EPR) allows for the study of magnetic states and spin
dynamics [129].

Moreover, S-nuclear magnetic resonance (S-NMR) provides information on local
magnetic environments [130], and scanning tunneling microscopy / spectroscopy
(STM/STS) enables atomic-level imaging and spectroscopy of the molecules on
surfaces [102, 125]. Additional techniques such as resonant photoemission spec-
troscopy (RPES) [131] and X-ray magnetic circular dichroism (XMCD) [87, 132—
136] have also been employed to further explore the electronic and magnetic prop-
erties of SMMs and metallic-centered molecules, providing a more comprehensive
understanding of these systems.

In this review, we examine the microscopic magnetic behavior of single-molecule
magnets (SMMs) and metallic-centered molecules deposited on surfaces, utilizing
two high-resolution techniques: XMCD and STM. One of the initial research ques-
tions in this area was the preservation of magnetic integrity of SMMs once get de-
posited on surfaces, which is a critical factor for their potential use in future molec-
ular spintronics devices. Mannini et al. reported the loss of magnetic remanence in
Mn;, SMMs deposited on a gold surface, as observed from low-temperature XMCD
measurements [132]. This loss was attributed to the partial reduction of Mn3* ions
to Mn2t, leading to structural rearrangement and, consequently, a loss of magnetic
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hysteresis.

In a follow-up study, Mannini et al. demonstrated that the SMM behavior in Fey
molecules, attached to a gold surface via sulfur-functionalized ligands, was preserved.
A remnant magnetization and a butterfly-shaped open hysteresis loop at sub-Kelvin
temperatures was observed, with a Ty of approximately 0.5 K [133]. This contrast in
results was attributed to the superior redox stability and structural robustness of the
Fe4 molecule. Other SMMs, such as Cr7Ni/Au(111) [137, 138], TbPcy/Cu(100)[135],
TbPcy/Au(111) [136], TbPcy/graphite [139] and ThPcy /HOPG [140], have also been
shown to retain their SMM properties when deposited on surfaces. These findings
suggest no fundamental limitation preventing the preservation of SMM magnetic
properties on surfaces.

Moreover, XMCD studies of other paramagnetic molecules, which are not classi-
fied as SMMs, have revealed surface-induced magnetic ordering and hysteresis when
deposited on ferromagnetic surfaces. For instance, Fe octaethylporphyrin (OEP)
deposited on Co / Cu(100) [90] and Mn-porphyrin on Co / Au(111) [141] exhibited
such behavior. The surface-induced ferromagnetic ordering in Fe(OEP)/Co/Cu(100)
was attributed to an indirect superexchange interaction between the metallic center
in the molecule and the magnetic substrate [90]. In this system, the Fe spin mag-
netic moment can be manipulated both in-plane and out-of-plane by adjusting the
magnetization direction of the substrate.

Phthalocyanine molecules, a promising class of materials, have also been stud-
ied on various surfaces using element-selective XMCD technique. Stepanow et al.
reported that CuPc molecules on Ag(100) surfaces not only retained their integrity
but also exhibited a nine-fold increase in magnetic susceptibility compared to bulk
CuPc powder. Angle-dependent XMCD measurements revealed a strong Cu spin
dipole moment resulting from highly directional bonds and the local crystal field sur-
rounding the metallic ion [134]. Despite the strong interaction between the planar
molecule and the Ag(100) surface, a dramatic 500% increase in the orbital moment
from in-plane to out-of-plane directions was observed in this hybrid system [134].

Further research on lanthanide-based phthalocyanine complexes, such as the
double-decker TbPc,, has highlighted the presence of strong anisotropic antiferro-
magnetic coupling between the molecule and ferromagnetic substrates [88]. In these
systems, the ligand-mediated superexchange interaction can be tuned by doping
the interface with electron donors or acceptors. Additionally, the magnetization of
TbPc; molecules can be aligned either parallel or antiparallel to the substrate’s
magnetization, paving the way for their potential application in spintronic devices,
such as spin valves [88].

The investigation of single-molecule magnets (SMMs) on surfaces using scan-
ning tunneling microscopy/scanning tunneling spectroscopy (STM/STS) necessi-
tates specific conditions related to molecular deposition in ultra-high vacuum (UHV)
and their conductive coupling to the substrate. As a result, the existing STM/STS
studies on this class of molecules are largely confined to metal phthalocyanines
(MPc), lanthanide phthalocyanines (LnPc), and double-decker phthalocyanines
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(LnPcy) [127]. The STS investigations of metallic-centered molecules can be cate-
gorized into two types, based on the energy range surrounding the Fermi level (Er):
(i) inelastic electron tunneling spectroscopy (IETS), which occurs within a narrow
energy window (£ 100 meV) around Er and reveals two distinct phenomena—Kondo
effects and spin excitations; and (ii) elastic electron tunneling spectroscopy, which
occurs over a broader energy range (+ 2 eV) around Er and provides insights into
the highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) gap.

Regarding the Kondo effect, the localized magnetic moment of the host molecules
strongly interacts with the conduction electrons of the metallic substrate, forming
a non-magnetic singlet state overall below a critical threshold known as the Kondo
temperature (Tx) [142]. The onset of the Kondo effect is characterized by an in-
crease in resistance as the temperature decreases, contrary to the expected behavior
of metallic resistance. This phenomenon is reflected in the STS spectra as a reso-
nance peak centered around Er [142]. This peak corresponds to the ground state of
the singlet state arising from the many-body interaction between the sea of Fermi
electrons in the metal and the localized magnetic moment of the molecule. Various
studies have reported elevated values of Tk in Phthalocyanines. For example, Zhao
et al. found that the Tk of CoPc/Au(111) is approximately 208 K, and the Kondo
resonance can be reestablished by removing eight hydrogen atoms from the molecule
using voltage pulses from the STM tip [143]. Meanwhile, Gao et al. reported a sig-
nificant dependence of the Kondo resonance on adsorption sites in FePc/Au(111)
with a Tk exceeding room temperature (approximately 360 K) [144].

Fig. 2.11 illustrates the findings for TbPc/Au(111) reported by Katoh et al [145].
The TbPc molecule results from the fragmentation of the double-decker TbPcs,
leading to the loss of one Pc ligand upon adsorption [145]. STS spectra conducted
on the central Tb3T ion reveal a resonance peak with a width of approximately 20
meV, which is absent in the spectra taken over the Pc ligands, yielding a Tk of
approximately 250 K. This observation is attributed to the strong coupling between
the central Tb ion in the molecule and the STM tip. Additionally, the Kondo effect
in these molecules requires more than just a localized magnetic moment; it also
depends on the stability of the doublet ground state. For instance, in the case of
the Tb3T ion, the energy difference between the m; = 46 and the first excited
state my = +5 is greater than 50 meV, in contrast to the Dy3* ion, where this
energy difference is around 6 meV, thus resulting in the absence of a Kondo peak
in the DyPc molecule [145]. For further information, readers are referred to more
comprehensive reviews and articles on this topic [142, 146-151].

Another notable result from the IETS investigation of metallic-centered molecules
is the measurement of spin-flip excitations. Chen et al. used spin-flip spectroscopy to
explore the superexchange coupling between successive molecular layers of CoPc de-
posited on Pb(111) islands [152]. The first molecular layer exhibited neither Kondo
resonance nor Zeeman splitting in the scanning tunneling spectroscopy (STS) spec-
tra around the Fermi level, indicating a quenching of the molecular spin. This first
layer acts as an insulating buffer between the Pb substrate and the subsequent molec-
ular layers, allowing the magnetic moment of the second layer to survive. However,
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Figure 2.11: (i) Topographic images of ThPc¢ molecules (top) and ThPcy molecules
(bottom) deposited on /Au(111). (ii) dI/dV spectrum showing Kondo resonance
peak around E; of the ThPc¢ molecule compared to the flat dI/dV spectrum of the
bare surface of Au(111). Image is adapted from Ref. [145].

residual coupling between the substrate and the second layer screens the molecular
magnetic moment, leading to the observation of a Kondo resonance peak with a
Kondo temperature (Tk) of approximately 10 K at the second monolayer. Upon
applying a magnetic field of 1.5 T, the superconducting state of Pb is quenched,
causing the magnetic moment of the CoPc molecule to experience Zeeman split-
ting. The STS spectrum, shown in Fig. 2.12, was measured on the central Co?T
ion in the third molecular layer. A single IETS step at around 19 meV corresponds
to a spin excitation from the singlet ground state to the triplet excited state, a re-
sult of antiferromagnetic exchange coupling between two adjacent CoPc molecules
in the columnar chain. At higher magnetic fields, this single step is further split
into three distinct steps due to the lifting of the degeneracy of the triplet state.
By diagonalizing the Hamiltonian of the spin chain, Chen determined the exchange
coupling constant to be around J ~ 18 meV. This antiferromagnetic ordering arises
from superexchange coupling, where an electron from the 7 system of the Pc ring
hops to the d,» orbital of the Co?t ion. The remaining unpaired electron in the
m-orbital then forms a direct exchange coupling with an electron in the d.2 orbital
of a neighboring Co2t ion, as illustrated in the schematic diagram in Fig. 2.12.

The integration of spin-polarized scanning tunneling microscopy (SP-STM) and
spectroscopy (SP-STS) into the study of molecules on surfaces has demonstrated the
potential for spin transport through molecular systems. lacovita et al. performed
SP-STM and SP-STS on CoPc molecules deposited on Co nanoislands grown on
a Cu(111) surface [153], as illustrated in Fig. 2.13. The Co nanoislands have a
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Figure 2.12: (i) STM topography image of Successive CoPc molecular layers de-
posited on Pd(111) islands (V = 0.9 V, I = 0.03 nA). (ii) CoPc molecular structure.
(iii) IETS spectra acquired, at varying B-filed, on the top of central Co®" ion in the
third molecular layer. (iV) Schematic diagram of the spin transition from singlet
ground state of the chain S, = 0 to excited triplet state S, = 1. (V) The superex-
change mechanism between the electrons in the bridging N atom (red dot) of the
Pc ligand and d.» orbitals of two central Co?" ions. The red dashed line indicates
the hopping and the solid blue line represents the direct exchange coupling. Image
is adapted from Ref. [152].
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perpendicular magnetization direction, which can be aligned collinearly with the
out-of-plane magnetization component of the Co-coated metallic tips used in the
experiment.

In this setup, the spin-dependent contribution to the differential conductance
(dI/dV) varies with cosq, leading to different visualizations of the parallel (171) and
anti-parallel (1)) magnetization orientations between the tip and the Co nanoislands
when in dI/dV mapping mode. Single-point spectroscopy (dI/dV vs V) on the Co
nanoislands with different magnetization orientations shows a resonance peak with
varying amplitudes at V = —0.28 V, as depicted in Fig. 2.13. Additionally, single-
point spectroscopy at the center of the CoPc molecule reveals a resonance peak at
V = -0.19 V, with different amplitudes for the (1) and (1) configurations of the

nanoislands’ magnetization (Fig. 2.13). The asymmetry of the dI/dV spectra for
dl/dVyy — dl/dVy,
dl/dVey +dl [V
magnetic alignment between the molecule’s spin orientation and the magnetization
of the nanoisland over a specific energy range. This finding demonstrates the possi-
bility of manipulating the molecule’s spin by reversing the nanoisland magnetization,
which is a promising mechanism for spin-dependent control in molecular electronics

[153).

both the nanoislands and the molecules, defined as indicates ferro-

Further investigations of CoPc deposited on a different substrate, specifically a
1.8 monolayer (ML) of Fe, revealed spin-polarized tunneling through the molecule
due to spin-split hybrid states formed between the molecule and the surface [84].
Brede et al. conducted energy- and site-dependent studies with intramolecular spa-
tial resolution, showing the spin polarization transitions from inversion to amplifi-
cation, despite the loss of the molecule’s net spin due to the transfer of one electron
from the substrate to the unoccupied d.» molecular orbital.

Although the spin quenching occurred, the observed spin-splitting in the hy-
bridized molecule-substrate system is attributed to an imbalance in the occupation
of the hybridized state within a specific energy range. The variation in contrast of
the ligands on different magnetic Fe domains suggests that spin polarization inver-
sion occurred at that site of the molecule, while the central Co ion exhibited no
variation in contrast, as shown in Fig. 2.13. The spin polarization near the metallic
Co ion ranges from inversion to amplification, depending on the energy interval.
For more extensive STM investigations of metallic-centered molecules, additional
studies can be found in the literature [80, 127, 154].
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Figure 2.13: (i) CoPc molecules adsorbed on Co nanoislands grown on Cu (111) sub-
strate; the inset shows structure model for CoPc molecule. STM image parameters
(40 x 20 nm?, 0.1 V, 0.5 nA) (left). Spin-polarized tunneling conductance through
the nanoislands and CoPc molecule as explained in the text (right). Image is taken
from ref. [153].(ii) SP-STM image of CoPc molecule deposited on Fe double layer
of different magnetic domains (a). The scan line profile indicated in (a) is shown in
(b) revealing the different contrasts of the molecule on different magnetic domains.
Image is taken from ref. [84].

This PhD thesis centers on the investigation of intramolecular spin-spin in-
teractions in single-molecule magnets (SMMs) based on mixed 3d-4f met-
allacrown (MC) complexes using element-selective XMCD magnetometry tech-
nique. The work aims to reveal detailed magnetic behaviors within these molecules
that are not easily discerned with conventional macroscopic methods such as AC-
susceptibility or SQUID magnetometry. Metallacrowns, such as 12-MC-4 and 15-
MC-5, offer thermodynamically stable scaffolds for organizing spin centers, thus
providing a promising avenue for designing SMMs with high spin ground states and
substantial effective energy barriers. The inclusion of 4f ions, such as Th(III) and
Dy(IIT), enhances molecular magnetic anisotropy, leading to slower relaxation rates
in the reversal of magnetization. This effect stems from the large orbital magnetic
moments and strong spin-orbit coupling of the 4f ions.

The key research gap of this thesis addresses, is the accurate determination of
the effective energy barrier (Uggz) of mixed 3d-4f MC-based SMMs using element-
specific magnetometry. Traditional approaches, like AC-susceptibility or SQUID
magnetometry [67, 112, 155, 156], are often hindered by the strong ligand field
effects and the difficulty in fully saturating these complexes, particularly in the
presence of substantial axial magnetic anisotropy. Additionally, these conventional
methods often rely on the Arrhenius law to extract energy barriers, which does not
account for the complex relaxation mechanisms that many of these systems exhibit
[157]. XMCD, by contrast, provides a more refined analysis of the magnetic coupling
between the 3d and 4 f centers and can directly measure the individual contributions
from each element in the molecule, allowing for a more accurate determination of
magnetic anisotropy and relaxation processes.
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A secondary goal of the thesis is to explore how interactions between 3d — 4 f
magnetic center molecules and ferromagnetic substrates affect intramolecular ex-
change coupling, particularly for the rare earth magnetic moments in the 4f ions.
Although initial attempts to deposit MC-based SMMs on ferromagnetic substrates
proved challenging, the research pivoted to other mixed 3d — 4f molecules. These
molecules were successfully deposited on surfaces with alternating magnetization
domains, and their spin properties were examined using spin-polarized scanning
tunneling spectroscopy (SP-STS), which provided insights into the spin excitations
in these heterometallic systems.

The literature review reveals significant gaps, particularly regarding the use of
magnetic inelastic electron tunneling spectroscopy (IETS) for mixed 3d — 4 f center
molecules on magnetic surfaces. While IETS has been extensively applied to het-
erometallic 3d-center molecules on non-magnetic substrates (e.g., CuFey/Au(111)
[158]) and monometallic 3d center systems like FePc / CuO / Cu(110) [159], Fe-
porphyrine / Au(111) [160], and FesH / graphene / Ir(111) [161]. Similarly, there
have been IETS studies of monometallic 4f center molecules on non-magnetic sur-
faces, including TbPcy / Au(111) [162], DyPcy / Au(111) [126], DyPcy / Cu(001)
[163], and NdPcy / Cu(100) [125]. Additionally, investigations of magnetic sub-
strates have primarily focused on non-magnetic molecules, such as HyPc/ Fe /
W(110) [80], or monometallic 3d molecules like CoPc / Fe / W(110) [84]. The
investigation of mixed metallic center molecules on ferromagnetic surfaces remains
underexplored, and further studies in this area could provide valuable insights, po-
tentially opening new avenues in the field of magnetic molecules on ferromagnetic
surfaces.

In conclusion, the literature review indicates the various strategies for design-
ing magnetic complexes to achieve higher effective energy barrier and magnetiza-
tion blocking temperatures. Two critical requirements for efficient single-molecule
magnets (SMMs) are important: the presence of multiple spin-orbit doublets with
strong angular momentum projections and the significant energy separation be-
tween them [164]. Achieving room-temperature data storage requires overcoming
significant hurdles, as current SMMs cannot reach the necessary anisotropy barrier
height, which is around 1.5 eV. Though progress has been made, particularly with
lanthanide-based systems, the realization of polynuclear SMMs with strong mag-
netic anisotropy and exchange interactions remains complex. Future advancements
may depend on synthesizing regular magnetic networks or polyatomic SMMs, po-
tentially enabling room-temperature operation, although these approaches are still
in their early stages. Furthermore, by extending SP-STS investigations to mixed
metallic center molecules on magnetic surfaces, this work opens up new research
avenues for spin transport and spin excitations in heterometallic molecules, which
are of significant interest for future applications in molecular spintronics.
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Metal-centered Molecules

This chapter is dedicated to provide a glimpse on the investigated molecules in this
thesis. Most of the presented material here are taken from the PhD Theses of our
collaborators Dr. Athansopoulou [113], Dr. Vélker [155], and Dr. Kredel [165] from
AK Rentschler in the Institute of Inorganic Chemistry and Analytical Chemistry-
JUG Mainz. This overview contains an introduction to the used metallacrown itself,
their structure, and their magnetic properties.

3.1 Metallacrown complexes

Since their discovery in 1989, metallacrown (MC) complexes have emerged as a
fascinating class of complexes [166]. MCs has been introduced as descendants of
the macrocyclic crown ethers which selectively bind alkali and alkaline earth ions
[167]. MCs possess high thermodynamic stability and structural integrity in solu-
tion, making them promising candidates for various applications such as molecular
magnetism, molecular recognition, and the stabilization of unstable molecules [168].

The structure of MCs consists of a repeating unit of —[M — N — O],— motifs
arranged in a cyclic pattern. In this arrangement, the ring metal and nitrogen atoms
replace the methylene carbon atoms in the motif of crown ethers -[C — C — O], —,
hence the name "metallacrown", as shown in Fig. 3.1. The nomenclature for MCs
is based on the number of atoms that make up the ring, the number of oxygen
atoms within the ring, and the central metal ion. This naming convention follows
the format [67, 168]:

M, B[ringsize — MCy,x(1) — oxygens of the rings|Y

In this format:

o M, refers to the ring-cavity metal ion (3d or 4f) with its oxidation state,

o B refers to the coordinating ions,
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Figure 3.1: Schematic representations of different MC size motifs with their respect-
ing crown ether analogue. Image is taken from Ref. [67]

o MC refers to the metallacrown,
o M, refers to the peripheral metal ring ions (3d) and its oxidation state,

X refers to the third heteroatom of the ring,

L refers to the ligand used,

Yrefers to the non-coordinating ions.

Metallacrowns have different ring sizes and central and peripheral ions, but the
used MCs in our investigations are the 3d — 4f heterometallic 12 — MC — 4 and
15 —MC —5. For 12—-MC —4 | MC is composed of 12-membered ring which
is consisted of four repeating —[M — N — O]— units with 4 oxygen donor atoms.
Meanwhile, the 15 — MC — 5 is composed of 15-membered ring consisting of five
repeating —[M — N — O]— units with 5 oxygen donor atoms, as they are depicted
in Fig. 3.1.

12-MC-4 Molecules

In our investigation of the magnetic properties of the 12 — MC — 4 molecules, we
focused our experiments on two classes of molecules, shortly called: REMn, and
RENig , where RE stands for trivalent rare-earth ions.

REMn,4 Molecules:

The REMn, molecule, (*BusN)[Mnl Ln!(OoC Bu')4][12 — MChpn(rinnshiy — 4].5C HyCly
where [Ln = Thand Dy], was synthesized following the procedure outlined in Ref.
[113].

38



Chapter 3. Metal-centered Molecules

(a) (b)

Figure 3.2: (a) Schematic representation of the molecular structure of
12 — MC —4 TbMny. (b) Labeled schematic representation of the complex core
{Mn!"Tb™ (1 — NO),}'*. (c) Depiction of the interplanar distance (d,,) between
the two O4-planes besides the distances between the central Tb™ ion with the upper
and lower Oy4-planes, d; and ds, respectively. Color scheme represented as follow;
yellow: Tb, red: Oxygen, green: Nitrogen, blue: Mn' H atoms are omitted for
clarity. Image is taken from Ref.[113].

By substituting the central rare earth ions, two distinct molecules, ThMn, and
DyMny, were obtained. Single-crystal diffraction studies revealed that these com-
pounds are isostructural, crystallizing in the P4/n tetragonal space group. The core
structure of these compounds, illustrated in Fig. 3.2, features a square pyramidal
topology with the Tb!'! at the apex and the Mn'™! jons forming the base. The core
has a Cy symmetry axis passing through the central Tb'! jon. The central Th'! jon
is coordinated by eight oxygen atoms, with the Th!™ — O bond forming an angle of
56.15° relative to the four-fold symmetry axis, resulting in a slightly distorted square
antiprismatic geometry (axially compressed), as shown in Fig. 3.2 (c¢). The lower
4 oxygen atoms binds with the basal Mn™! through the Mn — N — O — Mn unit ,

o

which exhibits a torsion angle of 173.3(4)° and Mn - - - Mn separation of 4.642(9) A.
This near-ideal linear torsion angle (180°) ensures the planarity of the Mn!! basal
plane. The Th™ jon is positioned 1.789(8) A above the basal Mn!! plane. The in-
terplanar distance between the upper and lower O4-planes (d,p) is 2.639(0) A, while
the distances between the central Tb™ ion and the upper and lower Oy-planes (d,

and d, , respectively) are 1.103(4) A and 1.535(6) A.

The isothermal field-dependent magnetization measurements, M(H), exhibit a
rapid linear increase below 1 T, followed by a slow, nearly linear rise without reach-
ing saturation, as shown in Fig. 3.3(a). This behavior suggests the presence of
magnetic anisotropy, in this molecule, that prevents saturation at higher magnetic
field values. Furthermore, the temperature-dependent magnetic susceptibility indi-
cates antiferromagnetic exchange interactions both between the central Th'! ion and

39



Chapter 3. Metal-centered Molecules

the peripheral Mnl!! ions of the basal plane, and among the Mnl! ions themselves,
as shown in Fig. 3.3(b) [113]. To achieve quantitative insights into the intermolec-
ular exchange interactions and the effective energy barrier within the molecule, it
is necessary to use element-specific magnetic techniques rather than macroscopic
SQUID magnetometry [85, 87]. This line of investigation is detailed in Chapter 6 of

this thesis using the synchrotron-based X-ray magnetic circular dichroism method.

(a) (b)

204 ,000000°

oo
0° ,360900000
0 000?
eo%®

1, Tlem’'mor'K)
9

000000
104 o aoaooceooGO
s
§ P o {MnY}
o® ?
s o o {Mn,Tb)
s o
o o {Mn,Gd}
o
it
o T T T T T T
0 50 100 150 200 250 300

Figure 3.3: (a) Field-dependent magnetization measurements, M(H), at varying
temperatures (2-10 K) over the range of 0 — 7 T for the ThMn, molecules. (b)
Temperature-dependent magnetic susceptibility of the ThMny molecules (red open
circles). Green solid line represents the simulation of the spin Hamiltonian, as
mentioned in the Ref.[113]. The measurements of the YMn, molecule (black open
circles), with diamagnetic central Y ion, ensures the antiferromagnetic exchange
interaction between the Mnl! ions of the basal plane. The figure is taken from Ref.

[113].

Double-Decker Sandwich RENig Molecules:

The molecules (Hpip)sRE(III)[12 — MChrigrynshi) — 4]2(Hsal), shi = salicylhydrox-
amic acid (in short {RENig}), with RE = Gd and Tb, was synthesized following the
procedure outlined in Ref. [165]. The isostructural molecules crystallize in triclinic
space group 1 [155]. The Th(III) central ion in the molecule is sandwiched by two
12— M CNi(IT)N (shi) — 4] planes with D,4 symmetry, where the distance separating
the two planes is equal to 3.05 A, with the Tb(III) ion being closer to the metal-
lacrown with additional morpholin coordination at a distance of 1.39 A. Similar to
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a) b)

5

Figure 3.4: Molecular structure of the 12-MC-4 complex RENig is shown in top view
(a) and side view (b). The central MC structure motif is —[M — O — N]—. Color
scheme represented as follow ; Magenta: Tb!! Green: Ni'l, Red: Oxygen, Blue:
Nitrogen, Grey: Carbon, H atoms are omitted for clarity. Image is taken from Ref.

[155].

the previous molecule, the central Th(III) is eight-fold coordinated by eight oxygen
atoms, with the Tb™! — O bond forming an angle of 49,30° relative to the four-fold
symmetry axis, resulting in a slightly distorted square antiprismatic geometry, as
shown in Fig. 3.4.

15-MC-5 Molecules

The molecules RE(III)[15 - MCNi(II)N(picha) - 5] (,ug - NOg)(’f]l - NOg)(pY)g (re—
ferred to as {RENi5}, RE = Sm, Th, Dy ) were synthesized following the procedure
outlined in Ref.[42]. These molecules are crystallized in Csy/c space group [169].
The central RE(III) ion is eight-coordinated, bonded to five hydroxamate oxygen
atoms and three oxygen atoms from coordinated nitrate ions. Four of the peripheral
nickel(IT) ions are coordinated by eight axial pyridine molecules, each exhibiting
distorted octahedral geometry, with the two axial pyridine molecules at each high-
spin nickel(II) ion being nearly parallel. The fifth nickel(Il) ion, however, has a
square-planar ligand field and does not bind to any axial pyridine ligands, forming a
low-spin square-planar nickel(II) configuration [42]. Fig. 3.6 depicts the molecular
structure of RENis molecules.

The field-dependent magnetization measurements of SmNi; shows a paramag-
netic behavior, as shown in Fig. 3.6(a). Conversely, the field-dependent magnetiza-
tion measurement of TbNi5 and the DyNi; molecules displays a linear increase with

41



Chapter 3. Metal-centered Molecules

(a) (b)

Figure 3.5: Molecular structure of the 15-MC-5 complex RENi; is shown in top
view (a) and side view (b). Color scheme represented as follow ; Turquoise : RE™,
Green: Ni'l, Red: Oxygen, Blue: Nitrogen, Grey: Carbon, H atoms are omitted for
clarity.

a temperature-dependent slope at low magnetic fields, which becomes temperature-
independent at higher fields without reaching saturation, as depicted in Fig. 3.6(b)
and (c). This suggests a magnetic anisotropy energy barrier similar to that of
the previously mentioned REMn, molecules. The y,, T vs T measurements for both
TbNis; and DyNis molecules indicate weak antiferromagnetic exchange interactions.
Element-selective measurements are required to determine whether these interac-
tions occur among the peripheral ions or between the central ion and the peripheral
ions. These measurements are thoroughly examined in Chapter 6 of this thesis.
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Figure 3.6: Field-dependent Molecular magnetic moment jpggurp measurements of
(a) SmNis, (b) TbNi; , and (c) DyNis; molecules. The isothermal measurement
(dots) were running at variyng tempeeratures from 3 K to 10 K in AK Rentschler
group. Full lines in (a) represent a guide to the eye, meanwhile for (b) and (c) it
represents a spin-Hamiltonian fitting model. The insets show experimental results
for xymTvsT.

3.2 TbNi, mixed 3d — 4f metallic-centered molecules

This molecule was synthesized by our collaborator, Dr. Athanasopoulou, in the
AK Rentschler group at JGU-Mainz. Unfortunately, the measured crystal was of
low quality, Thus, the model could be refined only with isotropic displacement pa-
rameters and no solvent molecules or counter ions could be identified properly. The
chemical formula of the core part is [TbNiy(HL)o(HsL),) ™, where the ligands are
HL2?~ = C13HgNO3 and HyL~ = Cy3H;oNOs. Shortly, the molecule can be named
with its mixed 3d — 4f core structure as ThNi,. It is crystallized in the Cy/c space
group, where the core exhibits a C, symmetry axis passing through the central Th!!!
ion, as shown in Fig. 3.7. The Ni'! ions are 6.91 A apart, with the Tb™ positioned
halfway at a distance of 3.57A. The central Th'™ ion is eight-coordinated with
oxygen atoms, featuring a Th'™ — O bond length of 2.36 A. The two Ni'l ions are
situated in an octahedral ligand field, suggesting a high-spin state configuration.
Although this molecule does not exhibit any single-molecule magnet (SMM) behav-
ior, it is of interest for studying spin excitations on ferromagnetic surfaces, as will
be discussed in Chapter 5 of this thesis.
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Figure 3.7: Molecular structure of the complex TbNi,. Color scheme represented as

follow; Turquoise: Th™!, Green: Ni'!, Red: Oxygen, Blue: Nitrogen, Grey: Carbon,
H atoms are omitted for clarity.
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Figure 3.8: (a) Field-dependent magnetization measurements, M(H), at varying
temperatures (2-10 K) over the range of 0-7 T for the TbNiy molecules. (b)
Temperature-dependent magnetic susceptibility of the TbNiy molecules.
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Figure 3.9: X-ray circular absorption and the corresponding XMCD measurement
measured at the Ni Ly 3 edges (a) and at the Tb My 5(b) edges for the TbNismolecule.
I and I~ denotes the total photoemission yield measured for external field parallel
(black solid) and anti-parallel (green solid), respectively.

The isothermal field-dependent magnetization behavior M(H), is similar to the
previous Th'-containing molecules, and shows a rapid temperature-dependent lin-
ear increase below 1 T, followed by a slow, nearly linear rise without reaching satu-
ration, as shown in Fig. 3.8(a). This indicates magnetic anisotropy in the molecule
that hinders the magnetization saturation to occur. The x,T vs T measurements
shows a constant value at higher temperatures (around 13 cm®mol™'K) but it in-
creases at low temperatures range below 25 K, as shown in Fig. 3.8. Tentatively,
this can be attributed to ferri-/ferromagnetic ordering between the magnetic cen-
ters as shown in other mixed 3d — 4 f metallic center molecules, especially that the
element-selective XMCD measurements shows a parallel orientation between the
Ni(II) and Tb(III) ions, as shown in Fig. 3.9.
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— Chapter 4

Experimental Methods

4.1 Scanning Tunneling Microscopy (STM)

The ongoing trend to miniaturize devices in several fields such as microelectronics,
optoelectronics, and spintronics has highlighted the need for understanding struc-
tural and electronic properties on an atomic scale. Consequently, there is a demand
for high atomic spatial resolution microscopy, insightful local spectroscopy, and
the capability to manipulate individual atoms to tailor the engineering of atomic
landscapes. The arena where such physics takes place is called "Surface Science,"
where the sample surface is defined as the region of the outermost layers exhibiting
properties distinct from those of the bulk material [170].

Certainly, the advancement in surface science is closely linked to the develop-
ment of surface instrumentation. Over the past decades, surface characterization
techniques have undergone significant improvement, leading to the development of
more than 50 different measurement techniques tailored for various surface charac-
terizations. These techniques are collectively known as Scanning Probe Microscopy
(SPM) [171].

Amid the SPM family the Scanning Tunneling Microscopy (STM) raises as a
pivotal player in the surface characterization field. In 1981, G.Binnig and H.Roher
published their seminal paper of the feasibility of obtaining an externally controllable
vacuum tunneling junction with an exponential-dependence of the resistance from
the surface distance with a stabilization distance around 10A.[172] The ingenuity
of Binnig et al. was the fabrication of a compact unit with a suppressed external
noise vibration and a meticulous coarse/fine control technique. They could eliminate
external noise (coming from the building) by installing the unit on inflated rubber
tubes and then they exploited the magnetic levitation to get rid of the internal
vibrations. The unit had a permanent magnet and an external lead bowl surrounded
with cryogenic tubes to get the bowl into the superconductivity state.

To provide the unit with a high-spatial resolution control, they mounted the
electrodes (W tips and Pt plate) on two separated Piezodrives. The Tungsten-tip
piezoplate can move step-wise down to 100A using Piezoplate fixed with three feet on
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Figure 4.1: Schematic of Binnig STM unit and magnetic levitation. The letters
denote the component of the system as follow: W : Tungsten-Tip, Pt: Platinum
plate, A: W-tip support, P: Platinum plate piezodriver, PP: Piezoplate of W-tip
support, F1& F,: PP feet, D: Dielectric materials clamps the feet to metallic plate
(MP), M: permanent magnet, Pb: Lead bowl, R: Eddy-current metallic damper, T:
Cryogenic cooling tubes. [172]

a metallic sheet and the Platinum-plate can move up some thousands of angstroms
with a sensitivity of 2 A/V as shown in Fig. 4.1.

This result has been used in the next year for studying the topography of the
solid surfaces. They could obtain topographic images of CalrSny (110) surface, with
values of Ir (110) planes spacing heights of 6.7 A, which has a very good agreement
with the crystallographic x-ray diffraction measurements [173]. Later on, Binnig
and his colleagues started tackling some problematic surfaces like Au (110) and Si
(111) rather than just mapping surfaces’” monosteps. They could observe missing
rows leading to 1 x 2 and 1 x 3 surface reconstructions of Au (110) surface [174],
and with that they weighed in the missing-row model in favour of other propsed
models to describe such surface reconstructions after long debate amongst the surface
community regarding this surface [175].

The technologically important Si (111) 7 x 7 surface reconstruction, which can
be easily observed using low energy electron diffraction (LEED), initially sparked
conflicting models due to its large unit cell before scanning tunneling microscope
(STM) data became available. Binnig was able to spatially resolve the unit cell of
this surface using STM and observed 12 topographical peaks corresponding to Si
adatoms located at deep holes in the corners of the unit cell, which corresponds to
empty adatom positions in a rhombohedral unit cell [176]. This auspicious debut of
STM, pioneered by G. Binnig and H. Rohrer, marked a promising future for this in-
strument. Consequently, they were jointly awarded the Nobel Prize in Physics after
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a remarkably short time, only four years following its first successful demonstration

[177).

De facto the advent of STM could not only transfer our knowledge of the surface
from speculation to certainty, but also gives us the opportunity to get some other
surface-related insights, to name a few:

o Tunneling spectroscopy has been proven to be a powerful experimental method
to probe the spatial distribution of electronic states on semiconductor surfaces
and to determine the surface density of states in some energy range around
the Fermi level.[178]

o Chemical-selective imaging can be performed by selecting an appropriate sam-
ple bias voltage.[179]

« Atomic manipulations. [180]

o Customized local functional spectroscopy, such as: Electron Paramagnetic
Resonance with a single-spin sensitivity [181] , and studying the ultrafast
transient dynamics in atomic landscapes by coupling optical pump probe with
STM microscopy.[182]

Additionally, this genuine technique could circumvent the limitation of optical mi-
croscopy to see small details, i.e.: the Abbe diffraction limit [183], where the mini-
mum spatial resolution between two points is given by:

i——2 (4.1)

- 2nsind

where : \: optical wavelength, n : medium refractive index, €: half the angle of
diffracted beam.

