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1 Introduction

The digitalization of our society has advanced at an almost frightening pace
during the last decades. The cause lies in the continuous progress in semi-
conductor technology and nano-fabrication methods. Therein, the efforts
of semiconductor and computer industry were always towards building
transistors, integrated circuits and even whole data processing systems as
compact and powerful, but at the same time as efficient and cheap as possi-
ble. As one remarkable result of these aspirations, one can nowadays easily
carry around portable devices like smartphones with computing capacities
many orders of magnitude higher than the first commercial personal com-
puters released in the 1980s. However, eventually this development will face
natural given boundaries. Besides the diffraction limit of optical lithography,
the lifetime of nanostructures declines drastically towards smaller structure
size due to thermal diffusion of atoms. Furthermore, when the structure
size approaches the nanometer scale, quantum mechanical effects play a
non-negligible role, which in turn may result in the loss of functionality.
One example would be a field effect transistor, which at too small size
cannot avoid leakage currents in its off state because of quantum tunneling.
Similarly, magnetic bits or floating gate transistors require a minimum size
in order to ensure the long-time stability.

Therefore, the interest in alternative technologies has progressively in-
creased in science and research. Among others, molecular spintronics [1]
and quantum computing [2, 3, 4] are particularly prominent research do-
mains in this respect. Both disciplines have in common, that they aim to
exploit quantum properties of single atoms [5, 6], molecules [7], photons [8]
or solid-state systems [4} 9], rather than suppress or avoid them. Besides
the minimum structure size that can be achieved, this approach may addi-
tionally yield whole new types of functional units and devices. For both,
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application in high-density data storage and quantum computing, magnetic
systems, especially magnetic molecules and atoms, seem to be particularly
interesting prospects.

The first so-called single-molecule magnet (SMM), the Mnj, cluster, was
reported in 1993 [10, 11, 12]. In their pioneering work Sessoli et al. were
able to observe, that these clusters show large spin-relaxation times and
even magnetic hysteresis due to the bistability of their magnetic moment at
low temperatures. This illustrated for the first time, that single magnetic
molecules might be suitable to serve as magnetic bits for data storage. With
this the quest for searching more stable SMMs with higher spin lifetimes
began. The prototypical candidates are usually metal-organic complexes
consisting of one or more magnetic ions, that are surrounded by organic lig-
ands. It turns out that the stability and spin lifetime of an atomic magnetic
moment is determined mostly by its chemical environment. By optimizing
the molecular structure and symmetry, stability of magnetic moments up to
temperatures of 60 K were reported for single-ion magnets based on rare
earth ions [13].

But not only the search for suitable and stable SMMs for data storage,
but also potential application in quantum computing attract more notice
[7, 14]. For this purpose, the coherence of spin states is crucial, which is
why also the nuclear spin states of an SMM may be considered to serve
as qubits [15]. The most famous example is the TbPc, molecular magnet,
where electronic readout [16] and coherent manipulation [17] of the terbium
nuclear spin states was demonstrated, such that even Grover’s algorithm
could be implemented [18, [19]].

One extremely important aspect - with a view to possible application
of SMMs - is the electrical contact formation of a molecule, which is nec-
essary for readout, manipulation and integration. On the single-molecule
scale the usual solution to this is to either trap the molecule inside a break
junction [20, 21} 22], or to simply deposit it on a metallic substrate in or-
der to investigate it using scanning tunneling microscopy [23]. The latter
allows imaging, contact formation, manipulation and spectroscopy of sin-
gle molecules. It turns out, though, that the properties of a molecule are
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substantially affected by its interaction with the metallic leads or surfaces.
This issue will play a prominent role in all three projects of this thesis,
where different single magnetic molecules were investigated mainly by low
temperature scanning tunneling microscopy.

In the first project, bis(phthalocyaninato)dysprosium (DyPc;) molecules
were investigated. Generally, SMMs based on rare earth ions are considered
particularly promising candidates, since the 4f electrons often exhibit large
magnetic moments, which in turn is essentially electronically decoupled
from its environment. Thereby, the magnetic moments are expected to
be rather stable, however electronic readout and access are impeded. The
results of this thesis, based on the aforementioned reports on TbPc,, will
illustrate how the molecule-substrate coupling can be exploited in order
to read out the dysprosium moment indirectly in scanning tunneling mi-
croscopy. With this, intriguing perspectives to also address the dysprosium
nuclear spin in scanning tunneling microscopy arise.

The second project deals with transition metal acetylacetonates. In contrast
to rare earth systems, single-ion magnets based on the magnetic moment
of 3d electrons have the advantage, that their magnetic moment can read-
ily be addressed and read out in terms of electronic transport [24, 25]. In
the framework of this work, two such molecules, namely Co(acac); and
Cr(acac)s, were investigated. The results illustrate the established principles
of how the symmetry and structure of the adsorbed molecules are crucial
for the magnetic properties and spin stability.

The last project is devoted to a special class of magnetic molecules, the
so-called spin crossover molecules [26]. These molecules stand out by the
fact that they occur in two different states. The first one is a paramag-
netic state, where the molecules exhibit a finite magnetic moment, while
they are non-magnetic in the other state. Regarding technical application,
these kinds of molecules are particularly interesting because the transi-
tion between the two states may be initiated by various external triggers
such as temperature, pressure or light illumination [26]. In this project,
spin crossover molecules adsorbed on ferromagnetic substrates were in-
vestigated, where again the molecule-substrate interaction takes the center
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stage. It was supposed to be explored, whether the molecules exhibit a
magnetic exchange interaction with the substrate and in the same time
maintain their switching ability. For such a material system exciting ap-
plication such as writing magnetic structures with light are conceivable.
For this purpose, two such systems were investigated in the framework
of this thesis. Firstly, Fe(1,10-phenanthroline),(NCS), molecules (Fe-Phen)
on one monolayer of iron nitride were examined using scanning tunnel-
ing microscopy. Secondly, Fe{[Me,Pyrz|3BH }, molecules (Fe-Pyrz) on thin
films of lanthanum strontium manganate were studied using magneto-optic
Kerr effect measurements and x-ray absorption spectroscopy and magnetic
circular dichroism.

The thesis is structured as follows. First, in the upcoming chapter 2| the
experimental and theoretical background is discussed elaborately. This
includes on the one hand the experimental techniques that were used in
this work, namely scanning tunneling microscopy, magneto-optic Kerr ef-
fect measurements and x-ray absorption spectroscopy. On the other hand,
the quantum mechanical basics of SMMs and molecule interactions with
metallic substrates, including lifetime broadening and the Kondo effect,
are discussed elaborately. Then, chapter [3| gives a detailed description of
the experimental setups and methods. The subsequent chapters and 6]
present the results that were achieved in the framework of this dissertation.
Therein, the beginning of each chapter contains an elaborate motivation
of the respective project and a review on previous reports on the subject.
Finally, chapter |Z| gives a summary of the results and presents an outlook
on future application and research.



2 Theoretical and Experimental
Background

This chapter gives an introduction to the basics of the quantum mechan-
ical description of single magnetic molecules and the experimental tech-
niques that were used in the framework of this dissertation. Thereby, the
first section introduces scanning tunneling microscopy (STM) describing
the theoretical treatment of quantum tunneling and depicting common
techniques like scanning tunneling spectroscopy (STS), inelastic electron
tunneling spectroscopy (IETS) and spin-polarized measurements. There-
after, the interaction between molecules and metal substrates and tunneling
processes through molecules will be discussed. The third section gives a
short introduction to magnetic interactions and the Kondo effect, which
will be crucial for the stability of single spins on surfaces. Then, the fourth
section introduces the basic concepts of single-molecule magnets (SMM)
including crystal field theory (CFT), zero field splitting (ZFS) and quantum
tunneling of magnetization (QTM) and finally deals with the special case
of spin crossover complexes (SCO). Finally, the last sections deal with x-
ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) as an element specific means to determine orbital and spin angular
momentum, and the magneto-optic Kerr effect (MOKE).



2 Theoretical and Experimental Background

2.1 Scanning Tunneling Microscopy and Quantum
Tunneling

2.1.1 Scanning Tunneling Microscopy

The basic idea of scanning tunneling micropscopy (S5TM) is to scan a sample
surface with a very sharp metallic tip as a probe [23, 27]. Applying a bias
voltage between the sample and the tip, one can detect a small current when
the tip-sample distance is of the order of a few A, even when tip and sample
are not in mechanical contact. This current is attributed to the quantum
mechanical effect of quantum tunneling. This tunneling current turns out
to be very susceptible to changes in the tip-sample distance and as will be
discussed more elaborately in the following section, it depends crucially on
the electronic structure of the sample.

The idea is now to scan the sample surface laterally (x-y-plane) while in
the same time the tip height (z-position) is adjusted such that the tunneling
current remains constant during the scan as illustrated in figure Usually
this is achieved by a feedback loop. The resulting image is the height profile
z(x,y) where both, the electronic structure of the sample and the actual
topography can account for a contrast. If not stated otherwise, all the STM
images shown in this work were measured in the this constant-current mode.
Alternatively, one can just measure the tunneling current It (x, y) ‘chonst as
function of the lateral position with constant tip height, which is called
constant-height mode. Thereby, the (x,y, z)-positioning of the tip is realized
by using piezoelectrics. These materials have the property to change their
dimensions when an electric field is applied. Typically the tip is mounted on
top of a piezoelectric tube [28], that readily allows for picometer precision
in all three dimensions. Therefore, a scanning tunneling microscope (STM)
not only allows for imaging single molecules and atoms on surfaces, but
also permits to contact them or perform spectroscopy measurements. The
latter usually is referred to as scanning tunneling spectroscopy (STS), where
one measures the I(V)-characteristics at a fixed tip position. As will be
elaborated in following sections, this can give deep insights in the electronic
and even magnetic structure of the atom, molecule or substrate examined.
Combining both, sub-nanometer spatial resolution with an energy resolution



2.1 Scanning Tunneling Microscopy and Quantum Tunneling

ya: [T

900
Feedback ..'..

} © T -V

Figure 2.1: Constant current mode. A feedback loop adjusts the tip-sample distance
during the scan, such that the tunneling current remains constant. Both, the actual
topography and the electronic structure account for a contrast.

in spectroscopy down to O(20peV) at mK temperatures, makes STM a
unique tool in nano-analysis.

2.1.2 Models for Quantum Tunneling

In order to provide a decent understanding of what is actually probed in
STM, one first has to get a grasp on the physics of quantum tunneling.
The most straightforward approach towards tunneling is a one-dimensional
model of a single particle with energy € in front of a rectangular potential
barrier Vp [29,30], which is illustrated in figure This problem can be
described by the one-dimensional time-independent Schroedinger equation

32 2
<2:1;22+V(2)> p(z) = e pia). 1)
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Figure 2.2: Models for quantum tunneling.

The solution for a particle initially propagating along the positive z-direction
is given by

elkZ _|_ r- e—ik'Z , z < 0
Ppox Sby-eF+br-e ™ ,0< z <a (2.2)
t-elkz ,zZ > a
with the wave vector k = , /% and k = 72'"(;/2_6). The coefficients r and ¢

are the amplitudes for the particle being reflected or transmitted through the
barrier, respectively. Assuming that both the wave function and its spatial
derivative are continuous, the transmission probability T is given by [29, 30]

-1

2 ,2\?2
T = |t]* = <1—|— <k2—;{_KK > sinhz(Ka)> , (2.3)

which yields for the tunneling current [27]

It « T ~ e 2, (2.4)

Note, that this simple model already predicts that the tunneling current is
supposed to decline exponentially with the width of the tunneling barrier
a, which can be observed in plenty of experiments including STM [31],
mechanically controlled break junctions [32] or even planar tunnel junctions
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[33]. Typically, « is of the order of 1 A" such that the tunneling current
drops by one order of magnitude as the tip-sample distance increases by 1 A
[27]. An improvement of this model was given independenly by Wentzel,
Kramers and Brillouin [29, 34] (so-called WKB approximation), which is
also applicable for non-rectangular barriers.