By considering green light with A ~ 550nm and nsinf = 1, the minimum
resolution we can get is d = 0.275 um. This value is relatively large for any atomic
landscape, whereas STM spatial resolution is measured in angstroms. However,
STM also has its own set of limitations, where the technique requires operation
under ultra-high vacuum conditions ( 107 — 107!2 mbar), in order to prevent
rapid surface contamination. Furthermore, STM is primarily suitable for studying
metals and semiconductors but not for insulating materials. Another significant
challenge with STM measurements is the need to minimize external and internal
vibrations, in addition to the time-consuming data acquisition during experiments.

4.1.1 Quantum Tunneling Effect: Observations and Models

In 1924, the french physicist Louis De Broglie could incorporate Einstein ideas about
relativity, mass, and the limiting light velocity to justify Bohr’s stability conditions of
electrons in atom’s orbitals by using moderate math treatments [184]. His endeavors
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introduced us what he called “ the coexistence of the wave and of the corpuscular
aspects that Einstein had introduced for photons in his theory of light quanta in
1905 [185].

Based on his hypotheses, one could deduce the famous simple matter-wave for-
mula:

A== 2 (4.2)

where : )\ is particle’s wavelength ;| h is Planck’s constant and it equals 6.626 x
10~3*m2%kg/s, m is particle’s mass , and v is particle’s velocity.

This opened the door for E.Schrodinger, in 1926, to introduce his bold contri-
bution about “ Wave Mechanics” to the physics community [31]. Starting from the
fact that the probability density of finding a photon is proportional to the square
amplitude of its associated electromagnetic radiation (w x % x I o< E?),
Schrodinger followed the hypothesis of De Broglie and worked out the wave func-
tion of the particle ¢)(7,t). Later Max Born added his contribution about the
probability of finding this particle based on the square of the associated wave func-
tion ||[¢ (7, t)|| 2[186]. The time-independent one-dimensional wave function of a free

particle can be written as follow:

b(z) = A, (4.3)
where A is a constant amplitude, and k = 27“ is angular wave number of the
particle’s wave. The particle’s wave function depends mainly on the system (which
interacts with the particle) and the boundary conditions of this system rather than
on the particle solely. This concept will be shown later when we deal with the
tunneling problem. Schrodinger started to deal with the quantum system as an
eigenvalue problem with a Hamiltonian (H = T+ U) that describes the energy of the
quantum system, and he could derive his well-known time-independent Schrodinger
equation, which in 1D has the following form:

" U] ue) = B, (4.4)

2m, dz>

where the wave function ¢(z), Eq. 4.3, is the Ansatz which solves this equation.

This new paradigm could be put into a practice to explain some baffling ob-
served phenomena. One of those puzzling observations for scientists, in the end of
19" Century, was the sparks between two cold electrodes in vacuum at high voltages
which has been reported by R.W. Wood in 1897 [187]. Lothar Nordheim embraced
this paradigm in explaining this emission of electrons at high voltages [188, 189].
He worked on the electrons’ reflection /transmission at vacuum-metals interfaces in
a semi-classical approach, where he considered the potential energy at the inter-
face as a step potential, with modified rounded edges, and the electrons must have
sufficient energy to overcome this energy barrier to get emitted, Fig.4.2. Based on
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Sommerfeld’s model of the metals, Nordheim could anticipate the required electric
field intensity at which the emission starts but with values one order of magnitude
larger than the experimental deduced values (~10° kV/m). He also worked out the
corresponding formula: I = CF2e~# , where I defines the emission current, C' the
proportionality constant, o the thermionic work function-related constant and F' is
the Field Strength. Yet he did not deal with any kind of emission at lower voltages.

On the other hand at lower voltages, many researchers observed an electrical cur-
rent between two electrodes with very small separation-distance. Giaver conducted
a series of experiments to measure the tunneling current between superconductors
thin films (e.g.: Pb at 7.2 K and Al at 1.2 K) separated by insulating oxide layers
[190]. He could record different characteristic I-V curves for these thin films for the
metallic and superconductors phases apart. Once these curves are attributed to the
assumption of the existence of a tunneling current, which depends on the density of
the states of both layer, he could determine the superconductivity gap from these
curves directly which matches very well with the superconductivity gap of these
materials measured by other methods. Additional experiment was done by him,
as well, on metal- insulator -metal junction [191] where his experiment has showed
inevitably that the observed current can not be explained by other than a tunneling
current penetrating the oxide insulating layer [191].

These observations can be explained within the framework of different theo-
retical models employing various approximations. The first model is the ideal 1D
square barrier, which considers incident and reflected wave functions at the barrier
borders. This model focuses on a single energy level and serves as a foundation
for understanding tunneling phenomena, although it does not account for potential
differences influencing tunneling. The second approach, proposed by Bardeen [192],
treats the problem as a scattering problem with a weak perturbation. Finally, Ter-
soff and Hamann introduced an approximation that relates the tunneling current to
the surface density of states of the sample [193, 194], based on the idea that only
electrons near the Fermi level contribute to the tunneling current.

One-Dimensional square potential barrier

This ideal model consider a potential barrier U(z) with height Uy relative to the zero
level in the region between z = 0 and z = d, as shown in Fig. 4.3. The solution of
the time-independent Schrodinger, eq.4.4, provides us with the wave function of the
electron, 1(z), at any region, as shown in Fig. 4.3. This wave function can be used
to calculate the probability of finding the electron in each respective region of Fig.
4.3 and the corresponding probability current density j(z,t). Following the Ansatz
of eq. 4.3, the solutions of an incoming wave, traveling from left to right, in the
three regions are:
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- Vacuum

Figure 4.2: Nordheim’ approach to explain electron emission at high voltages based
on Sommerfeld’s metals model where electrons are filled up to certain energy level
called Fermi Energy Level, e, and the transmitted electrons have kinetic energy,
W, that enable them to overcome the barrier. Original sketch is adapted from Ref.
[189].

Ae** + Biem* z < 0 (regionI)
P(z) = § Are™ + Boe®® 0 < z < d(regionll), (4.5)
Agett= d <z (regionIIl)

where the parameters A;_3 describe the incoming waves meanwhile the parameters
B1_5 describe the reflected parts of the wave function at the barrier borders. All
parameters are complex numbers except the amplitude of the incoming wave A;
which can be considered unity for the sake of simplicity. The wave numbers &
and k determine the wave function behavior outside and inside the energy barrier,
respectively. One obtains for k

ko= \/ (B - U(), (4.6)

where U(z) = 0 in both regions I and III, thus rendering k = 1/2}1—@ .

This leads to an oscillatory wave function solution, as shown for those regions in
eq. 4.5. Meanwhile, the region inside the barrier has potential of U(z) = Uy , with
E — Uy < 0. Hence, eq. 4.6 becomes a complex number with real and imaginary
parts and one can re-write it as k = ik , where k is the real part, called decay
constant, and can be expressed as

2m
K = ﬁ[Uo — E]. (4.7)
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Energy

qjl . l]J” . lp”]

Figure 4.3: Ideal 1D square potential barrier for the metal-vacuum-metal tunneling
junction.

The Ansatz, eq. 4.3, for the wave function inside the barrier becomes ¢;; = e™"?

as shown in eq. 4.5. This is a real exponential function describing the decay of the
wave function inside the barrier once the electron’s energy is less the energy barrier.
This implies that there is some probability of finding the electron on the other side
of the barrier if the barrier width is narrow enough to not kill the wave function com-
pletely. This is called the 'quantum tunneling’ which is counter intuitive classically
yet possible quantum mechanically. Following the exponential dependence of this
current, the intensity of this current drops one order of magnitude once we increase
the barrier width with 1 A at standard tunneling conditions (i.e. Uy — E = 1leV,
d= 5A).

The amplitude of the tunneling wave function to the incident wave function,
|¥m1(d)|?, reflects the tunneling transmission

AP 16k, 16E(Uy - E) 2m

T=1AF = rmp®  — oz cwlygge 68

where ¢ = Uy — F is the work function. Both, the transmission factor, 7', and the
tunneling current decreases exponentially in terms of the barrier width, d, hence the
tunneling current at some fixed energy level. Another related parameter worth of
mention is the probability current density j(z,t). It can be calculated from

b 0 o
Jat) = 5o e — ) (49)

The probability current density of the third region wave function is equal to j =
|A3]?v, where v is the electron’s velocity. Thus, One can deduce that the flux
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density (probability current) takes place for the tunneling particle and the particle
is in motion although that wave function is stationary. More discussion of this model
can be found in refs. [195, 196].

Bardeen Model

The previous ideal model describes the electron tunneling from one energy level and
no voltage biased was considered. These conditions are not suitable for describing
the tunneling current observed by many authors, at that time, for the metal-vacuum-
metal junction [190, 197]. Thus, Bardeen had introduced his model [192] to provide
some explanation for the tunneling current in such systems long before the invention
of the STM itself. He considered the junction as two subsystems: the first one is
the metal electrode and the second one is the upper metallic layer. The tunnel-
ing of the electrons between these two subsystems can be treated as a scattering
problem with the first subsystem is considered as the initial states and the second
subsystem contains the final states. In this approach, the transition rate between
these two subsystems, w;_, ¢, can be mathematically treated via the time-dependent
perturbation theory assuming a weak coupling between them

2
Wiy = 7- D IMp[Pa(Es — Ey), (4.10)
i

where £ is the reduced plank constant, and My; is the matrix element of the transi-
tion from one initial state to a final one. The summation runs over all contributing
states in the tunneling process. The Dirac delta function ensures the conservation
of energy in this transition, i.e. E; = E;, where only elastic tunneling is considered.
By applying this approach to the electron tunneling from the tip (initial states) to
the sample (final states), as shown in Fig. 4.4, one can find the tunneling current
by multiplying eq. 4.10 with the absolute value of electrical charge and consider the
spin degeneracy, to get

I = 2€wi*>f = 4ihe Z ’Mfi‘Qé(Esample,f — Em'pﬂ), (411)

i, f

and the matrix elements can be written as follow:

h2
Mfi(l/}:ample,f(r)7 wtip,i<r>> = 5

- 2m

[wtip (T) vw:ample (’I“) -

Stip/sample

7ﬂ:ample (T)thlp(rﬂds (412)

As a matter of fact, in Bardeen approach the matrix elements are energy-
dependent since the energy is an eigenvalue of the wave function of the states.
Thus, one can re-write Eq. 4.12 in terms of the energy of the initial and final states
instead of the wave functions, My, (¢k (7), Yuip,i(r)) = My (Ey, E;).

sample, f
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Figure 4.4: (a) Schematic Energy diagram of the tip and sample occupied (solid blue)
and unoccupied (dotted green) states. Applying positive bias voltage to the sample
decrease the Er sqmpie states by eV and increase Er 4, by the same amount. The
electron tunnels elastically (red arrows) from the tip to the sample in the energy
window eV between Ef 4, and Ep sampe- The work function of an electron with
energy € is ¢(e) = Vo —e. (b) The tip and sample have different work functions
leading to a trapezoidal energy barrier approximated with an effective square energy
barrier with an average height of both work functions, ¢ = M For an
energy state of ¢ the effective energy barrier changes by ¢ = ¢ + % — . The
tunneling current in both cases decreases exponentially due to the transmission
factor T'(¢, d).
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Introducing these energy-dependent matrix elements into the transition rate
equation, eq. 4.10, lead to!

o EF tip

Wrip -+ sample = 7 (M) o(e— Ei) Y (e — Ey) de, (4.13)
i f

EF,sample

and following the definition of the density of states for discrete states,

p(E) =) 4(E - E,), (4.14)

the transition rate can be expressed in terms of the density of states of both the tip
and the sample

27T EF,tip

wtip%sample = E i ‘M(S)‘Z ptip<8> psample(s)- (415>
F,sample

If we set the sample Fermi energy level as the reference level, then the Fermi
energy level of the tip is equal to eV. Then, the tunneling current between the tip
and the sample is the convolution of the density of states of the tip and the sample,
in the energy window up to eV,

dre [V 9
I = 2ewyip— sample = e Prip(€ — €V) Psampie(€) | M (€)|” de. (4.16)
0

One can calculate the energy-dependent matrix elements in eq.4.16 from eq.
4.12 in 1D at some certain tip-sample separation, z,, with suitable wave function
of tip and sample states, yp(2) = Vuip(0) €™ | Vsampie(2) = Vsampie(0) erlz=d),
respectively. As a result of that, one can find that the matrix element is distance-
independent and only energy-dependent, M(g) oc e *¢ and |M(g)|*> o< e~2* which
is nothing but the transmission factor T'(¢,d) obtained by the first ideal model
based on the matching of the wave function in eq. 4.8. Thus, in this approach for
1D one can approximate the matrix elements |M (g)|*> with an exponential function
representing the transmission factor in the data analysis of the acquired tunneling
current. Therefore, the tunneling current, eq. 4.16, can be simply written as

dme [V
I = T ptip(€ - SV) psample(8> T(57 Vvv d) de. (417)
0

Thus, the states close to the Fermi level experience a lower effective energy barrier
and contribute most to the tunneling current more than the ones far from the Fermi
level, as shown in red arrows in Fig.4.4. If the work functions of the tip and the
sample are different, the square energy barrier is replaced by a trapezoidal effective
energy barrier approximated with a square barrier with average height of both work

1Using the following identity for Dirac delta function: ffooo fle)o(e — Ey)de = f(Ey), and
setting f(e€) = |M(e)|>6(e — E;)
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function, ¢ = w, as shown in Fig. 4.4(b), where all the aforementioned

equations are applied in this case as well.

In conclusion, Bardeen approximation provides us with a reliable way to obtain
information about the density of states of either the tip or the sample if we could
deconvolute the tunneling current and get rid of the exponential contribution of
the transmission function which might mask the features of DOS of the sample.
Thus, this approach has its own limitations like the unknown density of stats of
the tip which keeps changing during the course of the STM experiment. Detailed
derivations and further reading can be found in the following ref.[196, 198].

Tersoff-Hamann approach

In 1985, Tersoff and Hamann introduced their theory to explain the tunneling cur-
rent between a probe tip and real surface and its implications in the STM [193, 194].
Based on Bardeen formalism of the transition rate in the first-order-perturbation
theory, eq. 4.13, one can re-write the tunneling current, eq. 4.16, in terms of
Fermi-Dirac distribution f(FE)

il i S EN Bt VMBS~ B, (19

where I, and E, are the Eigenenergy of the eigenstate of the tip, ,,, and the sample
surface, 1, respectively. The matrix element | M, (£)| is energy-independent and it
is evaluated at the limit of small voltages in Tersoff-Hamann approach. This means
that the energy window around the Fermi energy level will be very narrow, in which
one can consider the energy of the electrons equal to the Energy of the Fermi level
itself and the tunneling current at this limit will be

B Are®V

Z |MMU(E)’2 6<El/ - EF)é(Eu - EF) (419>

py v

The matrix elements can be calculated from Eq.4.12 using a plane wave expanded
in terms of Fourler expansion for the wave functlons of the sample surface states,

U, (7)) = Qsample > ag expl(k* + |k” + 8| ”“‘G) 7 where 2 is the volume,

?H is the surface Bloch wave vector of the state and 8 is the surface reciprocal-
lattice vector. Meanwhile, the tip in Tersoff-Hamann is approximated to a simple
spherical local potential with radius of curvature of R centered at r;, as shown in
Fig. 4.5. Thus, the tip wave function is introduced as an asymptotic spherical wave

@/Ju(?) = : %Ré— \7—@’ where ¢; is determined by the tip geometry and

#| 0l
electronic structure, and its Fourier expansion 2 is substituted into Eq. 4.12. The

2The Fourier expansion of the spherical wave ﬁ e T is
Ik dq b ea:p \/|/<a2—|—q |z|] exp(i 77 where the expansion coefficient is b(?) =

o

27 H2
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integration is done over an arbitrary plane within the vacuum barrier. Then, the
tunneling current will be expressed as

I

3273 (e Ro\ 2
= A ( l{ggb) Vv ,Otip(EF) psample<EF + 6‘/7 Ft)) 672,“[. (420)

It is clear from Eq. 4.20 that the tunneling current is dependent linearly on bias
voltage but has exponential dependence on the distance between the sample and
the surface. Based on that, at fixed bias voltage and distance (2o ) the tunneling
current is dependent on LDOS of the sample, if we considered the tip DOS constant,
I < psampre(Er, zo). This approximation provides a simple interpretation of the
tunneling current at different locations on the surface for a rastering tip across the
surface. Then, the tunneling current values is nothing but a contour plot image of
a constant LDOS at the Fermi level of the surface at the tip position.

This approximation is valid as long as the tip wave function is approximated by
an s-wave function, hence spherical wave function. The lateral resolution of the STM
based on this model is in the range of 5 A for typical metals with values of zp= 15A
and R = 9 A[193]. As a matter of fact, STM can resolve atom-sized features down to
2 — 3A on some close-packed surfaces [199] which is beyond Tersoff-Hamann model.
Thus, many authors started to overcome the simplifications adapted by Tersoff-
Hamann model. Nougera et al. suggested that the strong interaction between the
tip and the sample due to the short tip-sample distance, leaves the perturbation
Ansatz used by Tersoff-Hamann not valid anymore [200, 201]. Instead, they tried
to obtain an exact expression for this problem with a theoretical framework based
on the Green’s functions formalism with boundary conditions of matching the wave
functions at the interfaces between the vacuum and the two electrodes apart. As
a result of that, their calculations showed that the tunneling current is no longer
proportional to LDOS although they are related and a straightforward answer could
not be achieved. On the other hand, Chen et al. could present a straightforward
theory to calculate the STM images, where the tunneling matrix elements could
be derived based on Green formalism for the angular momentum of the orbitals of
the tip states [202, 203]. As a matter of fact, the DOS at the Fermi level of the
widely used STM tips (W, Pt , or Ir inter-metallic alloys) has a large contribution
of d-orbitals which has an angular momentum on contrary to the s-orbital [204].

In addition to that, the existence of localized surface states near Er in W (100)
surfaces is proven theoretically [205] and experimentally [206]. Such surface states
located 0.3 €V below Ef (0.4 eV width) and it has d.2 orbital character. Due to the
small decay constant of these states, their tail extend much further in the vacuum
more of the 5d and 6s orbitals. Thus, it has been suggested that these localized
surface states in the tip play an important role in explaining the atomic resolution
for the STM images recorded with these tips [207]. Based on that, Chen et al. [202,
203] could find an enhancement of the tunneling current due to d.z tip states by a
factor of 11 on close-packed metal surface, which can give some explanation of the
enhanced atomic resolution of the STM with these tips. Although, this approach
is more microscopic, yet one can recover the matrix elements derived by Tersoff-
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Tip

Figure 4.5: Schematic diagram of STM tip approaching the sample till distance d,,,;,.
In Tersoff-Hamann model, the tip is approximated as a spherical local potential with
radius of curvature of R centered at r;. Following the approximation, the tunneling
current is due to the LDOS of the sample surface at the tip center located at zj
above the sample, p,(Er, ). [193]

Hamann results for s-orbitals, [ = 0, which is a macroscopic approach for the tip
with a spherical potential well. Other approaches for the STM theory has been
introduced where the reader is refereed to their corresponding sources [208-211]

4.1.2 STM Operation: Topographic imaging and Spectroscopy
Measurements

The initial STM prototype developed by Binnig and Rohrer in the 1980s has un-
dergone relatively few changes compared to contemporary STM devices [212]. The
main components of the STM can be grouped into three parts: (i) The scanning
unit which includes the metallic probe tip and the sample holder. (ii) The electronic
control unit containing amplifiers, Analog-to-Digital converters and Feedback loop
controller. (iii) The vibration damping system. In the following section, we will
provide a technical overview of the STM apparatus employed in the experiment.
Additionally, we will delve into the two measurement modes, namely topography
imaging and spectroscopy measurements.

4.1.2.1 Technical Features

The STM apparatus and the tip employed in these experiments is produced by
Scienta-omicron company. The apparatus is made out of two main UHV chambers,
along with an additional load-lock chamber for introducing the sample into the UHV
chambers. The first chamber is designated for the STM measurements, while the

29



Chapter 4. Experimental Methods

second one is equipped with PVD thermal evaporator combined with Low energy
electron diffraction (LEED) apparatus for surface studies, as shown in Fig. 4.6.

The STM chamber is provided with an inner and outer cryostat tanks, each with
a volume capacity of 3.5 L enabling low temperature working environment down to
4.7 K. To achieve high spatial resolution in STM, a tip-sample spacing stability
at the level of pm is required®. Thus, one can reach such high degree of stability
by a combination of active and passive vibration isolation along with the STM
instrument itself where the resonance frequency of the instrument will be higher
than the building vibrations low frequency. Therefore, the design of the STM unit
needs to be simultaneously rigid and compact [214].

The instrument is located in the first floor of the building and this makes it
more susceptible to the building vibration which is in the low frequency range of 10
Hz. Hence, the STM head is suspended freely with three soft springs to avoid any
contact with the inner walls of the UHV chamber. Although the metal springs have
lower resonance frequency (2 Hz), it provides little damping due to the vibration
of the suspension itself. Thus, it is combined with other passive damping systems
to intercept these vibrations like eddy current retarder at the bottom part of the
measuring chamber. One can switch back and forth between these two modes: sus-
pended mode (measurement mode) and locked mode (cooling mode) by a locking
mechanism with a handle via a Feedthrough as shown in Fig. 4.7. Besides that, an
active damping system was introduced beneath the microscope, resulting in approx-
imately a tenfold reduction in the background noise, not shown in Fig. 4.6. Fig.
4.7 depicts a schematic representation of the STM chamber, highlighting its main
components.

The fundamental operational concept of the STM is outlined in Fig. 4.8. In
our apparatus, the sample is grounded and a bias voltage is applied to the tip,
typically between mVs and several volts. The tunneling current is measured and
converted into proportional voltages with a pre-amplifier with a gain of 10"—10°V /A.
The feedback controller for the z-piezo drive in the STM consists of a combined
proportional controller and Integral controller (PI controller) with adjustable gains
through the software. The tunneling current signal, I;,,ne, is compared with the
set current, I ., typically ranging between several picoamperes up to 333 nA. The
error signal (Ise; — liunner) is then fed into the PI amplifiers. The proportional
amplifier generates a control signal that is proportionate to the error signal and
it reacts to the fast deviations of the tunneling current from the set point value
like atomic corrugation or step edges in the sample topography [196]. Hence, if the
proportional gain Kp is large, it may lead to overshooting and oscillations in the tip,
affecting the ongoing measurement. Consequently, the integral controller produces a
control signal proportionate to the accumulated deviations from the set-point over a
specified time interval, with a proportional gain K;. Therefore, the careful selection
of suitable values for Kp and K7 is crucial for optimal performance.

3In our instrument the z-resolution of 10 pm can be achieved
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Figure 4.6: a photo of Omicron LT-STM used in the experiment showing the parts
of the instrument labeled as follow: (1) STM main chamber. (2) Load-lock chamber
including molecule evaporator and cutting pliers pumped by Turbo-molecular pump
at the bottom. (3) Preparation chamber pumped by HV Ionic gitter pump at
the bottom, it includes metal evaporator, substrate heater, mass spectrometer and
LEED. (4) Sample transfer wobble stick. (5) The adjustment-screw of the cutting
pliers. (6) Liquid Nitrogen inlet for the outer thermal shield. The outlet is in
the rear side of the chamber (not shown).The inlet and the outlet of the liquid
He at the top (not shown). (7) The electronics Feedthrough of the instrument
including the sample heater, the temperature sensor, and the tunneling current
signal preamplifier and voltage converter. (8) camera provides optical access to
the sample and the tip during the coarse approach and retract. (9) Helium filling
level meter device. (10) Thermometer for the STM main chamber temperature.
(11) Lock-in amplifier. (12) A heater fan for baking out the system, this system
has another one (not shown). (13) Ti-sublimation pump. (14) The commercial
electronic measurements box, “Matrix” produced by Scienta Omicron. (15) Control
Unit of the coarse approach/retract of the tip. (16) HV ionic getter-pumps for the
STM main chamber. (17) The Turbo-molecular pump valve (black,left) and the
exhaust port (right) wrapped with aluminum foil covering the heating tapes. (18)
UHV bakable valves separating the load-lock chamber from the rest of the system.
Image is taken from Ref. [213]
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Figure 4.7: CAD sketch of the STM chamber in our apparatus. Image is taken from
the manual guide of the instrument.

The output signal undergoes conversion to a digital signal through a suitable
Analog-to-Digital Converter (ADC) and is subsequently processed by a digital sig-
nal processor (DSP). The DSP forwards the tip height data to the computer, facil-
itating the display of the topography image in grayscale as a function of x and y.
The digitized measured signal is then transformed back into an actual voltage by
a Digital-to-Analog Converter (DAC). Following this, High-voltage amplifiers boost
the voltage up to £140 V before applying it to the piezo tube electrodes. This
leads to the re-adjusting of the tip height along z-cooridantes in order to keep the
tunneling current at the set value, ;.

At liquid helium temperature, the x- and y-piezo electrodes exhibit a sensitivity
within the range of 3.6 nm/V, while the z-piezo electrode demonstrates a sensitivity
of approximately 1.2 nm/V. These sensitivities enable high resolution in smaller
scanning areas. Together, these electrodes constitute the tube scanner, which plays a
crucial role in finely controlling the motion of the tip during the scanning procedure.
Meanwhile, for the coarse approach this scanner is driven by a linear piezo motor,
as shown in Fig. 4.9.

A saw-tooth voltage with small slope followed by a steep slope is applied to a
shear piezos (mover part) in the motor which holds piezo tube scanner (slider part)
with a magnet resulting with the stick/slip effect *. These voltages are responsible
for the coarse forward /backward movements to the tube scanner, in which the small
slope voltage lead to small movement of both the mover and slider part due to
the magnetically coupling between them (stick) and the steep slope voltage will
decouple the mover and slider part due to the inertia of slider’s mass (slip) [196].

4Tt is known as well as riding/sliding effect, for further details the reader is refereed to the
following reference [196].
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Figure 4.8: The Sketch of the STM basic operation. The tip is hold by a magnet
in the tip holder and attached to the piezo tube scanner. The tip is biased with
a voltage and the sample is grounded. The tunneling current is collected from the
sample and amplified before being compared with the I, in the PI controller. A
sample/hold amplifier nullify the error signal leading to no change of the control
signal applied on the z-piezo electrode. This enable the user to ramp the voltage
and detect the corresponding tunneling current in the spectroscopy mode without
changing the tip height. The control signal is fed to HV amplifiers to re-adjust the
tip height. The feedback loop is connected to the PC via DSP card and enable the
data/Commands connections.
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Figure 4.9: a photo of Omicron LT-STM stage showing the main parts labeled as
follow: (1) The sample heater regulating the temperature down to 4.7 K. (2) The
sample holder. (3) The outer cooling shield connected to the outer LNy tank. (4)
The magnetic tip holder at the top of the tube scanner. (5) The inner cooling shield
attached to the inner LHe tank. (6) The piezo tube scanner. Image is taken from

Ref. [213]

The frequency of this saw tooth voltage must not exceed the resonance frequency of
the piezo element and it is bounded by the bandwidth of the high-voltage amplifiers
(<10 kHz).

Initial monitoring of the coarse approach for the tip can be achieved visually
through a CCD camera, utilizing the side view port. Meanwhile, the other view
port illuminated by a light source as shown in Fig. 4.6 and Fig. 4.7. Once the
mirror image of the tip is observed on the sample surface, the coarse approach is
halted, and the automatic approach takes over.

Due to the small values of the tunneling current (nA-pA), the current is occa-
sionally superimposed with background noise. This noise can, sometimes, impede
the extraction of meaningful spectroscopic information. Thus, the Data acquisition
procedure of the tunneling current can be complemented by a Lock-in amplifier, as
shown in Fig. 4.6.

The Lock-in amplifier used in this experiment is MODEL SR830 DSP Lock-In
Amplifier, manufactured by Stanford Research Systems [215]. The basic idea of
this amplifier is to lock the phase of the measured signal with another reference
signal (external or internal), hence the name Lock-on amplifier or phase-sensitive
detection. The measured signal is modulated with an AC signal, i.e. multiplied by
an AC reference signal with known frequency and stable phase. The product of the
modulated and reference signal (phase shifted) yield with an AC signal with two
frequency components, one at the sum frequency (wyer + ws;y) and the other at the
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Figure 4.10: Block Diagram of Lock-in Amplifier: The tunneling current undergoes
excitation with a reference signal having a frequency higher than the grid frequency
(50/60 Hz or 100/120 Hz) to pass through Notch Filters. The output labeled (Sine
Out) provides this excitation, resulting in a modulated signal fed back to the Lock-in
amplifier through the Input labeled (Current I). In this scenario, no Phase-Locked
Loop is required, as the reference signal and the excited signal come from the same
internal oscillator. The modulated tunneling current signal is then multiplied with
the reference signal after being phase-shifted to nullify the phase difference between
the two signals. The Low-pass filter time-averages all AC components and eliminates
them, yielding the X-component of the signal, proportional to cos(A#). Another
signal can be measured, if the reference signal is shifted by 90° and that is the
Y-component, i.e. proportional to sin(A#). The digital outputs of the Lock-in
amplifier are generated by the DSP (gray square).

difference frequency (wyef — Wsig):

1
VLock—in = 5 Vtsig‘/ref{COS([wref - wsig}t + esig - 9ref)+
cos([wref + Wsiglt + Osig + Orer)}.  (4.21)

If wref = wsig , then the first component of Eq. 4.21 will result in a DC com-
ponent. When the AC signal (Vieer_in) passes through a low-pass filter, the re-
maining AC component will be eliminated by time averaging the signal and we end
up with a DC signal proportional to the measured signal amplitude, Vigex—in =
%vsigwef cos(0sig — Ores). By adjusting the phase of the reference signal, ,.s, one
can make the phase difference equal zero and hence cos(05y — 0,.5) = 1. Fig. 4.10
shows the block diagram of the used Lock-in amplifier. The importance of Lock-in
amplifier is to provide noise-free I —V and dI /dV spectra for various investigations.
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The thin films are prepared in a separated preparation chamber, as shown in
Fig. 4.6. The thermal evaporator consists of six water-cooled beryllium crucibles,
each containing various metal powders or chunks. These crucibles are connected to
a power supply, enabling the heating of the specific crucible needed for preparing
the required thin film. Meanwhile, the molecules powder is loaded in an another
water-cooled thermal evaporator in the load-lock chamber to deposit the molecules
on the substrate. The substrate used in this experiment is single crystal W(110)
fixed on standard Omicron sample holder.

4.1.2.2 Topography

The tunneling current flowing between the sharp tip and the sample can be used to
map the surface of the sample. As stated earlier, the density of states of the sample
and the tip are convoluted in the tunneling current, thus the recorded tunneling
current as a function of the lateral x y-position on the surface can yield with an image
of surface of constant DOS. Thanks to the Digital-to-Analog converters (DAC), the
height of the tip (z-output signal) will be represented by varying gray levels, around
256 levels for 8-bit DACs 3, which get displayed as images with 512 x 512 pixels.
There are two measurement modes for recording the topography of the surface: (i)
Constant current mode and (ii) Constant height mode.

1. Constant current mode (CCM):

In this measurement mode, the tunneling current between the tip and the
sample is set to a fixed nominal value as well as the applied bias voltage (AU)
before the scanning takes place. The feedback loop keeps readjusting the tip
separation of the sample to retain the set-point value of the tunneling current,
as shown in the schematic diagram of Fig. 4.11. The change in the tunneling
current is due to the modulation of the sample’s local DOS(Er+AU). Hence,
the positions where LDOS is high (e.g.: atoms, terraces, adsorbates, ... etc)
are represented with brighter gray levels (close to the white) due to the large
applied piezo voltage to retract the tip. On the other hand, the low LDOS
(e.g.: absence of atoms, misfit locations, ... etc) shows darker gray levels.
This contour of constant LDOS images the topography of the surface. Yet,
one should be careful about the direct interpretation of the contour of CCM
as the topography of the surface.

If the LDOS of the adsorbates are less than the LDOS of the substrate, e.g.:
CO molecules on metallic bare Cu surface [216], the molecules will be repre-
sented as depressions rather than hills in contrast to the “real topography” of
the surface. Utilizing the Feedback loop in practice results in a drawback of a
slower scanning, which could be viewed as a disadvantage in specific situations.

SFor 8-bit DAC, gray levels are 256 levels ranges from 0 (black) to 255 (white). For 16-bit DAC,
this increases to 65,000 levels which enhance the image resolution.
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Figure 4.11: Schematic diagram of STM topography scan in constant-current mode.
The tip retracts/extends according to the hills/vacancies on the surface in order to
keep the set tunneling current fixed. The feedback loop parameters affects the tip
response to the change of the topography of the surface

When the scanning process is sluggish, there is a potential for the scanning tip
to undergo alterations, and in such instances, there is a risk of debris falling
during the process. Also, the piezo creep and thermal drift might lead to
some distortions in the scanned images. At low temperatures, such effects
are negligible and one can get stable images after few scanning measurements
on the same region. Conversely, the advantage of implementation of CCM
is the constant resolution of the image. Furthermore, another feature of the
constant-current mode is the capability for element-specific scanning similar
to what is seen in resolving the morphology of GaAs(110) surface [217]. This
scanning is achieved by changing the polarity of the applied bias voltage and
choosing proper voltages, hence, probing the occupied and unoccupied states
of the surface.

2. Constant height mode (CHM):

Another operating mode in STM is the constant height mode (CHM). In this
configuration, the feedback loop is disabled, and the probe is moved across the
surface at a fixed height while monitoring the tunneling current. Following
Tersoff-Hamann approach, the tunneling current can directly capture the vari-
ations in the Local Density of States (LDOS), while maintaining a constant
height, as indicated in Eq. 4.20. Although it is straightforward in its approach,
it is not advisable to employ this measurement mode for scanning purposes.
One reason of that is the crash of the tip itself if the surface is not flat enough
atomically. Two atomic steps might lead to undesirable tip-sample contact.
Thus, to mitigate the risk of the contact between the tip and the sample one
tends to compromise the resolution of the sample by adjusting the height [218,
219]. Also, thermal drift and piezo creep make it challenging to maintain the
scanner stably at constant height above the surface. CHM allows for relatively
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high scanning speeds because data acquisition, in this mode, is unrestricted
by the feedback loop.

4.1.2.3 Spectroscopy
I(V)-Spectroscopy

The STM’s spatial atomic resolution facilitates local spectroscopy on specific atoms
or molecules, distinguishing it from area-averaged sampling spectroscopy techniques
like Photoemission Spectroscopy (PES) [220]. Additionally, the STM can provide
highly energy-resolved spectroscopic data down to several meVs. This capability
enables the detection of various excitations, including spin flip excitations [221]
and vibrational modes of a molecule [222]. However, it’s important to note that a
limitation of scanning tunneling spectroscopy (STS) is its lack of chemical sensitivity.

The STS monitors the variation of the tunneling current while ramping the
applied tip-sample bias voltage at a locally determined point in the topography
image. As expressed in Eq. 4.17, the integrand is proportionate to the sample Local
Density of States (LDOS), assuming energy independence for both the tip Density
of States pyp(e —eV), and the transmission factor T'(e, V, d), which can be justified
at low temperatures:

dI
— X Psampie(€V), (4.22)

av
where the contribution to the tunneling current df is coming from the states
between the Fermi levels of the sample and the tip, as shown in Fig.4.4.

In practical terms, the tip-sample distance is maintained constant at the desired
lateral position with a stabilized tunneling current and bias voltage. This is achieved
by the sample/hold amplifier in the feedback loop, which disables the feedback loop,
as depicted in Figure 4.8.