Note, that these models neglect the band structures of both, the STM tip
and the sample, and the fermion properties of electrons, namely the Pauli
exclusion principle. According to the latter an electron is only allowed to
tunnel from an occupied tip (sample) state into an unoccupied sample (tip)
state. Thereby, the occupation probability at a certain temperature is given
by the Fermi-Dirac distribution f(e). A more advanced model that takes
into account both of these issues is therefore given by the Bardeen-model
[35], which is illustrated in figure Here, the Fermi levels of tip and
sample (e,tF/ ®) are separated by the tunneling voltage and transitions from
tip states ¢, to sample states ¢, (and vice versa) are treated via Fermi’s
golden rule. Thus, the tunneling current yields

= 2O i) P ol —e) (Flev—eb) — fle—eb)) . 29)
v N———

which may be written in a more convenient way introducing the respective
densities of states p'/*(€) of tip and sample:

no= T [dep(e) (e (Fle—eb) — fle—ep) IMP. @6)

This result is still rather inconvenient considering the transition matrix
elements might in generel have a complicated energy dependence. Tersoff
and Hamann therefore proposed a model in which they assume that the tip
wave function can be described as a spherical symmetric s-wave [27, 36].
Therein, in the limit of low temperatures (T — 0) and assuming a rarther
flat tip density of states around the Fermi level, the tunneling current can
be expressed as
ep+eV

I / de 0%(e) [p(ro)]? . @.7)

F



2 Theoretical and Experimental Background

The integrand is usually referred to as the local density of states (LDOS),
where 1 is the lateral tip position. The tunneling current hence depends
strongly on the electronic structure of the investigated sample, which is
why STM allows to probe the electronic properties of sample surfaces.

2.1.3 Differential Conductance

Equation [2.7|implies that the differential conductance, i.e. the derivative of
the tunneling current with respect to the bias voltage, is proportional to the
LDOS of the sample:

dI

v . o |¢p(r0) > p° (€8 + eVp) . (2.8)

In principle, this allows to probe the LDOS around the Fermi level by
just recording the tunneling current while sweeping the bias with the tip
position fixed and calculating the numerical derivative of this so-called I —
V-spectrum. A much more convenient way, however, is to directly measure
the derivative using a lock-in amplifier. Thereby, a small AC voltage (with
a frequency v that is of the order of O(1kHz)) is added to the tunneling
voltage. Meanwhile, the resulting tunneling current is demodulated at the
same frequency v. It is easy to see that this demodulated signal is at least
up to the second order proportional to the first derivative of the tunneling
current:

(Vo + Vsin(2mvt)) = 1(Vo) + 9L

v V sin(2mtvt)

Vo

2 (2.9)

VZsin?(27tvt) + O(V) .

The reason for using a lock-in amplifier is that one gets a much better signal
to noise ratio (SNR) due to so-called flicker noise (1/ f-noise) [37]. Note, that
the tunneling junction in general exhibits a finite capacitance and accord-
ingly a finite AC impedance, which will cause an additional contribution to
the lock-in signal. However, since this contribution is typically independent
of the DC bias voltage, it can easily be removed by setting the lock-in phase
properly. Usually this is achieved by setting the phase such that there is no

10
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lock-in signal detectable, when the STM tip is withdrawn just out of the
tunneling regime.

However, using a lock-in amplifier comes at a price, i.e. a lower energy
resolution: By applying the modulation one adds uncertainty to the tun-
neling voltage, and hence to the energy of the tunneling electrons. Other
parameters that limit the energy resolution in STS are voltage noise and
the experiment temperature. The latter can be attributed to the tempera-
ture smearing of the Fermi levels of tip and sample, which is given by the
Fermi functions in equation Accordingly, the temperature-broadened
differential conductance will result in a convolution of the LDOS with the
derivative of a Fermi function. Since the latter exhibits a width of the order
of O(kgT), the best energy resolution is of this order of magnitude. This,
actually, is the most important reason for performing all experiments at low
temperatures.

Analytically, one can derive an expression for the energy resolution for the
differential conductance [38] which reads

Ae = 1/ (2eVus)? + (32 ks T)?, (2.10)

where Vams = V/V/2 is the root mean square of the lock-in modulation. As
a common figure of merrit for the energy resolution of a specific setup, it is
convenient to use the so-called electronic temperature, which is an effective
temperature that accounts for all the broadening effects.

2.1.4 Inelastic Tunneling

So far, all the presented models for quantum tunneling only consider elastic
tunneling, i.e. processes by which electrons have the very same energy
before and after the tunneling process. What can happen though, is that an
electron can sacrifice some of its energy to excite an inelastic excitation, if
the tunneling energy (eV) is larger than the excitation energy (fiwp). Such a
process is illustrated in figure Such inelastic excitations can be phonons
or other vibrational modes [39, 40], magnons [41], or even spin-flip inelastic
excitations [42, 43].

11
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Figure 2.3: Scheme of an inelastic tunneling process and the corresponding spectro-
scopic features.

Such an inelastic process yields an additional tunneling channel, which is
why the tunneling probability and thus the tunneling current are enhanced
above the threshold voltage. The result is a pair of kinks in the I-V-curve or
a pair of steps in the differential conductance as illustrated in figure
This technique is usually referred to as inelastic electron tunneling spectroscopy
(IETS).

It should be mentioned, that it is very common to also measure the second
derivative of the current with respect to bias, where an inelastic excitation
features a peak-dip pair. However, it usually requires rather high tunneling
currents in order to get a sufficiently high signal in the second derivative.
Some molecules, however, tend to move, jump to the tip or even disintegrate
when the tunneling current is too high. Therefore, the second derivative
was not measured in this work.

2.1.5 Tunneling Magnetoresistance and Spin-Polarized STM

So far, using scanning tunneling microscopy to investigate both structural
and electronic properties of a given sample surface, has been discussed
very elaborately. An extension of this technique, that additionally enables
one to probe the magnetic properties is the so-called spin-polarized scan-
ning tunneling microscopy (sp-STM) [44]. Therein, the so-called tunneling

12
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Figure 2.4: Structure of a spin valve and spin-split DOS of the Stoner model for
ferromagnetism. (a) With magnetization M being fixed, the conductance of the junction
depends on the orientation of M, given by the relative angle 6. (b) The spin-split DOS of
the Stoner model for ferromagnetism for a simplified bandstructure. A net magnetization
occurs because more spin up states are occupied (majority spin). In this example, the DOS
at e is higher for the opposite spin orientation. Both cases, though, v4(eg) 2 v/ (eF) are
possible, depending only on the band structure.

magnetoresistance effect (TMR) is exploited: Regarding a tunnel junction
consisting of two ferromagnetic metals separated by a thin insulating layer
as is depicted in figure the conductance through the junction depends
directly on the relative orientation of the magnetizations. Thus, such a
structure is usually referred to as magnetic valve or spin valve. This effect
could first be observed in a layered structure of Fe/Ge/Co [45]. Julliere
observed, that the conductance at low bias was very different for the cases
of Fe and Co being magnetized either parallel or antiparallel.

This observation is easy to understand qualitatively within the framework
of the Stoner model for itinerant ferromagnetism [46]. Therein, the 3d bands
for spin up and down are split by the exchange parameter U, due to the
exchange interaction (figure [2.4b)). The result is - besides a net magnetiza-
tion due to the different amounts of spin up and down electrons - also a
spin polarization of the density of states (DOS) near the Fermi edge. The
latter simply means, that there are more electrons of one spin orientation
than the other near the Fermi edge, hence v;(eg) # v (eF). It should be
pointed out that for a given magnetization with majority spin up, both cases

13
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vi(er) 2 v (er) can occur. This naturally depends on the ferromagnetic
material and its band structure.

Figure illustrates how the TMR effect can be understood in this pic-
ture. For small bias voltages and for elastic tunneling processes, where
the electron spin is conserved, electrons can only tunnel from an occupied
spin up (spin down) state of FM; to an unoccupied state of the same spin
orientation of FM,. Assuming that both ferromagnetic leads are made of
the same material, it is plain that the sum of the two respective overlapps
between (vél) (er) and 1/%2)(61:)) and between ((vil)(ep) and Vi2)<€F>> and
accordingly the tunneling current is largest for parallel orientations and
lowest for antiparallel orientations. Accordingly, for a spin valve one can
think of the first and second ferromagnet-insulator interface as a spin po-
larizer and a spin analyzer, respectively, where excess electrons of a certain
spin orientations are reflected.

A more general consideration of this problem gives the following rela-
tion for the conductance [47]

G(G) = G() (1 + 0107 COS(9)> . (211)

Here, 0 is the relativ angle between the two magnetizations and ¢/, are the
spin-polarizations for interface 1 and 2, respectively.

This concept now can be transferred easily to STM. In the most straightfor-
ward approach to sp-STM, a ferromagnetic material is used as tip material
[48]. Analogue to the spin valve case, the tunneling current is then spin-
polarized. For a magnetic sample, the tunnel conductance is then higher
(lower) for the tip being located above a site of the same (the opposite)
spin polarization. Therefore a spin contrast can occur for both topography
and spectroscopy. Generally, this enables for instance imaging magnetic
domains and domain walls [49], magnetic textures [50] or spin-polarized
spectroscopy [51].

The easiest way to get an STM tip with spin polarization is to coat a
non-magnetic tip with a ferromagnetic film [51]]. Depending on the material
and the layer thickness this can lead to a tip magnetization parallel (in
plane) or perpendicular (out of plane) with respect to the sample surface or

14
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Figure 2.5: Tunneling Magnetoresistance. Assuming elastic tunneling only, the spin
state of an electron is not changing during the tunneling process. Hence, the tunneling
conductance is higher when the two ferromagnetic leads are aligned parallel.

something in between. From equation 2.1t follows, that a spin contrast can
only be observed, when the magnetization has a finite component parallel
to the sample magnetization. Typical examples are iron coating for in plane
and cobalt coating for out of plane contrast, respectively.

One crucial difficulty for this approach, however, is the magnetic stray-field
that arises from the tip. This field can alter or polarize a soft magnetic sam-
ple that is supposed to be investigated [51]. As a solution to this problem,
the use of antiferromagnets as tip material has been established [52]. An
antiferromagnet does not exhibit a stray field, while it may still feature a
spin polarization of the DOS. For this purpose, either antiferromagnetic
thin films like chromium can be deposited on a non-magnetic tip [52] or
even bulk antiferromagnetic tips can be used [53, 54].

15
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Often during a measurement it is not directly obvious whether an ob-
served effect or contrast is indeed of magnetic origin, or whether it is merely
an electronic or structural feature [55]. Oftentimes, a direct comparison to
a measurement with non-magnetic tip or a measurement of the effect as
function of an external magnetic field may get things straight. In a more
sophisticated extension of this method, a ferromagnetic ring containing a
wound coil was used as STM tip [56, 57]]. By high frequency reversal of
the tip magnetization, the topography and spin signal could be recorded
separately at the same time.

2.2 Molecule-Substrate Interaction and Lifetime
Broadening

In the previous section quantum tunneling through a vacuum barrier was
discussed elaborately. The objective of this work however, is to investigate
single molecules adsorbed on a metal surface. Thus, in this context the
question arises, how an adsorbed molecule in between the tip and substrate
- or in between two metal leads in case of a break junction - can influence
the tunneling process. For a start one could think of a simple model as it
is shown in figure The molecule has discrete molecular orbitals, that
are aligned energetically such that the substrate Fermi level is in between
HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital). Applying a sufficiently high bias voltage between the
two leads of the junction, additionally to the regular tunneling current,
electrons can hop sequentially from the tip to an unoccupied MO below
the Fermi level and subsequently to the substrate, as illustrated in figure
The problem of this picture is however, that the molecule could only
influence the tunneling process at sufficiently high tunneling voltage. As
a consequence, at bias voltages smaller than the difference between Fermi
level and HOMO/LUMO, one could not detect the molecule in STM at all.
Luckily, though, this is not the case. The crucial point that was neglected in
this picture is the electronic coupling between the molecule and substrate:
Bringing a molecule in contact with a metallic surface results in overlaps
of the molecular orbitals and the metallic states. Thus, it is possible for
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2.2 Molecule-Substrate Interaction and Lifetime Broadening

() (b) (c)

Figure 2.6: Energy landscapes for a molecule adsorbed on a metallic surface. (a) The
molecular orbitals are sharp without molecule-substrate interaction. (b) In this model,
in an STM experiment hopping from the tip to an unoccupied molecular state and
subsequently to the substrate can occur provided the bias voltage is large enough. (c)
The lifetime broadening is shown for the LUMO. Here, hopping to the LUMO is possible
already at small bias.

electrons near the Fermi level to hop from substrate to molecule and vice
versa. [llustratively, this yields a finite lifetime 7 for the molecular states.
From the uncertainty principle it follows, that such processes are possible

within an energy interval of
h

o€ ~ = (2.12)
Effectively, the molecular orbitals are not infinitely sharp anymore but
broadened, which is usually referred to as lifetime broadening. This broad-
ening is the reason, why adsorbed molecules can already be detected at
small tunneling voltages. This is illustrated in figure Additionally to
the broadening, also energy shifts of molecular orbitals may occur due to

mirror charging and screening effects.
A very simple theoretical description of this effect was given by Newns in

the so-called Anderson-Newns model for chemiosorption [58, 59, |60]. This
modell describes the coupling of an adsorbate or molecule with a single
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state |[M) to a metallic substrate with eigenstates |k). For this the initial
point is the following Hamiltonian

T = emclem+ Y exéier+ Y (VM,,(@M,( + h.c.), (2.13)
g k
molecule ——
substrate molecule-substrate coupling

where the last term corresponds to a tight-binding-like coupling between
the substrate states and the molecule. With this model the local density of
states at the molecule pyj), which is given by the expression

oMol (€ Z\ n|M)|?5(e — e,), (2.14)

was calculated. Here, |n) are the eigenstates of the complete Hamiltonian of
equation Newns could show, that

_1 A%(e)
pMOl(e) — E (€—€M —A(€>)2 —|—A2(€)’ (215)
with
B 1 T A(e')dée’
ale) = w o [Vunfole—en), Ale) =P [ S5 @a6)

—00

where P denotes the principle value of the integral.