The voltage ramps from initial to final values, as set by the STM software,
and the tunneling current is recorded. The dI/dV spectrum can be calculated
numerically using data analysis software. Alternatively, the dI/dV spectrum can
be obtained directly using the Lock-in amplifier. The bias voltage (DC signal) is
modulated by an AC signal, V,,cos(wt), with a voltage amplitude V,, leading to a
modulated tunneling current, I,,. The amplitude of the modulated tunneling current
I,, is proportional to the dI/dV around each voltage bias values. Thus, to detect
the small features in the I — V' curve, the modulation voltage V;, should be smaller

than that of these characteristic spectral features under investigation, as shown in
Fig. 4.12.

To record the dI/dV spectrum (or generally the nth derivative), it is enough
to record the AC amplitude of the signal at n-times the modulation frequency.
This stems from the Taylor expansion of the modulated AC tunneling current, I =
f(V + V,, coswt), around the voltage V as a polynomial function of the modulation
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Voltage:
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It is evident from the above expansion that the nth derivative of the signal, f(V),
is proportional to the signal with nth multiples of the modulation frequency, nwt,
if we neglect the higher-order terms in each harmonic term. Therefore, measuring
the signal with the nth harmonic of the original signal will yield the spectra of
the nth derivative, and this can be accomplished using the Lock-in amplifier. The
oscillator reference signal generated internally in the Lock-in amplifier, as shown in
Figure 4.10, is multiplied n-times based on the nth derivative required. Following
that, this multiplied reference signal is shifted to compensate for any phase shift.
Subsequently, it is multiplied by the modulated tunneling current signal and passes
through a low-pass filter to get the desired 4-L DC voltage.

an

The Lock-in amplifier provides us with good signal-to-noise ratio, a benefit not
easily achieved with conventional data analysis procedures such as smoothing spec-
tra. Consequently, longer averaging times during the measurement result in reduced
spectral noise. On the other hand, using the Lock-in amplifier in the experiment
extends the overall experiment time, which is unfavorable due to the potential drift
that alters the tip-sample distance and, consequently, the tunneling current. Thus,
reproducing the same spectra would be favorable and it would increase the credibility
of the obtained results.

The energy resolution of the STS measured via Lock-in amplifier, at low voltages,
is determined by the applied modulation voltage V,, (instrumental broadening) and
the thermal broadening, AFE;nen. The total energy resolution of the experiment,
AE, is given by [196]:

AE = \JAB},,, + AE%, ~ JOBmeV/K TP+ 2 % Vpor 2. (4.24)

Consequently, there is an upper temperature limit if high energy resolution is
desired. Therefore, both the temperature and the modulation voltage must be
minimized to increase energy resolution. At 4 K, the energy resolution in STS related
to the thermal broadening is around 1.2 meV. Additionally, at higher voltages, the
transmission coefficient T'(e, V, d) dictates the energy resolution, which may be in
the hundreds of meV range [196].
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Figure 4.12: Modulated hypothetical I-V curve.

I(z)-Spectroscopy

In this kind of spectroscopy, the lateral position of the tip is held constant, and the
feedback loop is switched off. Meanwhile the voltage is applied to the z-piezo drive
and the tunneling current is measured while the relative distance between the tip and
the sample is changing, I(z). As indicated in Eq.4.17, the transmission coefficient
T(e, V, d) introduces an exponential dependence on the tunneling current, in which

2m—

T(e, V,d) < exp(—2z ﬁ@’ (4.25)

w is the effective energy barrier. At low bias voltage (¢ >

where ¢ =
V), this transmission coefficient is constant. Hence, the effective energy barrier ¢

can be extracted from the proportionality constant of the curve InI(z)vs z.

Spin-Polarized Spectroscopy (SP-STS)

The tunneling current between the tip and the sample can have spin-dependent
contribution I(¢, V, s) as well, which so far is not accounted for the spin-averaged
tunneling current. Spin-polarized electrons are a prerequisite for this, and they can
be achieved through extrinsic factors, such as GaAs tips being optically pumped
with circular light, resulting in a spin polarization of around 43% [223] or intrinsic
factors, like the spin-polarized d-band splitting in ferromagnetic tips [224]. The
spin polarization degree of the electrons in those tips depend critically on the tip
preparation procedure [214].

Ferromagnetic materials are best described by the Stoner model [225] wherein the
density of states spontaneously undergoes spin-splitting to minimize energy. The
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Figure 4.13: Principle of spin-polarized tunneling between magnetic electrodes show-
ing (a) parallel and (b) antiparallel magnetization. In the case of elastic electron
tunneling, spin is conserved. Thus, spin-up electrons tunneling out of the occupied
states of electrode A can only enter empty spin-up states of electrode B.[226]

two resulting sub-bands are occupied by electrons with definite spin orientations,
giving rise to majority and minority sub-bands, as shown in Fig.4.13. The exchange
correlation between the itinerant electrons lead to different values of density of
states at the Fermi level of either the tip or the sample, pI.is(Ef), resulting in a
spin-polarization P(Ey) [214]:

Pt,s(Ef) _ pt.s(Ef) B pt.s(Ef)‘ (426)

In experiment one can calculate the polarization with the tunneling current sig-
nal:

U R

Pis(Ef) = T 1 (4.27)

where I, I'™ refer to the tunneling current between the tip and the sample with
parallel and anti-parallel magnetization direction, respectively.

This spin-polarization affect the tunneling process between two ferromagnetic
electrodes as observed by Julliere in the Fe-Ge-Co planar tunneling junctions [10]
which could be explained by Slonczewski theoretical work [227]. It deduced the
cosine dependence of the tunneling current, I, on the relative alignment of the two
magnetization directions of the two electrodes:

I, = Iy(1+ P,.Pscost). (4.28)

The maximum contrast of the tunneling current can be obtained when the rel-
ative magnetization directions of the electrodes are parallel and anti-parallel for a
collinear orientation, corresponding to # = 0° and 180°, respectively. Thus, this
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tunneling junction behaves as magnetic valve. In the limit of the low bias voltage,
the tunneling current is dominated by elastic processes. Hence, the spin-flip of the
tunneling electrons is not permissible. For the sake of simplicity, if we consider
a tunneling junction consisting of two electrodes of the same material, the elastic
tunneled electrons will tunnel between the same spin-polarized sub-bands of the
opposite electrodes, as depicted in Fig.4.13. Since the tunneling current in the tun-
neling junction depends on density of states at Fermi level, as expressed in Eq. 4.20,
the tunneling current will be higher in the case of parallel relative magnetization
direction between the two electrodes and will be lower in the anti-parallel config-
uration. This will add additional contribution to the topography of the magnetic
sample in the constant current mode, Igp, [228]:

(71, V, 0) o< pps(T7, V) + mping(T7, V) cosf(77), (4.30)

where p,; s is the LDOS of either the tip or the sample at the tip position 77 and
ps is the energy integrated LDOS of the sample in the energy interval [Ey; Ef+eV].
my, m are the vector local magnetization DOS of the tip and the energy-integrated
vector local magnetization DOS of the sample in the energy interval [Ey; Ey +eV],
respectively. One can also image the magnetic domain with high spatial resolution in
the SP-STM, as shown in ref. [229-231], by recording the differential of the tunneling
current simultaneously to the topographic constant current mode, as expressed in
the following equation:

dI/dV (77, V, 0) o pp.ps(Ti, Ef +eV) +memy(7i, Ef +€V) cos(77).  (4.31)

The differential tunneling current in the SP-STM mode, Eq. 4.31, is directly
proportional to the density of states of the sample ps, and to the vector local mag-
netization DOS of the sample m, at the energy E;+¢eV. The optimum bias voltage V
can be chosen wisely to obtain the maximum value of m; over the former parameter
ps by running a SP-STS measurement on different regions.

On the other hand, the constant current mode, expressed by Eq. 4.30, is de-
pendent on the energy integrated LDOS ﬁs(ﬁ, V') and the energy-integrated vector
local magnetization DOS of the sample ms(ﬁ, V). These parameters are energy-
dependent, thus ﬁs(ﬁ, V) always increase as the bias voltage V' increases, mean-
while, the parameter T?LS(E), V') may stay constant or even decrease if the integration
is carried out over states of opposite spin-polarization. Therefore, the constant cur-
rent mode of the SP-STM yields minimal magnetic contrast among distinct magnetic
domains as [y predominantly influences the tunneling current.

The magnetic spin-polarized tip can be made of either bulk material as in the
case of CrOy[232], in — situ prepared CoCr [233] or from deposited thin films on
non-magnetic tips like W- tips, e.g.: 3-10 ML Fe which is almost always sensitive
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to the in-plane component of the magnetization of the sample. Meanwhile, the
tip prepared with deposited thin films of 7-9 ML Gd, 10-15 ML GdggFe;y, and
25-45 ML Cr are usually sensitive to the perpendicular out-of-plane magnetization
component at low temperatures [226].

Inelastic Electron Tunneling Spectroscopy (IETS)

The tunneling current between two electrodes in the tip-vacuum-sample tunneling
junction mainly experiences elastic tunneling. However, once the electron tunnel-
ing current passes through certain adsorbates, such as adatoms or molecules, some
inelastic tunneling events may occur with a low probability of 1-10% [214, 234, 235].

The inelastic electron scattering occurs, once the energy of the tunneling electron
exceeds some excitation energy in the adsorbate, i.e.: eV > hv, where h is Planck
constant and v is the excitation’s frequency. At these excitation energies, a new
tunneling channel is open and there will be some enhancement in the conductivity,
which is shown as steps in the dI/dV vsV spectra and as peaks in d?I/dVZvsV
spectra at the corresponding energies, as shown in Fig. 4.14. The increase in con-
ductivity occurs because a portion of the tunneling current’s energy is transferred
to the adsorbate, and it still reaches a state above the Fermi energy of the corre-
sponding electrode. This, in turn, contributes to the tunneling current as part of an
inelastic current added to the total tunneling current [236].

The enhancement in conductivity can be utilized as a reference point for distin-
guishing between various excitations observed in the adsorbates. While vibrational
IETS typically results in modest increases in conductance, usually not exceeding
10%, magnetic IETS often leads to substantial changes, sometimes exceeding 100%
[236]. In some cases, smaller changes, around 20%, have also been documented for
magnetic excitations [221, 237, 238]. This disparity in behavior between vibrational
and magnetic IETS can be attributed to the differing strengths of the interactions
involved: electron-vibration couplings tend to be weak, whereas electron-spin cou-
plings are typically very strong [236]. Additionally, it’s worth noting that the energy
range of the molecules’ vibrations differs from that of spin excitations. For instance,
spin excitations can occur up to £200 meV around the Fermi energy (Er) [159, 221],
while vibrations such as C-H stretching energies are typically around 359 mV [239].
Thus, IETS is a special kind of local electron energy loss spectroscopy with a high
spatial resolution.

The high-spatial resolution of the STM enables IETS to probe the local vibra-
tional properties of the adsorbates, e.g.: single molecule bond active sites, or the
influence of the surface defects on the vibrational modes [222, 234, 240, 241]. Such
capability of local study of the adsorbates is of particular importance since it is
believed that, in numerous catalytic reactions, only a few active sites are present on
the surface, serving as the locations for crucial chemical reactions [235].

Moreover, IETS can be used to detect magnetic excitation, e.g.: magnetic ex-
citations on a single magnetic atom [242], spinwave excitation [243] and itinerant
magnetism [244]. IETS measurements have been carried on magnetic molecules to
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Figure 4.14: The I-V tunneling current experiences a slight change at some energy;,
hw/e. This slight variation is attributed to inelastic tunneling events due to some
excitations in the tunneling junction at the threshold energy. The excitations are

shown in the conductivity spectrum as steps and in the dI?/dV? curve as peaks and
dips [240].

measure the magnetic anisotropy parameters and the switching of the spin states,
like the work of Tsukahara et al. on iron(II) phthalocyanine molecule (FePc) de-
posited on an oxidized Cu(110) Surface [159]. Depositing these molecules on non-
conducting layer rendered the molecules with its free molecule character where the
charge transfer with the substrate will be hindered. However, IETS measurements
on this system showed that the two possible orientations of the molecules on this
surface have a different magnetic anisotropy. Moreover, the magnetic anisotropy of
the molecule itself has been changed from easy plane, in the free gas molecules, to
the out-of-plane easy axis in the adsorbed molecules [159]. Such change has been
accompanied with switching of the spin states from singlet (S=0) on metallic surface
to triplet (S=1) on oxidized surface [159].

Magnetic IETS can be used, as well, on full-stacked molecular monolayers as
done by Chen et al. on cobalt phthalocyanine (CoPc) molecules [152], where
they could probe the antiferromagnetic superexchange interaction mediating the
molecules chains in the thin film in the top layers. Another powerful application of
the magnetic IETS is the applicability of the charge states identification in CoPc
single molecules as demonstrated in Fu et al. work [245]. The energy of the LUMO
state of CoPc molecule could be varied by controlling the tunneling separation gap
voltage between the tip and the molecule. The electrostatic effect causes this vari-
ation leading to the shift of the LUMO below Er and charging the molecule with
spin state S = 1/2. The vibronic LUMO state can be detected via the IETS and
the magnetic IETS can be used to distinguish between the neutral and charged
molecule. The main difference between the two cases is the shift of the magnetic
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IETS steps to higher energies at higher magnetic field in the charged molecules. This
is a consequence of the spin-flip inelastic electron tunneling into charged molecules
Zeeman split states.

Magnetic IETS could also measure the decay rate of some excited magnetic
states, as demonstrated by Loth et al. in their study on single Mn atoms adsorbed
on CuN/Cu(100) [246]. In such investigations, the tunneling current intensity of a
spin-polarized tip is controlled, where at low current levels, each successive tunneling
electron interacts with the spin in its ground state due to the higher frequency of
spontaneous relaxation compared to the excitation by tunneling current. Meanwhile,
at sufficiently high current levels, it is more probable for the successive tunneling
current to interact with the spins at the excited states. They found that the spin
lifetime in this regime is in the sub-nano-second range. However, as demonstrated
by Khajetoorians et al., the hybridization of the states of the magnetic Fe adatoms
with the Cu(111) metallic substrate continuum electrons causes the spins in magnetic
adsorbates on metallic substrates to have a shorter life in the range of 200 fs [244].

The hybridization of the orbitals of the deposited molecules with the electronic
continuum of the metallic substrates can influence magnetic (IETS) and give rise to
another phenomenon known as the Kondo effect which was first described in 1964
[247]. Instead of displaying symmetric steps around the Fermi energy (Er) as seen in
IETS, the conductance spectra exhibit zero-bias anomalies, which are characteristic
signatures of the Kondo effect in STM experiments. This zero-bias resonance peak
occurs due to the screening of the spin of the magnetic moment of the impurity
by the conduction electrons of the substrate, involving spin-flip scattering of the
substrate conduction electrons at no energy cost.

This phenomenon was observed in adsorbed molecules in some investigations
done by Komeda et al. on the double-decker bis(phthalocyaninato)terbium(III)
complex (ThbPcy) adsorbed on an Au(111) surface [162]. This resonance in these
molecules is observed on the lobes of the top Pc ligands but not on the central Th*3
ion, as shown in Fig. 4.15. The reason for this is the localization of 4f orbitals
hosting the magnetic moment of the lanthanide ion, so no screening takes place for
the magnetic moment of the central ion. Moreover, the strong magnetic anisotropy
of the Th*3 ion leads to left the degeneracy of the spin states of the central Th*3 ion,
which hinders the Kondo resonance. On the other hand, the unpaired spin in the
n-orbital of the phthalocyaninato (Pc) ligands occupies p-orbitals with a degenerate
spin state, S = 1/2, which can be screened with the substrate conduction electrons
due to the ligand’s sizable coupling with the substrate. Thus, Kondo peaks in this
molecule originates from the Pc ligands rather than the central ion.

Many theoretical approaches were introduced to explain the magnetic IETS that
correspond to the spin excitation in magnetic molecules and adatoms. Hirjibehedin
et al. presented an empirical theoretical approach to explain the conductance spec-
tra of adsorbed magnetic Fe and Mn on the insulating layer CuN/C(110) [248].
Depending on the spin Hamiltonian in an anisotropic environment,

~

H=gusB.9 + DS + B(S2—2), (4.32)
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Figure 4.15: (a) Topography of ThPc, single molecule on Au(111) surface. The four
bright (dark) lobes are the upper (lower) Pc ligands of the double-decker ThPco-
molecule. The upper and lower deckers are shifted by 45° with respect to each others.
(b) Side view of the double-decker ThPcy-molecule showing the central Th™ ion and
the upper and lower Pc ligands. (c) dI/dV spectra measured at the Pc ligand (I)
and at the Th*3central ion (II). The spectra demonstrate unequivocally the zero-
bias peak (ZBP) attributed to Kondo resonance at the ligand but the absence of
such anomaly on the center of the molecule. The images are adapted from Ref.
[162].

the excitation energy spectrum can be calculated by the diagonalization of Eq. 4.32,
where ¢ is the gyromagnetic ratio of the spin, D and F are the axial and transverse
magnetic anisotropy, respectively. Their phenomenological model is based on (i)
a voltage-independent elastic conductance and (ii) the thermally broadened IETS
transition weighted with the spin transitions between the spin eigenstates of the
three orthogonal spins, [;,; = >, | < 1/Jf|§j|1/)Z > |2, and Boltzmann population
of the filled and initial states. o

Lorente et al. introduced a more rigorous theoretical framework to explain the
spin transitions in IETS [249]. In his theoretical approach, he excluded the per-
turbation theory which introduced incomplete theories as in the work of [250-252]
which failed to renormalize for the elastic channels and it exaggerated of the inelas-
tic tunneling contributions. Lorente et al. calculated the branching ratio between
the elastic and the inelastic channels in the tunneling process [249]. They based
their calculation on the fact that during the very short collisional time between the
tunneling electron and the magnetic adsorbate, the interaction with the adsorbate
environment can be neglected, i.e. perturbation can be overlooked. This strong cou-
pling between the tunneling electron and the adsorbate forms a transient collisional
intermediate state. These collision tunneling channel can be included in calculating
the transition rate and reproduce the conductance steps at the threshold voltages of
the spin excitations in the experimental results in former work [248, 253]. Further
details on the theoretical investigations of the IETS can be found in Ref. [236, 254,
255].
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4.1.2.4 Molecule and metallic thin films deposition

The molecules and metallic thin films were evaporated in-situ using the physical
thermal deposition technique (PVD) within a separate preparation chamber, as
illustrated in Fig. 4.6.

Fig. 4.16 provides a schematic representation of the operational principles of
this deposition method. A crucible containing the powdered molecules is heated
until the powder sublimates, creating vapor pressure. The crucible is heated using
a wrapped tungsten wire connected via an electrical feedthrough to a power sup-
ply. Temperature regulation is achieved through a PID controller, which adjusts
the heating power based on the difference between the measured temperature and
the desired setpoint. This precise temperature control is essential to reach the de-
sired temperature without overshooting, particularly the sublimation temperature,
thereby preventing uncontrolled deposition of thin films. Additionally, by regulat-
ing the current, one can prevent the dissociation or carbonization of the molecule
powders by avoiding heating them beyond the sublimation temperature.

The target coverage of the molecules on the substrate is to have single scat-
tered molecules within each scan frame of the substrate (500 x 500 nm?). Thus,
the trial-and-error approach was used to decrease the coverage as much as possible.
After each evaporation attempt, an STM scan measurement was conducted to mea-
sure the coverage. The trials revealed that by evaporating NisTh molecules at their
sublimation temperature, i.e.: 120 °C, and exposing the sample to the molecular
beam for around one second, individual scattered molecules could be obtained in
each frame. Throughout the molecular evaporation process, the pressure was consis-
tently maintained at approximately 10~ mbar, except during the initial evaporation
trials, which involved the degassing of the molecules.

The metallic thin layers were prepared in the other preparation chamber in the
STM shown in Fig. 4.6. The thermal evaporator used for this purpose is similar to
the previous one but lacks a temperature controller. As a result, the sublimation
temperature cannot be precisely regulated; however, the deposition process can be
monitored using a quartz crystal. The deposition rate of the Fe layers were in the
range of 0.12 — 0.15 ML/min. The sample holder within the preparation chamber
has the capability to heat the sample using a filament positioned behind the sample,
enabling electron beam heating. The temperature is monitored using a radiation
thermometer (Pyrometer). The heating filament can reach very high temperatures
to cleanse the sample, desorbing any adsorbates on the surface through brief flashes
lasting less than 10 seconds.
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Figure 4.16: Sketch depicts the setup of the PVD thermal evaporator.

4.2 Low- Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is a highly effective technique for surface
crystallography, wherein electrons undergo elastic scattering off a surface. When a
beam of electrons impinges upon a surface with a periodic two-dimensional structure,
a diffraction pattern emerges due to the wavy nature of electron wavefunctions,
introduced by Eq. 4.2, similar to the phenomenon observed with electromagnetic
radiation® [256].

Because of the extended mean free path of electrons in ultra-high vacuum (UHV),
the LEED technique enables in — situ investigations of the surface, both before
and after surface preparation. In the energy range of 50-100 eV, electrons have
a minimized penetration depth into solids (5 — 10 A), which makes them optimal
for probing surface layers [257]. These characteristic features give the technique its
name, hence Low-energy electron diffraction.

Figure 4.17 illustrates the operational principle of the LEED technique [258]. An
electron gun emits an electron beam from a hot filament, which is then accelerated
toward the sample. Upon interaction with the surface, the incident electrons un-
dergo both elastic and inelastic scattering processes. To filter out the inelastically
scattered electrons, the diffracted electrons pass through several grids positioned
between the sample and the fluorescence screen, as depicted in Fig. 4.17. The first
grid, located near the sample, is grounded to isolate the field from the space sur-
rounding the sample, thereby ensuring that the energy of the diffracted electrons
remains unchanged. The two following grids are known as suppressors, and they
are maintained at a variable negative potential to block low-energy electrons. The

SFor low-energy electrons, approximately 100 eV, the wavelength is around 1.22 j&, which is
comparable to the lattice constants in solids.
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Figure 4.17: Schematic illustration of LEED system. The electrons are emitted
from the electron gun and impinge upon the surface. The diffracted electrons are
reaching a florescence screen after passing high-voltage retarding grids preventing
lower energy electrons creating the reciprocal lattice point of the surface structure.

final grid is employed to measure the draining current of the fluorescence screen,
effectively assessing the intensity of the diffracted electrons relative to the energy of
the electron beam. The positively biased florescence screen display the diffraction
spots, enabling a qualitative description of the surface and its symmetry.

The diffraction pattern displayed on the florescence screen directly represents
the reciprocal lattice of the surface in k-space. These intensity maxima fulfill 2D
Laue conditions

Ak.a = 27h
Ak.b = 2nk.

In this context, Ak = k;y — k; = Gy, where G, = ha* + kb* represents a reciprocal
lattice vector, and a*, b*are the primitive reciprocal lattice vectors corresponding to
the real lattice vectors a and b.

Considering the elastic scattering of incident electrons with the surface, the wave-
vector magnitudes of the incident and diffracted electrons are equal, i.e., |k;| = |ky|.
Consequently, the incident and diffracted wave vectors define a sphere, with its
origin at the tail of the incident wave vector and its head pointing to the (0,0) point
in reciprocal space. The intensity maxima occur at points on the sphere satisfying
Ak = ky — k;, as depicted in Fig. 4.18. These scattering vectors, Ak, correspond to
the reciprocal lattice points (h, k).

The size of Ewald’s sphere, and thus the number of diffraction spots on the
screen, is determined by the energy of the incident electrons. The central point of
the patterns denotes by (0,0) which is the primary incident electron beam. The
reciprocal lattice structure can offer qualitative insights into the surface and its
periodicity, as they mirror each other. Thus, in case of surface reconstruction one can
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Figure 4.18: The Ewald 2D circle of a electron elastic diffraction with radius of
|k;|. The reciprocal lattice point rods (h, k) intersect the circle at the points that
satisfy Laue condition Ak = Gpy.

observe additional reciprocal lattice points on the florescence screen [259], as shown
in Fig. 4.19. The superimposed overlayer, influenced by the surface reconstruction,
is related to the surface’s real lattice constant with an integer multiple; ¢ = na and
bl = mb.

A quantitative analysis can be conducted by examining the I-V curve, which
entails measuring the intensity of the diffracted electrons versus the incident elec-
tron energy. To enhance our understanding of the diffracted beam’s intensity, it’s
essential to explore a theoretical framework beyond the kinematic theory of single
scattering to calculate the intensities of diffraction of an electron beam impinging on
a surface as accurately as possible, where the scattered electron undergoes multiple
scattering events, which must be accounted for in the theoretical model. There-
fore, the recorded I-V curves are compared with calculated curves obtained from
dynamical LEED multiple scattering calculations [260].
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Figure 4.19: Schematic diagrams of reciprocal and real lattices with their lattice
constant, a*, b*and a, b, respectively.

4.3 X-Ray Magnetic Circular Dichroism (XMCD)

Since their discovery in the late 19th century by Wilhelm Rontgen in 1895, X-rays
have played an indispensable role in advancing various scientific and technological
disciplines, including medicine, materials science, and chemistry. Their significance
in material analysis stems from their unique properties.

Firstly, X-rays possess energy-dependent penetration depths, allowing for non-
invasive examination of samples. This versatility enables scientists to probe both
the inner and outer surfaces of materials based on photon energy and sample elec-
tron density. Additionally, high-energy X-ray photons (~ KeV) exhibit wavelengths
comparable to the interatomic distances in solids, facilitating diffraction experiments
that elucidate the crystalline structure of materials. Conversely, soft X-rays (< 2
KeV) can be used at probing electronic transitions from core states to valence shells,
offering insights into the electronic and magnetic properties of materials.

X-rays can be generated in several ways either naturally or artificially. Syn-
chrotrons are considered powerful sources of X-rays that can generate X-rays with
a tunable energy range and different polarization, offering enhanced versatility in
experimental setups.

In this section, we will briefly cover synchrotron facilities and the emitted ra-
diation and its properties. Then, we will introduce the main concepts in X-ray
absorption by matter. Finally, we will delve into one of the soft X-ray techniques
used for probing the magnetic properties of samples, known as X-ray Magnetic Cir-
cular Dichroism (XMCD). The sum rules quantifying this effect to measure the total
number of valence holes, spin, and orbital magnetic moment will be explored in this
subsection.
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Figure 4.20: Sketch of the synchrotron radiation cone emitted by the accelerating
electrons. The moving electrons generate the conventional dipole field in their own
frame of reference (left).As the electron is accelerated, the dipole field becomes dis-
torted and appears as a cone in the observer’s frame of reference, with the indicated
half-opening angle. [262]

4.3.1 Synchrotron radiation

The moving electrons with constant velocities, with respect to the observer, are
emitting electromagnetic (EM) field, characterized by field lines that mainly radiate
outward radially. Yet, the accelerating electrons with relativistic velocities, with
respect to the observer, emanate distorted EM field with an electric field component
parallel to the acceleration direction. This component is called the EM radiation
and it travels away of the accelerating electron and falls off with the distance r from
the particle as 1/r [69]. This radiation is focused into a forward cone tangent to the
trajectory of the moving electron, with a half-opening angle ranging from 0.1 to 1
mrad, depending on the energy of the electrons, as shown in Fig. 4.20, and it is
known as Synchrotron radiation.

This energy can be determined by the inverse Lorentz factor, v~! = Ey/E,
where E represents the actual energy of the electron and FEj is the rest energy of
the electron, which equals 0.511 MeV. The total radiation power P,,q of a traveling
electron of energy E around an orbit with radius R in a magnetic field B is [261]:

e2c 1 (E\*
Prag = — (=), 4.33
© 7 brey R? (E0> (4:33)

e is the electron charge, ¢ is the speed of light, and ¢y is the vacuum permittivity.

The synchrotron radiation is very intense and extends over a broad energy range
in electromagnetic spectrum, starting from infrared through ultraviolet and visible
to soft and hard x-ray regions. Such radiation can be generated either from cosmic
sources, like pulsars, or from man-made sources, like: large electron-accelerators
facilitates. Nowadays, there are over 50 synchrotron facilities worldwide, spanning
various generations [263].
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Figure 4.21 illustrates the fundamental configuration of a synchrotron facility.
Initially, electrons are emitted from an electron gun and accelerated to relativistic
velocities in a linear accelerator (LINAC) until their energy reaches several MeV.
Subsequently, the accelerated electrons are injected into a booster ring to further
increase their energy to the GeV range. These highly energetic electrons are then
injected into a larger storage ring, where they are constrained to follow a circular
path due to the magnetic field generated by the bending magnets [264]. The storage
ring contains quadrupole magnets in addition to the bending dipole magnets. The
quadrupole magnets are used to focus and defocus the electron beam within the
ring. The RF cavities are installed in some parts of the ring to replenish the energy
of the electrons after they have lost a portion of it. The insertion devices (ID)
are responsible for generating the synchrotron radiation cone from the storage ring.

The first generation of the synchrotron was not dedicated solely to synchrotron
radiation; rather, it was a byproduct of high-energy experiments, where the radi-
ation emitted from the bending magnets was considered as energy loss and heat.
This led to the development of dedicated synchrotron facilities, marking the second
generation of synchrotron facilities where the bending magnet themselves became
as a source of the synchrotron radiation, as shown in Fig. 4.22(a), and some tan-
gential beam lines with an experimental end-station for running the experiments
where established. The third generation of the synchrotron facilities further opti-
mized insertion devices, incorporating Wigglers and Undulators installed in straight
portions of the storage ring.

The insertion devices consists of a periodic arrangement of magnets (N mag-
netic poles) that produce an alternating perpendicular magnetic field, inducing the
traveling electrons to oscillate in the horizontal plane of their motion, with period
of length \,, as shown in Fig. 4.22(b). The oscillating motion generates multiple
radiation cones at each "wiggle", contributing to a cone with higher intensity over-
all. A key distinction between wiggler and undulator insertion devices (IDs) is the
wiggling angle, which is larger for wiggler IDs than for undulators, as shown in Fig.
4.22(c). This difference impacts the interference pattern of the emitted radiation
cones. In undulators, the cones add up coherently, resulting in an intensity increase
proportional to N2, where N represents the number of magnetic poles. Conversely,
in wiggler IDs, the intensity is proportional to 2NV.

The parameter K, defined as K = a~, relates the wiggling angle deviation to
the natural angular aperture of the synchrotron radiation cone, 1/y. It serves to
differentiate between wigglers and undulators, where for wigglers, K >> 1, and
for undulators, K << 1. Another defining parameter that sets apart the various
generations is the spectral brilliance, which quantifies the number of photons emitted
per second per unit area within a spectral bandwidth AE/E = 0.1% into a unit solid
angle [265].

Figure 4.22(d) provides a comparison of brilliance among different synchrotron
radiation sources. It’s worth noting that Free Electron Lasers (FELs) are not in-
cluded in this comparison, as they fall outside the scope of this thesis.
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Figure 4.21: Sketch of Synchrotron main parts as described in the text.

The synchrotron radiation emitted is predominantly linearly polarized when ob-
served in the horizontal plane of the traveling electrons. This polarization occurs
because the electric field aligns parallel to the plane of the electron orbit. However,
at vertical angles above that plane, there exists a polarization component perpen-
dicular to the plane of the orbit. Thus, it is meaningful to define the degree of linear
polarization as
I, — 1,
1 /) T I’

where the linear polarization decreases as one moves off the axis. Above and below
the orbital plane there is a constant phase difference between both components,
leading to right circular polarization above the orbital plane and left circular polar-
ization below. The degree of polarization

Plinear - (434)

In— I, 4211,
_ RTOL /7L (4.35)

¢ Ir+ I, N ]//—l—IL’

where Ir and I; are the intensities of right and left polarized light and the
sign 4+ corresponds to the positive and negative values of the half-opening angle
[264]. Further technical details about the beamline PM2 VEKMAG in the Bessy II

synchrotron, where we conducted our measurements are covered in chapter 6.
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Figure 4.22: (a) First and second generation of synchrotrons produce synchrotron
radiation out of dipole bending magnets [266]. (b) The wigglers and undulators
are used in the third generation to produce intense synchrotron radiation. The gap
between the magnetic poles (1) is tunable in undulator and this make the wiggling
electrons (2) produce more radiation cones (3) leading to more intense radiation
[266]. (c) Schematic view of the “wiggler” regime, where a represents the wiggling
angle and A, represents the period of the oscillations. (d) Brilliance (Brightness) of
several storage rings in different synchrotron generations in the last 100 years [267].

4.3.2 X-ray absorption in matter

Electromagnetic radiation interacts with matter through various mechanisms such
as reflection, refraction, and absorption, and X-rays follow the same principles. In
the case of X-rays, reflection and refraction occur via scattering and the emission of
radiation by scattering elements, typically the electron cloud. This scattering can
either occur at the same frequency (Thomson elastic scattering) or at a reduced
frequency (inelastic Compton scattering).

In most synchrotron radiation applications (below 1 MeV), the Compton scat-
tering cross-section is negligible due to insufficient energy to eject bound electrons.
Additionally, for interactions involving photons with energies less than 3 keV, the
Thomson scattering cross-section remains constant but it is orders of magnitude
smaller than the photoabsorption cross-section [268, 269].

The photoabsorption cross-section is both material- and energy-dependent, typi-
cally varying approximately as Z*, where Z is the atomic number of the element, and
decreasing with increasing photon energy following E—3, as depicted in Fig. 4.23(a).
The atomic photoabsorption cross-section, o, is directly related to the absorption
coefficient, denoted as u, which quantifies the rate at which radiation is attenuated
within the material, with the attenuation length being the distance at which the
initial intensity drops to 1/e. This relationship is expressed as o,[cm?g™!] = o
where p,, is the mass density.

At some specific energies, a sudden sharp increase occurs due to a resonance
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Figure 4.23: (a) X-ray absorption coefficient as a function of incident photons energy
for Be (red), Si (yellow), and Pb (blue). (b) The absorption edges depicted in (a)
correspond to the excitation of electrons from different orbitals to the continuum.
Excitation from orbitals with principal quantum numbers n = 1, 2, 3 correspond to
absorption edges labeled as K, L, M, respectively. Image is taken from Ref. [268].

between the x-ray photons energy and the binding energy of electrons in their orbital
in the atom, leading to their excitation either to the continuum or to the upper
valence shell. These peaks are known as "absorption edges" and are labeled according
to the orbitals from which the electrons are excited, as illustrated in Fig. 4.23(b).
With the exception of the K-edges, all absorption edges feature multiple closely
spaced "sub-edges" linked to nondegenerate quantum states of the localized core
states which are split due to spin-orbit coupling by 10 eV [69]. Consequently, one
can find a one K-peak, three L-peaks (L 5 3-edge), and five M-peaks (M 23 4 5-edge)
in an absorption spectrum. For transition metals the magnetism originates from the
3d-orbitals meanwhile for the rare-earth metals the 4f-orbitals are the source of
the magnetism. Therefore, examining the L 3-edges for the transition metals and
M, 5-edges provides valuable insights into the magnetic properties of the material.

Generally speaking, any interaction of radiation with matter leads to attenuation
of the radiation within the material. The intensity of transmitted X-rays through
a slab of certain thickness decreases exponentially as a function of the absorption
coefficient, as expressed in the Beer-Lambert equation: I = lpexp(—u(E).z), as
depicted in Fig. 4.24. The linear absorption coefficient parameter is of central
importance in the X-ray Absorption Spectroscopy (XAS). This coefficient for a ma-
terial can be understood within the single-particle approximation, where one photon
is absorbed, causing an electronic transition from the occupied initial state | > with
an energy FE; to the unoccupied final state |f > with an energy Ey, according to
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Fermi golden rule:

woc 1< fIHL > P p(Ep)p(E)S(E; — Ei — hw) (4.36)
i,f

where H is the Hamiltonian interaction between the x-ray EM-wave and the
electrons, p(FE) is the electronic density of states, and the Kronecker delta func-
tion ensures the conservation of energy in this transition. The matrix elements
of the transition is proportional to the amplitude of the dipole operator transition
| < fle.7|i > |? (in the simplest case)”. This amplitude has non-zero values if the in-
tegrand is as symmetric as possible, which occurs when the orbital overlap< ¢ s|1; >
is antisymmetric, as the dipole operator &7 s antisymmetric. This implies that
the orbitals of the initial and final states must have different symmetry to allow this
transition. Therefore, the difference in orbital angular momentum must be Al = +1,
and there must be no spin flip, meaning As = 0 and the total angular momentum
difference Aj = 0,£1. Such considerations are known as selection rules and they
are the governing rules in the dipole transition.