This rather general result can most easily be understood in the limit, where
the substrate density of states only varies insignificantly in an energy in-
terval larger than the matrix elements |Vj; x| around €. In this case A(e)
should be almost constant. It is straightforward to show that A vanishes in
this case. Accordingly, the density of states at the molecule pyj, will simply
be a Lorentzian centered at €); with width A. Thus, this limit is exactly the
lifetime broadening from the beginning of this section.

The STM tip, or alternatively the second electrode of a break junction,
will have the same effect on the molecular states. However, in case of STM,
the coupling to the tip will be significantly weaker than the molecule-
substrate interaction. A corresponding model is presented in reference [61].
There the coupling of a single localized state to two electrodes (1/2) is

18



2.3 Magnetic Interactions and the Kondo Effect

treated analogous with a tight-binding approach with hopping parameters
t1/2. Again the local density of states results in a Lorentzian, where the
width I' is simply given by the sum of the two contributions I7,, of the
two electrodes. Meanwhile, the I3/, are proportional to the squares of the
hopping parameters |t1 5|2

Generally, this molecule-substrate interaction can have dramatic effects.
Molecular properties may change upon adsorption and certain functionali-
ties of a molecule may be quenched on a metallic substrate. This issue will
be discussed more elaborately in chapter|f] for the example of spin crossover
molecules.

2.3 Magnetic Interactions and the Kondo Effect

The emergence of magnetic order and remanent magnetism of solids relies
utterly on the interaction of magnetic moments. When there are no inter-
actions between the magnetic moments of the solid, the single moments
are independent and can only be aligned by an external magnetic field.
The net magnetization can easily be calculated as a thermal expectation
value and is given by the Brillouin function [46, 62]. Though, in the absence
of an external magnetic field the moments are aligned randomly and the
remament magnetization is zero. The result is a paramagnet. Therefore, in
a ferromagnet, it must be somehow energetically favorable for a magnetic
moments to be aligned in the same direction as a neighboring moment. One
could naively think, that the origin of this is simply a classical dipole-dipole
interaction, where one magnetic moments minimizes its energy by aligning
in the magnetic stray field of another moment. However, a rough estimation
of the energy scale of such an interaction for two magnetic moments y ~ up
at a distance 7 ~ 1 A yields only a few peV. Therefore, such an interaction
can hardly account for Curie temperatures of the order of 1000K as it is
found in many ferromagnetic compounds [46]. The underlying interaction
is the so-called exchange interaction that was first described by Heisenberg in
order to describe the term diagram of helium [63]. The underlying idea of
this magnetic interaction will be discussed in the following section. There-
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2 Theoretical and Experimental Background

with, the Kondo effect, which will be crucial for the stability of atomic
magnetic moments on surfaces, and its detection in STS will be explained.

2.3.1 Exchange Interaction

The exchange interaction is a result of Pauli’s principle and the Coulomb
repulsion. The easiest approach is to consider a system of two electrons in a
solid or an atom with spin §; and $, that is described by the Hamiltonian
7 [46, 62]. Since the two electrons are indistinguishable, the corresponding
two particle wave function must be antisymmetric when exchanging the
two electrons. Assuming the wave function can be written as a product of a
spatial wave function ¢(rq,72) and a spin wave function x

Ps/1 = Ps/1(r1,12) @ Xs/1, (2.17)

yields two possibilities: A symmetric spatial wave function with an anti-
symmetric spin wave function (singlet) or vice versa (triplet):

ps(rir) = +9s(ram), xs =é(lm>—|m>) (.18)
pr(rr) = —pr(mm), xn :{|m>;12(\ m>+|m>);¢,¢>}.

Thereby, the respective energy values read

€s/T = /d37’1/d37’2 P51 H ¢Ps,/T- (2.19)

It’s straightforward to show that

A —3/4, singlet
(81-82) = . 8 (2.20)
+1/4, triplet
such that the Hamiltonian can be expressed as
H = —(es—er) 81 -8y + const (2.21)
—_——

=J

with J beeing referred to as exchange integral or exchange constant. For
J > 0 (J < 0) the triplet (singlet) state is energetically favored and the
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2.3 Magnetic Interactions and the Kondo Effect

exchange is called ferromagnetic (antiferromagnetic). It should be stressed,
that the Hamiltonian in equation is an expression of the Coulomb
interaction of the two electrons with the cystal and each other. Usually, this
result is generalized for larger spins or angular momenta and one writes:

Hex = ~T f1- Ja (2.22)

In addition to magnetic order and remanence, this exchange interaction is
also important for spin-flip scattering processes in solids: Introducing the
ladder operators

Jo =T %1y, (2.23)

one can write the Hamiltonian as
Hex o< J1-Jo = iz +1/2 (fisJo- + - fo) - (2.24)

From this one can easily see, that via this exchange interaction one spin can
transfer 171 of angular momentum to another spin. Applying this result to
a localized impurity spin in a non-magnetic metal, where the conduction
electrons close to the Fermi surface can be scattered by the impurity via
exchange interaction, will result in the Kondo effect. This phenomenon and
its consequences will be discussed in the following section [2.3.2,

2.3.2 Kondo Effect

Historically the Kondo effect was first observed upon measuring the re-
sistance of a non-magnetic metal at low temperatures. The resistance is
expected to steadily decrease upon decreasing the temperature and in case
the metal is no superconductor its behavior should follow

o(T) =a +bT? + c T (2.25)

Therein, the first term is a temperature-independent contribution related to
electrons being scattered by non-magnetic impurities. The second term is
due to electron-electron interaction and can be derived from Fermi liquid
theory [64]. The third term is the Bloch-Griineisen law for electron-phonon
scattering [65, 66].

Surprisingly, a resistance minimum was found for many metals, for instance
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gold [67], such that when cooling the sample below a characteristic temper-
ature its resistance increases again.

Eventually, Kondo could provide a theoretical description of this effect. In
his model, he explained the origin of this effect by the conduction electrons
being scattered elastically by magnetic impurities [68]]. Therein, he treated
the scattering as a perturbation using the the so-called sd-Hamiltonian [69]

Ha =Y Tiw <§+€£,¢ék’,T + 884wy + 5z <‘i¢ék’,¢ - 5£,¢ék’,¢>> , (2.26)
kK’

where S are the ladder operators of the magnetic impurity and the ¢,
(cA,W) are the annihilation (creation) operators for a conduction electron
with momentum g and spin ¢. This Hamiltonian looks simply like a sec-
ond quantization version of the Heisenberg exchange of equation The
tirst two terms describe spin-flip processes, where a conduction electron
transfers +1% to the impurity spin, while the third term describes a scat-
tering process where spins are conserved. This s-d-interaction was first
phenomenologically proposed by Zener [70, 71]. The corresponding Hamil-
tonian of equation could be derived later in a more general form by
Anderson from first principles in the so-called Anderson impurity model [69,
72]. Using third order perturbation theory, Kondo was able to derive an
additional contribution to the resistivity of the form

px o« log (T/T") (2.27)

that could explain the resistivity minimum in case of a negative exchange
constant, i.e. an antiferromagnetic exchange. However, this result still had
the problem of the logarithmic divergence at zero temperature. This so-
called Kondo problem emerges because at very low temperatures compared
to a characteristic temperature scale Tk - the so-called Kondo temperature -
the perturbation terms of higher order become large, such that eventually
perturbation theory breaks down. What happens physically is, that due to
continuous spin-flip scattering of the conduction electrons with the mag-
netic impurity, at temperatures T < Tx a new non-magnetic, many-body
singlet ground state arises. This state can be regarded as a kind of bound
state, where the magnetic moment of the impurity is effectively screened
by the conduction electrons of the metal host. This limit, hence, cannot be
described by perturbation theory anymore, but by alternative approaches
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2.3 Magnetic Interactions and the Kondo Effect

like the renormalization group formalism by Wilson [73].

Certainly, the Kondo effect plays a special role for this work, where single
magnetic molecules adsorbed on a metallic substrate were investigated.
Thereby, the molecules naturally act as the magnetic impurities of the
Kondo model. Interestingly, the aforementioned Kondo scattering causes
an additional contribution to the DOS, the so-called Kondo resonance, which
occurs at the Fermi level. This resonance can readily be detected in STS,
and thus represents a characteristic signature of this Kondo effect.

2.3.3 Kondo Effect in Scanning Tunneling Spectroscopy

This section aims to discuss how the Kondo resonance looks like in an
STS experiment and which model functions exist to describe a measured
spectrum. The precise shape of this Kondo resonance depends first of
all on the regarded temperature and coupling regime [74]. Thereby, the
characteristic energy scale for the coupling strength is given by the Kondo
temperature Tx. Usually two limit cases are distinguished.

The case T <« Tk

In this so-called strong-coupling regime the DOS shows a typical resonance
shape that can be described by a Lorentzian or more precisely by a Frota
function [75| 76]. Meanwhile, the following discussion on how a corre-
sponding tunneling spectrum will look like including the nomenclature, is
based on this review article [77]. First it shall be assumed, that the Kondo
resonance in the DOS can be described by a simple Lorentzian. Then, there
are two possible paths for electrons tunneling elastically from tip to sample
(or vice versa): First, the electrons can tunnel into unoccupied bulk states of
the substrate (with amplitude ¢;), or second, electrons can tunnel directly
into the Kondo resonance (with amplitude ¢;). Since both processes are
elastic and coherent, interference effects have to be taken into account,
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since the total tunneling probability is given by |t; + t2|. The result is the

Fano-lineshape

dI  (e+gq)? , eV
— he=—. 2.2
v o 11’ with ¢ T (2.28)

Therein, the Kondo temperature is given by the half width af half maximum

T = kpTk (2.29)

which is a measure for the strength of the coupling of the localized mag-
netic moment to the conduction electrons of the substrate. The so-called
Fano factor q depends mainly on the ratio of tunneling amplitudes t,/¢;.
The limit, where electrons preferably tunnel into the Kondo resonance, i.e.
to > t1 (9 > 1) results approximately in a Lorentzian peak. Conversely the
opposite limit, where electron tunneling in empty bulk states is favored, i.e.
t1 > t, (9 < 1), yields a Lorentzian dip. In between, the Fano lineshape
shows an asymmetric shape, as is illustrated in figure

It should be noted, that the parameters g and I' can be expressed in terms of
the parameters of the Anderson single impurity model [72, 77]. Since those
parameters are not used here, this simple phenomenological description
shall be sufficient. Moreover, the width I' of the Kondo resonance at finite
temperatures is given by

oI = \/(2KsT)? + (akyT)>. (2.30)

This increase of the Kondo resonance width can be related to the tempera-
ture smearing of the Fermi distribution. A Fermi-liquid extension of this
model yields a = 5.4 [77].

This Fano lineshape, although relying on a simple Lorentzian shape of
the DOS, has been established as a sort of go-to model function to fit to
a measured Kondo spectrum, since it usually describes an asymmetric
spectrum fairly well [78, 79].