Following this approach, an electron can be elevated to an unoccupied bound
valence state, selectively probing the valence shell. For transition metals, where mag-
netism originates from the 3d-orbitals, investigating the L 3-edges involves exciting
electrons from the p; /o 3/2-orbitals to the d-orbitals. Conversely, for rare-earth met-
als, where magnetism arises from the 4 f-orbitals, examining the M, 5-edges involves
exciting electrons from the ds/y5/0-orbitals to the f-orbitals. Such investigations
can be performed using tunable synchrotron radiation, making the synchrotron a
versatile tool for various spectroscopic techniques.

The absorption spectrum can be directly measured using the Beer-Lambert law
by comparing the initial X-ray intensity to the transmitted intensity through the
sample in transmission geometry. Alternatively, it can be indirectly measured by
detecting either emitted fluorescence photons or secondary (Auger) electrons, which
arise from the two main de-excitation processes: (i) emission of characteristic fluo-
rescence photons or (ii) radiationless ejection of Auger electrons.

When an X-ray photon is absorbed, it creates an electron-hole pair. The electron
may transition to higher energy shells or escape into the continuum. In fluorescence
emission, the core-hole is filled by an outer-shell electron, emitting a characteristic
X-ray photon with energy corresponding to the difference between the two states,
following selection rules. This occurs on a femtosecond timescale, with the emitted
photon having slightly lower energy due to nonradiative relaxation.

On the other hand, in Auger emission, the core-hole is filled with electrons from
the outer shell, and the excess energy is released by emitting electrons from the
outer shells whose binding energy is less than that of the excess energy. These

_>
"The dipole (| < f|e.7]i > |?) and quadrupole terms (| < f|(e.7)(k.7)|i > |?) of the matrix
elements are originated from the expansion of the Hamiltonian interaction of the EM plane wave

A~ rd
with the electron H = &.7¢t* '?, where for the heavier atoms the later is not negligible anymore
[270].
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Figure 4.24: The intensity of the x-ray through a material falls off exponentially
depending on the thickness and the absorption coefficient of the material.

two processes compete [271], with fluorescence favored in heavier atoms due to
larger energy differences between states, and Auger emission more common in lighter
atoms.

As the energy differences between the states increase, the probability of Auger
emission decreases, while fluorescence emission increases. Consequently, for heavier
atoms where the nucleus charge is large and the energy differences between adjacent
states are significant, especially those close to the nucleus, electrons are bound more
tightly by the nucleus charge. Thus, for heavier atoms, it is more probable to emit
fluorescence photons (K-line) than Auger electrons, whereas for lighter atoms, the
Auger electron yields exceed the fluorescence yield.

The quantity of emitted Auger electrons correlates directly with the absorption
cross-section in the surface region, thereby facilitating a reliable measurement of the
material’s absorption coefficient. In contrast, fluorescence yield primarily applies to
thin samples, as thicker samples can experience self-absorption of emitted photons
[272], requiring corrections detailed in Section 6.3 of this thesis.

4.3.3 X-ray Magnetic Circular Dichroism (XMCD): Sum
Rules

The use of linearly and circularly polarized radiation produced by synchrotron in-
sertion devices, as described in Section 4.3.1, provides critical tools for investigating
various electronic and magnetic properties of materials. The changes in the polar-
ization of the X-ray photon electric field can markedly influence the material’s X-ray
absorption intensity:.

The XAS resonance intensity must be independent of the sample’s orientation
to yield information on the charge and the magnetic moments in the sample. The
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orientation-averaged XAS intensity can be defined following the polarization of the
incident X-ray photons, their propagation direction, the symmetry of the sample’s
lattice structure and whether the sample is magnetic or non-magnetic [69].

For the XMCD measurements of polycrystalline magnetic samples one should
first eliminate any magnetic effects by saturating the sample’s magnetization with an
external magnetic field parallel and antiparallel to the x-ray propagation direction,
and one measurement along some direction parallel to the prorogation direction will
be sufficient to obtain the orientation averaged isotropic XAS

<Lg>=1"+1+1" (4.37)

where It (I7) denotes the right (left) circular polarized photons and I° denote

the linear polarized photons which can be approximated by I° = (1+42r_1—) Note that
the three propagation directions are fixed all along the same certain direction. The
orientation-averaged x-ray resonance absorption intensity is directly proportional to
the total number of the valence holes, e.g.: 3d states in the transition metals. This
has been shown for various 3d-transition metals as shown in Fig. 4.25(a) where the
white line intensity ® decreases with increasing atomic number along the periodic
table series. This observation can be explained by the fact that in such metals, the
d-valence shells are filled with one electron per atom along the series leading to the
decrease of the empty valence states. The number of holes corresponds to the energy-
integrated density of states above the Fermi level, N, = [ on p(E)dE. Therefore,
the greater the number of empty states above the Fermi level, the higher the x-
ray absorption intensity. Theoretical calculations of the hole number for 3d metals
plotted against the integrated resonance intensity (the shaded peak area shown Fig.
4.25 inset) reveal a linear relationship with a strong correlation, as depicted in Fig.
4.25 (b).

This lead to the first sum rule which states that the total intensity of core to
valence shell transition with angle-averaged XAS is directly proportional
to the total number of the empty states above Fermi level.

In the one electron picture, the dipole operator, P! = er , does not act on
the spin, since the only allowed transitions are the ones that preserve the spin, but
it acts on the angular part of the orbital wave function [69]. Hence, there is no
allowed spin flip transition but the allowed transitions are the one that obey the
transition selection rules between orbitals, e.g.: Al = +1. Also, the dipole operator

can be written in terms of Racah’s tensor, C\) = ;ﬁmm(e, ¢) of rank [ = 1,

Pi/r = szo, 41 €Ly CY. This can be useful to derive the sum rules by applying
the sum rules of Racah’s spherical tensor operator.

The k-dependent generic [-orbital wavefunction of atoms in solids is

8The term "white line intensity" is often used interchangeably with absorption intensity. This
terminology stems from early methods of recording x-ray intensity on photographic film, where
areas of increased absorption appeared as "white lines" due to their higher absorption strength.
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Figure 4.25: (a) The plots of XAS absorption cross section at L-edge for 3d metals
Fe, Co, Ni and Cu. The inset shows the shaded peak areas corresponding to the
energy-integration of the XAS intensity at the Lj 5-edge. (b) The correlation between
the theoretical values of the 3d hole and the values obtained from the first sum rule.
The theoretical values used for the holes are 1.5-1.78 for Ni, 2.5-2.80 for Co and
3.4-3.93 for Fe. (c) The average XAS of Fe (blue) and the XMCD peaks at L edge
(red) and at Ly edge (green). Images are taken from Ref. [69, 273].
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where R,,;(r) is the radial part of the orbital wave function, and Y;,, is the
spherical harmonics, and y* is the spin part. The coefficients a,, and b,, satisfy
the normalization condition Y |am|? + |bm|* = 1 . The intensity of XAS of solids
can be obtained by calculating the amplitude of the matrix elements of the dipole
operator transition from core to valence shell (¢ — L)

IL =AY | <|Plg; >

E;>Er
i,k,m
= AR > Nl (k) + [biar (k) [el 2 | < LMICH em > [+
E>Ep p,M
i,k,m
AR? Z Z <LM]C’ |cm><LM’|C’IE,1)]cm>*
E>EF p;ﬁp

ikom  MAM'!

X (@i (K) (@i (K))* + biae (k) (bir (K))]. - (4.39)

where the first term represents the diagonal terms and the second term represents
the cross terms and the dipole operator has been written in terms of Racah’s tensors.
The orientation-average of Eq.4.39 can be done by summing either over polarization
states ¢ = 0,41 or crystallographic direction. In both cases the cross terms in
Eq.4.39 vanishes because > el (el )" = >, €i (e ,)* = 0. The polarization
averaged intensity is given by

1
<I>=-(I]'+12+1I"

3
= AR* Y (lasu(R) + [bir(R)) Y| < LMICPlem > Py fed |
EliEF p,M q
L
= AR’ ———— N,
32L+1) "
(4.40)
where Y5, (lasar(R)2 + [iar(R)P) = Niw 32,01 < LMIG|em > 2 =
i,k,m
ﬁ s led P =1, A = 4me and R is the radial matrix element. That was

the first sum-rule which directly relates the total number of valence holes N, in the
electronic ground state to the average-orientation XAS intensity.

This sum rule suggests that if we could make the absorption spin-dependent, then
we could probe holes with different spin polarizations, i.e.: spin-up and spin-down
holes. Consequently, the corresponding intensity difference could yield information
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about the magnetic moment of the atoms, where magnetism originates from the
valence shells. This intensity difference is what leads to the Dichroism effect in
circular-polarized XAS and forms the basis of X-ray Magnetic Circular Dichroism
(XMCD) spectroscopy. The XMCD effect is maximized when the sample’s magne-
tization direction is collinear with the angular momentum of the incident photons.
Therefore, the intensity difference is measured by changing the magnetization direc-
tion to be either parallel or antiparallel to the incident photon’s angular momentum,
represented as Al = I'™ — ™. This intensity difference at the two edges L3 and
L, yield two areas denoted by A = fLs XMCDdAE and B = ng XMCDdE as
shown at Fig. 4.25(c). Carra et al. [274] and Thole [275] derived the second and the
third XMCD sum rules which results the spin and orbital magnetic moment from
different linear combinations of the integrated regions of A and B in the XMCD
spectrum. The spin sum rule yield the spin magnetic moment in the atom and it
can be expressed as follow

3 Nh UB A—-2B
in = — 4.41
Mspin P f ]z‘sodE7 ( )
Lo3

where N, up, and P are the number of holes in the valence shells, the Bohr
magneton and the polarization degree of the X-ray photons, respectively. On the
other hand, the orbital moment sum rule yield the orbital magnetic moment of the
atom and it can be expressed by

3Nh,uB A+B

, (4.42)
P [, TiodE

Mory =

The above spin sum (Eq. 4.41) rules has been derived solely to the 3d transition
metal ions based on three main assumptions: (i) atomic-like model rather than a
solid-state band energy model (i) negligible core-valence coulomb interaction, and
(i1) large spin-orbit coupling of the initial core-states leading to distinct
spin-orbit-split core-states. However, these assumptions can introduce deviations
in the results, necessitating correction when applying this sum rule in practice. As
a result, the late 3d ions in the series , relevant to this thesis, exhibit an error of
approximately 10% [276].

For 4f elements, the orbital moment and spin sum rule are expressed by

3N, A-3B

eff h HB 2

meS , (4.43)
p P Jon TuodB

_3Nh,LLB A+ B
P f]\/[“)]m,dE7

Moy = (4.44)

where A = fM5 XMCDdE and B = fM4 XMCDdAE. The effective spin

magnetic moment in Eq. 4.43 has two intricate ground state expectation values;
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the first one is the the expectation value of the spin magnetic moment, mgp;,, i.e.
< S, >, and the second one is the magnetic dipole operator, i.e. < T, >.

In atoms, when considering the spin magnetic moment, it’s important to ac-
count for the coupling between spin and charge of valence electrons. The mag-
netization distribution resulting from infinitesimal charge distribution in the atom
(or ions in transition-metal complexes) lacks spherical symmetry. Therefore, the
common pictorial idea of the spin magnetic moment as a rotating charged sphere,
akin to a dipole, is somewhat misleading, especially when seeking element-wise in-
formation about spin- and orbital-magnetic moments. To describe the magnetiza-
tion (or spin density within atomic volume) more accurately, we can use a multi-
pole expansion including monopole (1/7), dipole (cos(#)/r?) and quadrapole terms
(3 s Qaprars/r?). Here Qq p represents a symmetric second-rank tensor of charge,
which can be expressed in terms of Legendre polynomials in spherical coordinates
to yield:

1 — 3 sin%0 cos’¢p  —3 sin®0 sing cos¢p —3 cosh sin cosd
Qups = | =3 sin®0 sing cos¢p 1 — 3 sin®0 sin*¢  —3 cosh sinf sing | . (4.45)
—3 cosl sinf cosp  —3 cosl sinb sing 1 — 3 cos?0

In magnetostatic physics, the monopole term is always absent, and the first
two surviving terms are the dipole and quadrupole terms®. The quadrupole terms,
described by its tensor (Eq. 4.45), contribute to anisotropy in the spin magnetic mo-
ment. They can be considered as the coupling parameter between the spin magnetic
moment (generated from the isotropic spin of perfect spherical charge distributions)
and the charge density distribution, resembling a dipole. The term that relates this
spin and charge coupling is called the intra-atomic magnetic dipole operator T, in
the spin sum rules, and it can be expressed as part of the multipole expansion:

To =) Qaps Ss, (4.46)
B

Thus, the coupling along the z—axis , considering the z—axis to be the quanti-
zation axis of the spin magnetic moment, under investigation :

T,=Q.. S,= S.(1—3cosd). (4.47)

If the spin-orbit-coupling is significant then this term is important and it shows
up in the sum rules for calculating spin magnetic moment but if the spin-orbit
coupling is negligible (like in 3d metals) then the spin will follow the charge density.
In other words, the spin charge coupling will dominate and take the lead. In that
case, it can be eliminated by running three- orthogonal measurements since < 7, >
+ <T,> + <T,> = 0 and this stems from the properties of the quadrapole

9For a complete and rigorous derivation of the multipole expansion in magnetostatics, interested
readers are referred to more specialized textbooks like "Classical Electrodynamics" by Jackson[277].
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(a) d-Orbital occupation  (b) Spin moment  (c) Orbital moment
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Figure 4.26: Schematic summarizes the three XMCD sum rules. (a) Charge sum
rule: the polarization-averaged (or linear polarization) XAS probe the number of
valence holes. (b), (c¢) Spin and Orbital moment sum rule: two circular polarized
XAS yield different transitions leading to XMCD signals at Lj,-edges, A and B
respectively. The proportionality constant C' in all the sum rules is nothing but the
one written explicitly in Eq. 4.40.

tensor which is a traceless tensor, i.e. Qgp + Qyy + Q.. = 0, as we can see above in
Eq.4.45. The expectation value of this dipolar operator < T, > is the intra-atomic
magnetic dipole moment[278]:

mp = —% <T,> g, (4.48)

which is the anistropy contribution to the spin magnetic moment. This leads to
measure the effective spin magnetic moment for 4 f ions using Eq. 4.43, which equals
to ngf; = Mgpin, + 7 < T, >. This term becomes non-zero in anisotropic bonding
environments and with the polarized X-ray photons generated in the synchrotrons
one can probe the angular distribution of spins within the atomic volume, whereas
conventional magnetometry only assesses the integrated number of spins. The spin
sum rule for rare-earth ions deviates systematically from the actual value of the spin
magnetic moment along the the 4f series, starting from 60% for Ce reaching up to
230% for Sm and drops to less than 10% for Gd and heavier rare-earth ions [279)].

Fig. 4.26 summarizes the XMCD sum rules.
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Spin-excitations of mixed 3d-4f metallic
centered molecules

Magnetism in low-dimensional structures exhibits distinct properties compared to
their three-dimensional counterparts. This is evident in various magnetic parame-
ters, such as Curie temperature [280, 281], magnetic anisotropy [282] and remnant
magnetization [283], among others. The dimensional reduction leads to a decrease
in coordination numbers and induces interfacial stress, which affects the density of
states near the Fermi level. According to the Stoner-Wohlfarth criterion, an increase
in the density of states near the Fermi energy may introduce ferromagnetic order,
which might be absent in bulk materials [225]. Such avenue provide us with several
playground to investigate magnetic adsorbates on magnetic surfaces.

One promising substrate for molecular spintronics is Fe/W(110), due to its ther-
modynamic stability and controlled pseudomorphic growth. This surface allows for
both in-plane and out-of-plane magnetization orientations below 2 monolayers (ML),
making it an ideal platform to study single metallic-centered molecules across dif-
ferent magnetic regions under identical experimental conditions using STM’s high
spatial and energy resolution.

The first section of this chapter focuses on the presentation of STS spectra, along
with topographical and conductivity mapping STM images of the Fe(110)/W(110)
surface. Meanwhile, the second section delves into SP-STS spectra and SP-STM
topographical and conductivity mapping images of the metallic-centered TbNi,
deposited the on the first and second ML of Fe.

5.1 Fe/W(110) substrate

5.1.1 W(110) substrate

Tungsten is a metallic transition element that crystalizes in the body centered cubic
(bee) crystal configuration with lattice parameter of 3.165 A [284]. Large Tungsten
crystals are grown by melting and recrystallization using a seed crystal. Then,

95



Chapter 5. Spin-excitations of mixed 3d-4f metallic centered molecules

the single crystals are oriented using Laue diffraction and cut in thin plates with
the chosen surface. Finally polishing and annealing forms a flat surface with large
terraces. This refractory material has a high durability with the highest melting
point of all pure metals which is around 3700 K at atmospheric pressure [285].
Besides that, Tungsten crystals show low thermal expansion and low degassing rate
in vacuum. Thus, it is a good substrate choice for surface experiments on metallic
layers in UHV regime. In addition to that, single crystals of W is a non-magnetic
material and this makes it suitable for studying magnetic layers like Fe [286-293].

Usually, Tungsten surface can grow thin oxide layers at ambient temperature and
pressure [284], which can get removed by flashing the substrate to high temperature
around 2000 K in UHV chambers. Dedicated studies on W surface using several
complement techniques, like LEED equipped with residual gas analyzer [294, 295],
showed the existence of carbon impurities at W crystal surface even after several
prolonged flashing cycles. This is attributed to the diffusion of carbon atoms from
the bulky interior regions towards the surface.

Consequently, another surface treatment was introduced by Bode to improve the
quality of this surface by cyclic annealing of the surface at temperature of 1500 K for
time duration of 30 mins with Oy gas exposure [296]. The Oy pressure gradually get
reduced by 30% — 50% between the annealing cycles, starting from 10~% mbar down
to 1078 mbar, subsequently the substrate got flashed off at high temeprature > 2000
K to desorpe CO adsorpates and another residual molecules from the surface.

According to our best knowledge, that was the optimum method to prepare a
clean W(110) surface as much as possible, yet a complete removal of impurities from
the surface was not possible as our experiments and earlier experiments in literature
have shown [286]. Thus, we adopted this cleaning procedure to clean the W(110)
surface in this thesis.

Figure 5.1 shows a clean surface of W(110) substrate following the cleaning
procedure mentioned above using STM. The image background is subtracted with
relative to the lower plane in the figure. Thus, the lower part of the figure has darker
color comparing to the upper part of the figure following the fire palette color code
shown at the far-right corner of the figure.

The root-mean square (rms) roughness measured on the lower part of the figure
is around 0.1 A as shown in Fig. 5.1 (b-c¢). This rms roughness is comparable to the
rms of the tunneling current recorded via point-measurment at this experiment!.
Since the tip is still and fixed to one point, then the changes in the tunneling
current are not attributed to any changes in the topography of the sample. Instead,
it is attributed to the background noise affecting the tip itself and leads to some
oscillations.

This rms value is different in each experiment and it can be added as an error
source in each corresponding measurement. The step edge is in order of 2.0 £ 0.1

o

A, as shown in the height profile (Fig.5.1 (d)) of the line across the step edge in Fig.

Tn the point-measurement, the tip is fixed at some specific point in the image rather than being
laterally rastered and the tunneling current is measured for long time.
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Figure 5.1: (a) Constant-current image of W(110) clean surface, of 300 x 300 nm?
size, recorded after several annealing cycles following the cleaning procedures men-
tioned in Ref.[296]. The crystallographic directions are depicted on the right-corner
of the figure. The central abrupt line depression is attributed to tip change during
the scanning. (b) The black rectangle region extracted from (a) of 285 x 171 nm?
size. (c) Histogram profile of region in Fig. (b) showing average height of 0.4 A
with roughness average of 0.1 A. (d) Height profile of the green line in Fig.(a)
showing the step edge of 2 A which corresponds to the difference between (110)
planes in W. The height color code between 0 — 5 A is shown in the figure. STM
image parameters: It = 100pA, Vpias = 1V, 4.6 K. The image has been processed
by WSXM software[297] .

5.1 (a) (green line segment AB). This height is close to the inter-planar spacing

distance of {110} planes in bee crystal of Tungsten % = &\/25 = 2.3A.

Figure 5.2(a) shows LEED pattern of diffracted electrons with energy of E = 96
eV from a clean W(110) surface at room temperature in 1072 mbar pressure range.
This pattern matches well with other LEED patterns in several references [294, 298]
featuring a rectangle reciprocal unit cell.

The LEED pattern in Fig. 5.2(a) shows sharp spots with some blurry due to
some small unexpected movements of the recording camera. Also, it is possible that
some dirt got accumulated during running the LEED measurement yet no surface
reconstruction or superstructures were observed. This ties well with the surface free
energy calculations which hints to the unreconstructed surface of W(110) bec crystal
as the stable surface with minimum surface energy [299] .

A sketch of the LEED pattern is shown in Fig. 5.2(c) with fcc reciprocal lattice
to the bce real lattice of the W. The central spot in this pattern is the due to the
incoming beam and it is the origin of the reciprocal space (0,0) and the corner spots
are the the corner lattice points of the plane along [110] direction in fce reciprocal
lattice. Due to the inverse relationship between the reciprocal and real lattices, the
real lattice spacings will have opposite lengths to the ones of the reciprocal lattice,
as shown in Fig. 5.2(b). The crystallographic directions of the (110) plane according
to the lab frame of reference can be seen in Fig. 5.2(b). Based on these observation
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Figure 5.2: (a) LEED pattern of clean surface of W(110) substrate. The central
spot is the reflection (0,0) of the incident electron beam. The other four spots are
first unit cell of the reciprocal fcc lattice. (b) Sketch of real bee lattice of W with
(110) plane shown in blue. The crystallographic directions [110] and [001] determine
the width and the the height of the lattice, respectively. (c¢) Sketch of reciprocal fcc
lattice and the lattice points along [110] direction which depicts the LEED pattern
in (a).

we can conclude that this surface is clean and can be used for further depositions of
Fe monolayers (MLs) and the targeted molecules.

5.1.2 1.5 ML Fe/W(110)

Iron monolayers on W(110) substrate has been studied thoroughly in the last years
using several surface techniques, e.g.: LEED [286, 300, 301], Auger electron spec-
troscopy [301], conversion electron Mossbauer spectroscopy [302, 303], magneto-
optical Kerr effect measurements [289-291], and scanning tunneling microscopy and
spectroscopy [229, 287, 304-307|. This intensive investigation endeavors provide us
with rich information about this surface including its growth mechanism, electronic
and magnetic properties.

Growth mechanism

Iron has surface energy (vr. = 2.9 J/m?) lower than the one of W(110) single crystal
(yw = 3.5 J/m? ) [308]. Thus, the iron monolayers on W(110) surface is thermody-
namically stable [308, 309]. Both metals have similar crystal structure, i.e. bee, with
moderate lattice mismatch, ®—%= =9 4%, where aw = 3. 165A and ap, = 2.866A.
This mismatch creates some stram affecting the topography of the surface and the
related magnetic and electronic properties as well. As a result, this leads to a pseu-
domorphic growth of the first monolayer of Fe following the lattice constant of the
W(110) substrate and its 2D translational symmetry [286].

The first deposited Fe monolayer obeys Frank—van der Merwe mechanism of
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layer growth (layer-by-layer growth) where the Fe atoms are more attracted to the
W(110) substrate than being attracted to each others [301]. Thus, the second de-
posited monolayer start growing after the complete growth of the first layer [229,
304]. The temperature of annealing (either during or post deposition) affects the
morphology of the grown Fe monolayers. At elevated substrate temperature ( T >
570 K ), the first monolayer start growing from the W(110) step-edges in a step-
flow growth mode forming a long continuous stripes [287]. On contrast, depositing
Fe at room temperature yields scattered nucleated islands with varying sizes which
start to coalesce near 8 ~ 0.6 ML with dendritic tendencies till the ML cover the
substrate completely [287]. For detailed information regarding the growth of Fe pse-
duomorphic monolayer (0 < @ < 1) the reader is referred to the following reference

[287].

The second layer starts growing preferably along the [001]-direction in two dif-
ferent ways following the orientation of the step edges [291-293]. If the step edges of
the substrate are oriented along the [001] direction, then Fe coverage show smooth
edges and adapt "nmanowires" shapes along this direction in the vicinity of the step
edges. On the other hand, if the step edges are along [110]-direction then the Fe
coverage start to grow non-uniformly in [001]-direction and can even have triangular
islands shapes as shown in Ref. [293]. The adapted growth by the second layer is
Stranski-Krastanov growth mode where some third layer contributions are observed
for & > 1.7. The second ML grow pseudomorphically on the first ML following its
lattice constant (which is the lattice constant of the W substrate) till it got relaxed
by developing dislocations lines in the second layer along [001]-direction [288], as
shown in Fig. 5.3.

Figure 5.3(a) shows a topography STM image of Fe coverage 1.3 < 0 < 1.5
deposited at hot surface around 670 K and post annealed at the same temperature
for 5 minutes. During the deposition process, the preparation chamber pressure
was kept below 107'? mbar, and the deposition rate was around 0.3 ML/min. The
deposition was monitored by 10 MHz quartz crystal and calibrated by STM scanning
measurement at the beginning of the very first experiment. The non-uniform growth
of the Fe atoms in the vicinity of the W(110) step edges reflecting the step-flow
growth mode of the Fe monolayers. The Fe monolayers has height of 2 A which
corresponds to the inter-planar distance of Fe(110), as shown in Fig. 5.3(d). The
terrace width (wg) of W(110), shown in Fig. 5.3(a), is of the order of 50 nm which
corresponds to wq/ V2 a,= 112 atomic rows. The dislocation lines developed on the
second monolayer has separations of around 10 nm, as it is shown on Fig. 5.3(c).

On the other hand, depositing Fe at room temperature lead to the formation of
3D nanoislands with elongation along [001] islands as reported in Ref. [288]. The
nanoislands start to coalesce once the coverage is between 1.4 < 9 < 1.7 [288]. Any
coverage below this shows isolated nanoislands as shown in Fig. 5.4. Although, the
sample shown in Fig. 5.4 is prepared on hot surface yet the low coverage, which is
estimated 6 < 1.25 ML, prevents any coalescence between the 3D nanoislands with
varying sizes ranging from 250 — 900 nm? as expected in Ref. [288].

During the course of the experiments, the heating filament has been changed
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(b)

Figure 5.3: (a) STM topography image of Fe coverage estimated by § < 1.5 ML on
W(110). The Fe stripes grow in vicinity of the W(110) step edges which propagate
along [110]-direction, and dislocation lines on the Fe double layer start to grow
along [001]-direction. Image size: 200 x 200 nm?, STM parameter: Vis = 1V,
I = 0.5nA (b) 3D perspective representation of the same region of (a) rotated
counter-clock wise. (c¢) Zoomed-in region of figure (a) showing the non-uniform
nanostripes and the dislocation lines clearly. The dashed lines are the W(110) step
edges. Image size: 120 x 120 nm?, STM parameter: Vps = 1V, I,; = 0.1nA.
(d) Profile height of the line drawing diagonally across the step edges in figure (a).
It is clear the varying Fe coverages on each step-edge in which one can estimate the
coverage 1.3 <60 < 1.5.

several times rendering the preparation of nanostripes not possible, thus we decided
to deposit the molecules on the nanoislands and investigating them. All layers above
the second layer following Stranski-Krastanov growth mode where they start growing
before the previous layer is completed. Fe grows with its bulk lattice constant
starting from the fourth layer. More detailed discussion about the layers above the
second layer is beyond the scope of this work and can be found in Ref. [125, 310].

Electronic and magnetic properties

The Fe monolayers on W(110) at room temperature exhibit rich magnetic behav-
ior following their coverage amounts. Investigations using SPLEED [287] showed
that the Fe films are nonmagnetic for coverage 6 < 0.58. Meanwhile, there is a
clear presence of remnant magnetization for a coverage of 0.58 < 6 < 1.2 with a
Curie temperature up to 7. = 230 K. Abruptly, this remnant magnetization van-
ishes for 1.2 < 6 < 1.48 which is attributed to some magnetic frustration due to
the quasi-antiferromagnetic frustrating interaction between the superparamagnetic
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Figure 5.4: STM topography image of Fe coverage estimated by 6 < 1.25ML on
W(110). The Fe nano islands grow along [001]-direction. Image size: 150 x 150
nm?, STM parameter: Vi = 1V, I; = 0.1nA.

double layer nanoislands [288, 311]. The remnant magnetization get resurrected
once the coverage exceeds ¢ > 1.48 but with higher cure temperature, around 7, >
300 K and it reaches 450 K in coverage § = 2 [288].

These results were obtained using spatially averaging methods which do not
provide high spatial resolution. Wiesendanger et al. [230, 312, 313] reported the
imaging of the real-space for different Fe coverages between 1.2 < 6 < 2.1 using
SP-STM. The DL shows a periodic out-of-plane magnetic domains structure, point-
ing up and down, separated by 180° in-plane domain walls in case of nanostripes
[314] and single domains in case of non-coalesced island with opposite magnetization
direction. Meanwhile, the magnetization direction in the first monolayer is along
the [110]-direction in the plane of the surface (in-plane) [287, 289]. Further research
showed that this spin reorientation in the Fe double layer takes place due to the ex-
istence of some complicated features governed by Dzyaloshinskii-Moriya interaction
(DMI) which favors a perpendicular orientation of spins as shown in Ref.[290, 291,
315].

The preparation of the Fe second layer has its own limitations which should be
taken into consideration. The second layer shows a spin-reorientation towards the
film plane when it is exposed to residual gas for a long time, which is 1 Langmuir
or more [316]. In our case, this corresponds to around 4 hrs in the pressure of
8.5 x 107 mbar.

For non-magnetic STM tips, e.g.: W tips, ML and DL spectra exhibit charac-
teristic peaks at U = +400 mV and U=+690 mV, respectively [312], which can be
observed with magnetic tips as well.

Figure 5.5(a) shows a SP-STM topography image for Fe coverage of 1.3 < 6
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Figure 5.5: (a) Constant current STM image of Fe/W(110) with coverage of 1.3 <
0 < 1.5, with parameters: I,,; = 1.1 nA, U = 100 mV, and image size: 213 nm X
213 nm. (b) The simultaneous recorded dI/dU map of the same region of (a) at a
bias voltage image of U = 100 mV.

< 1.5 recorded using a spin-polarized tip made out of 30 ML Cr/W tip. The DL
stripes have darker contrast than the ML due to the different electronic properties
at U = 100 mV as shown in Fig. 5.6.

Figure 5.5(b) reveals the magnetic contrast in dI/dU mapping. The dislocation
lines start to show up at coverage # = 1.6 ML as deduced from previous systematic
research [312] and this explains the absence of them in our experiment. The nanowire
extended along the step-edge is formed due to a chain of coalesced islands. It shows
only a definite out-of-plane magnetization orientation with the absence of alternating
magnetization direction, which can be observed at a larger Fe coverage as in Ref.
[230].

The constant height spectroscopy of the DL Fe regions, shown in Fig. 5.6, shows
the typical surface states located at U= -90 + 60 meV and 640 + 60 meV which
can be attributed to d,2-states as mentioned in Ref. [226, 229, 230, 317, 318]. The
additional prominent peak at 250 £ 60 meV shown in Fig. 5.6 can be attributed to
tip states. The spectrum has been normalized to the tunneling probability function
as mentioned in Ref. [319, 320]. The fitting curves and parameters can be seen in
the Appendix.

The DOS of the first layer Fe/W(110) around the Fermi level features a peak
at 440 £ 60 meV, as indicated by the green line in Fig. 5.6. This value aligns
well within the error range with the 400 meV reported in the literature [229]. Ad-
ditionally, the same tip peak appears again but it is shifted to a lower energy of
120460 meV, likely due to changes in the tip during the experiment. According
to first-principles calculations [321], this peak originates from highly spin-polarized
anti-bonding s, p,, and d,2 orbitals, which can exhibit nearly 100% spin polariza-
tion. These calculations indicate that this spin-polarized state primarily arises from
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Figure 5.6: (a) dI/dU spectra of DL Fe/W(110) showing unoccupied surface states
located at -90 mV (orange line). (b) dI/dU spectra of DL Fe/W(110) (red solid
line) and dI/dU spectra of ML Fe/W(110) (green solid line). The occupied surface
states of DL Fe are located at 620 mV (dashed red line), and those of the ML Fe are
located at 440 mV (dashed green line). The dashed black line indicates the voltage
bias at which the dI/dU mapping of Fig.5.5 performed.

majority-spin electrons. Meanwhile, the two Fe surface states at V. = — 90 £+ 60
mV and 640 + 60 mV are of minority spin character [318], which may explain the
significant intensity difference observed in the corresponding peaks.

The observed narrow width of the Fe DL in our experiment, shown in Fig. 5.5,
likely prevents the formation of multiple domain walls in that layer, contrasting with
previous findings [313]. The critical width for misfit dislocation formation in Fe DLs
is 9 nm [230], exceeding the DL width in our experiment. When this threshold is sur-
passed, nanowires can exhibit alternating magnetic domains with widths up to 100
nm. These domains typically adopt antiparallel alignment with adjacent domains
to minimize magnetic stray fields, producing a "terrace-wise antiferromagnetism"
pattern along the step edges of the W(110) substrate [230].

Interestingly, once these alternating domain walls form, they can be observed
even without spin-polarized tips. The spin-orbit interaction (SOI) within this layer
induces a mixing of the dgy,4,. and d.» states at the domain walls. This mixing
results in localized changes to the DOS, which can be visualized using conventional
dI/dU mapping at Vjies = 50 mV.

103



Chapter 5. Spin-excitations of mixed 3d-4f metallic centered molecules

5.2 TbNi, adsorbed on 1.5 ML Fe

5.2.1 Topography

Fig. 5.7 (a) shows the constant current topography image of single scattered TbNi,
molecules on the 1.5 ML Fe(110) surface. The molecules have a length of 18.56 A+
2.19 A and a height of 1.42 A+ 0.29 A as indicated by the histograms in Fig. 5.7
(b). The measured length of the molecules matches well the length of the molecule
in the gas phase as determined by the Mercury software as shown in Fig. 5.8. This
suggests that the molecules remain intact upon evaporation and deposition on the
surface. Additionally, previous studies have shown that the Fe surface preserves
the integrity of thermally evaporated molecules [125], so we expect the molecules to
retain their bulk shape as in the gas phase.