However, Frota was able to show that the exact shape of a Kondo resonance
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Figure 2.7: Model functions for the shape of a Kondo spectrum in STS. (a) The Fano
lineshape is plotted for various Fano factors gq. (b) The Frota function (strong-coupling)
and the result from third order perturbation theory (weak-coupling) are plotted. It
should be pointed out, that these two spectra do not describe the same Kondo system,
which hinders a direct comparison. They are plotted only to illustrate the logarithmic
divergence in the latter case compared to the smooth peak in the former case.

in the DOS is not given by a mere Lorentzian, but by the after him named
Frota function [75/,76]

. 1/2
ﬂk) : (2.31)

This lineshape has also been used in some works to model a measured
Kondo spectrum [80, 81]. Here, the Kondo temperature of the system is
again given by the half width of the peak Ik at half maximum via

ksTk = € Ik. (2.32)

The prefactor, which in [76] is given as ¢ = 27t - 0.103, however, is still under
debate.
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Last, an extension to this Frota function exists analogue to the Fano model,
where the interference of the two possible tunneling paths into the bulk
states and a Fano-shaped resonance, are taken into account. The result is

dI T
$q . 2.
dv“&E(e e+iFK> (2.33)
The phase ¢, is related to the Fano factor q by

given by [82]

q = tan(¢,/2). (2.34)

The case T 2 T

In this limit, the so-called weak-coupling regime, a perturbational approach
analogue to one performed by Kondo is valid [68], which will result in a
different shape of the Kondo resonance. Such an approach based on pertur-
bation theory was performed by Applebaum [83, |84] and Anderson [85] in
order to calculate the conductance near zero bias of planar tunnel junctions.
A more general extension of this Anderson-Applebaum model was suggested
by Ternes [86| |87]. There, tunneling spectra are calculated in third order
perturbation theory in the exchange scattering parameter J (not the same
as the exchange constant of equation using second order Born approx-
imation. In this extension also more complicated spin systems including
magnetocrystalline anisotropy can be treated. Interestingly, in this model
the Kondo resonance is a very sharp, logarithmically diverging function.
Figure shows the shape of the Kondo spectrum that results from this
model for a spin 1/2 compared to a Frota function. It should be pointed out
here, that these two spectra do not correspond to the same Kondo system,
which hampers the direct comparison. Still this plot illustrates qualitatively
well enough, how the the Frota function is a smooth peak in contrast to the
arbitrarily sharp divergence that results from perturbation theory.

While the Kondo temperature was simply given by the width I' of the
resonance at half the peak height before in the Frota- and Fano model, it is
less obvious here, since the peak width is very ill-defined for a diverging
function. It should be pointed out, that in this perturbational model, the
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2.3 Magnetic Interactions and the Kondo Effect

Kondo temperature is no well defined quantity, but it is rather a temperature
scale that indicates whether or not the perturbational approach is valid.
The corresponding parameter in this model is the coupling strength [J
of the impurity spin to the conduction electrons of the host. The residual
parameters used in the model are described elaborately in reference [86],
and shall not be reiterated here.

Splitting the Kondo resonance by magnetic field

By applying a magnetic field, the Kondo resonance can be split [88| [89].
This can easily be understood with the following heuristic explanation.
The Kondo model was considering the elastic spin-flip scattering between
the spin up and spin down orientation of a localized spin 1/2. An applied
magnetic field causes a Zeeman splitting, such that the spin-flip process
becomes inelastic as is illustrated in figure The splitting can be under-
stood in this picture as the two steps one expects for an inelastic excitation
(see chapter[2.1.4) that are superimposed with the original Kondo resonance
[90].

Note, that in the weak-coupling regime of figure technically any mag-
netic field splitting, no matter how small, should be observable, provided a
sufficient experimental energy resolution is given. This can be attributed to
the logarithmic divergence, which makes the peak arbitrarily sharp. Con-
versely, it could be shown, that in the strong coupling limit, a splitting can
only be expected above a critical field [74, 91]

0.5kp Tk

B ~ . 2.35
c s (2.35)

In other words, the Zeeman energy must be at least of same order as the
energy scale of the exchange scattering set by the Kondo temperature Tk,
i.e. the width of the Kondo resonance.

Another interesting aspect of this is, that the two peaks of the split Kondo
resonance are utterly spin-polarized [90]. This point will be picked up more
elaborately in chapter
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Figure 2.8: Splitting of the Kondo resonance. Some model spectra using the perturba-
tional approach are plotted (left). A cartoon illustrates the origin of the Kondo splitting
(right).

2.4 Quantum Mechanics of Single Magnetic
Molecules

In this work so-called single-molecule magnets (SMM) and spin crossover
(SCO) molecules were investigated. Special emphasis was placed on the
question, whether the magnetic degrees of freedom of these molecules are
suitable to serve as single magnetic bits. All investigated molecules are
metal-organic complexes, that consist of a central, magnetic metal ion that is
surrounded by organic ligands. The bonds between the ion and the ligand
crucially affect the magnetic properties of the molecules. In this section
this crystal field interaction and its consequences for the molecule’s spin
spectrum is discussed. In the next step, this will help to derive the criteria
to get a molecule with a stable spin, when it is adsorbed on a metallic
surface. There, the symmetry of the crystal field and the Kondo effect
discussed in the previous section will play prominent roles. Finally, spin
crossover molecules as a special case of functional magnetic molecules will
be described.
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2.4 Quantum Mechanics of Single Magnetic Molecules

2.4.1 Crystal Fields

Ions and atoms can posses a non-vanishing angular momentum. For free
ions or atoms, the ground state is a multiplet of spin-orbit eigenstates
|J,L,S, mj) which can be determined by Hund’s rules. In this case all the
(2]+1) states of this multiplet are degenerate and the magnetic moment is

given by
(np); = — 8yis % ) (2.36)
with the the Landé factor g1 5 = 1+ 10 H)*é]((L]Tl))%(SH) and the Bohr

magneton yp = 2871 [46].

Atoms or ions in a solid or an metal-organic molecule, however, additionally
experience the electric field caused by the surrounding atoms. Note, that
due to spin-orbit coupling this crytal field not only couples to the orbital
angular momentum, but also affects the spin. The new ground state is
determined by the competition of the crystal field and spin-orbit interaction
and in the general case is not the one predicted by Hund’s rules. Therefore,
some qualitatively different cases have to be distinguished [46, |62].

Lanthanides (4f)

In the case of rare earth elements the 4f electrons are the origin of the
magnetic properties. Since rare earth elements exhibit a rather large proton
number, spin-orbit coupling is relatively strong compared to the rather weak
crystal field effects. Typically, the crystal field has only weak influence on 4f
electrons since the 4f orbitals are rather localized near the nucleus, meaning
that the radial part of the wave function is much less extended compared
to the 5p or 6s orbitals [92]. Hence, for describing the spin spectrum of 4f
electrons one usually starts with the spin-orbit eigenstates |J, L, S, mj) of
the ground state multiplet determined by Hund’s rules. Then, the crystal
field can be considered a weak perturbation that lifts the degeneracy of
the (2J+1) states in the multiplet, which is usually called zero field splitting
(ZFS). According to first order degenerate perturbation theory, one finds
the new energy levels and states by diagonalizing the crystal field operator
inside of the (2J+1)-dimensional manifold that is spanned by the initial
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spin-orbit eigenstates |], L, S, m;). The result will be superpositions of states
of different m; and therefore m; is not necessarily a good quantum number
anymore. Which states get mixed depends on the crystal field Hamiltonian
and - as will be argued in the following sections - on the symmetry of the
crystal field.

Transition Metals (3d)

In the case of transition metals of the third period the magnetic properties
arise from the 3d electrons. Unlike in the case of 4f electrons the radial
part of the wave function of a 3d electron is typically rather extended. For
instance, 3d electrons are often delocalized in a metal or participate in the
complex bond in a metal-organic molecule. The consequence is a rather
strong interaction with the crystal field, that is typically much stronger
than spin-orbit coupling. Thereupon, Hund’s rules to determine the many-
electron ground state do no longer apply and the situation gets somewhat
more subtle.

If one starts from a one-electron picture [62] and neglects SOC for the
moment - it shall be treated as a perturbation in the end - the crystal field
couples to the orbital angular momenta of the electrons only, while the
spins remain good quantum numbers. Consequently, the degeneracy of
the |I,m;) single-electron states gets lifted, as these states mix up upon
diagonalizing the crystal field Hamiltonian within the manifold spanned
by the |I,m;). The arising linear combinations correspond to the irreducible
representations of the point symmetry group of the crystal. Often these
crystal field eigenfunctions |@cr) are real linear combinations of the |/, m;).
A prominent example is cubic symmetry that includes the cases of tetra-
hedral and octahedral environment, which will be discussed later. Since
the angular momentum operator [ = —if r x V is utterly imaginary in
spatial representation, the resulting expectation values (¢cr |I |@cg) should
also be imaginary. However, since [ is hermitian, and therefore its expec-
tation values must be real, this is only possible if all expectation values
{(@ck |T |@cr) vanish. The orbital angular momentum is said to be quenched
and this phenomenon is usually referred to as orbital quenching. In this case
the magnetic properties of the ion will only be determined by the total
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electron spin §.

It should be noted, though, that real 3d systems may not always be as
simple. Spin-orbit coupling may mix the crystal field eigenstates |¢cE),
such that orbital angular momentum may only be partially (or not be)
quenched in the end. Moreover, electron-electron interactions have been
totally neglected so far in this simplified one-electron picture. This will
be discussed in section for the example of cubic symmetry in spin
crossover molecules.

Kramers degeneracy

One important aspect of crystal field theory is time reversal symmetry. Since
the crystal field is merely an electric field, it cannot be affected by time
inversion. Accordingly, the crystal field Hamiltonian Hcr must commute
with the time inversion operator 7:

[Hcr, T] = 0. (2.37)

As a result, the time inversion of an eigentstate |¢) of Hcr with energy e
will also be an eigenstate of Hcp with the same energy:

Ficr (T19)) = THeelw) = e (T1y))- (2.38)

This result is part of the more general Kramers theorem [93]]. Given time
reversal symmetry, it states that in a system with an odd number of elec-
trons all eigenstates of # are at least twofold degenerate. In contrast, what
happens in systems with an even number of electrons is that singlet states
occur, which are their own time inversion. All other states will still be at
least twofold degenerate according to equation [2.38]

2.4.2 Single-Molecule Magnets and Zero Field Splitting
As described above, free atoms exhibit a degenerate ground state multiplet

of (2] + 1) spin-orbit eigenstates. One could naively imagine to store infor-
mation in the m; quantum number, simply by initializing the atom in the
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desired state |J,L,S, my). Since this state is - as every state of the ground
state multiplet - an eigenstate of the ions Hamiltonian Hfree, the time evolu-
tion is just a phase factor and the system will remain in the initialized state
forever. However, for practical applications the atoms cannot be free, but it
is crucial to contact them electronically for manipulation and readout. For
example this is readily achieved by depositing the atoms or molecules con-
taining a magnetic ion on a metallic substrate to investigate or manipulate
them using an STM. As a result, the ion’s full Hamiltonian will additionally
feature the perturbations caused by the interaction with its environment,
i.e the metallic substrate and or the ligands. Hence, the degeneracy of the
multiplet may get lifted as described above and transitions between the
different spin states may occur due to thermal fluctuations and electron
scattering processes.

The idea of SMMs is now to use organic ligands - not only to screen the
ion from interactions with the metallic substrate - but mainly to control the
ion’s environment in such a way, that the crystal field eigenstates feature
a certain desired spin spectrum. For a classical bit this would merely be a
doublet of two states that are separated by an energy barrier. The easiest
example to illustrate this idea is an angular momentum | with uniaxial
anisotropy. The crystal field Hamiltonian in this case reads

Hcr = DJ?. (2.39)

Figure shows the corresponding spectrum for the spin | = 3/2. The
degeneracy of the four initial states is lifted and the spectrum contains of
two so-called Kramers doublets. This splitting, that occurs even in the absence
of an external magnetic field, is the aforementioned ZFS and is the base
of SMMs. In the case of D < 0 (D > 0), the state with larger (smaller) |,
is favored. The spin is said to exhibit out-of-plane (in-plane) anisotropy.
The first case (D < 0) is well-suited for a bit, since the two orientations
with m; = £3/2 are separated by an energy barrier. Therefore, one ex-
pects no transitions between the two states of the ground state doublet for
temperatures kgT < 2D. Moreover, elastic spin-flip scattering - that means
without energy transfer - like in a Kondo system is not possible, since every
scattering process can only transfer 171 of angular momentum. To overcome
the barrier by tunneling through it, a third order process was necessary,
which is very unlikely. Therefore, one expects this case to represent a stable
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Figure 2.9: Energy diagram for a spin ] = 3/2 with uniaxial anisotropy. (Left) For out
of plane anisotropy the spin cannot be reversed by elastic scattering. Therefore, the states
with m; = +3/2 are stable. (Right) In the case of in plane anisotropy this is possible,
such that this represents a Kondo system.

bit. In the latter case (D > 0), however, there is no barrier and a single
(elastic) scattering event can already flip the spin. Thus, one would expect
this to be a Kondo system, where the magnetic moment is screened by the
conduction electrons of the metal substrate. In STS one would expect to
see an inelastic excitation at the energy 2D for both cases and a Kondo
resonance at zero bias only for the latter case.

In reality, however, it is not easy to get a system with uniaxial anisotropy, but
ions on surfaces or in molecules rather do only exhibit discrete rotational
symmetry in the x-y-plane. The result will be, that m; will not be a good
quantum number anymore and the crystal field eigenstates will be super-
positions of the J, eigenstates. This can easily be illustrated by following
a simple heuristic approach for the crystal field Hamiltonian analogue to
reference [94] as a quadratic form:

ﬁCF:f'

IS
S~

(2.40)

33



2 Theoretical and Experimental Background

Note, that due to time inversion symmetry, the Hamiltonian must not
include odd powers of f. Since D is hermitian we can choose the coordinate
system such that

,}:[CF = Dxx]?c + Dny + Dzzf,g (2-41)
= DJ7 + E(J; = J;) + const, (2.42)

with the coefficients being
D = D,; —1/2(Dxx + Dyy), E =1/2(Dxx — Dyy). (2.43)
The constant in equation can be omitted such that we get
Hcr = DJ? + E/2(J2 +J2) (2.44)

with the ladder operators
f:i: = fx + ify- (2.45)

In the case of uniaxial anisotropy, i.e. Dyy = Dyy, the second term vanishes
and one gets back the Hamiltonian of equation [2.39]

With this, the former spin | = 3/2 system with D < 0 shall be revisited
in the case of lower symmetry, for instance twofold rotational symmetry
in the x-y-plane. In this case the Hamiltonian will mix two states with
Amj = 2, such that there will be two sets of eigenstates. The result is
sketched in figure The crucial point now is, that because of this mixing
the matrix element («|f - &|6) is non-zero. Consequently, a single elastic
spin-flip scattering event can already cause transitions between the two
states |a) and |6) of the lowest doublet. The spin is said to tunnel through
the barrier and this effect is usually referred to as quantum tunneling of
magnetization (QTM). Consequently, this case again represents a Kondo
system.

Yet another example would be the case of fourfold symmetry (Dyy = D).
From equation follows directly that E = 0 - and analogue to the case of
uniaxial anisotropy - that the spin ] = 3/2 will be stable again. These easy
examples illustrate that a spin’s stability, in general, crucially depends on
the crystal field symmetry [95]. This issue will be tackled in the next section
243
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Figure 2.10: Energy spectrum for a spin J = 3/2 with twofold rotational symmetry.
In this case first order transitions from one subset to the other are possible via Kondo
scattering.

2.4.3 Stevens Operators

The previous section illustrated, that the crystal field symmetry is crucial for
the spin Hamiltonian and therefore for a spin’s stability. A very convenient
method to exploit the point symmetry of the crystal field is using Stevens
operators [62, 93, 94, 96]. The underlying idea is to treat the crystal field
of the spin’s environment as an assembly of point charges and expand the
resulting crystal field potential in terms of spherical harmonics:

V(r,0,¢) = Z Z Bl Y[ (6,¢). (2.46)
=0g=—k

Given the symmetry group of the environment, only certain expansion coef-
ficients BZ can be non-zero. In the next step the Stevens operator equivalents
A .. 2 s . )
OZ, that are combinations of J*, |1, |- and J;, are introduced. These opera-
tors are equivalent in the sense, that they yield the same matrix elements as
their corresponding combination of spherical harmonics. In this respect the
Wigner-Eckart theorem was used. With this the Hamiltonian can be written
as

k
=YY BlO]. (2.47)
k g=0

Therein, an operator OZ involves only terms with the components Ji to the
power k, while the ladder operators J, and J_ occur precisely to the power
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of g. Consequently, the sum only includes even numbers k due to time
reversal symmetry. Moreover, all terms with k > 2] or k > 2/ vanish, where
= 2 or [ = 3 for 3d- or 4f electrons, respectively. A list of these operators
can be found for instance in [62, 93].
The convenience of this formalism is that all the non-zero coefficients BZ
are directly given by the symmetry group of the molecule. For instance,
in the case of n-fold rotational symmetry only the coefficients with g =
z-n (with z € Np) are non-zero. As a result, the crystal field eigenstates
will be superpositions of states with Am; =z - n (with z € INy).
Applying these rules for instance to the spin | = 3/2 in twofold symmetry
from the previous section, one gets

Her = BIOS +B30O3 =BY (32— J(J+1)) +B31/2(J2 +J2), (248)

which is equivalent to the heuristic approach of equation [2.44]

2.4.4 Spin Crossover Molecules

Spin crossover complexes are a special kind of magnetic molecules where
transitions between a non-magnetic state and a paramagnetic state occur
[26,]97, 98]. These transitions, which are usually referred to as spin crossover
(SCO), are driven thermally. However, a SCO can also be triggered by vari-
ous external perturbations, such as light or x-ray irradiation [99, 100, 101],
pressure [102] or electrical currents [103], making these molecules interest-
ing candidates for multifunctional spintronic devices. In the following, the
underlying physics of these type of molecules and the SCO transitions shall
be discussed briefly.

The prototypical SCO molecule consists of a central transition metal ion
with the electronic configuration [Ar]3d° (e.g. Fe?™ or Co®") surrounded by
organic ligands with 6-fold octahedral coordination, as illustrated in figure
Following the procedure described in section the degeneracy
of the 3d orbitals is lifted and one ends up with two sets of states. These
so-called ty; and e, states correspond to irreducible representations of the
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Figure 2.11: Octahedral geometry and crystal field splitting. In the octahedral envi-
ronment, the 3d orbitals split in two sets of trg and eg orbitals.

octahedral symmetry group. Their spatial representations are depicted in
figure Indeed, these wave functions are real functions such that the
orbital angular momenta of the 3d electrons are quenched:

({egH T l{eg}) = ({tag} T [{tg} ) = 0. (2.49)

In figure it strikes right away that the e, orbitals are oriented along the
coordinate axes, i.e. in the direction of the coordinating atoms sitting on
the corners of the octahedron, while the t,, orbitals avoid these directions.
Accordingly, an e, electron will experience a stronger electrostatic repul-
sion due to the ligand atom than a ty; electron. Hence, the latter orbital is
expected to be energetically favorable in this picture.

In the next step these orbitals have to be occupied by the six 3d-electrons.
Depending on the competition between the splitting A on the one hand and
the pairing energy of two electrons occupying the same orbital on the other
hand, two cases can occur. This issue is illustrated in figure Firstly, if
the splitting A is large, it will be energetically favorable for the electrons to
simply pay the pairing energy in oder to occupy the lower lying t», orbitals.
The result is a non-magnetic ground state with S = 0. Conversely, if A
is relatively small, it will be favorable for the electrons to simply follow
Hund’s first rule to minimize electron-electron repulsion by maximizing
the total spin. Thus, the total spin will yield S = 2. The first case is usually
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Figure 2.12: Spatial representation of the eg and tg orbitals. The distance to the origin
gives the absolute values of the wave function for every orientation (6, ¢).

referred to as low spin (LS) or strong field case, while the latter is called high
spin (HS) or weak field case.

A more advanced approach, than simply treating the metal ion’s envi-
ronment as an assembly of point charges, is ligand field theory. Here, the
orbtial structures of the ligands and their overlap with the 3d, 4s and 4p
orbitals of the transition metal ion is taken into account [104]. The result is
a set of molecular orbitals (MO). Those MOs with a bonding character will
be fully occupied and are therefore rather not interesting for the magnetic
properties of the molecule. Overlooking these bonding orbitals, one ends
up in a situation that is qualitatively equivalent to the previous result,
where six residual electrons have to be distributed to three non-bonding
trg and the two lowest lying anti-bonding e, orbitals. Thus, the result is
qualitatively the same, that was obtained by the more simplified picture
of crystal field theory. Still, one expects a weaker metal-ligand bond and
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Figure 2.13: Electron configuration for high spin and low spin state of a spin
crossover molecule.

therefore a slightly larger metal-ligand distance for the HS case, because of
the anti-bonding character of the e, orbitals.

For a SCO molecule both, LS and HS case, exist and transitions between the
two states occur. For this to happen, it is crucial that HS and LS state have
very similar energies, with the LS state having a slightly lower energy at 0 K.
Then, the thermal SCO must occur due to simple thermodynamic reasons:
Considering that the Helmholtz free energy F = U — TS must be minimal in
equilibrium, at low temperatures the ground state, i.e. the non-magnetic LS
state, is favored. With increasing temperature, however, eventually the state
with the higher entropy will be favored. This is the paramagnetic HS state
mainly because of two reasons. First of all because of its additional spin
degree of freedom. Secondly, the density of states for vibrational excitations
is higher for the high spin state, which is a result of the slightly longer and
weaker metal-ligand bond [26].

The possibility to trigger the SCO by applying pressure also follows from

the difference in the metal-ligand bond between LS and HS state. At high
pressures the state with the shorter bond and hence the smaller volume
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Figure 2.14: Scheme of the mechanism underlying the LIESST effect

should be preferred. Accordingly, upon increasing the ambient pressure,
eventually a HS — LS transition should occur.

In contrast, the light induced SCO is not a thermodynamic transition,
but relies on the metastability of the HS state. The underlying process is
called light induced excited spin state trapping (LIESST) and is depicted in
figure in a very simplified manner. By absorption of a photon, the
molecule can be excited from the initial LS state to a higher energy state
|a). The relaxation - usually consisting of many steps - eventually ends up
with the molecule in a state |b), that can decay either to the LS or the HS
state. Since the decay back to the LS state is fast and the direct transition
from HS to LS state is suppressed and therefore slow, one will eventually
end up in the HS state. The x-ray induced SCO works analogously and is
called soft x-ray induced excited spin state trapping (SOXIESST).

40



2.5 X-ray Absorption Spectroscopy and Magnetic Dichroism

2.5 X-ray Absorption Spectroscopy and Magnetic
Dichroism

X-ray absorption spectroscopy (XAS) refers to the measurement of the
absorption coefficient of a sample as function of photon energy. As the
latter is gradually increased while acquiring a spectrum, a sudden increase
in the absorption occurs every time the photon energy is high enough
to excite a core electron above the Fermi level into the conduction band
[105, 106]. These jumps are usually referred to as absorption edges. As
the respective edge energies depend on the binding energies of the core
electrons, this technique is highly element-specific. Using x-ray sources with
high brilliance like modern synchrotron facilities, sensitivities way beyond
one monolayer of atomic or molecular coverage are readily achieved, which
makes XAS a very convenient and powerful tool in surface science and in
particular in order to investigate SMMs on metal surfaces.

Generally, for samples containing 3d transition metals the L3 and L, ab-
sorption edges are particularly interesting. As illustrated in figure
those two edges correspond to the transitions from 2p3,, and from 2p,,,
to the empty 3d states, respectively. In this respect, one simple application,
which is very relevant for this work, is the distinction of the spin state of
spin crossover molecules [101], where the d-orbitals of the central divalent
iron ion are split as elaborated in section In the HS case excitations
to both, the lower ty; levels and e, levels are possible, while in the LS
state only transitions to the higher e, levels are possible. The absorption
edges measured for HS and LS molecules will therefore differ in shape and
position. This specific example is also shown later in chapter |6.3|for Fe-Pyrz
molecules.

In an extension of XAS, circularly polarized photons are used, which addi-
tionally enables to probe the sample’s magnetic properties. For this purpose,
the magnetic dichroism, i.e. the difference in absorption for left- and right-
handed circularly polarized photons is measured. In such an experiment,
the sample magnetization is oriented along the x-ray propagation vector
k. This experimental technique is called x-ray magnetic circular dichroism
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Figure 2.15: Schematics and experimental setup of an XAS or XMCD measurement.
(a) The electronic transitions referring to L, and L3 absorption edges are shown. (b) A
typical experimental setup for XAS or XMCD measurements is shown.