The Fe islands grow along the [001] direction, as previously discussed. Concur-
rently, adsorbed molecules exhibit a preferential orientation on the first Fe mono-
layer, aligning along an axis approximately 45° relative to the [001] crystallographic
axis, as depicted in Fig. 5.7(a). This preferential orientation can be further elu-
cidated through first-principles DFT calculations of optimized molecule-surface ge-
ometries, similar to approaches used in prior studies with other molecules [84, 90,
237]. This well-defined adsorption position of these molecules after several scans
suggests, tentatively, that the molecules are chemisorped on the surface, leading to
the formation of bonds between them. This happens on contrary to some molecules
adsorbed on other surfaces, e.g.: Au(111) , where the molecules can mobilize with
the tip during scanning and get accumulated at the step edges [125]. On the other
hand, the molecules on the double-layer Fe island are get accumulated on the edge
of the Fe islands. Further DFT calculations are needed to provide us with insightful
details about the adsoprtion optimized geometry of the molecule on the substrate.
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Figure 5.7: (a) Constant current spin-averaged STM topography image of
TbNi, molecules deposited on 1.5 ML Fe DL island. = The molecules on
the first Fe ML has some preferential orientation. STM image parameters:
It = 100pA, Vs = 1V, T = 4.6K. (b) Histogram plots of the heights (Top)
and the lengths (Bottom) of the scattered molecules in image (a). The mean height
of the molecules is 1.42 A + 0.29 A and for lengths 18.56 A 4+ 2.19. These values
are obtained from the Gaussian distribution fitted to the heights and lengths values.
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Figure 5.8: Central image: A 3D sketch of the molecule in the gas phase with color-
coded directions for measurements. The surrounding color-coded line profiles were
obtained from the STM image of the deposited molecule (bottom right corner) and
correspond to the distances indicated by the same colors in the sketch.
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5.2.2 Spectroscopy

Spin-averaged and spin-polarized STS measurements were conducted on TbNi,
molecules deposited on first and second Fe monolayers. These spectroscopic mea-
surements were performed at a low temperature of 4.7 K, within a narrow energy
range around the Fermi level, E; + 150 meV, where inelastic tunneling events can
be observed using inelastic spin-flip spectroscopy.

The spin-polarized spectroscopy measurements were conducted with an out-of-
plane magnetized Cr tip (approximately 30 ML thickness) [226]. After several pulses
and measurements additional 10 ML were deposited on the tip to ensure the out-of-
plane magnetization of the tip. Due to time constraints, each molecule was measured
five times, and the results were averaged. Tunneling current was recorded using a
Lock-in amplifier (Stanford Research Systems, Model SR830) with modulation pa-
rameters U, ,q= 6 mV — the smallest achievable modulation voltage for this device
— and fy,0q= 616 Hz. The first derivative of the tunneling current signal, dI/dU | is
acquired simultaneously with the Lock-an amplifier, meanwhile the second deriva-
tive d*1/dU? is calculated numerically afterwards. To minimize noise from minor
fluctuations in dI/dU affecting the second derivative, a simple moving average filter
with a window size of 11 meV was applied to the first derivative spectrum before
the numerical differentiation.

Fig. 5.9 presents line spectroscopy measurements taken across TbNiy molecule
deposited on Fe DL island. The distinct S-shape of the I(V) curve becomes more
pronounced as the measurement points approach the molecule’s center, as illustrated
by the differing curve shapes at point 1 in comparison to point 7 in Fig. 5.9(b).
This can be attributed tentatively to an increase in the inelastic tunneling cross
section, likely resulting from additional excitations occurring near the center of
the molecule. Possible excitation types include vibronic excitations of the ligand,
Coulomb blockades, or spin excitations of the metallic centers.

Identifying specific excitations among these options would require supplemen-
tary techniques and methods, such as IR spectroscopy and DFT calculations [159,
236, 238, 255]. However, the observed variation in spectral features for the same
molecule in regions with differing magnetization orientations suggests magnetic spin
excitation as a likely cause.

Fig. 5.10 reveals such variations of spin-averaged STS of TbNi; molecules where
d?1/dU? spectra of molecules deposited on Fe DL shows symmetric peaks around
Fermi level which are missing in the molecules deposited on Fe ML.
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Figure 5.9: (a) Spin-averaged constant current STM topography image of ThNi,
molecules deposited on a Fe island. Image dimensions: 56.8 nm x 56.8 nm. (b)
Line spectroscopy across the ThNiy molecule shown in (a), with measurement points
indicated by colored arrows corresponding to their respective spectra. The STM
current has an offset of approximately 2 pA. STM image parameters: Ug,, = 1V,
Lt = 100 pA.
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Figure 5.10: Spin-averaged IETS spectra of TbNi; molecules deposited on the first
Fe ML (a) and Fe DL island (b). Each measurments were 10 times repeated yet
here only 3 spectra are shown.
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On the other hand, the differential conductance dI/dU on top of the molecules,
measured with a with spin-polarized tip, features symmetric features, on both Fe
ML and DL, around the Fermi energy which becomes more obvious as prominent
peaks in the numerically second derivative spectrum d?I/dU?,

The deposited TbNis; molecules on the Fe ML reveal a single excitation at U =
14 meV and —11.5 meV, as shown in Fig. 5.11. Meanwhile, the dI/dU? spectrum
of the deposited molecules on Fe DL shows an additional peak located at U = 48
meV and —45.5 meV besides the one of the molecules deposited on Fe ML, as shown
in Fig. 5.12. The existence of other excitation peaks at higher energies can not be
excluded, since lower modulation voltages might reveal additional features in dI/dU
spectra with lower amplitudes, as shown in other works like in Ref. [159, 238].
Further discussion of the results will be introduced in the upcoming subsection.
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Figure 5.11: SP-IETS measurement of TbhNiy molecule on Fe ML using ~30 ML
Cr tip. (a) Experimental dI/dU spectrum measured on the center of the TbNij
molecule. (b) d*I/dU? spectrum derived numerically from the experimental spec-
trum. The spectrum shows a solely spin excitation at U = 14 + 12 meV and -11.5+
12 meV. STS parameters: Temp. = 4.7 K, U,q= 6 mV, f,,q= 616 Hz, I,o; = 1 nA,
Ugap= 200 mV.
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Figure 5.12: SP-IETS measurement of the TbNiy molecule on the Fe DL using
~30 ML Cr tip. (a) Experimental dI/dU spectrum measured on the center of the
TbNiy molecule. (b) d*I/dU? spectrum derived numerically from the experimental
spectrum. First spin excitation occurs at 14 + 12 meV and — 11.5 + 12 meV
, meanwhile the second excitation at 48 + 12 meV and —45.5 + 12 meV . STS
parameters: Temp. = 4.7 K, Uyoqa= 6 mV, f,0q= 616 Hz, I, = 1 nA, Ugy,= 200
mV.
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5.2.3 Discussion

The first point in discussing the results is to identify the inelastic tunneling excita-
tions whether they are spin excitations. The excitations in the dI/dU spectrum are
detected when the energy of the tunneling electrons are large enough to excite some
excitation energies in the adsorbate, as it has been elaborated previously in section
4.1.2.3.

The stretching vibrational modes of functional groups in molecules generally ex-
hibit energies above 180 meV (1500 cm™'), with C-H bond vibrational modes, in
particular, commonly found in the range of 335 — 460 meV [222, 240, 322]. Metal-
oxygen bonds, however, may show vibrational modes at lower energies, around 25
meV, as evidenced by the Mn-O bond measured through Raman spectroscopy in
Mn;, — acetate [323]. Thus, we expect the Ni-O bond to vibrate at lower frequen-
cies; since Ni atoms are heavier than Mn atoms. Consequently, we cannot completely
exclude the excitations observed in our d?I/dU? spectra below 50 meV as poten-
tial vibrational stretching excitations. Nonetheless, the observed differences in the
d*I/dU? spectra of the molecule on the DL and ML surfaces, as presented in Figures
5.11 and 5.12, call this interpretation into question.

Additionally, at lower energy levels, intramolecular vibrational excitations may
become magnetic field-dependent due to possible vibrational and spin degree cou-
pling, as seen in other magnetic molecules like Mn; — acetate [324]. However,
SQUID measurements for the ThNiy molecule do not show slow magnetization re-
laxation, leading us to tentatively discount vibrational excitation at these energies.
Therefore, without far-infrared or Raman vibrational spectroscopy data and DFT
calculations, it remains challenging to entirely rule out vibrational excitations of
this nature [323-325].

Another excitation type to discuss is the Coulomb blockade energy. At low
temperatures, the electrostatic energy in the tunneling junction, which is confined
between the STM tip and the adsorbate, exceeds the thermal energy, kgT. Thus,
an electron must get a threshold energy once get transported through this confined
region, which is equal to E¢ = %; where C is the capacitance of the tunneling
junctions and e is the elementary charge of electron.

A rough estimate of the tip-sample distance in our tunneling junction can be
derived from previous measurements conducted by Chen et al. using a W-tip [198] ,
which suggest a distance of approximately 0.4 nm for tunneling junction resistance
Rr in the range of 100 — 200 M{2. By modeling the tip-sample tunneling junction
as a parallel-plate capacitor, the capacitance can be determined using the formula
C = 60%, where ¢y = 8.85 x 1072 F/m represents the vacuum permittivity, A is
the effective area of the tip approximated as a spherical cap with a radius "R” in
nm , A = 7R? and d is the tip-sample distance estimated by 0.4 nm. This calcu-
lation yields a tunneling junction capacitance of approximately C ~ 0.7 x 107'°F,
corresponding to a Coulomb energy of around 1.14 eV , which significantly exceeds
the energy range covered by our IETS measurements, and it ties well with values
of Coulomb blockade energies of other metallic-centered molecules investigated by
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IETS [238].

In studying 3d-4f metal-centered molecules with IETS, it is critical to first as-
sess whether tunneling electrons can interact with the electrons of both 3d and 4f
metallic centers. Such an investigation could help resolve ambiguities regarding the
nature of the inelastic excitations observed in the conductivity spectra presented in
Fig. 5.11 and Fig. 5.12 without delving into further calculations of the energy levels
splitting in the 4f ion as introduced in Ref. [72, 326].

The ability to probe or excite electrons within the 4f orbitals is a topic of debate
in the literature. Fahrendorf et al. demonstrated the ability to access the 4 f orbitals
of the Nd(III) ion in the metal-centered SMM NdPcy adsorbed on Cu(100) surface
[125, 327]. This capability is attributed to the more extended nature of the 4f
orbitals in Nd compared to the later Lanthanides such as Th(III) or Dy(III), whose
4f orbitals are deeper in energy and more spatially localized around the nucleus,
preventing them from participating in charge transport. In fact, this makes 4 f-states
in early Lanthanides closer to the Fermi level than the ones in the later Lanthanides;
allowing for potential hybridization with the ligand’s molecular orbitals.

In contrast, Stoll et al. provided evidence that 4f orbitals are challenging to
access [85]. They investigated two structurally and electronically similar molecules,
Dy(tta); and Gd(tta)s, adsorbed on Au(111) surface using IETS measurements.
Although both molecules exhibit similar adsorption configurations, Dy(tta)s demon-
strates notable magnetic anisotropy due to ligand field distortion and the unquenched
orbital magnetic moment of the Dy(III) central ion. This results in an energy sep-
aration of 9.5 + 2.1 meV between the ground and first excited states. In contrast,
Gd(tta)s shows negligible anisotropy owing to the Gd(III) ion’s zero orbital magnetic
moment, which arises from a quenched orbital magnetic moment and the absence of
spin-orbit coupling. Thus, spin-related excitations are not expected in the Gd(tta)s
molecule. However, both molecules exhibited inelastic excitations at the same en-
ergy, prompting the authors to dismiss the possibility of 4f orbital electron excita-
tion and instead attribute the observation to some possible ligand vibrations. This
conclusion was supported by the shielding effect of the 4 f orbitals by the 5s,5p, and
5d orbitals, which contribute to the molecule’s coordination bonds. Consequently,
the tunneling pathway is dominated by molecular states, precluding any significant
exchange coupling with 4f electrons [85].

Further evidence comes from Steinbrecher et al., who definitively demonstrated
the absence of exchange interactions between tunneling electrons and localized 4 f
orbitals [328]. Through multiple IETS measurements with varying microtips and
modulation voltages, they studied single Ho (4f) and Fe (3d) atoms adsorbed on
a Pt(111) surface at very low temperatures (approximately 0.3 K). Their results
revealed inelastic excitations in the Fe spectra but no such signals in the Ho spectra.
Additionally, distance-dependent IETS measurements between Fe and Ho atoms
showed no change in the Fe spin excitations in the respective spectra. These findings
led to the conclusion that 4f orbital electrons exhibit weak exchange interactions with
their surroundings, making it difficult to access their magnetic moments through
direct tunneling or indirect exchange pathways.

111



Chapter 5. Spin-excitations of mixed 3d-4f metallic centered molecules

Based on these findings, it is reasonable to conclude that, in the studied molecule,
the Th(III) ion does not contribute directly to the tunneling pathway. Consequently,
the observed inelastic excitations are unlikely to originate from spin excitations in
the 4f center.

On the other hand, IETS of spin excitation from 3d atoms either adatoms [210,
242, 246, 329-331] or as a metallic center in adsorbed molecule [152, 158, 221, 23§|
is prevailed in the literature.

To gain qualitative insights into the magnetic exchange interactions within the
investigated molecule, we consider its thermal behavior as reflected in they,, T vs T
plot (Fig. 3.8 and the element-selective XMCD measurements ( Fig. 3.9).

The x.,T product exhibits a slight decrease below 50 K, stabilizing at approxi-
mately 13 cm3.K.mol~!. This behavior is tentatively attributed to antiferromagnetic
interactions or, more likely, the thermal depopulation of the excited states of the
Th(III) ion within this temperature range [332]. Below 20 K, the x,T product
rises again, reaching 17 cm®.K.mol ™!, indicating a high-spin ground state and ferro-
magnetic interactions between the metallic centers ( Ni — Tb — Ni ). Furthermore,
XMCD measurements reveal that the magnetic moments of the Ni ions are aligned
parallel to those of the Th(III) ions, as shown in Fig. 3.9. Therefore, one can weigh
in the ferromagnetic exchange interaction as the prevailing intramolecular exchange
interaction at low temperature.

Antiparallel alignment has been observed in rare-earth adatoms on Fe islands
[333], extending a phenomenon previously reported in higher-dimensional 3d—4f al-
loy structures [334-337]. The model proposed to describe such kind of exchange
interaction in alloys was introduced by Campbell, in which the 5d orbitals of the
rare-earth atoms hybridize with the 3d orbitals of the transitions metal atoms re-
sulting in antiparallel spin coupling. Meanwhile, the local spins of 4f and 5d in the
rare-earth atoms are ferromagnetically exchange-coupled.

A similar qualitative mechanism for mixed 3d—4f metallic-centered molecules was
proposed by Gatteschi and Kahn [338, 339]. They identified competing ferromag-
netic (Jp) and antiferromagnetic J4r exchange contributions to the net interaction
between the transition metal (TM) and lanthanide (Ln) ions, as illustrated in Fig.
5.13. The Jg contribution arises from both the spin polarization of the 4f orbitals
toward surrounding 5d, 6s, and 6p orbitals and charge transfer from the 3d orbitals
of the TM ion to the vacant 5d orbitals of the Ln ion. Conversely, the Jp con-
tribution originates from overlap between the 3d orbitals of the TM ion and the 4f
orbitals of the Ln ion. The dominant contribution determines the net J value and
its sign [340-342].

Although the 4f orbitals are highly localized and do not participate directly
in coordination bonding, a nonzero overlap probability exists between the more
delocalized 3d orbitals and the localized 4f orbitals. Ab—initio calculations, such as
those in Ref. [341], are required to quantify the strength of J4p. In most cases, Jr
dominates because the 4f orbitals are spatially and energetically localized, leading
to minimal overlap with the 3d orbitals. However, structural features such as the
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Figure 5.13: 3d — 4f intramolecular exchange interaction mechanism as introduced
by ref.[341]. The large magnetic moment of the Ln(III) 4 f shielded orbitals polarize
the 5d orbitlas of the Ln(III) ion. This in turn experiences a ferromagnetic exchange
coupling with the delocalized 3d orbitals of the TM(II) ions via the charge transfer
which determines the Jr contribution to the net exchange interaction. Meanwhile,
the Jar contribution originates from the overlapping strength between the delocal-
ized 3d orbitals of the TM(II) ions and the localized 4f orbitals.

angle ¢ TM-O-Ln significantly influence the balance between Jp and Jap. Larger
angles favor Jr by promoting o-type charge transfer, while acute angles suppress
charge delocalization from 3d orbitals (e.g.: 3d,2_,2 orbital in Ni(II)) to vacant 5d
orbitals in the Ln(III) ion, thereby reducing Jr and enhancing Jp.

For the investigated molecule, the wide <t Ni-O-Tb angle and strong 4f spin
polarization of the Th(III) ion’s 5d orbitals suggest that J4p contributions are weak.
This inference aligns with theoretical studies of similar 3d—4f systems, where Jap
contributions are typically smaller than the thermal energy at 4.7 K (approximately
0.4 meV) [340, 341, 343]. Consequently, it is reasonable to conclude that any spin
excitation detected via IETS in this molecule originates from the 3d orbitals and
their associated polarized bonds.

To comprehensively elucidate these excitations, further ab — initio calculations
are necessary, such as broken-symmetry DFT (BS-DFT), molecular orbital (MO)
analyses, and natural bond orbital (NBO) calculations. These methods can help
disentangle complex exchange interactions in mixed 3d—4f systems, including long-
range dipolar interactions and short-range exchange couplings [340, 341, 344].
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— Chapter 6

Intramolecular Exchange Interaction of
3d — 41 Metallacrowns

This chapter summarizes the XMCD results of element-specific magnetic properties
of several 3d-4f metallacrowns obtained with the Bessy II synchrotron-based VEK-
MAG end station of the PM2 beamline [345]. The investigated molecules are RENig
(RE = Sm(III), Th(III), Dy(III)) [169], RENig ( RE = Tb(III),Gd(III)) [165],
and REMny (RE = Tb(III),Dy(III)). Their chemical structure and magnetic
properties have been discussed in chapter 3. X-ray absorption (XAS) and X-ray
magnetic circular dichroism (XMCD) spectra for each molecule are shown in sec-
tion 6.1, 6.2 and 6.3 accompanied with discussions and simulations based on charge
transfer multiplet calculations.

Section 6.1 is dedicated to the results of RENis metallacrowns. In addition to
that, a phenomenological model is used to determine the magnetic anisotropy energy
barrier of the molecules from their orbital magnetic moments and their effective spin
moments. This model will be used for the next sections, too.[118]

Besides that, section 6.2 reports a spin crossover in RENig metallacrowns de-
duced from XMCD-calculated spin magnetic moments of the 3d ions in the molecule.
This spin crossover is attributed to re-coordination of Ni(II) ions when getting dis-
solved in methanol leading to a re-arranging of 3d-states and creating a surrounding
tetrahedral ligand field rather than the square planar ligand field of the isolated
molecule. Simulated XAS and XMCD spectra based on charge-transfer multiplet
calculations justify this claim.[346]

Finally, in section 6.3 we examine the magnetic anisotropy of rare-earth ions in
a single crystal of REMn, metallacrowns. XAS spectra, reported in this section,
were acquired via fluorescence yield (FY) rather than the conventional total electron
yield mode (TEY) used for the spectra in the previous two sections. A combination
of FY signal correction and XAS simulation using the crystal-field multiplet calcu-
lations is necessary to calculate the spin and orbital magnetic moments correctly.
Angular-dependent measurements showed a decrease of the magnetic moments at
0 = 45° for DyMny indicating to a fourth-order anisotropy. A simple model based
on electrostatic Coulomb interaction between the 4 f anisotropic charge distribution
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Figure 6.1: CAD schematic diagram of VEKMAG end-station at the synchrotron
radiation source BESSY II of the Helmholtz-Zentrum Berlin. Additional details
can be found in the corresponding reference [345]. 1- Vectormagnet chamber. 2-
Hexapod frame of vector magnet chamber. 3- Sample z-manipulator. 4- Motorized
rotation ball bearing. 5- Measurments chamber. 6- Sample exchange manipulator
and chamber. 7- X-ray Beamline. 8- Preparation chamber. 9- Base Plate.

and the ligand field explains this anisotropy. [347]

6.1 Magnetic Anisotropy in Metallacrowns: Element-
Specific Measurements

6.1.1 Experimental Procedure

This experiment has been performed at the synchrotron radiation source BESSY II
of the Helmholtz-Zentrum Berlin at the VEKMAG end-station (Fig. 6.1) with the
assistance of the beamline scientists F. Radu and C. Luo. The mechanical design of
the end-station can be found in Ref. [345]. A brief explanation of the synchrotron
facility has been given in section4.3.1 of this thesis.
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Figure 6.2: Pieces of a Si wafer mounted on a copper sample holder with a conducting
silver paste to collect the generated photoelectrons. The tape stripes are used to fix
the samples tightly on the sample holder. The ruler shows the size of the sample
holder.

RENi; molecules — RE[15 — MCni11)N(picha) — 5(11* — NO3)(py)s].

RE = Sm(III), Tb(III),Dy(III) — were synthesized by C. Gamer, A. Rauguth, L.
Volker and A. Athanasopoulou in the group of Prof. Rentschler, in the chemistry
department of Mainz University, based on the synthetic method described in Ref.
[42]. The molecules have been dissolved in methanol and then using a pipet, a
drop from the solution was deposited on a rinsed Si-wafer (drop-cast method). The
methanol evaporates at ambient pressure after a couple of minutes and once it is
inserted into the UHV chamber no liquid remains. The molecules remain on the
surface forming small crystallites. Their direct contact to the conducting surface
enables the emission of photo-excited electrons, which is the precondition for the
total electron yield method. The Si-wafers are mounted on a sample holder with a
conducting silver paste to enhance the drain current signal, see Fig.6.2. Electrospray
ionization mass spectrometry performed in the group of Eva Rentschler confirms the
chemical integrity of the molecules after getting dissolved in methanol. Besides that,
atomic force microscopy and x-ray diffraction data performed in the group of Eva
Rentschler as well, indicate a random orientation of the molecular crystallites after
the drop cast procedure. [169].

Due to the non covalent bonding between the molecules and the Si-wafer, we
expect that van der Waals interactions (vdW) are the dominating interactions, that
bind the crystallites to the substrate surface. For two-dimensional layers separated
by inter-layer separation (D) ranging from 2 — 15 nm, vdW interaction’s inverse
power law results in dependence on D ranging from D=4~ D=35. For Si-bulk one
finds a polarizability of 25 bohr®/atom resulting in forces on the order of pN [349,

!The polarizability parameter (usually denoted by «) reflects the tendency of matter to
form induced dipole moments (pinq) upon exertion of E-field(E); a =24 . Its SI units are

A2 §" Kg=1[348].
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350]. Such a weak interaction is still large enough to fix the molecular crystal-
lites on the surface. On the other hand it is weak enough to result in physisorbed
molecules which assures that no electronic re-configuration between the molecules
and substrates takes place. Hence, we measure the properties of isolated pristine
molecules. To prevent the accumulation of charges, caused by Auger electrons that
left the sample surface, the Si surface has been contacted to the copper frame by
silver paste.The diamagnetic behavior of the Si-wafer does not contribute to the
magnetic measurements. Further details about physisorption of molecules can be
found in Ref. [351-355].

The bending magnet beamline P2 provides a circular polarization of 77% at Fe
L-edge and at the Gd M-edge. The experiment were performed at low temperature
of around 7 K. A superconducting magnet located in a cryostat L-He tank provides
an adjustable magnetic filed up to 7 Tesla in the direction of the incident X-ray
beam, which is perpendicular to the sample holder (No.1, Fig. 6.1). The photon
flux intensity of the X-ray beam is in the range of ~ 5 x 10 photons/sec and has
a beam size of 800 um x 800 um with 6 mrad and 10 mrad horizontal and vertical
divergence, respectively. This photon flux is generated from nominal electron current
of 300 mA with 1.7 GeV energy in the storage ring with a duration of light pulse
of around 20 ps and separation time of nano seconds. After the beam leaves the
insertion device from the storage ring, it travels through the beam line PM2 in UHV
regime generated by several ion-getter pumps and other auxiliary pumps.

The beam line consists of four main UHV chamber which provide controllability
of the radiation beam. These four chambers are: pre-monochromator chamber,
monochromator chamber, focusing chamber, and refocusing chamber. The selection
of the desired wavelength, which corresponds to the desired energy scan range,
is done by the user at the end-station by virtue of two grating monochromators:
the first one located in the “Pre-Monochromator chamber” which enables a rough
filtration of the radiation beam, and the second one is a servo-motor-controlled
grating located in the “Monochromator chamber” which provides a fine-tuning of the
selected wavelength. Curved Mirrors in the focusing and re-focusing chamber bundle
the diffracted beam and a slit located in the focal point of the mirror selects the
desired wavelength. The slit width of the exit slit determines the energy resolution.
Usually, the energy resolution is set to 100 meV. Fig.6.3 shows the PM2 line section
between the insertion device outlet until the user end-station.

The sample holder is introduced into the load-lock chamber and it can be inserted
into the measurement chamber using manipulators (No. 5, Fig.6.1). To find the
samples’ coordinates inside the measurement chamber, one moves the sample holder
in-situ using the x- and y- motorized stage with a z-manipulator (No. 4 & No. 3,
Fig.6.1, respectively).

Firstly, an energy scan along the range of the two edges (M, 5-edges for 4f ions,
Ly 3-edges for 3d ions) of one of the constituting element of the first sample is done
along z-axis to look for the first sample on the holder. Once a TEY signal with good
signal-to-noise ratio is recorded by the ammeter, one can use these coordinates for
the sample. Based on the dimensions of the sample holder and the relative positions
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Figure 6.3: PM2 beamline section between the outlet of the storage ring until the
VEKMAG end station (not shown here). The Pre-Monochromator chamber located
behind the cage wall of the radiation-controlled zone, meanwhile, the other chambers
located outside this zone. Image adopted from Ref. [356]

of the different samples on the sample holder, an educated guess for the relative
coordinates of the other samples can be taken and move the stage accordingly. We
run an energy scan with the corresponding energy range of the constituting elements
of each sample separately. The coordinates with the highest signal-to-noise ratio will
be used to acquire the data. In addition to that, a quick scan for the whole energy
range of the two edges will be done again before commencing the experiment to
double check the quality of the signal.

All XAS spectra in this section and the next section are obtained with normal
incidence of x-ray photons at TEY acquiring mode, as shown in Fig.6.4. TEY
is considered to be the most suitable detection method for XAS in the soft x-ray
energy regime, due to the emission of many secondary electrons (Auger decay and
the correspondingly easy method of detection). Those electrons can be measured
as a drain current which is proportional to the absorption coefficient p(w) of the
sample?. The electron yield can thus be described according to: Irpy = CulL/cost,
if the absorption depth is larger than the electron‘s escape depth(L) [357, 358].

To obtain the XAS spectra with parallel and anti-parallel orientation of external
field and polarization direction, we switch the magnetic field or the polarization
of the incident x-ray photons. The spectrum obtained at parallel magnetic field
direction will be denoted, in this thesis, by It and for anti-parallel magnetic field
will be denoted by I~

We measure the pair of XAS spectra twice for each element in each sample to
check the integrity of the molecules under x-ray beam incidence. During the course

2The term absorption coefficient (u(w)) is used loosely to indicate to the x-ray photoelectric
absorption events in the sample. As a matter of fact, the incident x-ray has other several interac-
tions with the matter but with less occurrence probability, e.g.: coherent (elastic) scattering and
incoherent (inelastic) scattering. Thus, it is more accurate to use “ linear attenuation coefficient
“ instead, and it is expressed by: u = po, where p is the density of the sample, and o is cross
section of all the events,[u] = m~! .[270]
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Figure 6.4: Top View: Sketch of sample holder holding Si-wafers pieces (black
squares) as substrates of drop-cast molecules. The propagation of incident X-ray

ﬁ
photons (k) is parallel to the normal of the surface (V). The photons have left-
circular polarization as shown from the helicity along the propagation direction.
The upper right arrows shows the Lab-frame coordinates (x,y) where magnetic field

direction (ﬁ) is applied along +x-directions. The generated photo-electrons are
acquired as a drain current from the sample holder using an ammeter (TEY mode).

of the experiment we did not detect any change of the characteristic XAS of all
the molecules which indicates that no damage of the molecules takes place. This

observation agrees well with previously published results on molecules investigated
by the same technique [88, 90, 103].

The incident x-ray intensity varies during the data acquisition due to the top-up
operation of the storage ring. Therefore, the intensity of the x-ray beam in the
beamline is monitored by Au-grid. Fig.6.5 shows the TEY drain current signal of
the Au-grid. Since all the absorption edges of Au, see Table 6.1, do not lie in the
soft x-ray energy range (<2000 eV), we can assume that the TEY signal of the Au
grid in Fig.6.5 represents the incident X-ray intensity. The data shown in Fig.6.5
have been recorded from left to right with increasing photon energy. The step-like
increases occurring in regular intervals correspond to the top-up events where addi-
tional electrons are injected into the synchrotron ring to replace the electron losses
in the normal operation. The typical lifetime describing the exponential intensity
decrease is 5 hours while the top-up event occur every minute. The gradual de-
crease of the intensity observed in Fig.6.5 is caused by the transmission function of
the monochromator. All obtained XAS spectra in this thesis are normalized to this
signal before running any further analysis.

Because two XAS spectra of opposite field directions, I™ and I~, are measured
one after the other, surface contamination of the sample, deflection of electrons by
the magnetic field, and small changes of the position during recording the data can
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Figure 6.5: TEY drain current signal of the Au-grid monitoring the intensity of x-
ray in the Beamline. This signal has been acquired in the energy range of L 3-edges
of Ni(II) ions. The signal is normalized to its maximum value just for the purpose
of demonstration in the thesis, but not during the data analysis.
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’ Edge ‘ Energy (KeV) ‘

K, 80.722
L 14.352
Lo 13.732
Ls 11.918

Table 6.1: Au X-ray absorption Edges[359]

lead to differences in the recorded spectra where no changes are expected. Therefore,
we fit the pre-edge and post-edge region of the spectra with a polynomial function.
The polynomials are then used to normalize the spectra. This is justified because
all the mentioned experimental artifacts are multiplicative. For practical reasons,
the data evaluation process is as follows: we divide one spectra by the other one,
I, = % Then we perform a linear fit, I,,, through the pre- and post-edge region.
Finally, we multiply one of the spectra with I, function yielding I='=I- x I,,.
This guarantees that the pre- and post-edge regions on both It and I~ spectra
are equal. A background linear function was generated from the average of pre-
and post-edges of both intensity spectra, I™ and I, Tvackgra. = I+J2fl — , and then
subtracted from each spectrum. Finally, all spectra were normalized to the pre-edge
values.

6.1.2 Results

A script of commands was used to apply the XMCD sum rules that allow to calculate
the effective spin-magnetic moments, ngf;, and orbital-magnetic moments, m,,;, of
each element, respectively [274, 275].

XMCD sum rules for 3d-ions are:

 3naps fLm parep dE

Mory = s (61)

P fLmI,-sodE
el 3npup Jp, tvep dE = 2 [, puvep dE 62)

spin P fL2 3IisodE )
and for trivalent 4 f-ions:
- 3nnpp fM475 pvcp dE 63)
orb — ’ .

P fM4’5IiSOdE

eff 3nnup st HrreD dE — %fM4 Urarep dFE (6 4)

mspin P fM4 SjisodE

where ny, P and pup stand for the number of holes in the valence shells, the
degree of polarization, which is around 0.77, and the Bohr magneton, respectively.
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| Element | Edge | Energy(eV) |
L 637
Mn(II) Lz ci3
3d
_ L 852
Ni(II) Lz =70
M 1076
Sm(II) | > 100
M 1201
Dy(Ill) —p 1328
RE(III) v 1938
Th(III) |7 579
M 1182
Gd(III) Mi 1310

Table 6.2: Soft XAS energy edges of several 3d and RE(III) elements used in
this Thesis. Lz and Lo edges correspond to inter-atomic electronic transitions of
2p3/2 — 3ds/p and Qp% — Sd%é orbitals, respectively. Meanwhile, M5 and My
edges correspond to the transitions of 3dg — 4f%é% and Bd% — 4f%,%7g orbitals,
respectively.

uycep = I — I~ is the XMCD signal which must be integrated at the energy
edges of the corresponding electronic transitions. For 3d-ions, L, and L3 edges
correspond to 2p1 s — 3d1 s 5 electronic transitions, respectively. In the case of My
and M5 edges in the trivafent 4 f-ions the electronic transition are 3d3 5 = 4 f3 5.1,
respectively. Table 6.2 lists some energies of the resonance absorptlon edges of the

elements relevant for this thesis.

The integral is normalized to the isotropic absorption signal, [;,, = < [ > =

IT™ + I~ + I° which is the average of all the dipole transitions intensities in the
sample coming from all polarization components of x-ray beam for some certain
propagation direction. It includes the absorption of circular polarized, IT and I,
and linear polarized x-ray photons, I, which can be calculated according to: I° =
ﬁ%l_. This is important to find the angular—averaged intensity which is the related
XAS intensity to the sum rules. Since the molecules on the Si wafer form random
microcrystals, averaging over 3-polarization components along fixed directions will
be sufficient to find the angular-averaged intensity [69].

We set the number of d-holes for Ni(II) to nj, = 2 according to the charge transfer
multiplet calculations [276]. Due to the localization of 4f-orbitals, one can set the
number of 4f-orbitals holes similar to the ones of the ionic values calculated according
to Hund’s Rules: Dy(III) = 5, Tb(III) = 6, and Sm(IIT) = 9. As a matter of
fact Eq.6.1 and Eq.6.3, yield a direct result for the ground-state expectation value
of the orbital angular momentum < L, > = —my,,/pup, whereas Eqs.6.2, and 6.4,
include two intricate ground-state expectation values, namely < S, > and < T, >,
which stand for the expectation value of the spin magnetic moment, mg,;, and the
magnetic dipole operator, T,. Thus, the effective spin magnetic moment for 3d-ions
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is:

mi;;fn = Mspin +7< Tz >, (65)
and for 4f-ions:
S = Mg +6<T 6.6
Mgin = Mepin +6 < Ty > (6.6)
The expectation value of the magnetic dipole operator, < T, > = T, , is not

easy to calculate since it depends on the environment surrounding the magnetic
atom in the 3d-transition metals. Therefore, it is better to get environments where
such T, is negligible such as octahedral ligand fields O with negligible spin-orbit
coupling as introduced in Ref.[274]. Crocombette et al. have calculated T, for
several ions in Oy ligand filed configuration at varying temperatures to scrutinize
the above mentioned claim [360]. He found that at both low and room temperature
T, term is close to zero, even in the case of small spin-orbit coupling, like in Ni(II)
ions with d®- configuration , 7,/S, =~ 0.1%. So Eq.6.5, in the case of 3d ions, can
be reduced to:

mgjj; = Mypin- (6.7)

On the other hand for 4f ions, the 7T, term contributions originates from the spin-
orbit splitting of the 4f orbitals rather than the crystal field splitting, since the latter
one is relatively smaller than the former one due to the localization of 4f-orbitals
and not having bonding contributions. The large spin-orbit splitting leads to a large
contribution from the < 7T, > term, which might even surpass the contributions of
< S, > itself, and any kind of ignoring of this term leads to a large relative error
in spin sum rules, which may reach around 30% [361]. So Eq.6.6 must be applied
including the dipole operator. This is not the only obstacle in using the spin sum
rule where several research papers discussed the validity of the spin sum rules itself
and the necessity to include some correction factors due to the ideal assumptions
in deriving the spin sum rule reported by Carra et al. [274]. Thus, one should
correct for the spin magnetic moment calculated by the sum-rules by multiplying
Eq. 6.4 with a correction factor. The correction factor for rare-earth trivalent ions
are adopted from Ref.[279] as follows: it is 2.3 for Sm(III) and equlas to 1 for
Dy(III) , Tb(III). Meanwhile, Ni(II) has a correction factor around ~1 according
to Ref.[276]. On the other hand, the orbital sum rules have been confirmed and
accepted in the magnetism community theoretically [362] and experimentally [363]
for 3d-transition metals and for 4 f-rare earth ions [364]. Eqs.6.1 and 6.3 are used
directly to calculate the orbital magnetic moments. More details have been already
discussed in section 4.3.3.