(XMCD) spectroscopy and allows the element specific analysis of spin and
orbital contributions to the magnetic properties of a sample [105} 107, 108,
109]. The origin of this difference in absorption for right- (¢) and left-
handed (¢—) polarization in magnetic materials can easily be understood
for the XMCD of the Lz and L, edges of 3d transition metals in a simple
one-electron picture, where the absorption process is divided into two steps
(107, 109].

In the first step, the photons with polarization o transfer £1% of angular
momentum to the 2p electrons. Such an absorption process corresponds to
a transition with Am; = +1. Because of spin-orbit interaction, though, the
photon’s angular momentum is partially transferred to the electron spin. To
be specific, both, |2p, ,,) and |2p; ,,) states, are spin-orbit eigenstates, such
that the spin orientation is coupled to that of the orbital angular momentum.
As a consequence, a dipole transition with a given Am; favors one spin ori-
entation over the other, such that the excited electrons are spin-polarized. In
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the second step, the 3d band acts as a spin analyzer, since for a ferromagnet
the density of states at the Fermi level is different for spin up and spin down
electrons. Hence, according to Fermi’s golden rule, different transition rates
are expected for Am; = +1 and Am; = —1 transitions. Altogether, this re-
sults in different absorption coefficients for the two opposite polarizations.
Naturally, reversing the sample magnetization has the same effect as using
the opposite polarization.

With more elaborate theoretical considerations the so-called sum rules can be
derived. These very simple rules describe quantitative relations between the
total intensities of the XMCD of the L, and L3 edges with the components
of the spin and orbital magnetic moments along the sample magnetization,
i.e. the beam direction [105, 107]. This even allows to probe the magnetic
anisotropy by measuring the XMCD at various sample orientations with
respect to the beam [110]. A more elaborate discussion of these sum rules,
however, is beyond the scope of this work, since such an analysis was
not performed. The XMCD measurements in chapter 6.3| could merely be
interpreted in a qualitative way.

A typical experimental setup of such an x-ray absorption measurement
is schematically depicted in figure A synchrotron is used as x-ray
source. The synchrotron radiation is produced either by a bending magnet
or as it is common in more modern synchrotrons by an undulator [106,
109]. In the former case, the polarization needs to be determined by the
opening position of the beam line’s aperture: While the synchrotron radia-
tion is linear polarized in the plane of the storage ring, it is partly circularly
polarized above or below this plane [106, 109]. After passing some x-ray
optics, the beam hits the monochromator, which is usually a grating, i.e.
a textured surface, where the beam is diffracted. By correctly setting the
diffraction angle, the energy of that part of the beam, that is used to probe
the sample, can be determined.

Before the beam hits the sample, it has to pass a gold grid first, where
the initial intensity Iy is measured as a photocurrent. This signal is used
to normalize the absorption signal in order to eliminate irradiation fluc-
tuations. The sample is located inside a coil, which is able to magnetize
it along the beam direction, such that B||k inside the coil. For measuring
the sample absorption, the most straightforward way is to measure either
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the sample current or the sample fluorescence, which is referred to as total
electron yield (TEY) and fluorescence yield (FY), respectively. The underlying
principle is simple: The absorption of an x-ray photon results in an empty
core state. The relaxation of an electron to this core level will either emit
fluorescence light, or Auger electrons [111]. The fluorescence signal can
directly be measured by an additional detector. Auger electrons are usually
high in energy (several hundert eV), such that their inelastic mean free
path is rarther short (of the order of nm) [112]. Accordingly, one Auger
electron will excite a whole bunch of secondary electrons, that is able to
leave the sample. As a result, a photocurrent that is proportional to the
x-ray absorption can be measured in TEY.

In the end, the surface sensitivity of XAS depends on the detection method
[106, 113, |[114]: Typically the penetration depth of soft x-rays is of the order
of some 100 nm. The highest surface sensitivity (roughly 1nm) is achieved
by detecting Auger electrons only, which would require an additional de-
tector with energy analyzer. Thus, it is more convenient to measure the total
number of photoelectrons, i.e. the TEY, which results in probe depths of
roughly 10 nm. Conversely, a FY measurement is more bulk sensitive with
probe depths of the order of 100 nm. In this work, all measurements were
performed in the TEY mode.

2.6 Magneto-Optic Kerr Effect

The magneto-optic Kerr effect (MOKE) refers to the phenomenon, that the
plane of polarization of light is rotated upon reflection from a ferromagnetic
surface [115]. This effect is closely related to the Faraday effect, which de-
scribes the change of polarization upon transmission. Both effects rely on a
different dielectric response of a ferromagnet on the right- and left-handed
circularly polarized components of light. The microscopic cause of this lies
in the spin-orbit coupling: lllustratively, right- and left-handed circularly
polarized light excite opposite electron movements. Due to spin-orbit inter-
action, these orbital movements are coupled directly to an electron’s spin
orientation. Since opposing spin orientations are not energetically equiv-
alent in a ferromagnet, a different dielectric response results for the two
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Figure 2.16: Different MOKE geometries. The different MOKE geometries are charac-
terized by the orientation of the sample magnetization. Moreover, the direction of the
electric field vector for p- and s-polarization is shown.

circular polarizations [46, [116| 117]. The Kerr effect is usually quantified by
the Kerr angle Ox. Since also the absorption is different for the two circular
polarizations, in general, the Kerr angle is complex, such that

Ok = O +iOY, (2.50)

where O is the Kerr rotation and O} is referred to as the Kerr ellipticity. Both
quantities depend linearly on the sample magnetization [117].

Both, Kerr and Faraday effect can be described phenomenologically for an
isotropic material by a dielectric tensor of the form

1 Q. —iQ,
e=e|-iQ. 1 Q. |, (2.51)
iQ, -iQ. 1

where the vector Q points along the sample magnetization and is usually
referred to as Voigt-Vector [46]. For MOKE, three different experimental
geometries exist, namely polar, longitudinal and transversal MOKE. For the
different geometries, which are illustrated in figure different compo-
nents of Q are probed.

The most straightforward way to perform MOKE measurements in order
to characterize a magnetic sample would be to simply measure the Kerr
rotation. Such a setup is schematically shown in figure A laser together
with a polarizer provides linear polarized light, which is reflected from the
magnetic sample. The reflected light is detected by a photodetector after it
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Figure 2.17: A prototypical MOKE setup. For MOKE measurements on an in-situ sam-
ple, an additional quarter-wave plate is used to compensate for the effects of the windows
of the UHV chamber.

passed a second polarizer, which is perpendicular with respect to the first
one. Like this all the signal in the detector originates from the Kerr rotation.
For instance, if the incident light was p-polarized, then the reflected beam
would be partly s-polarized and the Kerr rotation was merely given by

Es

Ok ~ tan (@K) = E
p

(2.52)
Hence, the measured intensity depends quadratically on the Kerr angle.
Because of this, it is convenient, to not set the second polarizer exactly
perpendicular with respect to the first one, but to offset its rotation by a
small angle 6 [116, 117]. Then, the measured intesity will be given by

20

I =|E,sind + E;cosd|* =~ Iy (1+ 5

> , with I = |E,|?6%.  (2.53)
Like this, small changes in the Kerr rotation, that occur for instance while
ramping an external magnetic field in order to acquire a hysteresis loop,

are easily detectable.

Another difficulty arises for MOKE measurements on samples in UHV.
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There, the laser beam needs to pass two windows in and out of the UHV
chamber, as indicated in figure Oftentimes, these windows are bire-
fringent, which would contribute to the MOKE intensity. It is therefore
convenient to include a quarter-wave plate such that the window effects
are canceled [116, [117]. The MOKE setup used in this work, too, works
according to this principle. The initialization of the MOKE setup before
the experiment hence included setting both, the quarter-wave plate and
the second polarizer such that the measured intensity was minimum, and
afterwards adding a small offset to the polarizer orientation.

Because of the insertion of the quarter-wave plate, though, in this configura-
tion the Kerr ellipticity is measured rarther than the Kerr rotation. This can
easily be seen in the above mentioned example of an incident p-polarized
beam [116, 117]. The wave plate adds a phase shift of 90° between the p-
and the s-polarization. Using equation yields, that this is equivalent to
O — e™/2@, i.e. the Kerr rotation and the Kerr ellipticity swap roles.
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This chapter gives an overview of the experimental setups and methods
used. This includes the sample preparation methods and the measurement
facilities. A total of three different setups including low-temperature STMs
were used. These setups, that operate in ultra high vacuum (UHV) at base
temperatures of 4.2K, 700 mK and 25mK, respectively, will be referred to
as 4K STM, Joule-Thomson STM (JT) and dilution STM. All of these cryostats
including the scanning tunneling microscopes are homebuilt and were
designed and assembled in the group of Prof. Wulf Wulfthekel [118, 119,
120]. In this chapter, first the common arrangements of the UHV chambers
of those three setups will be discussed, following a short description of the
cryostats and microscope heads. This will also include a short discussion of
the underlying principles of a He/*He dilution refrigerator. The following
sections will then describe sample and STM tip preparation. Finally, the last
section gives a short overview of the WERA beamline, where the XAS and
XMCD measurements were performed. There, also the sample transfer from
the 4K setup to the beamline using a vacuum suitcase will be discussed.

3.1 Ultra High Vacuum Setups

Both, the sample preparation and STM measurements were performed in
ultra high vacuum (UHV) in order to prevent pollution of the samples by
adsorbates from the gas phase. Thereby, typical base pressures are of the
order of 107! mbar. The basic arrangement, which is very similar for the
three used setups, is depicted schematically in figure The basic setup
consists of three individually pumped chambers - an air lock, a preparation
chamber and an STM chamber including the cryostat, that are connected via
gate valves. Using different kinds of manipulators, the sample plates can
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be transferred between neighbouring chambers in-situ, i.e. without ever
leaving UHV conditions.

The UHV is created by using turbo molecular pumps (TMP). The nec-
essary pre-vacuum is generated by rotary vane pumps evacuating buffer
volumes (barrel), which make up the back sides of the three TMPs. The
pressure of each chamber can be monitored by ionization gauges. Since STM
measurements are very susceptible to mechanical vibrations, all mechanical
pumps must be shut down during the measurement process. In order to
still maintain the vacuum conditions during the measurement, both STM
and preparation chambers possess ion getter pumps. Additionally, in the
preparation chambers there are titanium sublimation pumps, while the STM
chambers contain adsorption pumps made from a commercially available
getter material (SAES pump).

The majority of the sample preparation takes place in the preparation
chambers. There, sputter guns are mounted to clean a sample, which during
operation are differentially pumped via the air locks. To anneal a sample
by electron bombardment, the manipulators contain tungsten filaments for
thermionic emission. Moreover the chambers feature devices for low energy
electron diffraction (LEED) and Auger electron spectroscopy (AES), a quadrupole
mass spectrometer (QMS) for residual gas analysis and various metal evapo-
rators for molecular beam epitaxy (MBE). A detailed description of the used
devices and methods for the sample preparation will be given in section 3.3|
Moreover, the preparation chamber of the 4K setup features a magneto optic
Kerr effect (MOKE) setup, that works according to the principles discussed
in chapter

The airlocks are used to transfer samples and STM tips in and out of the
vacuum and contain the molecular evaporator used for the molecule depo-
sition. Finally, the STM measurements take place in the STM chambers. In
order to isolate the measurements from mechanical vibrations, every setup
is mounted on a platform, which is borne by a pneumatic vibration isolator
support by the company Newport.
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Figure 3.1: Basic arrangement of the UHV setups. This corresponds to the exact UHV
setup of the JT setup. Small differences occur at the dilution and the 4K setup, where
there are additional gate valves to separate the ion getter pumps from the STM and
preparation chambers. Moreover, in the 4K setup the sputter gun is differentially pumped
not by the air lock, but by an additional chamber that includes the molecular evaporator
and is connected to the preparation chamber by another gate valve.
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3.2 Cryostats and Scanning Tunneling Microscopes

Cryostats

All STM measurements of this work were performed at low temperatures.
For most of the experiments this is necessary in order to have a sufficient
energy resolution in spectroscopy as discussed in chapter Additionally,
thermal fluctuations will strongly influence the stability and coherence of a
spin system. Furthermore, thermally activated diffusion of molecules on
surfaces and even atoms of the STM tip is hampered at low temperatures,
which yields much more stable measurement conditions. Last, due to the
cryo pump effect, better experimental pressures are reached.

The three homebuilt cryostats of 4K, JT and dilution setup are wet cryostats,
which means that cryogents such as liquid nitrogen (LN;) and liquid Helium
(LHe) are necessary. In figure the JT cryostat structure is exemplified
[118]. In case of the 4K and JT setup, the LHe tank is inside the tank for
LN>. Both tanks are thermally isolated from the external and each other by
vacuum and contain a radiation shield from silver-coated copper, that are
supposed to minimize the heat input by thermal radiation. Additionally, heat
exchangers are located inside the LHe supply pipe at the shield positions,
such that the shields are additionally cooled by the cold exhaust gas from
the helium bath. In case of the 4K setup, the STM head is directly thermally
coupled to the LHe bath, such that the experiment temperatures are close to
the boiling point of helium at 4.2 K. The cryostat of the JT setup additionally
contains a closed-cycle JT stage with >He as cooling refrigerant. When the
circulation is activated, compressed and filtered 3He gas is introduced to the
cycle. The gas is then pre-cooled stepwise by countercurrent heat exchange
with the cold gas from the backside of the JT stage and direct heat exchange
with the LHe bath. Finally, the gas expands through a narrow capillary
into the JT pot. Thereby the >He cools down due to the Joule-Thomson
effect. The STM head is thermally coupled to this JT pot by gold wires,
such that experiment temperatures below 700 mK can be achieved [118,119].

The structure of the dilution setup is more subtle and elaborated in refer-
ence [120]. There the LHe tank is located below the LN, tank but inside
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the nitrogen shields for space reasons. Inside the LHe tank is a commercial
SHe/“*He dilution fridge insert by BlueFors Cryogenics. With this, temper-
atures as low as 25mK can be reached at the STM head. The underlying
principles of a He/4He dilution refrigerator will be discussed later in this
section.

Scanning Tunneling Microscopes

The STM heads are hanging freely from the cryostats by three springs made
from beryllium-copper or phosphor-bronce. This is supposed to mechani-
cally decouple the STMs from the external in order to minimize vibrations.
In order to transfer samples and tips, every STM can be parked, that means
fixed in a high, accessible position using a lever mechanism. In the unparked
state during measurements, every STM head hangs in a lower position in-
side a superconductive coil from niobium-titanium, which can provide
magnetic fields in z-direction, i.e. perpendicular with respect to the sample
surface. The maximum possible fields are 200mT, 3T and 7.5T for 4K, JT
and dilution setup, respectively. The current supplies of the coils are high
temperature superconductors (HTS) from REBCO (Rare Earth elements with
Barium Copper Oxide). At the JT setup, the maximum magnetic field is
additionally constraint by the Joule heating caused at the ohmic contacts
between HTS and coil. Thus, in this work the maximum magnetic field
accomplished at this setup was 1.7 T. Figure shows the basic structure
of the STM heads again using the example of the JT STM: The sample
holder plate is located inside a stage, which can be moved in x-direction
using a piezo motor. The motor consists of stacks of shear piezos and works
according to the slip-stick principle. The tip holder is located on a piezo
tube scanner [28], which is mounted on a copper prism. The prism again is
supported by piezo stacks that allow a coarse motion in z-direction, which
is used to approach the tip to the sample into the tunneling regime. Most of
the constituent parts are made from copper or beryllium-copper in order
to provide high thermal conductivity, which enables fast thermalization of
STM and sample. In the parked state, the sample stage is directly accessible
through doors in the radiation shields in all setups. This enables simple
in-situ sample and tip transfers. The tip transfer procedure is described
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(@) JT cryostat (b) JT STM head

Figure 3.2: Cryostat and STM head of the JT setup. (a) The JT cryostat: LN, tank (1),
LHe tank (2), LHe supply/exhaust pipe (3), in and out let of 3He (4), countercurrent
heat exchangers for 3He (5), radiation shields (6), heat exchangers (7), superconductive
coil (8) and STM head (9). (b) The JT STM: Sample stage (1), sample holder plate (2),
piezo motor (x coarse motion) (3), piezo scanner with tip (4), copper prism (5) and piezo
motor (z coarse motion) (6). Both images are adapted from reference . Reuse was
permitted by W. Wulfhekel.

elaborately in [118]. The STM heads of dilution [120] and 4K setup are
designed similar and work according to the same principles.

Electronics

For executing all measurements and controlling all functions commercial
Nanonis controllers with the corresponding software interface by SPECS
were used. This includes all the relevant STM control procedures including
(x,vy,z)-positioning of the STM tips and scanning, the feedback loop, tunnel-
ing voltage, spectroscopy experiments, all data acquisition, the STM heaters
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and the piezo motor control. In order to measure the tunneling current of
the order of a few pA, commercial low noise current amplifiers by Femto
are used. These amplifiers provide amplification factors up to 10° V/A at
bandwidths of the order of 1kHz. The output voltages are directly con-
nected to the Nanonis systems and analogue lock-in amplifiers by Princeton
Applied Reasearch. The latter are used for STS measurements as discussed
in section At the dilution system, the built-in lock-in module of the
Nanonis system was used for STS measurements. Finally, the magnetic
fields are controlled by commercial controllers by Oxford Instruments.

3He/*He Dilution Refrigeration

A 3He/*He dilution refrigerator is based on the thermodynamical prop-
erties of mixtures of the two isotopes at low temperatures [121, 122} [123].
Figure illustrates schematically the most important features of the
corresponding phase diagram: At low enough temperatures and *He con-
centrations the mixture is in a superfluid state, while on the right-hand
side of the so-called A-line, i.e. at high 3He concentrations, it behaves like a
normal Fermi liquid. The crucial point is, that below a critical temperature
of Tc = 870mK the two isotopes are not truly mixable. The phase sepa-
ration yields on the one hand a phase with very high *He concentration,
and on the other hand a 3He-poor phase, the so-called diluted phase. Since
the 3He-rich phase has a lower density, it will float on top of the heavier
diluted phase. Another specific feature occurs in the limit T — 0: While
the concentrated phase results in practically pure *He, the diluted phase
approaches a finite >He concentration of roughly xo = 6.5 %, which is rather
temperature-independent at low temperatures.

A dilution fridge exploits, that the transition of a *He atom from the
concentrated phase through the phase boundary into the diluted phase
is endothermic, such that thermal energy is drawn from the environment
during the process. This process is similar to an evaporation process as
the enthalpy of a 3He atom is higher inside the diluted phase. Figure
shows a simplified schematic of a structure of a dilution refrigerator similar
to the one of the dilution setup [120} [121]. First, the purified, compressed
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mixture is stepwise pre-cooled by heat exchange with the LN, bath, the
helium radiation shield and finally the LHe bath. Before the mixture enters
a Joule-Thomson expansion stage in the next step, it is further cooled by
heat exchange of return gas or the still. Due to the JT expansion the mixture
condenses and accumulates in the mixer. In the steady-state operation, i.e.
when enough mixture is condensed, the mixer contains both phases, the
concentrated phase and the diluted phase, while the latter even reaches
the still. The mixer is the coldest part of the cycle, since the cooling pro-
cess, where *He passes the phase boundary, happens there. In the still the
mixture can evaporate and is further pumped and fed back into the cycle.
Since the vapor pressure of *He is significantly larger than the one of *He,
the evaporating gas is almost pure *He. Consequently, as this evaporation
process would lower the *He concentration in the diluted phase, new *He
is drawn through the phase boundary in order to maintain a dynamic
equilibrium. Thus, the circulating gas will be almost pure *He. It is now
apparent, why it is beneficial, that the diluted phase maintains a finite,
temperature-independent concentration of *He when approaching zero
temperature. Like this the cooling power, which is determined by the rate
of 3He atoms passing the phase boundary, remains constant in this limit.
Finally, it should be stressed, that the issue of heat exchange of the incoming
mixture to several stages of the cycle is more subtle than this simplified
picture and that this is very essential for the performance of a dilution
refrigerator.

3.3 Sample Preparation

3.3.1 Subrate Preparation

Before growing the molecules that are supposed to be investigated, a clean,
well-defined substrate surface has to be prepared first. This section de-
scribes the corresponding methods and procedures, that were used in this
dissertation.
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Figure 3.3: Helium phase diagram and structure of a dilution refrigerator. (a) A car-
toon schematically shows the most important features of the phase diagram of a mixture
of 3He and *He. The axes correspond to the temperature T and the 3He concentration
x. The transition to a superfluid for *He occurs at Ty = 2.17K, while the critical point
occurs at Te = 870mK and xc = 0.67. The smallest *He concentration in the diluted
phase is xg = 6.5% [122,123]. (b) A simplified structure of a dilution refrigerator is
illustrated.

Single Crystals

Using a metallic single crystal as substrate, a clean and well-defined sam-
ple surface is usually achieved by several cycles of argon sputtering and
annealing. Thereby, argon gas is introduced into the preparation chamber
(pressures < 1.0 X 1077 mbar). In the sputter gun the argon atoms are ion-
ized and accelerated towards the sample surface by a high voltage (HV) of
the order of 3kV —4kV. Due to the impact of the argon ions, their momen-
tum is transferred to the atoms in the substrate surface, such that these may
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be ejected. Typical parameters for one sputtering cycle are 30 min at a sput-
ter current, i.e. the ion current reaching the sample surface, of about 2 pA.
Thereby, eventually several atomic layers can be removed off the substrate
surface. In order to maintain a low pressure in the preparation chamber
during this process, the sputter gun is differentially pumped via the air
lock when operated. After sputtering the sample surface is typically very
rough. Therefore, the sputtered sample needs to be annealed, i.e. heated
to several hundred degree Celsius, such that a smooth surface is regained
by diffusion. Moreover, impurities are able to diffuse from the bulk to the
surface, such that they can be removed by subsequent sputtering cycles. The
sample heating is achieved by electron bombardement. For this purpose,
a tungsten filament at the sample manipulator is heated by a current in
order to achieve thermionic emission. The emitted electrons are accelerated
towards the backside of the substrate by a high voltage, where they transfer
their kinetic energy to the crystal so that the latter is heated. While the an-
nealing procedure, the surface temperature of the crystal can be monitored
using an infrared pyrometer. The used single crystals Au(111), Cu(111) and
Cu(100) all were cleaned and prepared by several cycles of sputtering and
subsequent annealing to 450 °C — 500 °C.

Fe,N/Cu(100)

Before the preparation of a monolayer of iron nitride (Fe;N/Cu(100)), the
Cu(100) crystal first needs to be cleaned according to the aforementioned
procedure. After the crystal is cooled down following the last annealing,
nitrogen needs to be implanted into the copper surface first. This was
achieved by sputtering the crystal with nitrogen at low energies such as
650 eV. In the next step, approximately one monolayer of iron was deposited
on the sample surface using an iron evaporator. In the last step, the crystal
is mildly annealed to about 325 °C. Thereby, the implanted nitrogen diffuses
to the surface and together with the deposited iron the desired monolayer
of iron nitride is formed. It turns out that both, the precise annealing tem-
perature as well as the amount of iron deposited are crucial for the result. In
fact, too low temperatures can result in a rather rough surface or numerous
defects. Too high temperatures presumably cause too much desorption of
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nitrogen, while excess iron may diffuse underneath the iron nitride layer
and aggregate [124]. Unfortunately, during the course of this work, the
rather complex growth of Fe;N/Cu(100) could not be fully understood.
However, the monolayer iron nitride exhibits a very characteristic atomic
reconstruction which can be identified in topography scans with atomic
resolution. Figure 6.5b|in chapter 6.2 shows such an image for a successfully
prepared sample. Thereby, the quality of the iron nitride film could still be
ensured for those samples whose results are presented in chapter The
properties of FeoN/Cu(100) and why it is interesting as a substrate shall
also be discussed in this chapter.