The transitions from the 3d- and 4f-states in RE(III) are considered strong
correlated systems, which means that the interaction between the electrons and the
core-holes after the absorption process is important and can not be neglected. Thus,
the one-electron approximation, where all the interactions are negligible, does not
hold. Theoretical atomic multiplet calculations are required to calculate all possible
electronic transitions between the initial 3d'°4f™ and final 3d°4f"*! configurations
that obey the dipole selection rules, AJ = 0,=+1 [365]. The calculated XAS spectra
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of RE(III) ions for opposite circular polarization are compared with experimental
spectra Ref.[366, 367].

6.1.2.1 XAS & XMCD of SmNi; Molecules
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Figure 6.6: (a) Measured XAS (red) normalized to the maximum absorption and
XMCD (yellow) spectra for Ni(II) L3 edges. (b) Measured XAS (red) normalized
to the maximum absorption and XMCD (blue) spectra for Sm(III) M; 4 edges for
SmNis 15-MC-5 metallacrowns.[118]

Figure 6.6 shows XAS and XMCD spectra for SmNis 15-MC-5 metallacrowns. For
XAS spectra, the Ni(II) spectrum (Fig.6.6(a), red) has two distinct peaks due
to spin-orbit splitting of core p shells, namely 2p3 (L3 edge) and 2p1(L2 edge).
The spectrum has two small additional satellite peaks ~4 &V and ~6 eV higher
than the energy of the absorption maximum of L3 edge, which is 851 eV. The
theoretical results indicate that these satellite peaks are due to the mixture of several
configurations 3d'%, 3d° and 3d® with different weights in the ground state of Ni(IT)
ions [368]. The peak intensity changes with the crystal field acting on the 3d orbitals.
This is observed in the figures of the three molecules, Fig.6.6 — Fig.6.8, where the
intensity of this satellite peak slightly decreases with increasing atomic number of
the RE(III) ion, indicating a change of the ligand field strength. Meanwhile, the
Ly edge at 870 eV shows a single peak with relatively constant height for different
central RE(IIT) molecules. These features are characteristic for a Ni(II) ion within
an octahedral ligand field as determined by the charge transfer multiplet calculations

in Ref.[369].
The Sm(IIT) XAS spectrum (Fig.6.6(b), red) shows the typical ionic XAS spec-
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trum indicating the absence of any mixed valence states or bonding with neighboring
atoms due to the localization of 4f-orbitals [366, 367|. The larger absorption max-
imum peak at lower photon energy corresponds to the M; edge resulting from the
inter-atomic transitions from 3d 5 meanwhile the peak at higher photon energy, M,
edge, indicates the transitions from Sd% core states. The separation of these two
peaks is correlated with the spin-orbit splitting of the 3ds,, — 3ds/, core states.
Thus, one can see that this separation increases from around 23 eV in the Sm(III)
in Fig.6.6 to around 34 eV for Dy(III) in Fig.6.8. The reason for the different peak
heights at the two edges is the relative weight of the initial Sdg and 3d% which is
around 3:2, yet the selection rules of AJ = =1 lead to different peak ratios of each
element, which is in good agreement with charge transfer multiplet calculations.
Such calculations show that the peaks ratio for Sm(III) is around 0.44 which is a
comparable to the one in the experimental spectrum [366].

By assuming the fact that at low temperatures only low-lying energy states will
be populated, one can say that the ground state of RE(III) can be determined
according to Hund’s rules. Thus, the ground-state of initial configuration 3d'°4f5 of
Sm(III), is °H5°. Meanwhile, the final configuration 3d°4f® can have thousands of
ground states following the multiplicity of the possible combinations of the terms of
3d? (10 combinations) and 4 f¢ orbitals (3003 combinations). Of course, the selection
rules will reduce these combinations, yet simple spectra will not be obtained and all
the multiplet lines will be grouped in two groups around M5 and My edges. The My
edge in all the measured RE(III) ions [RE(IIT) = Sm(III), Tb(III), and Dy(III)]
has a single peak with asymmetric shape followed by an extended tail at higher
energies. At first glance, this can be attributed to some multiplet lines with low
weight at these higher energies. Nevertheless, some argue that these transitions can
be attributed to excitation from 3d or 5p core states to the continuum [371].

The XMCD Ni(II) spectrum (Fig.6.6(a), yellow) shows a negative maximum at
the L3 edge with a small positive peak at the Ly edge. This will be discussed in
detail in the upcoming section in terms of spin-splitting and branching ratio of the
intensities I(L3) and I(Ls) of the two spin-orbit split 2p absorption edges, since in
complexes with significant ligand fields it is not clear whether Hund’s rules apply.
The spin magnetic moment of Ni(II) is expected to be close to the saturated value
of 2 g, yet the spin and orbital magnetic moments obtained via XMCD sum rules,
Eq.6.1 and Eq.6.2, are far from this value. Similar smaller magnetization has been
reported by others Ref.[372]. The charge transfer multiplet calculations reported
in Ref.[372] discards the hypothesis of the hybridization between the Ni(II) ions
and the neighboring Nitrogen atoms regarding the reduction of the spin magnetic
moment in Ni(IT) ions. Instead, the reduction is tentatively attributed to the sur-
face anisotropy acting in the powder crystallites. In our case, where the sample is
prepared using the drop-cast method one can exclude such an explanation. Due to
the coordination of the Ni(II) ions with one another in the metallacrown, one can

3The ground-state term notation based on Russel-sander, LS, Coupling is written as 25T1L;,
where 25 + 1 is the multiplicity, L is the total angular momentum which is written with the
spectroscopic notation S,P,D;F G H,.. for numbers 0,1,2,3,4,5,.. , and J is the total angular
momentum [370].
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attribute this magnetization reduction to an antiferromagnetic exchange coupling
between the Ni(II) ions in the molecule.

The Sm(III) XMCD spectrum ( Fig.6.6(b), blue) shows a positive small peak
at the M5 edge indicating a negative spin magnetic moment, which in turn points
to anti parallel alignment with the Ni(II) spin moments. The spin- and orbital-
magnetic moments of Sm(III) calculated from the sum-rules have comparable values
with opposite signs leading to a vanishing total magnetic moment, as expected from
ionic values.

6.1.2.2 XAS & XMCD of TbNis Molecules
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Figure 6.7: (a) Measured XAS (red) normalized to the maximum absorption and
XMCD (yellow) spectra for Ni(II)L; o edges. (b) Measured XAS (red) normalized
to the maximum absorption and XMCD (blue) spectra for Tbh(III) M; 4 edges for
TbNi515-MC-5 metallacrowns. [118]

Figure 6.7 shows XAS and XMCD spectra for TbNis 15-MC-5 metallacrowns. The
Ni(IT) XAS spectrum has similar features as the previous SmNis spectrum. Yet,
the satellite peak intensity at the L3 edge is slightly decreased indicating a change
of the ligand field strength. The Th(III) XAS spectrum shows the typical charac-
teristic ionic spectrum and is compared to the atomic multiplet calculations with a
comparable peaks ratio, around 0.35 [366]. The spectra correspond to the multiplet
transitions from the ground-state “F to the final states of electronic configuration
3d%4f°.

The Ni(II) XMCD spectrum is again similar to the one shown in Fig.6.6, yet
the XMCD peak at L, edge is increased. The spin magnetic moment is increased
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by 17% compared to the Ni(II) spin magnetic moment in SmNis, yet it is still
far from the saturated value of 2 pg. The orbital magnetic moment is decreased by
75%. The Tbh(III) XMCD Spectrum shows a negative peak at the Ms5 edge resulting
in a positive spin magnetic moment which indicates a parallel alignment with the
Ni(IT) spin moments. The TbNis molecule shows similar XAS and XMCD spectra
to other SMM molecules containing Tb(III) ions [87, 140, 373].

The spin magnetic moment of Tb(III) calculated from the sum-rules has the
value of 2.8 pup, which is smaller than the ionic value, 6.9 5. Meanwhile, the orbital
magnetic moment has the value of 2.1 ug, which is close to the the ionic value of
3.4up. Such discrepancy will be discussed later in terms of magnetic anisotropy
energy barrier in the discussion part of this section.

6.1.2.3 XAS & XMCD of DyNis Molecules
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Figure 6.8: (a) Measured XAS (red) normalized to the maximum absorption and
XMCD (yellow) spectra for Ni(IT) Lo edges. (b) Measured XAS (red) normalized
to the maximum absorption and XMCD (blue) spectra for Dy (III) M; 4 edges for
DyNis 15-MC-5 metallacrowns. [118]

Figure 6.8 shows the XAS and XMCD spectra for DyNis 15-MC-5 metallacrowns.
The Ni(IT) XAS spectrum has similar features to the previous two molecule spectra.
Besides that, the Dy (III) XAS spectrum shows also its typical ionic XAS spectrum
due to the localization of 4f-orbitals [366]. The peak at M; edge is a linear combina-
tion of three peaks which corresponds to the electronic transitions from the ground
state O H 15 to the various final state energetic levels. Multiplet calculations show
that the peaks within the M;5 edge stand for the transitions with AJ = +1,0, —1,
respectively [374].
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The Ni(II) XMCD spectrum is not different from the previous one shown in
Fig.6.7. Yet, the spin magnetic moment is increased by 25% of theNi(II) spin
magnetic moment but it is still far from the saturated value, 2u5, meanwhile the
orbital magnetic moment is increased by a factor of three. The Dy(IIT) XMCD
spectrum shows a negative peak at the Mj edge yielding a positive spin magnetic
moment which indicates to a parallel alignment with Ni(IT) spin moments similar
to the case of Tb(III) 15-MC-5. The spin magnetic moment of Dy (III) calculated
from the sum-rules has the value of 2.0 pp, which is smaller than the ionic value,
5.9 pup. The orbital magnetic moment has the value of 2.7 pug, which is half of the
the ionic value, 5.4 pup. This discrepancy will be discussed in terms of the magnetic
anisotropy energy barrier in the discussion part of this section.
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Chapter 6.

Ni(II) [us] RE(III) [ug] Molecular moments [ug)]

mgfl,  mem | MY, mom,  mp;, my, miRd miyd S LA IR g Tu/S; | fmoa /isQUID
SmNi; | 0.29(2) 0.08(1) | -0.8(2) 0.8(2) N.A. N.A. N.A. NA. 5/2 5 5/2 028 -0231| N.A. 1.2
TbNis | 0.35(2) 0.02(1) | 2.8(2) 2.1(1) 6.2(6) 3.0 6.92 3.46 3 3 6 1.5 —0.111| 8.4(6) 5.3
DyNis | 0.44(3) 0.06(1) | 2.0(2) 2.7(1) 6.0(6) 5.0 591 548 5/2 5 15/2 1.33 —0.133| 8.2(6) 5.9

Table 6.3: Emm%ﬁ: and m, represent effective spin magnetic moment and orbital magnetic moment measured from XMCD sum-rules
at 7 K for a field of 7 T, respectively. mg,, and m;, represent the spin and orbital magnetic moment calculated from the model
as mentioned in the text. S[h|, L[h], J[h], gs, and T,/S, stand for the different angular momenta , the Lande g-factor, and the
ratio of dipole and spin operators for the ground state of RE(III) ions, respectively. The molecular moments i, calculated from
XMCD results are compared to the magnetization measured by SQUID magnetometry for the same temperature and magnetic
filed for each molecule. SmNi; SQUID Data is not available. The statistical error of sum rules values given in the table is in most
cases less than 10%. The total error is dominated by systematic errors of the common factors polarization, ny, and the error due

to subtraction of transitions into continuous states. We estimate the total error to be on the order of 20%.
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Figure 6.9: Molecular structure of RE(II1)[15— MCyignngicna — 5(1* — NOs)(py)s] where
molecule, where RE = Sm(III), Tb(III), Dy(III). The colors code of the
Elements is shown in the figure. The depicted molecular structure has been created
using Mercury Software [376].

6.1.3 Discussion

For 3d-ions, the magnetism originates from the 3d-orbitals [278]. In contrast to
the delocalized spin-polarized electronic states in metals comprising Ni, which are
described by the Stoner model [225], the Ni 3d-states in molecules are localized.
The size of the local magnetic moments derived from these localized states can be
deduced from crystal field theory (CFT). CFT provides a framework to describe the
magnetism in transition-metal coordinated complexes based on coulomb repulsion
between the transition-metal 3d-orbitals and the surrounding ligands [375]. Four out
of five Ni(II) ions, in the investigated RENis molecules experience an octahedral
ligand fields due to their sixfold coordination and the fifth one has a square planar
ligand field due to the fourfold coordination as shown in Fig. 6.9.

According to CFT, Ni(II) in octahedral ligand field has a high-spin configura-
tion with the spin ground state S = 1. In contrast, the square planar ligand field
endows Ni(II) ions with a low-spin ground state of S = 0. This is a result of the
minimization of the repulsive energy of the d-orbitals with surrounding ligands as
discussed briefly in section 2.1.1. Fig. 6.10 summarizes the spin states configurations
of both geometries.

XAS provides us with an experimental evidence of the spin ground state of the
transition metal ions in complexes with ligand fields. The question whether they
have a high-spin or low-spin can be deduced from the branching ratio I(Ls)/[I(Lz2)+
I(Ls)], i.e.: the fraction of the total transition probability which goes into the 2ps/,
manifold [377]. This happens because the XAS is governed by dipole transitions
where the spin is conserved, AS = 0. Thus, the branching ratio will depend on the
spin distribution over the core-hole manifolds. High-spin states complexes have holes
with determined parallel spins in the e, orbital group, as shown in Fig. 6.10. This
will lead to a preferential excitation of the core electrons. Due to the spin-orbit split-
ting of the core electrons, electrons occupying the 2ps/, orbital has parallel spin and
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Figure 6.10: The 3d-orbitals splitting of Ni(IT) ions in d®configuration (light blue)
in several ligand field geometries approximated by point charges (dark blue). The
spherical ideal ligand-field geometry does not lift the degeneracy of the 3d-orbitals
and shifts their energy up relative to the free ion (left). In octahedral (middle) and
square planar (right) ligand fields, the electrostatic interaction lifts the degeneracy
of the 3d-orbitals according to the shape and the angular distribution of d-orbitals
along the principal axes with an energy difference between excited and ground state
of AO}, (or 10D,) and A,,, respectively. In O, ligand field, the holes of e, orbitals
(gray circles) are spin-polarized which affects the branching ratio of XAS spectra.
In contrast, for square ligand fields there is no preferential spin excitation into the
excited states.
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orbital angular momenta (j = L + S) whereas the 2p 1 orbital has anti-parallel spin
and orbital angular momenta (j = L —.S). Thus, the final states spin in the valence
3d-orbitals and the spin-flip forbidden dipole transition selection rule, AS = 0, will
prefer exciting electrons from one core spin-split state more than the other. Based
on that, the high spin complexes will have, on average, a larger branching ratio than
the low-spin ground state, where low-spin ground state complexes lack holes with
the corresponding spin. Branching ratios obtained for Ni(II) have a value of 0.72,
which indicates a high-spin ground state as calculated in Ref.[377]. The high-spin
state also agrees with the fact that five- and sixfold coordinate Ni(II) typically shows
a high spin configuration. In the present case, one of the Ni(II) ions is fourfold co-
ordinated and could indeed be in the low spin state. Thus the spin state for four
out of five Ni(II) ions is expected to be S = 1 and the corresponding spin moment
should be close to the saturated value of 2 up. Instead, the observed spin moment
is considerably smaller. This fact indicates an antiferromagnetic exchange coupling
between the Ni(II) spin moments.

On the other hand, one expects the spin and orbital magnetic moments values
of RE(III) ions in the molecules to be close to the values calculated by Hund's
Rules, due to the localization of 4f orbitals in RE(III) ions. Yet, spin (ngj; )
and orbital magnetic moments (m,,;) shows some deviations of the ones calculated
by Hund’s rules, as shown in Table 6.3. The localization of 4f-orbitals lead to the
assumption of the large spin-orbit coupling comparing to the negligible crystal field.
According to Hund’s rules, One can determine the total magnetic moment in case
of non-quenching orbital magnetic moment for the ground-state from the following

formula:

m = gyupy/J(J + 1), (6.8)

where : J is the total angular momentum of the ion and it can be written as
J = | L£S | depending on the half-shell occupancy of the valence shells of the
ions. L and S stands for the total orbital and spin angular momenta of the valence
shells, respectively. g is the Lande g-factor [370], which is expressed by:

S(S+1) — L(L+1)

21T +1) (6.9

3
QJZQ‘F

The spin and orbital magnetic moments can be calculated using the following

equations [370]:
m&? = 2 up/S(S + 1), (6.10)

and

mivnd — p\/L(L +1). (6.11)

By comparing the experimentally determined spin- and orbital-magnetic mo-
ments with the ones calculated by Hund’s rules, we see that the experimental values
are smaller. Since our experiment was carried out at low temperature, around 7
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K, we expect that the thermal energy has a smaller value (KT =~ 0.6 meV') com-
parable to the Zeeman energy (several meV's in the range of 7 Tesla). Therefore,

one does not expect a strong temperature dependence, especially at lower magnetic
fields.

SQUID magnetometry measurements carried out by our collaborators confirmed
this claim. Fig. 6.11 shows the isothermal molecular magnetic moment psqurp(H,T')
as a function of external magnetic field for varying temperatures in the range of 3 K
to 10 K. Figure 6.11(a) displays a temperature-independent paramagnetic behavior
of SmNis molecule. Meanwhile, Figure 6.11(b) and (c) reveal a linear increasing
magnetic moment for small fields with a slope strongly dependent on temperature
for TbNis and DyNis molecules, respectively, but for larger fields psquip(H,T)
becomes temperature independent. The molecular magnetization does not saturate
with increasing the magnetic field, and this is another indicator to the existence of
a magnetic anisotropy energy barrier that hinders a saturation of the magnetization
in TbNis and DyNis molecules. The source of this magnetic anisotropy can be
thought of as a combination of spin-orbit coupling in RE(III) central ion and the
electrostatic potential of crystal field which will be added as a perturbation due to
the localization of the f — orbitals. The multiplicity of the total angular momen-
tum of the ground state, 2J + 1, has a large value of Dy(III) (Tb(III) ) which
is around 16 (13), and this lead to a zero-field splitting (ZFS) of the ground state
SHy5/2 ("Fs). This phenomena is know as single-ion magnet (SIM) rather than the
widely spread used one of single-molecule magnet (SMM), where one obtains the
magnetic behavior from the exchange interaction of the spin ground-state of the
different metallic ions in poly-nuclear complexes [71]. pusquip(H,T) can been fitted
using the SIMPRE software[108] by the crystal-field Hamiltonian:

Hop(J)= Y > BiO}, (6.12)

k=2,4,6 g=—k

where Hep is the crystal-field Hamiltonian which can be modeled in terms of cor-
rected electrostatic point charges and can be written in terms of what is called
extended Stevens operator Of, as defined by Ryabov in terms of the angular mo-
mentum operators J1 and J,, and k is the operator order (also called rank or degree)
and ¢ is the operator range that varies between k and —k [378]. For another Dy/(III)-
centered metallacrown molecule, namely DyGag, synthesized by Angeliki Athana-
sopoulou, in AK Rentschler in Uni Mainz, the fitting of psoup(H,T) with Eq.6.12
results in a very good agreement with small relative error of 1.2 x 10~*. Moreover,
the magnetization measurements at the magnetic field of 7 Tesla is comparable to
the magnetization measurements obtained in DyNis molecule which is around 5.92
wp regardless of the different surrounding ligands. Thus one might think that in
our case the exchange interaction among the Ni(IT) moments is not significant and
does not contribute to the magnetization or the magnetic anisotropy to the molecule
in total. But if we take a look on Fig. 6.11(a) one can find that the measured mag-
netic moment of the whole SmNis; molecule is close to the summation of the five
XMCD Ni(IT) magnetic moments, which adds up to the fact that the total XMCD
magnetic moment of Sm(III) is close to zero, to conclude that in SmNis molecule
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the main magnetic contribution is coming from the transition metal ions Ni(II),
which increases linearly with the applied magnetic field. This linear increase, in-
stead of a Brillouin function for paramagnetic behavior, might be explained by an
antiferromagnetic coupling between neighboring INi(II) spins. This result suggests
that Ni(II) ions must be included in any fitting to the SQUID measurements to
calculate the magnetic anisotropy energy in these molecules where Fig. 6.11(b) and
(c) shows that there is a good agreement between the spin exchange Hamiltonian
and the measured data of TbNis and DyNis molecules. Besides that, the change of
Ni(IT) XMCD spin- and orbital-magnetic moments in each case of RENi5 as shown
in Table 6.3 might indicate a kind of weak 3d—4 f exchange interaction which should
be considered. Therefore it is not possible to deduce the anisotropy parameter from
the magnetometry data alone and one need an element-specific approach.

In such mixed 3d — 4 f molecules one expects a strong magnetic anisotropy that
forces the orbital magnetic moment along the molecular symmetry axis depending
on the strength of the uni-axial anisotropy energy. Due to LS coupling in rare-
earth ions, the spin and orbital moments will be aligned parallel to each other. The
orientation of the total magnetic moment, at some constant temperature and applied
magnetic field, will be determined once the enthalpy of the molecule is minimized.
The enthaply energy of the molecule results from the summation of two terms: the
first one is the Zeeman energy applied by the magnetic field on the magnetic moment
to rotate it, and the second term is the magnetic anisotropy energy which keep the
magnetic moment pointing along some certain preferable direction:

G = —mhyEB costy + Kgp cos*(0 — 1), (6.13)

*

where Kgp is the anisotropy energy constant, and mpp = mg,, + m}, is
the corresponding absolute total value of the magnetic moment of the central rare
earth ion. The angle 6 denotes the angle between the applied magnetic field, B, and
the molecular symmetry axis. Meanwhile, the angle ¥ refers to the subtended angle
between the total magnetic moment m} and the applied magnetic field, as shown
in Fig. 6.12.

Note that we exclude the exchange energy between 3d-ions and 4f-ions in equa-
tion 6.13. Ref.[343] showed that such exchange energy between some 3d and 4f
ions, namely Dy(III) and Cr(II), does not exceed 0.02 meV. Meanwhile, Ref.[340]
calculated the exchange interaction of Ni(II) — O — Ln(I1I) [Ln = Dy, Gd], based
on DFT and ab-initio calculations, and they found that the exchange energy does
not exceed 0.1 meV for severalst Ni([1) — O — Ln(III) bond angle values. This
linker’s angle affect the charge transfer between orbitals which in turn affects the
exchange interaction strengths. Yet, this energy value is small compared to the
thermal energy at 7 K (KpT =~ 0.6 meV'). As calculated in ref. [340], one can
assume that the 3d-4f exchange interaction in our molecule is ferromagnetic, based
on the wide angle of the linker < Ni(II) — O — Ln(I1I) which is around 126.05°.
Then, it will just add up to the Zeeman energy. However, Fig.6.11 insets shows a
monotonous decrease of xI" with decreasing the temperature, which can be thought
of an indicator to an antiferromagnetic exchange interaction within the molecule.

135



Chapter 6. Intramolecular Exchange Interaction of 3d — 4 f Metallacrowns

@) sm(illy

1.0F 3K
—p— 4
—— 5
——
- T
—— 8 K

i - 'IQOKK/
4

.D e s e

of 0 100 200 300
TIK
0_0 i L L i Il I I ]-

HeauplHs T) [l

B4t
= 15F
— 3K
a2 4K E 10
< sk X
S 2t 6K 5 5|
@ TK e
1H 8K H{J 1
SGK 0 100 200 300
10K TIK
{] L L 1 i]l
G T T T T
(c) Dy(l)
= 3K T 15t ]
F 3t . 4K E '/.’—._.
E. ® 5K X< 10 1
s 2t * 6K §
] o 7K 8
1 1L ® 3K ?'?ﬁ i . H
* 9K 0 100 200 300
b o PoR. T
0 1 2 3 4 5 6 7 8
uH [T]

Figure 6.11: Molecular magnetic moment pgsqurp(H, T) of RENis(a) SmNis, (b)
TbNis and (¢) DyNis molecule as a function of external field for temperatures in
the range of 3 K to 10 K (dots). Full lines in (a) are a guide to the eye, whereas
in (b) and (c) full lines represent fits by a spin-Hamiltonian model with g and
a temperature-independent paramagnetic component as fit parameter. The insets

show experimental results for the magnetic susceptibility multiplied by temperature,
xT' .
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e.a.

Figure 6.12: Sketch of the rare-earth central ion magnetic moment orientation
(blue), in the magnetic anisotropy intermediate case, with angle ¢ with respect
to an external applied magnetic field (green). The molecular symmetry axis (black)
have an angle 6 relative to the applied magnetic field. The molecule’s magnetic
anisotropy is assumed to have two possibilities: (a) easy axis along the molecular
symmetry axis, and (b) an easy plane anisotropy [118]. Figure (c) shows a sketch
of the projected magnetic moments lying on the surface of a cone with an opening
angle of 20 and 2(6 + 060), within an element area of df2, in spherical polar coordi-
nates.

Yet, elaborate calculations, as done in ref.[340], is necessary to reach a decision on
this issue.

The arbitrary angular distribution of the crystallites, resulting in a random dis-
tribution of magnetic anisotropy axes, should be taken into consideration for the
calculation of the magnetic anisotropy energy in the single molecule. Thus, the con-
ventional direct method of calculating the uni-axial anisotropy energy used in single
crystals or epitaxial layered thin films can not be used here [282]. Thus, to minimize
the free enthalpy of the molecule, we are going to introduce a tuning parameter for

the ratio between the anisotropy and Zeeman energy, i.e.: r = mIfREB, and find
RE

the average orientation of the ensemble as a functional of this parameter. For some
given r value, and hence for some anisotropy energy value, the magnetic moments
which make angle ¢ with B direction are forming a surface of a cone with opening
angle of 26, see Fig.6.12(c). The trapped area between two cones separated by an
incremental angle 660 is given by df? = 27 sinf df. This area encloses magnetic
moments equal to m}, df2 and since we are interested in the magnetic moments
lying along the B direction then the average projected magnetic moments will be

the summation of the cones between angle 0 and 7/2 divided by f; df? , as follows:

W

Jo myg cos 9 (1) sin 0 dé"

7 (6.14)
[, sin 0 df

< mpmj(r) > =

If » = 0, i.e. vanishing anisotropy, one expects the full ionic orbital moment
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to be measured, i.e. myp.,; = mpp. Meanwhile, for infinitely strong anisotropy,
r — oo, the ensemble average over all orientations would result into a value half
of the nominal theoretical value,< my.q;(00) > = Jo/*mip cos 0sin 0 /("% 1 g gp =
% Mmpp, note that at high anisotropy energy values, both angles ¢ and ¥ coincide.
Only at intermediate values of r the magnetic moment has finite values of angle 99,
as written in Eq. 6.14 and shown in Fig. 6.12.

Fig. 6.13(a) shows the result of the calculation of Eq.6.14 for RENis molecules
with an easy-axis anisotropy along the molecular symmetry axis, which reflects our
own considerations for the extreme cases. Alternatively, one can assume an easy
plane anisotropy instead of easy axis anisotropy, as shown in Fig.6.12(b). This
calculation results in value of the projected magnetic moment of 0.78 of the total
magnetic moment, < my,q;(00) > = Jo/mip sin 0 d8/ 1" Gy g gp = 0.78 my. This
means that the experimental value of the orbital magnetic moment, for Dy(III) in
our molecule for example, should be around 7.63 ppwhich is much larger than the
obtained experimental value. Based on these calculations, one concludes that the
molecule DyNis exhibits an easy axis anisotropy. Since Dy (IIT) and Tb(III) have
a similar asymmetric shape of the 4f electron density, one can say that the same
conclusion can be extended to the TbNis molecule. Note that these considerations
are valid only for the case of the orbital magnetic moment.

The measured effective spin moment is smaller than the true spin moment be-
cause of the negative sign of dipole operator 7,, even when the spin moment is
aligned along the molecular symmetry axis, as one can see in Eq.6.6, which can be
written as follows: mg;’; = 2 <S,> +6 <T, >. If the direction of the spin
moment deviates from the molecular symmetry axis by an angle 6 = 6 — 4, the
expectation value is given by T, (8) = T.(3 cos*d — 1)/2. For negligible anisotropy,
one obtains § = 6 and the powder average results in a vanishing 7, contribution. For
finite anisotropy, we can calculate the projected effective spin moment with respect

to the absolute spin moment in the same approach used for Eq. 6.14, to obtain:

w/2

T 21g — -1
mi}ji];/m;‘pm = /(1 + 35—2)3 cos10 219<T)] cos¥(r) sinf de. (6.15)

0

The ratio of the expectation values of the dipole operators 7T, and the spin
angular momentum S, of RE(III) ions mentioned in Eq. 6.15 can be calculated
from Eq. 6.16:

1
<T,>/<8S,>= (l—n+§)2J(J+1).

3(S—I(S+J+1)*—L(L+1)[L(L+1)+2S(S+1)+2J(J + 1)]
221+ 3)(2l = 1)L - 1)ST(J+ D[J(J+ 1)+ S(S+1) — L(L + 1)]

(6.16)

where [ and n stands for the vacant orbital shell quantum number and the
number of vacant holes, respectively [274]. Table 6.3 listed the values of T./S,
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Figure 6.13: Calculation of the projected magnetic moment along the external field
axis normalized to the absolute moment as a function of the ratio of anisotropy con-
stant and Zeeman energy, 7, for the case of easy axis anisotropy (a), and easy plane
anisotropy (b), respectively. (c) and (d) show the effective spin magnetic moment
along the external field axis normalized to the absolute moment as a function of
the ratio r for the case of easy axis and easy plane anisotropy, respectively. The
contribution from the T term is considered according to the exact ionic value for
the indicated rare earth ions. [118]
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ratios for RE(III) ions used in this thesis. Eq.6.16 was derived by Carra et al. [274],
based on ideal assumptions, which led to some deviations of the XMCD spin sum
rule if calculated by atomic multiplet calculations. Teramura et al have calculated
this deviation and found that for heavy RE(III), like Dy(III) and Tb(III), this
deviation is just around -« 10%, meanwhile it can reach more than 230% for less than
half-filled RE(III) ions like in Sm(IIT) [279]. This deviation can be attributed to
many factors, e.g.: the core-valence exchange interaction inside RE(III) ion itself
and the finite spin-orbit splitting of the core 3d states. Since we are not interested
in SmNis molecules due to the paramagnetic behavior and since the deviation of
the XMCD spin sum rule (Eq.6.4) is not significant for Dy (IIT)and Tb(III), we
use Eq.6.16 to calculate the ratio < T, > / < S, > . The result of the calculation
of Eq.6.15 is shown in Figs.6.13(c) and 6.13(d) for the case of an easy axis and easy
plane anisotropy, respectively.

One can use the result of Fig.6.13 to obtain (i) the magnetic anisotropy energy
constant Krp and (i) the correction of the spin magnetic moment my,,,, for RE(III)
ions in RENis, for Dy and Tb, where the external magnetic field of 7 Tesla is
sufficient to saturate the magnetic moments against thermal fluctuations. The ratio
of the projected orbital magnetic moment to the ionic value, my.o;(r)/mpyg , for
Dy (III) is around 54%, which corresponds to r = 7(3), and for Th(III) the ratio
is around 70% which corresponds to r = 1.3(3). Based on these values one can
determine the magnetic anisotropy constant for the RE(III) ions in each molecule

according to r = —SE_ For Dy(III), the absolute total magnetic moment m® . is
g m y g RE
RE

5-
around 10 pp, hence the magnetic anisotropy constant is Krg = 28(12) meV. For
Tb(III), m},p is around 9.72 pup, and Krgp = 6.5(2.0) meV. Thus both molecules
have a remarkable magnetic anisotropy energy barrier, and it even exceeds room
temperature in thermal units, 7.e. 25 meV, for the case of Dy.

Fig.6.13 (c) justifies our model assumptions: The spin orbit coupling aligns both
the spin and orbital moment, thus the ratio r obtained for the RE(III) ions for
the orbital magnetic moment holds for the spin moment, too. Consequently, for
this ratio one can obtain the mg,, value, which we already know from Hund’s rule,
and by comparing we can get a correction factor. Accordingly, the spin moment
of Dy(III) is given by mf,,, = 6.0 up, which equals the expected value 5.9 pp.
For the case of Tb(III) one obtains a spin moment of m},,= 6.2 up, being close
to the expected value of 6.92 pg. The agreement of the spin moments with the
corresponding ionic values justifies the model assumptions. The error margin of the
XMCD orbital and spin moments of about 20% results in a considerable change of the
T, correction factors and thus may explain part of the discrepancy between molecular
magnetic moment fi,,, values obtained from SQUID and XMCD magnetometry

measurements.

In Summary, the magnetic moments of both the 3d and 4f elements in het-
erometallic 15-MC-5 RENis metallacrowns could be measured in an element-specific
manner using the XMCD technique. The comparatively small Ni(II) moments
demonstrated that the intramolecular exchange interaction between the Ni(IT) ions
is dominated by an antiferromagnetic exchange interaction. The exchange inter-
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action between the 3d and 4f elements is an antiferromagnetic in SmNis where
Sm(IIT) magnetic moment align antiparallel to the Ni(II) magnetic moment. On
contrary to that, both TbNis and DyNis shows parallel alignment between the
circumstantial Ni(II) ions and the central RE(III) ion. In addition to that, we
observed a discrepancy between the measured magnetic moments of RE(III) ions
and the expected ones calculated by Hund’s rule. An explanation to such disagree-
ment could be attributed to the existence of a large magnetic anisotropy. A simple
phenomenological model based on the ratio of the experimentally determined rare
earth moment and the expected ionic value has been used to deduce the anisotropy
energy barrier considering the random orientation of the easy axis in the powder.
This results in a magnetic anisotropy of 28 meV (340 K) in the case of Dy (III) and
7 meV (85 K) in the case of Tb(III). This approach in calculating the magnetic
anisotropy of 3d — 4f heterometallic SMMs in powder samples is desirable for any
future work where there is no need to grow any highly oriented single crystal to
measure the anisotropy.

6.2 Solvent-Induced High Spin Transition in Double
Decker 3d-4f Metallacrowns

6.2.1 Experimental Procedure

The procedures of this experiment are the same as the previous ones regarding
the beamline end-station parameters, preparation of the samples, temperature mea-
surements, measurement modes (TEY mode), X-ray normal incidence, and the data
analysis procedures, see section 6.1.1.

The investigated samples discussed here are powders of metallacrown molecules
(Hpip)s {(RE(I11)[12 — MCyiannshiy — 42 (Hsal)} , RE = Gd(III), Th(III), shortly called
RENig. The molecules were synthesized by L. Vélker, C. Gamer, A. Rauguth, and
A. Kredel in the group of Prof. Rentschler, in the chemistry department of Mainz
University, based on the synthetic method mentioned in Ref. [165].

Several preparation methods were used in this experiment. The first method was
gluing the powder directly to the Si-wafer using a mixture of graphite powder and a
xylol (a conductive carbon cement). The insulating powder crystals get charged and
this charging affects the signal quality in TEY mode leading to a reduced current
in the range of 0.1 pA. Hence, a long exposure time is needed to reduce the signal
noise. Thus, this method has been abandoned. The other approach was the drop-
cast method, where the molecules were dissolved in dichloromethane (case A) and
methanol (case B) solutions separately and then drop casted on different Si-wafers
substrates on the sample holder. The drop-cast method showed more promising
results regarding signal-to-noise ratio in XAS spectra which make this method more
preferable than the previous one.
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6.2.2 Results

The orbital-magnetic moments, m,.,, and the effective spin-magnetic moments,
mg;{w of each element is calculated using XMCD sum rules of Eqgs. 6.1 — 6.4 [274,
275] similar to what is mentioned in section 6.1.2.

The number of d holes in Ni(II) ions has been set according to the charge-
transfer multiplet calculations, n, = 2. For Gd(III) and Tb(III) ions one can use
the number of holes for the ionic electronic configuration due to the localization of
the 4 f-orbitals, n, = 7 for GA(III) and n;, = 6 for Tb(III). The correction factors
for Ni(II) is equal to 1 according to Ref. [276]. The XMCD spin sum rules holds for
RE(III) ions with more than half-filled shells occupancy like Gd(III) and Tb(III).
Thus, the correction factor for both elements is around 1 as calculated in Ref. [279].
The calculated XAS spectra of RE(III) ions for opposite circular polarization are
compared with experimental spectra Ref.[366, 367, 379].

6.2.2.1 XAS & XMCD of GdNig Molecules

Figure 6.14 shows XAS and XMCD spectra for {GdNig} 15-MC-5 metallacrowns
drop-casted from both a dichloromethane solution CH2Cly (panels (a) — (b), case
A), and from a methanol solution CH3OH (panels (c¢) — (d), case B). The Ni(II)
XAS spectrum has two satellite peaks at 2 eV and 5 eV higher than the L3 edge of
853 eV in both cases [Figs. 6.14(a) and 6.14(c)] with varying heights. For case A,
the satellite peak is at 855 eV and it is smaller than the one in case B. The shift
of the first satellite peak from the main peak in case A is larger (2 eV) compared
to case B (1.8 €V). This shift leads to a clear satellite peak in case A, whereas in
case B the main peak rather has a shoulder on the high-energy side. Both cases, A
and B, exhibit another deviation of each others at the Ni(IT) XAS L, edge of 870
eV. For case A we observe a narrow peak almost half the size of peak L3 edge. In
contrast, case B reveals a smaller maximum peak value with an enhanced width.
The measured XAS spectra of GA(III) in both cases [Figs. 6.14(b) and 6.14(d)] are
similar and show the typical characteristic ionic spectrum according to the atomic
multiplet calculations [366].

This reflects the localization of 4 f-orbitals and the absence of a chemical bonding
between the surrounding 3d-ions and the 4 f-orbitals of the central RE(III) ion.
Both Gd(III) XAS spectra show a single narrow peak at the M;s edge of 1185
eV preceded by a shoulder peak on the low-energy side and followed by a satellite
peak around ~5 eV on the high-energy side. Ref.[366, 379] show that this resonance
absorption corresponds to the multiplet transitions from the ground-state of 3d'%4 f7,
8572, to the final states of the electronic configuration of 3d°4f®, "F' mixed with
many multiplets, mainly ®Ps /5. On the other hand, the My edge at 1215 eV shows
a split peak with two comparable intensity peaks.

The experimental XAS and XMCD spectra of Gd(III) in {GdNig} is similar
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Figure 6.14: The panels (a) — (b) show both the measured XAS (red) normal-
ized to the maximum absorption and XMCD (yellow) spectra for Ni(II) L3 o edges
and for GA(III) M;4 edges for GdNig metallacrowns deposited by drop-casting
from a solution in dichloromethane. The panels (c) — (d) show both the measured
XAS (red) normalized to the maximum absorption and XMCD (yellow) spectra for
Ni(II) L3 edges and for GA(III) Ms 4 edges for GdNig metallacrowns deposited
by drop-casting from a solution in methanol. The spin and orbital magnetic mo-
ments calculated from XMCD sum rules for each element, are given in each figure
respectively. [118]
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to other spectra obtained from materials containing Gd(IIT) and Ni(II) ions [380-
382]. This confirms the localization of 4 f-orbital and the ionic electronic configura-
tion of the GA(III) ion in our molecule.

The Ni(IT) XMCD spectra of both cases have discernible features at both energy
edges. In case A, the XMCD signal is very small and it reveals a plus/minus feature
at the Lz edge (853 eV). Instead, case B results in a prominent negative peak at the
L3 edge and a positive peak at the L, edge. Thus, the XMCD signal indicates a
prevailing spin moment parallel to the external applied magnetic field.

The XMCD sum rules, Eq.6.1 and Eq.6.2, yield a vanishing orbital and spin
magnetic moment for Ni(IT) ions in the molecules drop-casted from dichloromethane
(case A), but for the other case Ni(II) ions show a considerable orbital and spin
magnetic moment values, as shown in Fig.6.14. Drop-casting from methanol (case
B) results in a significant increase of the spin magnetic moment to almost 0.8 up
per Ni(II) ion. This is a significant value where the magnetic moment amounts to
around half the maximum possible value for the Ni(II) 3d®configuration, i.e. 2 up
per ion. Yet the orbital magnetic moment does not show such an increase as a result
of the vanishing orbital contribution to the ionic magnetic moments in 3d ions.

On the contrary, the XMCD spectra of Gd(III) ions shows similar features in
both cases as expected from the localization of the 4f-orbitals. The prominent
negative XMCD peak at the My edge (1185 eV) and the positive peak at the M,
edge (1220 eV) indicate a large spin moment parallel to the external field. The total
moment of Gd(III) ions, m,; = mign + Mg, calculated by XMCD sum rules,
Eq.6.3 and Eq.6.4, show a small increase by 5% for the molecules drop-casted from
methanol solution (case B) in comparison to the total moment for the molecules

drop-casted from dichloromethane solution (case A).

For the Gd(III) ion the total magnetic moment has a spin contribution solely
since the orbital angular momenta is canceled out according to Hund’s rules, S=7/2
and L=0. This renders the 4 f-orbitals in this ion spherical which leads to a negligible
T, term. Thus, one can write Eq.6.6 simply as mgij; = Mgpin- The spin magnetic
moment experimental values are close to the ones calculated from Hund’s rules, Eq.
6.8-6.11, which has the value of m¥rd = 7.94 i, see Table 6.4.

spin

Surprisingly, the orbital magnetic moment of Gd(III) ions in {GdNig} met-
allacrowns does not vanish in both cases. This is also shown in other research
papers like in Ref.[380]. This can be attributed to some limitations in the sum
rules themselves, since they were derived based on ideal assumptions. The total
molecular moment, (i, = 8 pior(INi(II)) + pi40t(Gd(III)), of {GdNig} metal-
lacrown molecules got doubled when the drop-casting solution is exchanged from
dichloromethane (case A) to methanol (case B). Table 6.4 summarizes the different
magnetic moments for each element of both cases.

6.2.2.2 XAS & XMCD of TbNig Molecules
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Figure 6.15: The panels (a) — (b) show both the measured XAS (red) normalized
to the maximum absorption and XMCD (yellow) spectra for Ni(II) L3, edges and
for Tb(III) M; 4 edges for TbNig metallacrowns deposited by drop-casting from
a solution in dichloromethane. The panels (c¢) — (d) show both the measured XAS
(red) normalized to the maximum absorption and XMCD (yellow) spectra for Ni(IT)
Ls 5 edges and for Tb(III) M; 4 edges for TbNig metallacrowns deposited by drop-
casting from a solution in methanol. The Ni(IT) XMCD spectra [panels (a) and (c)]
are magnified by a factor of 5. The spin and orbital magnetic moments calculated
from XMCD sum rules, for each element, are given in each figure respectively. [118]
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Figure 6.15 shows XAS and XMCD spectra for {TbNig} 15-MC-5 metallacrowns
drop-casted from both a dichloromethane solution CH2Cl, (panels (a) — (b), case
A), and from a methanol solution CH3OH (panels (c¢) — (d), case B). The Ni(II)
XAS spectra in both cases [Figs. 6.15(a) and 6.15(c)] show similar features regarding
the two satellite peaks at 2 eV and 5 eV higher than the L3 edge of 853 eV in
comparison with Fig. 6.14. However, there is small deviation in the satellite peak
located at 855 eV. For case A the satellite peak is smaller than the one seen in case
B, and the separation of this satellite peak from the main peak is larger in case A
than the one in case B by 0.2 eV. Both cases do not exhibit any deviation of each
others at the Ni(IT) XAS Ly edge of 870 ¢V, where both spectra show a narrow
single peak with comparable width and height.

The XAS spectra measured at the Th(III) Ms 4 edges in both cases [Figs. 6.15(b)
and 6.15(d)] look almost identical to each other for the same reason as for the spectra
of GA(III), i.e. the localization of the 4 f-orbitals. However, a closer look at the
maximum of the M5 edge reveals a slightly more pronounced double peak for case A
in comparison to case B. This issue can be described in details in terms of the charge-
transfer multiplet calculations in the discussion part of this section. The discussion
of the Tb(III) XAS spectra is the same for the one of {TbNis} mentioned in the
previous section 6.1.2.2.

The Ni(II) XMCD spectra in case A [Fig. 6.15(a)] shows a small negative
peak at the L3 edge and a small positive peak at the L, edge. This is contrary to
the vanishing peaks in {GdNig} drop-casted from dichloromethane solution [Fig.
6.14(a)]. For case B the Ni(IT) XMCD spectra show similar features to case A
but with larger values. Both cases reveal a prevailing spin moment parallel to the
applied external field. The total magnetic moment of Ni(II) ions in {TbNig},
calculated by the XMCD sum rules, Eq.6.1 and Eq.6.2, shows an increase by a
factor of three in the sample drop-casted from a methanol solution comparing to the
sample drop-casted from dichloromethane solution.

The XMCD spectra of Th(III) ions for both cases, depicted in Figs. 6.15(b)
and 6.15(d), display a negative peak at M; edge with a vanishing peak at My edge.
This hints to a parallel spin alignment with respect to the external applied field
similar to the Ni(II) ions. The orbital- and spin-magnetic moment calculated by
the XMCD sum rules, Eq. 6.3 and Eq. 6.4, deviates from the ones calculated by
Hund’s rules, Eq. 6.8 — 6.11, in both cases.

By assuming a powder average of the molecules in both cases one can apply the
phenomenological model developed in the previous section 6.1 on the Tb(III) ions
in {TbNig} metallacrowns. This results in ratios r = 0.7 and r = 0.83 for cases A
and B, respectively. Following the procedures mentioned in section 6.1 one obtains
the magnetic anisotropy constants in both cases Krp(Tb) = 5.1 meV for case A
and Krp(Tb) = 2.9 meV for case B. The expected ionic values of the spin- and
orbital magnetic moments has the ratio of 2:1 following 25 = 6 and L = 3. But
we notice that this ratio is 1:1 in both cases for the Tbh(III) ions in {TbNig}. To
recover this ratio one should deduce a correction factor for the T, component of the
effective spin moment from the calculated ratio r. This results in m = 3.8ugp

*
spin
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and mf ;. = 3.9 up for Th(III) ion in {TbNig} metallacrowns drop-casted from
dichloromethane and methanol, respectively. This correction restores the expected

spin- and orbital-moment ratio for Tb(III) ions.

Considering all ionic moments contributing to the molecular moment one find
that the total molecular moment for {TbNig} metallacrowns drop-casted from
methanol solution, fi,e = 8 figor(INI(IT)) + p4e(Tb(III)), increases by a factor of
approximately 1.5 in comparison to the sample drop-casted from a dichloromethane
solution. Table 6.4 summarizes all the magnetic moments and related parameters
for both metallacrown molecules in this section.
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Chapter 6.

Ni(II) [ps] RE(III) [ug) Molecular moments [ug]
mef Moy, Mee | MG, Mo mpy, migtd miy S[A] LR J[H] g T,/S, | [tmol
{GdNig} —0.02(2) —0.02(2) —0.04(4) | 7.2(2) 0.8(2) 7.94 o 7/2 0 7/2 2 0 7.8(4)
{GdNig}.CH;OH | 0.79(2) 0.09(2) 0.88(4) | 7.4(2) 1.0(2) -  7.94 o 7/2 0 7/2 2 0 15.4(4)
{TbNig} 0.10(2) -0.01(2) 0.09(4) |2.7(2) 2.1(2) 3.8 6.92 346 3 3 6 1.5 —0.111| 6.4(4)
{TbNis}.CH;0H | 0.23(2) 0.05(2) 0.29(4) | 2.8(2) 2.5(2) 3.9 6.92 3.46 3 3 6 1.5 —0.111| 8.9(4)

Table 6.4: Smmm: and m,,, represent effective spin magnetic moment and orbital magnetic moment measured from XMCD sum-rules
at 7 K for a field of 7 T, respectively. mg,,, and m; , represent the spin and orbital magnetic moment calculated from the model as
mentioned in the text. S[h|, L[h], J[h], g;, and T./S, stand for the different angular momenta , the Lande g-factor, and the ratio
of dipole and spin operators for the ground state of RE(III) ions, respectively. The molecular moments calculated from XMCD
results, fimol = 8Myot(IN1) + myet (RE), are reported for each molecule. {RENig} denotes case A of the samples drop-cast from a
dichloromethane solution, and {RENig}.CH3OH indicates case B of the samples drop-cast from a methanol solution. The total
Ni(II) magnetic moment results from myor = Emwmz + mgy, - The total error is dominated by systematic errors of the common
factors polarization, ny, and the error due to subtraction of transitions into continuous states. We estimate the total error to be

on the order of 20%.
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6.2.3 Discussion
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Figure 6.16: (a) Molecular structure of the pristine {RENig} metallacrown,
RE = Tb(III), GA(III), case A. (b) The assumed molecular structure of the
{RENig} metallacrown after Ni(II) ions coordinated with the methanol molecules,
CH3OH, upon drop-casting from methanol solution, case B. Color code in both
images shows the corresponding elements in the molecular structures. The depicted
molecular structure has been created using Mercury Software.[376] [346]

The experimental magnetic moments of Ni(II) ions in {RENig} metallacrowns
drop-casted from different solutions show different values in contrast to the un-
changed RE(III) magnetic moments. The different polarity of the used solvents,
the dichloromethane and methanol, gives raise to the hypothesis of the change of
the ligand filed of Ni(II) ions due to an additional coordination with the methanol
molecules in case B. In order to test this hypothesis, we carried out charge-transfer
multiplet calculations on {TbNig} metallacrowns in different ligand field environ-
ments. A good agreement between the simulated XAS and XMCD of Ni(II) and
Tb(IIT) with the experimental ones supports this hypothesis.

The pristine molecular structure obtained from the x-ray diffraction of a single
crystal shows that the eight Ni(IT) ions sandwich the Tb(III) central-ion in a form
of double-decker structure, Fig. 6.16(a). Seven of the eight Ni(II) ions have four
nearest-neighbor atoms, three oxygen and one nitrogen atom, arranged planar. The
remaining Ni(II) ion has an additional covalently bonded morpholin ligand. As a
result of such coordination, at least seven INi(II) ions have a square planar ligand
field environment which in turn leads to a low-spin state, i.e. S = 0.

It is noteworthy first to mention that the experimental XAS and XMCD of
small single crystals of {TbNig} metallacrowns is identical to the ones obtained for
dissolved {TbNig} metallacrowns in the non-coordinating solvent dichloromethane,
case A of Fig. 6.15 (a) — (b). Thus, one can consider the experimental XAS and
XMCD of case A as a representative of the pristine molecules and we can compare the
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Figure 6.17: Ni(IT) XAS (solid black) and XMCD (solid red) spectra simulated
by charge transfer multiplet calculations [383]. Panel (a) shows the calculation
done for Ni(II) ions in a square planar ligand fields, as shown in the inset, with
parameters values of 10D,= 1.8 ¢V, D;= 0.6 ¢V and D;= 0.1 eV. Panel (b) shows
the same calculation done for Ni(II) ions but in extended tetragonal ligand field
environment, as shown in the inset of the same figure, with parameters values of

10D,= 1.8 eV, Dy;= 0.0 ¢V and D,= 0.0 eV. [346]

result of the charge-transfer multiplet calculation with this spectrum as a reference
spectra for our investigation.

Fig. 6.17(a) shows the XAS and XMCD simulated spectra of a square-planar
ligand field with the following ligand filed parameters: 10D, = 1.8eV, Dg = 0.6 €V,
and Dy = 0.1 eV. These values represent the splittings of d—orbitals in a ligand field
of square planar geometry. The parameter 10D, (or AO},) is the energy separation
between the d,2_,» and d,, states, and it has the same value as it would for the
same ligands in an octahedral geometry. Whereas the parameter Dg stands for
the energy separation between the d,, and d,» and the parameter D, refers to the
energy separation between the states of d,2 and the group d,. ,d,., as depicted in
Fig. 6.19. The simulated XMCD spectra of this case vanishes yielding vanishing
spin and orbital magnetic moments as well (note the 10x magnification factor shown
in the figure). This is an indication of the low-spin of Ni(II) ions in case A as
expected. Besides that the simulated XAS spectra reproduces the features of the
experimental XAS of case A, shown in Fig. 6.15(a), including the two satellite peaks
at comparable energy values.

The direct explanation of this result is the minimization of the energy of the d
orbitals in Ni(IT) ions in the coordination complex. The d—orbitals posses different
shapes due to their different angular distributions, as shown in Fig. 6.18. Thus,
once the Ni(II) ions bonds with the ligands, the electrons in the d—orbitals will
experience an extra Coulomb repulsion with the ligands. Different ligands geometry
affects each d—orbitals differently following the separation between the ligand and
the d—orbital (U o 1/r) [45]. The orbital d,2_,> is the most destabilized state in
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the square planar geometry with an energy separation of 10D, = 1.8 eV, which is
larger than the total pairing energy between the electrons, i.e. the summation of
Coulomb pairing energy and exchange pairing energy. Therefore, occupying the two
electrons in one orbital (d,, ) with an anti-parallel orientation is energetically more
favorable than promoting one electron to occupy the energetically higher orbital
(dy2_,2 ) due to the energy expenditure, see Fig. 6.19. As a result, Ni(II) ions with
3d® electronic configuration have a low spin state, S = 0, in a ligand field of square
planar geometry.

: z z z z
e
¥ b ¥ y y
* x x x x
d,, d, d, d, s

Figure 6.18: The shapes of five d—orbitals in Cartesian coordinates [32].

Contrary to the vanishing XMCD signal of case A (Fig. 6.15(a)) we find an en-
hanced XMCD signal for the same metallacrowns once they are dissolved in methanol
solution, case B (Fig. 6.15(c)). The difference between these two findings can be
attributed to the change of the energy splitting of d—orbitals due to the coordination
with the methanol molecules. This, in turn, changes the spin state of Ni(II) ions
according to the crystal field theory. The coordinated molecule breaks the square-
planar geometry resulting in a square pyramidal ligand field geometry, as depicted in
Fig. 6.19. One expects the d,2_,2 orbital to remain the highest destabilized orbital
due to the surrounding planar ligands, thus for simulation we can retain the value
of 10D, used in the previous simulation of square planar geometry, 10D, = 1.8 eV.
However, the attached methanol molecule along z—direction will increase the energy
of the d,2 orbital due to the increase of Coulomb repulsion along this axis. The d,,
orbital will be reduced with the same amount d,2 orbital energy got increased. Thus,
the energy separation of those two orbitals will be almost vanishing and negligible,
Dg ~ 0.0 eV. We set the remaining parameter to zero as well, D; = 0.0 eV. Figure
6.19 depicts the d—orbitals splittings of both geometries. The simulated XAS shown
in Fig. 6.17(b) reproduce the experimentally observed one shown in Fig. 6.15(c).
The simulated spectrum reveal the same satellite peak located at energy of 1.8 eV
higher than maximum absorption peak of L3 edge. The broadening of L, absorption
peak is comparable although the simulated spectrum shows a split peak which is not
seen in the experimental one. On the other hand, the simulated XMCD spectrum
shows a strong signal reproducing the experimental one especially for the prevailing
negative peak at the L3 edge and the two positive peaks at the Ly edge. This hints to
the expected high-spin state of case B. The overall good agreement of the simulated
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Figure 6.19: Scheme of the splitting of the Ni(II) ions d orbitals in the square planar
field with their respective splitting parameters, resulting in the low-spin state S =
0 (Left, case A). In a square pyramid ligand field, the additional methanol molecule
coordination affects the destabilization energy of the d-orbital except d,, and d,..
This redistribute the electrons in d—orbitals resulting with the high-spin state S =
1 (Right, case B).

and experimentally observed spectra confirms our hypothesis regarding the change
of the ligand field geometry due to additional coordination of the Ni(II) ions with
methanol molecules. Thus one can conclude that the energy splitting of 10D, = 1.8
eV between the highest level of d,2_,2 orbital and the next one d» orbital is smaller
than the correlation energy. As a result, the two orthogonal orbitals are occupied
by two electrons with parallel orientation leading to a high-spin state, S = 1, see
Fig. 6.19. This transition from the low-spin state to the high-spin state takes place
by reducing the energy splitting parameter Dg below 0.3 eV.

Another noteworthy finding in { TbNig} metallacrowns deposited from methanol
solution is the slight change of the XAS spectra of the Tb(III) ions, as shown in Fig.
6.15(b),(d). In general, one expects no change of the XAS spectra of RE(III) ions
due to the localization of their 4 f—orbitals, as it is observed for the XAS spectra of
Gd(III) ions of {GdNig} metallacrowns in both cases, Fig. 6.14(b),(d). However,
the absorption peak at the Mj edge shown in case A has double peak compared
to case B. An attempt of explanation of that can be obtained through the charge-
transfer multiplet calculation with the corresponding simulated XAS of Tb(III) of
both cases.

The intensity of XAS spectra yielded from the electronic transitions between
the initial and final configurations, 3d'°4f™ — 3d%4f"*! is a result of the relative
energy intensities of different terms , or multiplets. These relative energy intensities
can be calculated from the matrix elements of the respective multiplet of different
transitions. One term of these matrix element intensities is pertaining the Coulomb
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electrons interactions:
. 62 i i

where | > (|f >) stands to the initial (final) electronic configuration in terms of
the corresponding quantum numbers. F(f;) and G*(g;) are the Slater-Condon
parameters for the radial (angular) part of the direct Coulomb repulsion and the
Coulomb exchange interaction, respectively [365]. Those radial integrals are fre-
quently refereed to as Slater integrals?. In the simulated XAS of Tb(III) for the
both aforementioned geometries we could reproduce each spectra by reducing the
Slater integral on the order of 10-30% of the atomic value, as shown in Fig. 6.20.
One can attribute such reduction of the Slater integral to the change of the coor-
dination geometry in each case which affect the Coulomb interactions within the
metallacrowns differently in each case. The simulated XAS spectra of Tbh(III) of
each case in Fig. 6.20 shows good agreement with the corresponding experimental
one except for the high-energy side of the M, edge, where the experimental spectra
shows more asymptotic behavior than the simulated one. This can be tentatively
explained by electronic excitations from the core to the continuum.

The spin magnetic moments summarized in Table 6.4 show varying values that
are needed to be discussed briefly. Although the low-spin state expected for for the
Ni(II) ions in {TbNig} metallacrowns drop-casted from dichloromethane solution
(case A), the experimental result reveals a non-vanishing parallel Ni(IT) moment of
0.09 pp. This small magnetic moment can be traced back to the remaining single
Ni(IT) ion with additional morpholin ligand. This ligand distortion deviates the
coordination geometry from the square planar geometry which affects the spin state
as well.

The increase of spin magnetic moment of Ni(II) ions once drop-casted from the

methanol solution is not the same in {TbNig} and {GdNig} metallacrowns. In
the {TbNig}.CH30H case, the Ni(II) spin magnetic moment is 0.3 pp, which is
weaker than 0.9 up in the {GdNig}.
CH3O0H case. This can be explained by virtue of the exchange coupling between the
central RE(IIT) ion and the surrounding Ni(II) ions. In {TbNig} metallacrowns,
the ferromagnetic exchange coupling Ni(IT) — Tb(III) is relatively weak. Thus,
the mutual antiferromagnetic exchange coupling between the Ni(II) ions dominates
and causes the reduction of Ni(II) spin moments. Whereas the Ni(IT) — Gd(III)
exchange interaction is stronger and keeps Ni(II) spin moments in a parallel orien-
tation with Gd(III)spin moments in {GdNig}.CH3OH metallacrown. This can
be attributed to the larger Gd(III) magnetic moment.

On conclusion, our results show the possibility of provoking a spin crossover from
a low-spin state to a high-spin state without affecting the integrity of the molecule
by chemical reactions. This is could be obtained due to the sensitivity of the Ni(IT)
ions in the metallacrowns to the local electrostatic ligand field showing different
coordination geometries depending on the used solvent.

4Rigorous mathematical derivation can be found in ref. [384]
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Figure 6.20: Tb(III) experimental XAS (solid red) compared to the corresponding
XAS spectra simulated by charge transfer multiplet calculations (solid black) [383].
Panel (a) shows the comparison of both spectra for case A in a square planar ligand
fields (low spin), as shown in the inset, the crystal-field parameters have been set to
zero. The Slater integral reduction has been set to 90% of the atomic value. Panel
(b) shows the comparison of the multiplet calculations and experimental data for
case B (high spin) with the Slater integral reduction has been set to 70% of the
atomic value. [346]

154



Chapter 6. Intramolecular Exchange Interaction of 3d — 4 f Metallacrowns

6.3 Anisotropy of 4f states in 3d-4f single molecular
magnets

6.3.1 Experimental Procedure

This experiment has been carried out on a single-crystal of metallacrown molecules
in the same end-station of previous experiments, VEKMAG at PM2 beamline in
BESSY (II) synchrotron facility, but with the fluorescence-yield measurement mode
(FY) at varying incident angles at a temperature of 14 K. We investigated a 12-MC-4
single crystal (*BusN ) [Ln'T(O,CBut)4][12 — MC — pn(111)N(shi) —4]-5CH,Cly,
Ln = Gd(III) and Tb(III), shortly called LnMny,, which was synthesized by our
collaborator A. Athanasopoulou in the group of Prof. Rentschler, in the chem-
istry department of Mainz University, based on the synthetic method mentioned
in Ref.[113]. Figure 6.21 shows the molecular structure of the single crystal of
LnMny.Further structure- and magnetic-related information can be found in sec-
tion 3.1 of this thesis.

The approximate crystal size is 1 mm x 0.5 mm x 200 ym. We glued the
crystal with carbon paste on a copper sample holder with the c-axis pointing along
the surface normal. The incident x-ray beam has an elliptic spot shape with a size
of 50 um x 100 um and it is focused on the center of the single crystal.

Figure  6.21: (a)  Labeled  molecular  structure of the core
MM Lo (p — NOg) ' Fof the LnMny complex, where
Ln =Tb(III),Dy(III). The colors code of the Elements is shown in the
figure, the Hydrogen atoms are omitted for clarity. Image has been adapted from
Ref. [113]. (b) Schematic representation of the unit cell of the LnMn, complex
molecular single crystal.

XAS for right-circular polarization, denoted by I'", is measured with the applied

ﬁ
magnetic filed ﬁ oriented parallel to the propagation vector k of the incident x-ray
beam. Meanwhile, XAS for left-circular polarization, denoted by I, is measured

with the applied magnetic filed H oriented anti-parallel to the propagation vector
k of the incident x-ray beam. The motorized stage of the sample holder can rotate
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around z-axis in both directions creating an angle 6 between the normal axis of
the single crystal and the incident beam. The measurements were done at varying
angles starting from normal incidence (§ = 0°) to grazing incidence (6§ = 807).
Total electron yield (TEY) mode was not a suitable choice for acquiring the drain
current signal related to the absorption coefficient due to the electrical insulating
properties of the single crystal. Thus, we have applied the fluorescence yield mode to
acquire the signal of the fluorescence intensity regardless of the low probability of the
fluorescence de-excitation channel (typically around 0.1%) [385]. The fluorescence
detector was fixed at angle ¢ = —20° with respect to the normal axis of the single
crystal and it rotates with the sample holder which keeps this angle fixed. Fig. 6.22
shows the schematic diagram of the experimental setup.

The diode quadratic surface has dimensions of 10 mm x 10 mm and it is placed
at 25 mm away of the sample. The detector is covered by aluminum foil to prevent
any photoemitted electrons to contribute to the signal.

Similar to previous experimental data of this thesis, the raw data has been post-
processed before further data analysis. The experimental data of the fluorescence
signal (1) of both positive and negative field directions has been normalized to the
pre-edge values to account for any systematic field-dependence detection efficiency
in the detector. The rest of experimental procedures and the rest of post-processing
data regarding the background subtraction and the shift compensation of the two
opposite-helicity spectra, can be found in section 6.1.1. Further data analysis of the
fluorescence signal (If) is mentioned in details in the upcoming section 6.3.3.

6.3.2 Results

The X-ray absorption measurements can be done in three different modes: trans-
mission mode, total-electron yield mode (TEY), and the fluorescence mode (FY).
In the transmission mode, one measure the X-ray absorption cross-section (related
to the absorption coefficient) directly by measuring the ratio between the intensity
of the x-ray beam flux after passing through the sample I to the initial intensity
Iy, u = In(I/1). On the other hand, the absorption coefficient in the total elec-
tron (TEY) mode and in the fluorescence (FY) mode is measured indirectly from
the drain current signal and from the emitted fluorescence photons Iy;, respectively

386, 387).

In FY mode, the fluorescence yield is proportional to the absorption coefficient
just in the thin samples (/;; oc p1) but not in the thick ones (Ip oc t=-) [387].
The latter case is considered as a manifestation of the “saturation effect”, where the
recorded signal “saturates” and does not change according to the varying energy
of the incident photons [272]. Thus, the fluorescence yield in this case is not pro-
portional anymore to the photo-absorption cross-section in the sample. This effect
results from several reasons: (i) The modulation of the generated fluorescence yield

with the self-absorption to some fluorescence photons. (ii) The fluorescence decay is
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Figure 6.22: Top View: Schematic diagram of the angular-dependent X-ray absorp-
tion of LnMny single crystal measurements. The Fluorescence Yield (FY) detector
has a fixed angle of e = —20° with respect to the normal axis of the single crystal
(black rectangle). The applied magnetic field (ﬁ) is parallel /anti parallel to the

propagation vector (k) of the incident polarized x-ray. The sample holder rotates
clockwise around z-axis (orange curved arrow) creating an angle 6 between the in-
cident beam and the normal axis of the crystal. The measurements were done with
varying angle from 0°to 80°.

an X-ray monochromatic emission process which makes it an inverse process to the
X-ray absorption process. Thus, the fluorescence decay is dependent on the symme-
try of the final state (3d — 2p) in contrast to the Auger decay in the TEY mode.
Consequently, the peaks at the maximum absorption at absorption edges in the FY
mode are suppressed comparing to the ones in TEY mode [388]. (iii) The small pen-
etration depth relative to the sampling depth, A;cos @ <Ay, where the penetration
length is the inverse of the absorption cross-section, \, = YLfl’ and the sampling
depth, Az, is the depth where either the Auger electrons or the fluorescence photons
can escaped and are detected [389], as shown in Fig. 6.23.

The measured FY, in thick samples, is weighted with an exponential contribution
from the generated florescence photons depending on their depth in the sample.
Thus, integrating the fluorescence yield over the depth z with integration limits of
0 — oo, will give us the measured fluorescence intensity I,, s [389]:

1

Az cos O

I = C Yy, (6.18)
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Figure 6.23: Schematic diagram of TEY measurement mode (a) and FY measure-
ment mode (b). In X-ray absorption measurements, the absorbed atoms (yellow
irregular shape) de-excite themselves via two de-excitation probabilistic channels ei-
ther by releasing Auger electrons (red circles, 99.2%) or fluorescence photons (yellow
stars, 0.8%). The incident X-ray photon with energy hw penetrates the sample with
angle 6 reaching a penetration depth of \,cosf. The electrons reach the sampling
depth A will contribute to the TEY intensity spectrum in TEY mode. In the FY
mode, on the other hand, the measured FY spectra (I,, f) results from acquiring
the generated fluorescence photons reached sampling depth and leaving the sample
with take-off angle e.
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where A\ cos 8 is the angular-dependent x-ray penetration depth, Ag; is the sampling
depth, and the proportionality constant C' is given by C' = % where the G is
the fluorescence gain function which describes the average number of detected flu-
orescence photons per absorbed x-ray photon. The fluorescence intensity corrected

for self-absorption is denoted by Yy, which is the one related to the absorption

coefficient, Yy = /\i The “saturation” has a geometry factor which makes it
larger at grazing-incidence angles and weaker at normal-incidence angles [390]. The
IoG)\fl

proportionality constant C' = =—== reflects this property where it increases with
increasing Ay and at grazing incidence according to the cos in the denominator.
This can be attributed to the increased number of generated fluorescence photons
close to the surface which can be detected. In fact, at grazing-incidence the lack of
photons absorption is what creates the saturation of the FY signal where the gener-
ated fluorescence photons become more dependent on the incident photons energy
instead being dependent on the absorption cross section of the sample [389].

By solving Eq. 6.18 for Yy;, one obtains:

a

Y, = ——
1 by

In i, (6.19)

I st .
where Iy ¢ = sz is the normalized measured spectrum, the parameter a = %SZ
represents an energy-independent factor that is used to normalize Y}; to its maximum

value at the Ms (L3) maximum, and the parameter b = é can be obtained from

the branching ratio — ﬁ%‘;g for 4f and fgﬁ; for 3d — of a reference XAS spectra of a
drop-casted sample measured in TEY mode for the investigated element. Eq. 6.19
results the corrected FY intensity which is proportional to the absorption coefficient

of the sample and the spin-polarized absorption.

6.3.2.1 XAS & XMCD of TbMny single-crystal

Figure 6.24 shows the comparison between the as-measured fluorescence spectra I,,, 7
with the corrected fluorescence signal Yy; derived from Eq. 6.19 for the metallacrown
TbMny, single crystal.

The XAS spectrum of Mn [Fig. 6.24(a) and 6.24(b)] is dissimilar to the absorp-
tion spectrum of pure Mn(III)[391]. In fact, the spectrum has some contribution
from Mn(IT) resulting with a narrow peak around 641 eV followed by two shoulder
peaks at 3 eV and 5 eV on the high-energy side and a barley seen a shoulder peak
around 639 eV on the low-energy side. The extended tail of the high-energy side
of L3 edge is a characteristic feature of the Mn(III) absorption spectra which is
superimposed with the aforementioned shoulder peaks from Mn(II) spectrum in
our case [Fig. 6.24(b)]. Besides that, the Mn(III) spectrum shows a significant
peak at Ly edge which is suppressed in case of the Mn(II) XAS spectrum. All
these contributions suggest that the Mn(III) ions in the single crystal experience
a partial photoreduction due to the X-ray radiation during the measurement on a
time scale faster than the one of one spectrum. Furthermore, this reduction leads
to changes in the magnetization state of the Mn ions in the single crystal. For the
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Mn(IIT) state, one expects a vanishing XMCD signal due to the antiferromagnetic
exchange interaction between theses peripheral ions. In contrast, one obtains a sig-
nificant XMCD signal for the Mn ions as which is an indicator for the presence of
a magnetic moment.

The FY of XAS spectra of Th(III)[Fig. 6.24(c) and 6.24(d)] shows less satura-
tion than the Mn ions. One can attribute this to the four times less Tb(III) ions
number comparing to Mn ions. The fluorescence yield Yy XMCD signal, at normal
incidence, shows a large negative peak at Mjs edge and a small positive peak at My
edge. The orbital and spin magnetic moments derived from the sum rules, Eq. 6.3
and Eq. 6.6, have the values of 3.3 up and 3.0 up, respectively. The effective spin
magnetic moment deviates from the one calculated by Hund’s rules due to the T,
term contribution [279, 392].
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Figure 6.24: Panels (a)-(c) show the as-measured X-ray FY intensity I,,, s measured
for circular polarized x-ray light parallel, I, and antiparallel, I~, to the applied
magnetic field for (a) Mn Lg 3 and (c) Tb(IIT) M, 5. The XMCD signal is calculated
from the difference of I™ — I, and it is depicted as a black line. Panels (b)-(d)
show the corrected FY intensity Yy, from the above panels, following Eq. 6.19, for
(b) Mn Ly 3 and (d) Tb(III) M,;. All spectra are measured at normal incidence
on TbMny metallacrown. [347]

Figure 6.25(a) shows the angular-dependent X-ray fluorescence yield Y}, spectra
at M, 5 absorption edges of Tb(III) in the TbMny single crystal. The spectral
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shape retains its shape with negligible changes at the absorption peak at the My
edge. On the other hand, the absorption peak at the M5 edge shows a change in the
the ratio of two peaks A and B, located at 1238.9 eV and 1240.1 €V in the normal
incidence spectrum, respectively. The peak ratio shows a systematic increase with
decreasing the incident angle, as it is shown in Fig. 6.26(a). This can be attributed
to an asymmetric occupation of 4 f orbitals which will be discussed in the discussion

part of this section.

The XMCD spectra show a slight angular-dependent variation at the positive
pre-edge peak of the Mj absorption edge, as shown in Fig. 6.25(b). This slight
variation can be ascribed to a probing depth dependence and/or angular dependence
of the saturation and self-absorption. Besides that, the XMCD at grazing angles
shows an increase of the magnitude of the negative peak at the Mz absorption edge.

Intensity (arb. units)

Intensity (arb. units)

1240 1260 1280
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Figure 6.25: Angular-dependent (a) X-ray fluorescence yield Yy spectra at M, s
absorption edges of Tb(III) in the ThMny single crystal, £ +;I — , as a function of
the incident photon’s energy with angle . The two characteristic peaks are labeled
with two straight lines named of A and B. The corresponding XMCD spectra [t —1~

is shown in panel (b). [347]
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The spin- and orbital-angular momenta calculated from the sum rules, Eq. 6.6
and Eq. 6.3, show a slight angular-dependence variation, see Fig. 6.26(b). One
expects the effective spin magnetic moment values resulting from the sum-rules to
deviate from the one calculated from the Hund‘s rules because of the T, — dipole
operator — term , ngg; = Mgpin +6 < T, >. Because of the negative value of
T, one expects the measured effective spin moment to be smaller than the Hund’s
values. Meanwhile the numerical calculations done by Ref. [279] shows the ground-
state of T, = —0.243, the Hund’s rules predict T, = — 0.333. This lead to a reduction
of the measured effective spin magnetic moment by 2 pp if the spin is fully aligned

along the easy axis.

Due to the strong spin-orbit coupling of 4f-orbitals, one can argue that T,
term is angular-independent leading to the rotation of spin density component with
the charge component in the 7, term. Thus, this reduction is the same for all
the measured effective spin magnetic moments at different angular values. We can
recover the expected ionic value, sy = 6 pp, at grazing angles (6 — 90°), as shown
in Fig. 6.26(b).
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Figure 6.26: (a) The peak ratio of A and B peaks, in Fig. 6.25, as a function of
the incident angle 6. (b) Angular-dependent Tb(III) magnetic moments. fispinefs
and pop stand for the effective magnetic moment and orbital magnetic moment
calculated from the XMCD sum-rules, respectively. s, represents the corrected
spin magnetic moment considering the T, term. py;, is the total magnetic moment;

Mot = Hspin + Horb- [347]
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6.3.2.2 XAS & XMCD of DyMn, single-crystal
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Figure 6.27: Panels (a)-(c) show the as-measured X-ray FY intensity /,, s, measured
for circular polarized x-ray light parallel, [T, and antiparallel, I~, to the applied
magnetic field for (a) Mn(II) Lss and (c) Dy(III) M,5. The XMCD signal is
calculated from the difference of I — I~ it is depicted as a black line. Panels (b)-
(d) show the corrected FY intensity Y, from the above panels , following Eq. 6.19,
for (b) Mn(II) Los and (d) Dy(III) Mys. All spectra are measured at normal
incidence on the DyMny metallacrown. [347]

Figure 6.27 shows the comparison between the as-measured fluorescence spectra
I, z1 [Panels 6.27(a) — 6.27(c)] with the corrected fluorescence signal Yy, [Panels

6.27(b) — 6.27(d)] derived from Eq. 6.19 for the metallacrown DyMny s ingle
crystal.

Similar to the previous case of TbMny, the XAS spectrum of Mn [Fig. 6.27(a)
and 6.27(b)], in the DyMny single-crystal, shows a mixture of Mn(IT) and Mn(IIT)
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ions contributions but with slightly different ratios. This is clear from the suppres-
sion of the two shoulder peaks on the high-energy side of L3 edge, which they are
more pronounced in the case of TbMny single-crystal. Correspondingly, the XMCD
signal of Mn ion is different where it is slightly smaller than in the case of TbMny.
This is attributed to the different contributions of Mn(II) in both cases.

The XAS of Dy(III) retrieve its characteristic shape after the saturation correc-
tion [Fig. 6.27(c) and 6.27(d)]. The XMCD signal shows pronounced negative peak
at the absorption edge of M5 and a smaller one at M, edge. The sum rule analysis
of this XMCD spectrum yield an effective spin magnetic moment of 2.5 pp and an
orbital magnetic moment of 2.9 up. These values are around half of the values de-
rived from Hund’s rules. Since this measurement were recorded at normal incidence,
then angular-dependent measurement can shed some light on the assumption of the
anisotropy of this single crystal.

Figure 6.28(a) shows the angular-dependent X-ray fluorescence yield Y}, spectra
at M, 5 absorption edges of Dy (III) in the DyMny single crystal. The XAS spectral
shape does not show changes at different angles at the absorption peak of M, edge.
On contrary, the absorption peak of Mj5 edge shows a monotonous change of the
ratio of two peaks A and B, located at 1293.5 eV and 1295.6 €V in the normal
incidence spectrum, respectively. The peak ratio shows a systematic increase with
decreasing the incident angle, as it is shown in Fig. 6.30(a). This result ties well
with previous one of TbhMny single-crystal indicating an asymmetric occupation of
the 4 f—orbitals. In addition to that, the XMCD signal remains unchanged except
for an increase of the magnitude of the negative peak at the Mj; edge at grazing
angels, as shown in Fig. 6.28(b). The simulated angular-dependent XAS spectra,
Fig. 6.29, is calculated using the quantum many-body program QUANTY [393].

The crystal-field Hamiltonian used for the calculation is

Hep = Harom + Hrierp, (6.20)

where Harops yields the energy of the free atom including the kinetic , Coulomb
interaction and the spin-orbit interaction. Meanwhile, the Hp;prp yields the Zee-
man energy from the interaction with the magnetic induction field B = 7T and the
surrounding ligands as a perturbation [365]. An asymmetric crystal field reproduces,
with good agreement, the angular-dependent XAS of Dy (III) in the DyMny single
crystal, Fig. 6.29(a). The spectral feature, peak A at the M5 edge, is reproduced at
varying angles and the peak ratios of the simulated XAS spectra match to a great
extent the peak ratios of the measured XAS spectra, as shown in Fig. 6.30(a). The
simulated XMCD, Fig. 6.29(b), also shows a comparable shape to the measured
XMCD signal with increasing of the magnitude of the negative peak at the Mj
absorption edge at grazing angles.This asymmetric field generates an anisotropic
charge distribution of the 4 f states which in turn lead to an angular dependence of
FY spectra. This effect was simulated by angular-dependent mixing of the circu-
lar left and right polarization with linear z-polarization in the calculated excitation
spectra.
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Figure 6.28: Angular-dependent (a) X-ray fluorescence yield Y}, spectra at My
absorption edges of Dy (III) in the DyMn, single crystal, I++I_ , as a function of
the incident photon’s energy with angle #. The two characteristic peaks are labeled
with two straight lines named of A and B. The corresponding XMCD spectra It —1~
is shown in panel (b). [347]

The measured XMCD effective spin-magnetic moments and orbital moments of
Dy (III), calculated from corrected Yy spectra at varying angles, demonstrate the
monotonous increase of the magnetic moment values from perpendicular to grazing
incidence angles #, as shown in Fig. 6.30(b). The orbital magnetic moment increases
from 3 pp for perpendicular incidence to 5 up at grazing incidence, which is close
to Hund’s value.

The effective spin magnetic moment for Dy (III) contains the anisotropic con-
tribution from T, dipole term, as written in Eq. 6.6. Based on that equation, one
can deduce the maximum value of T, from the difference between the maximum
effective spin magnetic moment at grazing incidence and the expected pure spin mo-
ment calculated from Hund’s rules (~ 5 pup). This yields the value T, = —0.2 up
which is a reasonable value since it lies between Hund’s rules value (-0.332) and the
numerical calculation (7, = —0.128 ug) derived from Ref. [279].

The total Dy moment increases from perpendicular incidence to grazing inci-
dence to reach a maximum value of 11 up at grazing incidence, as shown in Fig.
6.30(a). This value is larger than the ionic value of 10 up, which entails a correc-
tion procedure to recover the magnetic moments values. The correction procedure
takes the magnetic moments values calculated from the simulated spectra, Fig. 6.29,
into account. Fig. 6.31 (a) shows the magnetic moments calculated by the sum-
rules of the simulated spectra. Based on the ratio of the magnetic moments of
the ionic value and the magnetic moment of the simulated spectra at each angle,
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Figure 6.29: (a) Simulated XAS of the Dy (IIT) M; 4 absorption edges as a function

of the incident angle . (b)The corresponding Angular-dependent XMCD simulated
spectra. [347]

an angular-dependent correction factor can be obtained. Fig. 6.31(b) shows the
corrected Dy (III) magnetic moments, in single crystal DyMny, yielded from the
multiplication of the correction factor with the experimental values of Fig. 6.30(b).

The magnetic moments in Fig. 6.31(b) have values below the ionic value of
10 up yet the absolute value has not been recovered. This can be attributed to
the suppression of the FY spectra due to the final state dependence of florescence
emission, which is not the case in TEY. In addition to that, the thermal energy
of the finite temperature and the magnetic field of the experiment are additional
factors to reduce the magnetic moment in the sample.

Overall these findings are in accordance with findings reported by Athana-
sopoulou et al. in Ref. [113] for the poly-crystalline material of the same molecule
for the same temperature and the magnetic field. The most interesting observa-
tion in Fig. 6.30(b) is the clear dip of the magnetic moments at § = 40° which
is reduced by 30% with respect to the larger values observed for perpendicular and
grazing incidence.

This reduction can be attributed to a magnetic anisotropy which is not consid-
ered in the crystal field Hamiltonian, Eq. 6.20. This will be discussed in detail in
the discussion part of this subsection.
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Figure 6.30: (a) The peak ratio of A and B peaks, in Fig. 6.28, as a function of the
incident angle 6 plotted with pink stars. The solid black dots represent the simulated
values and the solid line is a guide for the eye. (b) Angular-dependent Dy (III)
magnetic moments. figpinefr and fio stand for the effective magnetic moment and
orbital magnetic moment calculated from the XMCD sum-rules, respectively. fispin
represents the corrected spin magnetic moment considering the T, term. py; is the
total magnetic moment; firor = flspin + Horp- [347]
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Figure 6.31: (a) Angular-dependent Dy (III) magnetic moments of the simulated
XAS. Lspinefs and piorp stand for the effective magnetic moment and orbital magnetic
moment calculated from the XMCD sum-rules for the simulated XAS spectra, re-
spectively. i is the total magnetic moment; firor = fspin + torp- (D) The corrected
spin, orbital and total magnetic moments of Dy (IIT) according to the correction
procedure mentioned in the text.[347]
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6.3.3 Discussion

Due to the localization of the 4 f— orbitals, one can consider the rare-earth ions in
molecules, or even in solids, as if they are free ions. Hence, one expects the ground-
state with total angular momentum .J and its component J, = m; to be obtained
from Hund’s rule, which is "Fg for Th(III) and ®Hy5/5 for Dy (III). Following the
localization of the 4 f —orbitals and being shielded by 5d and 6s orbitals, the crystal
field of the surrounding ligand is considered as a perturbation on the 4 f shells. This
splits the ground multiplet state J into 2.J 4+ 1 m-states from —J to +.J [370].

The different 4 f —orbitals have an ashperical angular-dependency shape ranging
from oblate (equatorial expanded like a pill) to a prolate shape (like a cigar), as
shown in Fig. 6.32(a). The number of electrons occupying these orbitals determine
the overall shape of the shell electron distribution. Thus, the charge distribution
shapes range from pure oblate (as in the case of Ce(III)) to the pure prolate (as in
the case of Yb(III)) [394, 395].

As a matter of fact, each microstate m; has its own unique angular dependence,
and this is what leads to the slow relaxation of the magnetization in such molecules
depending on the ligand field environment [395, 396]. The charge density of the
ground state of the 4 f—orbital of Tb(III) ion (with m; = 6) has an oblate shape,
meanwhile the ground state of Dy (III) ion (with m; = 15/2) has a barrel shape,
as shown in Fig. 6.32(b).

The shell-selectivity of the XMCD measurements probes the projections of the
orbitals in the direction of the incident polarized beam of photons. This enables us
to detect the orbitals at different angles by shinning the polarized light at different
angles on the sample. In the case of the absence of any anisotropy one expects the
same total magnetic moment of the element to be the same at all the angles. Yet,
Fig. 6.31(b) shows a systematic change in the total magnetic moment represented
by a clear dip around 8 = 40° and maximum values at grazing and perpendicular
incidences.

The reduction in the total magnetic moment emerged from two origins: (i) The
presences of the T, term which is due to the anisotropic charge distribution of the
4 f—orbital itself [279]. This leads to a reduction of the spin magnetic moment. (ii)
The anisotropy of the orbital magnetic moment orientation due to the minimization
of the interaction energy with the surrounding ligand field [397].

The strong spin-orbit coupling in RE(III) ions causes the spin density and the
charge density to rotate together leading to an angular-independent 7, term, as it
is envisaged in Fig. 6.33. This makes the correction for the T, term reduction easier
than the case of weak spin-orbit coupling, as it has been done in the previous section.
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Figure 6.32: (a) Graphical representation of the charge density of 4 f-orbitals in
RE(III) ions. The highest magnitude m; = 43 shows a pure oblate shape, mean-
while the lowest magnitude m; = 0 shows a pure prolate shape. (b) Graphical
Representations of several m; state for the lowest spin-orbit coupled (J) state for
RE(III) ions. Each m; state has different angular dependence ranging from pure
oblate to pure prolate for the same state for the same RE(III) ion, as in the Tb(III)
ion. Images are taken from Ref.[395].

The dip at # = 40° is a clear indication that the magnetic easy axis is along the
fourfold symmetry axis and perpendicular to it. Meanwhile, the magnetic hard axis
lies between them close to 45°. A plausible explanation can be introduced based on
the electrostatic interaction between the surrounding ligand field and the 4 f —orbital
charge density of the RE(III) ion. Several authors ran different computations to
justify this simple model [398, 399]. But here, we stick solely to the qualitative
explanation of the angular variation of the magnetic moments based on this model.

By approximating the surrounding ligand field in REMny4 crystals with an oc-
tahedral symmetry with small tetragonal distortion, the barrel shape of the ground
state of Dy (III) (m; = 15/2) will interact differently than the oblate shape of the
ground state of Tb(III) (m; = 6). Fig. 6.34(a) depicts the anisotropic energy due
to the electrostatic interaction along certain directions.

The barrel-like Dy(III) 4f charge distribution of the ground state causes a
maximum electrostatic energy for 6 = 45° where the barrel edges approach the sur-
rounding ligand charges and this increases the electrostatic energy and consequently
contribute to the magnetic anisotropy energy. On the other hand, the minimum en-
ergy takes place when the symmetry axis is at = 0°,90° where the electrostatic
interaction is lowered. The oblate ellipsoidal 4f charge distribution of the ground
state of the Tb(III) ion interacts differently with the surrounding ligand charges.
The equatorial extended charge distribution experiences a minimum electrostatic
interaction along the perpendicular symmetry axis orientation, at § = 0°. The
electrostatic energy keeps increasing with increasing 6 to reach the maximum at
0 = 90°, as shown in Fig. 6.34(a). This suggests a uniaxial magnetic anisotropy
with an easy axis along § = 0° and a hard magnetic axis along § = 90°.
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Figure 6.33: A schematic diagram for the spin and charge density co-rotation in a
strong spin-orbit coupling RE(III) ion (a). This creates an angular-independent
T, term in the effective spin magnetic moment m;{ifn in Eq. 6.6. In case of weak
spin-orbit coupling (b), the T, term is angular-dependent due to the deviation of
angle § between the spin density and the symmetry axis of the anisotropic charge

density.

A multiplet calculations for spectral data were performed, by our collaborators,
including an octahedral field with crystal-field parameters Byy and Bgy. By setting
By = 0.04 eV and Bgy = 0, the calculated magnetic moments reduction of Th(IIT)
and Dy (III) have opposite values, as depicted in Fig. 6.34(b). This indicates an
opposite sign of the fourth-order magnetic anisotropy constant in a sense that the
magnetic hard axis of the Dy(III) at § = 45° is an easy axis of Tb(III). This
dovetails with the suggested magnetic anisotropy of both molecules in Fig. 6.34(a).
The larger the magnetic anisotropy is the larger the reduction of the magnetic mo-
ment and hence the minimum of the magnetic moment is obtained, which ties well
the experimental corrected plot of Fig. 6.31(b). To substantiate the fourth-order
anisotropy of Dy(III) ion, the magnetic moment reduction at J§ = 45° has been
plotted versus the crystal-field parameter Byy in Fig. 6.34(c). The reduction in-
creases non-linearly with increasing the parameter Byg which is another proof of
the fourth-order magnetic anisotropy on this molecule. Moreover, the calculated
magnetization curves (with parameters Byy = 0.04 ¢V and Bgy = 0 eV ) along the
hard- and easy-axis display a reduction of the magnetic moment with respect to
the saturation around 60% and 80%, respectively, for T = 14 K and in a field of 7
Tesla, as shown in Fig. 6.34(d), which is in fair agreement with the experimental
observation.
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Figure 6.34: (a) Sketch of the fourth-order anisotropy energy of the 4 f orbital ground
state barrel-shape of Dy(III)(blue, Top) and the second-order oblate Thb(III)
ground state (red, Bottom). The crystal-field is simulated with an octahedral ligand
field with small tetragonal distortion. It is clear from the figure that Dy (III) has
a hard axis at § = 45°, and easy axes along # = 0°and 90°. Meanwhile, Tb(III)
has an easy axis at § = 0° and hard axis at # = 90°. (b) The angular-dependence
magnetic moments derived from the multiplet calculation for Th(III) (solid circle)
and for Dy (IIT) (diamonds) normalized to the maximum value of each. The crystal
ligand field parameters are By = 0.04 ¢V and Bgyg = 0 for T = 14 K and pugH =
7 T. (c¢) The ratio of the Dy(IIT) magnetic moment along the magnetic hard axis
to the easy axis as a function to the crystal-field parameter Byy = 0.04 eV for T
= 14 K and uoH = 7 T. (d) Calculated magnetization curves for Byy = 0.04 eV
for T = 14 K normalized to the saturation value at poH = 100 T (solid line, top
abscissa). The magnetization is calculated on smaller scale for ygH = 7 T (bottom
abscissa) for § = 0° (up-triangles, full line) and for # = 45° (down-triangle, dotted
line). [347]
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In summary , the investigation of the heterometallic 3d — 4f molecular com-
plexes can be done in an element-wise manner down to the atomic level using the
synchrotron-based XMCD technique. This is contrary to the conventional lab-based
magnetometry techniques which provides us with the macroscopic magnetization
measurements. Consequently, this can function as a considerable feedback for the
rational designs of the molecular spintronics building blocks introduced earlier by
several authors [395, 399, 400].

Our findings on the REMn, single-crystals provide a clear support on such ac-
curacy and controllability where we could observe an angular-dependent asymmet-
ric occupation of the 4 f—orbitals in RE(III) ions caused by the varying angular-
dependent crystal-field perturbation. Despite the limitations of the fluorescence-
mode detection due to the saturation effect, we could correct the XAS deviation
based on the branching ratio of the reference of the normal incident TEY XAS
spectra for each element apart. However, the FY spectra still exhibit deviations
from the pure absorption spectra -even after the corrections- due to the strong de-
pendence of the fluorescence photons on the final state which affects the results
of the sum-rule analysis. Thus, simulated angular-dependent FY spectra can be
obtained using crystal field multiplet calculations.

The sum-rule analysis of these simulated spectra provided us with additional
correction for the magnetic moments derived from the experimental XAS spectra.
The magnetic moments of the RE(III) ions prevail the total molecular magnetic
moment by virtue of their large orbital magnetic moment. This leads to a consider-
able magnetic anisotropy in the 3d —4f REMn,4 molecular single-crystal emanating
from the single ion magnetic behavior (SIM) of the RE(III) ion.

The analysis of the angular dependent XAS spectra found evidence for fourth-
order magnetic anisotropy for Dy (III) ions with an easy axis parallel and perpen-
dicular to the plane formed by the 4 Mn ions. This results from the electrostatic
Coulomb interaction of the aspherical charge density of the ground state of the 4 f—
orbitals with the circumferential ligand field charges. The multiplet calculations
suggest that the parameter Byy = 0.04 eV is of utmost importance for the fourth-
order anisotropy of Dy (III) in these single crystal. Another noteworthy mentioned
finding is the second-order anisotropy of Tb(III) ions in REMny single crystal.
The difference of the anisotropies between DyMny, and TbMny originated from
the difference in the aspherical shapes of the charge density of the ground states of
the 4 f—orbitals of Tb(III) and Dy(III), respectively.

From our results one can conclude that any future endeavor of engineering
molecules possessing a slow-relaxation of magnetization should include an element-
selective measurements technique. The non-damaging intensity of the X-ray beam
in the XMCD end-station and the complement multiplet calculation can provide us
with insightful evaluation of the magnetic characterization on the molecular level.
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Summary and Outlook

In this thesis, we explored several mixed 3d-4f metallic-centered molecules using
highly selective magnetometry and spectroscopy techniques. Unlike simpler mono-
or poly-homometallic molecules composed solely of transition metal or lanthanide
centers, these mixed-metal systems exhibit complex magnetic exchange interactions,
offering new insights into molecular spintronics.

The first part of the thesis focuses on exploratory research into possible spin
excitations in TbNiy molecules deposited on an Fe substrate with varying magne-
tization orientations (Chapter 5). Initially, non-magnetic tips were employed to
obtain topographic measurements of the substrate, ensuring the cleanliness of the
W surface, as well as characterizing the coverage and morphology of the Fe thin
films. To probe the spin-dependent contributions to these measurements, we utilized
an antiferromagnetic Cr-coated tip. This revealed a compact magnetic landscape
on the substrate, where regions of in-plane and out-of-plane magnetization coexist.
The spin-polarized scanning tunneling spectroscopy (SP-STS) spectra confirmed the
characteristic occupied states of the Fe monolayer (ML) and double-layer (DL) at
distinct energies, 440 meV and 620 meV, respectively.

The integrity of the deposited molecules was confirmed by matching their mea-
sured dimensions with those expected from free gas-phase molecules. Line IETS
measurements conducted across a molecule deposited on the Fe DL island showed
systematic changes in the spectra as the tip approached the molecule, suggesting the
occurrence of additional inelastic excitations. These inelastic excitations could arise
from multiple mechanisms, such as Coulomb blockade, vibrational stretching modes,
or spin excitations. However, the observed excitation energies, which are below 50
meV, allowed us to tentatively rule out Coulomb blockade and vibrational contribu-
tions. Consequently, we attributed the observed excitations to possible spin-related
phenomena within the molecule.

Using a phenomenological model introduced in Chapter 6, we estimate the energy
barrier for magnetization reversal in the molecule to be approximately 13 meV. This
value is consistent with the first observed inelastic excitation energy for molecules

deposited on both the Fe ML (Fig. 5.11) and DL (Fig. 5.12). However, such
back-of-the-envelope calculation remains speculative without further ab — initio cal-
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culations to unravel the intricate 3d—4f magnetic exchange interactions present in
the molecule. As such, caution must be exercised before definitively linking these
inelastic excitations to the magnetization reversal of the shielded Th(III) 4f ground
state.

To our knowledge, this work represents the first report of inelastic excitations
in mixed 3d—4f metallic-centered molecules deposited on a magnetic substrate and
probed with a spin-polarized STM tip. This study lays the groundwork for fu-
ture investigations into similar systems, with an emphasis on advanced theoretical
approaches such as ab— initio methods. In the outlook section that follows, we pro-
pose hypotheses and future experimental directions to further explore the origins
and implications of these spin excitations.

One of the primary challenges in STM measurements is mitigating mechanical
vibrations and electrical noise. To address mechanical vibrations, the STM system
incorporates an internal eddy-current damper and is mounted on a damping platform
equipped with an active piezo actuator. However, since the STM setup is located
on the first floor rather than in a basement, it remains susceptible to low-frequency
vibrations. This limitation necessitates conducting measurements overnight to min-
imize human-induced disturbances.

During the measurements, it was observed that the voltage divider connected
to the lock-in amplifier introduced noise into the tunneling current signal, lead-
ing to its removal. As a result, the minimum achievable modulation voltage was
approximately 6 mV, limited by the lock-in amplifier. This constraint hindered
the exploration of potential spin excitations at lower energies, which would require
modulation voltages in a reduced range. To mitigate statistical errors, multiple
measurements with different microtips are typically required. However, due to time
constraints, this approach could not be fully implemented in the current study.
Nevertheless, 5-20 repetitions were conducted for some measurements, with repro-
ducibility observed. The resulting data, later, were averaged to minimize noise.

In the spin-polarized scanning tunneling spectroscopy (SP-STS) experiments, the
Cr-coated tip was pulsed multiple times to regenerate the microtip during measure-
ments. This introduced another limitation, as the precise amount of Cr remaining
on the W-tip after pulsing could not be determined. Despite this, the contrast
observed in the dI/dU mapping images (Fig. 5.5) suggests that the tip remained
spin-polarized, ensuring the validity of the spin-sensitive measurements.

The second part of the thesis presents results of series of experiments (Chap-
ter 6) addressing the research question of whether the magnetic anisotropy energy
barrier of SMMs based on MCs can be enhanced by incorporating a combination
of TM and Ln(III) ions. Rare-earth mononuclear SMMs are known for their large
energy barriers for magnetization reversal [70]. Conversely, mono- and polynuclear
3d-based SMMs exhibit high-spin ground states due to strong intramolecular ex-
change interactions among their metal centers [66]. This makes the hypothesis that
combining 3d and 4f ions within the same molecular scaffold could result in MCs
with larger effective energy barriers for magnetization reversal a plausible direction
for investigation. Furthermore, incorporating 3d ions could quench quantum tun-
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neling of magnetization (QTM) by fostering strong exchange interactions between
TM and Ln(III) ions, as demonstrated in prior studies [341, 401].

Two groups of metallacrown molecules, namely the heterometallic 12-MC-4 and
15-MC-5, were investigated in this thesis using element-selective synchrotron-based
magnetometry technique, X-ray magnetic circular dichroism (XMCD). The RENi5[15-
MC-5] molecules and the RENig[12-MC-4] molecules were drop-cast from solutions
onto Si-wafers, whereas REMn,[12-MC—4] molecules were measured in their single-
crystal form. Measurements were conducted at low temperatures (T = 7 K) and a
magnetic field strength of 7 T, conditions well below the molecule’s blocking tem-
peratures and enough to saturate the magnetic moments against the thermal fluc-
tuations. Importantly, the XAS spectra showed no significant changes, even after
extended periods of measurement or exposure to radiation, with consistent results for
each measured ion. This stability attests to the structural integrity of the molecules
during the experiments, reinforcing the reliability of the XMCD technique.

The first investigated molecules is RENi;[15-MC-5] molecules, where RE =
Sm(III), Th(IIT) and Dy(III). The DyNis and ThNis molecules are of utmost impor-
tance since their SQUID isothermal field-dependent magnetization measurement
hints to the presence of an anisotropy energy barrier. Meanwhile, the SmNis
molecule shows a temperature-independent paramagnetic behavior.

The XMCD measurements revealed that Ni(II) ions are coupled antiferromag-
netically. As a result, the Ni(II) scaffold ions, despite having high-spin states (S =
1), contribute minimally to the overall molecular magnetic moment. Also, XMCD
measurements show that Ni(II) ions have antiparallel alignment with the central RE
ion in the case of Sm(III) but aligned parallel to the central RE in the case of both
Tb(III) and Dy(III). The central rare-earth ions, including Th(III) and Dy(III),
displayed spin and orbital moments lower than the theoretical values predicted by
Hund’s rules, an outcome attributed to the presence of finite magnetic anisotropy.
Considering the powder average, the orientation of the projected orbital magnetic
moments of RE(III) ion can be calculated as a functional of a tuning parameter
for the ratio between the anisotropy and Zeeman energy (r). This tuning parame-
ter (r) can determine the strength of the magnetic anisotropy and hence the ratio
between the observed (projected) orbital magnetic moment to the absolute value (
theoretical Hund’s value), where the later ratio spans the range 0.5 — 1. Based on
that, one can determine the anisotropy energy barrier which is found to be around
7 meV (85 K) in the case of Th(III) and 28 meV (340 K) in the case of Dy(III).
The spin-orbit coupling aligns both the spin and orbital moment, thus the ratio r
obtained for the RE(III) ions for the orbital magnetic moment holds for the spin
moment, too. Based on that, we could deduce the spin orbital magnetic moment
from the calculated curve and found it close to the absolute value (Hund’s rule)
which justifies our model.

The second group of investigated molecules comprises double-decker RENig[12—-
MC-4], with RE = Gd(III) and Tbh(III). The observed spin magnetic moment of
Gd (III) ion is similar to Hund’s values, although the orbital magnetic moment is
non-vanishing attributing that to the limitations in the sum rules themselves.The
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Tbh(III) shows a discrepancy of the orbital magnetic moment between the observed
and expected Hund’s values attributed to anisotropy energy barrier. Following the
above mentioned calculation, the energy barrier has value of 5.1 meV.

An intriguing finding was the significant enhancement of the Ni(Il) spin mo-
ments, which increased threefold when the molecules were dissolved in methanol
compared to dichloromethane. This phenomenon is likely due to a spin crossover
from a low-spin square planar ligand field ( S=1) to a high-spin square-pyramidal lig-
and field ( S=0), caused by methanol molecules coordinating above the Ni(II) ions.
This solvent-induced spin switching offers a promising approach to modulate the
spin state of the double-decker metallacrown without compromising its structural
integrity through chemical reactions.

The third group of molecules investigated includes single crystals of REMny[12—
MC—4] molecules, where RE = Tb(III) and Dy(III). Due to the poor conductivity
of these single crystals, fluorescence yield mode was employed for measurements.
The fluorescence spectra were carefully processed to mitigate self-absorption and
saturation effects resulting from the long escape depth through the thick crystals.
Angular-dependent XMCD measurements revealed a dependence of the spin and or-
bital magnetic moments of Dy(III) on the angle of measurement, indicating the pres-
ence of fourth-order magnetic anisotropy. This behavior arises from the anisotropic
charge distribution of the RE(III) 4f electrons in the tetragonal crystal field. Simu-
lations of angular-dependent XAS and XMCD spectra, using crystal field multiplet
calculations, facilitated the derivation of angular-dependent correction factors for
the measured magnetic moments.

The introduced approach in calculating the magnetic anisotropy of 3d — 4 f het-
erometallic SMMs works well for powder samples in any 3d—4 f SMMs and eliminates
the need to grow highly oriented single crystal for anisotropy measurements. How-
ever, it is important to acknowledge the limitations of XMCD measurements. The
sum-rule analysis is based on idealized assumptions, necessitating the inclusion of
correction factors, which should be applied with caution. Furthermore, these mea-
surements require extended data acquisition times at synchrotron facility beamline
end stations.

Outlook

Future research efforts should prioritize theoretical calculations to achieve a more
definitive understanding of the observed phenomena. Far-infrared Raman spec-
troscopy will also be critical for identifying and ruling out any vibrational modes
associated with the Ln(III) or TM(II) bonds as potential sources of inelastic excita-
tions observed in the IETS spectra.

A promising direction for future studies would be the synthesis of 3d-4f metallic-
centered molecules exhibiting significant antiferromagnetic exchange interaction con-
tribution between the 3d and 4f centers. This opens the possibility of addressing
novel research questions, such as whether it is feasible to manipulate the spin states
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of the Ln(III) 4f magnetic moment by altering the spin state of the 3d ion. In other
words, can the 3d ion serve as a "knob" to toggle the state of the shielded 4f ion
through antiferromagnetic exchange interactions?

Such a mechanism would enable the 4f ion’s spin state to be electrically con-
trolled, where the tunneling current from the STM tip interacts primarily with the
3d magnetic moments rather than the shielded 4f magnetic moment. This approach
could pave the way for innovative methods of writing information onto shielded 4f
ions, leveraging the 3d-4f exchange interaction for spintronics applications.

During the course of this thesis, the deposition of metallacrown (MC) molecules
proved to be a significant challenge, with multiple techniques, including electrospray
ionization (ESI) and physical vapor deposition (PVD), failing to achieve reliable
results. ESI resulted in clogged nozzles, with no observable molecules on the sub-
strate as verified by STM, while PVD caused the metallacrowns to get burned in the
thermal evaporator crucibles. Although ESI showed limited success in depositing
extremely thin films (< 0.01 ML) of simpler complexes like CuCuy and CuFey, the
fragility of these molecules under high temperature or voltage remains a significant
limitation. Furthermore, such techniques yield samples with poor signal-to-noise
ratios in synchrotron measurements, necessitating alternative, innovative deposition
methods.

To enable the integration of 3d—4 f MCs into future devices, surface deposition is
critical. A novel proposal was made during this thesis to design a UHV-compatible
spin-coating system. The proposed system consists of a compact cubic chamber
(~70 mm side length) with three feedthroughs, two viewing windows, and a load-
lock valve connecting it to the UHV chamber. A micro-dosing valve injects the
molecular solution through the top feedthrough, while a rotary feedthrough drives a
lightweight, low-outgassing aluminum spin-coating plate. A third feedthrough with
a wobblestick facilitates sample transfer.

To maintain the liquid phase of methanol-based solutions above 1072 mbar at
room temperature, the chamber will be flooded with argon gas using a controlled
dosing valve. The spin-coating plate will then be rotated at high speed to de-
posit the molecules evenly. After spinning, the chamber will be evacuated back to
high vacuum, allowing rapid sample transfer to the STM chamber within the UHV
regime. This design offers a promising pathway for robust and controlled deposition
of metallacrowns on surfaces. Time constraints hindered the implementation of this
research proposal, but I hope it can be pursued in future research endeavors.
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Appendix

A.1. Fitting the dl/dU spectra to the background tun-
neling function

—— Background tunneling probabiliy function o,
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Figure 7.1: Fitting the dI/dU spectra at positive voltages (> 0.5 V) to the back-
ground tunneling function.

’ Fitting parameters ‘ A ‘ B ‘ C ‘ D ‘
| Values [ 1.49 x 10° | 8.8 x 107° | 6.66 | 2.98 x 10° |

Table 7.1: The fitting optimized parameters of the tunneling background function
from the data.
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