It should be mentioned, that there were problems regarding the tempera-
ture measurement using the pyrometers. Since the measured temperatures
are determined by the measured intensity of thermally emitted infrared
radiation of one certain wavelength, the result can be different for differ-
ent sample pyrometer geometries, for instance, when the sample is not
exactly in the focus plane of the pyrometer. Unfortunately, since especially
in the JT setup both, sample and pyrometer position and alignment are
not fixed, the measured temperatures during an annealing process are not
fully reproducible. Moreover, the minimum emissivity that can be set for
the used pyrometers is still too high for the used single crystals. These
issues not only complicate the comparison to temperatures measured at
different setups, but also hamper the replication of simple recipes from
literature. While these problems are rather unimportant for preparing the
single crystal surfaces, it did cause problems for the preparation of the
monolayer Fe;N/Cu(100), such that the latter could not be achieved in a
reproducible manner. Here, another approach where a constant HV and
constant emission current are applied over a fixed amount of time, turns out
to be more reproducible. Applying 850V at an emission current of 1.6 mA
for 3 min was used for the successfull FeoN sample presented in figure

in chapter
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Lanthanum Strontium Manganate Thin Films

The lanthanum strontium manganate (Laj_,Sr,MnQO3 , short LSMO) thin
film samples used in this work were prepared at Fudan University in
the group of Prof. Jian Shen. They consist of roughly 30 monolayers of
LSMO, epitaxially grown on niobium-doped strontium titanate (STO) using
pulsed laser deposition (PLD). The strontium ratio is close to the optimal
concentration of x = 0.3 [125], while the surface is oriented along the
(001) direction. The epitaxial layer-by-layer growth was monitored using
a reflection high energy electron diffraction (RHEED) system. Since LSMO is
an oxide, its surface is expected to be rather inert and robust, such that
the ex-situ transfer to the 4K setup was not considered a problem. After
introducing the LSMO samples into the 4K setup, they were degassed by
annealing, using only the manipulator filament without HV. Thereby, a
constant current of 1.5 A was applied for 30 min, such that the manipulator
reached a temperature of roughly 118 °C. It is estimated, though, that the
actual sample temperature was significantly higher than this.

Both, Kerr measurements and the growth of Fe-Pyrz molecules on this
LSMO substrate were performed at the 4K setup. Unfortunately, it was not
possible to perform STM measurements to characterize the LSMO sample
and its molecular coverage, because its surface was too rough. At last, the
finished Fe-Pyrz/LSMO sample was transferred to the WERA beamline
at the ANKA synchrotron using a vacuum suitcase. This procedure is
described in more detail in section 3.5,

3.3.2 Molecule Deposition

The molecular deposition is typically the last step of the sample preparation.
For this purpose the molecules, that are available as powder, are sublimed
using a molecular evaporator and deposited on the previously cleaned
sample surface from the gas phase. Typically, deposition rates smaller than
1ML/min are chosen, such that sub-monolayer coverages can easily be
achieved. Before the deposition, however, the molecule powder needs to
be degassed in order to get rid of impurities. Usually this is achieved by
heating the crucible to temperatures below the deposition temperature for
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Figure 3.4: Structure of the molecular evaporators and tip etching process

awhile.

The working principle of the used evaporators is sketched in figure A
crucible containing the molecule powder is heated by a filament up to the
sublimation temperature of the molecule powder. The temperature mea-
surement is carried out by a thermocouple on which the crucible stands.
Usually, the crucible temperature is controlled by a PID controller, that
regulates the heating power according to the discrepancy of the measured
temperature compared to the given setpoint. Also, heating the filament with
a constant current for awhile until the crucible reaches a stable temperature
is possible. In either case, an accurate temperature control, such that the
crucible temperature is higher than the required sublimation temperature,
but lower than any dissociation temperature, is crucial for this process.
One basic difficulty here is, that the exact sublimation temperature of a
compound is often unknown. Furthermore, a direct comparison with lit-
erature or temperatures measured in other evaporators is often hindered,
since this kind of temperature measurement appears to be not very accurate.

Concerning the two molecular evaporators, that were used during the

majority of this work, two additional issues occurred: Firstly, the crucibles
made from Al,O3 are comparatively wide, which hinders their thermaliza-
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tion and therefore the temperature stabilization. Moreover, the relatively
large crucible surface gives rise to a higher amount of impurities.
Secondly, the way bigger challenge was, that the measured temperatures
did not seem to be very reproducible. Arguably, this originates from the
non-rigid thermal contact between the crucible and the thermocouple, that
may be different any time the crucible is removed for being cleaned and
loaded.

In the final stages of this work, when a whole new evaporator with a thinner
crucible form quarz glass and a well-defined crucible geometry was used,
both of theses issues improved significantly. Nevertheless, it should be
pointed out, that the temperatures used for the deposition, that are given in
table should be treated with caution and give merely an idea for the
correct order of magnitude.

Table 3.1: Deposition and degassing parameters

Compound | Tpeposition (°C)  Tpegas (°C) Evaporator type*
DyPc; 400 350 2,3
Fe-Phen 170 150 2
Fe-Pyrz 175 125 3
Cr(acac)s 48-62 62-70 1
Co(acac); 44 44 1

*Evaporator 1 is homebuilt. Evaporator 2 is a commercial evaporator by
CreaPhys. Evaporator 3 is a commercial evaporator by Kentax (point source

Q5y).

3.4 Tip Preparation

The STM tips used in this work were all made from tungsten and were
prepared according to the following protocol: In the first step, the tip is
etched from a tungsten wire using an alkaline solution of NaOH or KOH
(c ~ 1mol/L). For this purpose, a setup like the one illustrated in figure
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was used, where the wire is placed inside a ring-shaped counter electrode
from gold. The applied DC voltage is of the order of 5V. By short-time
immersion into the etching solution, a thin meniscus in formed, such that
the wire is only etched within this thin region. While the wire is getting
thinner gradually due to the etching process, there is additionally a constant
tensile force caused by the weight of the tungsten wire, until eventually the
latter is split into two very sharp parts. Meanwhile, the falling part is safely
caught by shaving foam.

After transferring the tip into UHV using a suitable tip holder, in the next
step the insulating oxide layer needs to be removed. This so-called flash
process works analogue to the sample annealing by electron bombarde-
ment: Electrons are emitted from a heated filament and hence accelerated
towards the tip apex by a HV. Typical parameters for this procedure are
a HV of 1kV at emission currents of 50 — 100 mA for short times smaller
than 1s. Thereby, the tip is heated to several thousand degree Celcius for
a very short time, such that the oxide layer evaporates and possibly the
tip even melts partially. Due to this heating, however, impurities such as
carbon may diffuse from the bulk to the surface, where insulating tungsten
carbides may be formed. The latter can be removed by subsequent argon
sputtering. Usually, several cycles of back-to-back flashing and sputtering
are performed, before eventually the tip can be transferred in-situ to the
STM after a final mild flash.

The ferromagnetic tips with out of plane anisotropy, that were used for
sp-STM, were first prepared according to this protocol, too. After a last
moderate flash, additionally 20 ML of cobalt were deposited on the tungsten
tip. Last, the tip was soft-annealed by applying only a moderate current to the
filament of the manipulator without any HV (roughly 30 s with the filament
glowing in orange). Analogously, for the antiferromagnetic tips with out of
plane anisotropy an estimated 33 ML of chromium were deposited on the
cleaned tungsten tip, which was soft-annealed subsequently for 90s. In fact,
the success rate of getting an actual spin-polarized tip, which is suitable for
the experiments presented in chapter 4, is not too high, such that several
preparation attempts were necessary. Thus, before the actual spin-polarized
measurement the tips were tested on a well-studied reference system of
Co/Cu(111) [55] first.
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3.5 WERA Beamline and Sample Transfer

The x-ray absorption measurements on SCO molecules (Fe-Pyrz/LSMO),
that are presented in chapter 6.3 were performed at the WERA beamline of
the ANKA synchtrotron in Karlsruhe. This beamline operates according to
the principles described in chapter The synchrotron radiation is pro-
vided by a bending magnet. Accordingly, the beam polarization is chosen
by the vertical position of the beamline aperture. A grating, i.e. a textured
surface, where the x-rays are diffracted, serves as a monochromator. By
choosing the correct diffraction angle, the energy of the beam that reaches
the sample can be determined. Additionally, it is possible to vary the widths
of the entrance and exit slit of the monochromator: A larger opening yields
higher x-ray intensities, however, at the expense of a worse energy reso-
lution. Furthermore, in order to avoid any kind of hystersis effects of the
monochromator fine motors, a fast reference spectrum of a well-known
sample is acquired as energy calibration, before every measured spectrum.
The end station consists of a vacuum setup including an air lock. During a
measurement, the sample is located in UHV in the center of a supercon-
ductive fast-ramping coil, that can provide +7 T of magnetic field along
the beam direction. Finally, the sample manipulator can be cooled down to
roughly 20K by continuous flow cooling using liquid helium. All measure-
ments in this work were performed in the total electron yield mode.

The outstanding feature of these experiments was, that the investigated
sample was prepared in the 4K setup and subsequently transferred to the
beamline using a vacuum suitcase. The structure of this suitcase is depicted
in figure It consists of a sample manipulator mounted on a small hollow
space with a UHV valve. In the process, the suitcase is flanged to the air
lock and pumped first. After the pre-pumping process, the sample can
be transferred from the UHV setup into the suitcase. After closing the
valve, the suitcase including the sample can be unmounted an transferred
to another vacuum setup. In the meantime, an adsorption pump made
from a commercial getter material (SAES pump) is supposed to uphold the
pressure inside the suitcase.

The sample transfer of the Fe-Pyrz/LSMO sample presented in chapter
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required roughly 1.5h. At the beamline, the valve to the suitcase was
opened at an airlock pressure of 3.7 x 10~ mbar. Since the airlock pres-
sure dropped upon opening the valve, it is reasonable to assume, that the

pressure inside the suitcase during the transfer was lower and of the order
p < 1.0 x 1077 mbar.

~ Flanges - 11

vave [ | SAES pump

Manipulator

head with - ] —— Pressure gauge Manipulator
sample plate

Figure 3.5: Structure of the vacuum suitcase. An adsorption pump is supposed to

uphold the pressure during the transfer. A cold cathode ionizatiaon gauge is mounted
to monitor the pressure.
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4 Bis(phthalocyaninato)dysprosium
Molecules

Rare earth systems are particularly interesting prospects for single-molecule
magnets, because the 4f electrons are rather localized, meaning that the
radial part of their wave function decays faster compared to 5p or 6s or-
bitals [92]. As one consequence, one expects on the one hand, that the 4f
magnetic moment experiences less external perturbations and hence that
it is in general rather stable. Another advantage is that the orbital angular
momentum is not quenched, since spin-orbit interaction is stronger than the
crystal field in these systems. This often results in larger magnetic moments
and often larger zero field splittings. Therein however, also lies one inherent
difficulty. Just because of this localized character of 4f electrons, they hardly
participate in electronic transport through the molecule, which makes them
invisible to STM. Therefore, it is usually not possible to address or read out
the 4f moment of a molecule just like that.

This project, though, aims just exactly at the readout of the 4f magnetic
moment of bis(phthalocyaninato)dysprosium double-decker molecules (DyPc;)
[126]. The basic idea of how to address the 4f moment of the dysprosium
spin in STM nevertheless originates from previous reports on the analogue
TbPc; molecules [16, 127, 128]. Following a brief introduction of the DyPc;
molecules and their magnetic properties, a short review on those reports on
TbPc, will be given, from which it directly follows the idea for this project.
Afterwards the experimental results will be presented.
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4.1 The Molecule Properties

The investigated DyPc, molecules consist of a central dysprosium ion sand-
wiched by two phthalocyanine (Pc) rings, that are rotated against each other
by roughly 45° [129, 130]. Its structure is shown in figure Assuming,
that the dysprosium ion is trivalent (Dy>") and exhibits the electron con-
figuration of [Xe]4f’, the magnetic ground state is given by the multiplet
with quantum numbers |J,L,S,],) = [15/2,5,5/2,],) according to Hund'’s
rules. Accordingly, this is a Kramers system with half-integer total angu-
lar momentum. It should be noted, that the total angular momentum | of
dysprosium will be simply referred to as dysprosium spin in the following.
The ligand field parameters and the corresponding spin spectrum of DyPc;
were determined in [129] by susceptibility and NMR measurements. The
resulting spectrum is plotted in figure The quantization axis (z-axis) is
chosen perpendicular to the Pc rings. The Kramers doublet with |, = +13/2
is energetically lowest, while the two respective states are separated from
each other by an energy barrier of roughly 68 meV, which makes the DyPc;
an interesting prospect for a SMM [126].

It should be noted, though, that some idealized assumptions were made in
this respect. In addition to the fourfold rotational symmetry of the DyPc;
molecules, the higher symmetry group Dygq was assumed. This corresponds
to the case that the two Pc rings are parallel to each other and are skewed
by exactly 45°. The consequence is that the spin Hamiltonian consists only
of terms with Stevens operators OZ with k € {2,4,6} and q = 0 (see section
2.4.3). Consequently, |, remains a good quantum number such that the
lifetime of the two states | £13/2) is expected to be very long.

In reality though, the Dyq symmetry is only almost fullfilled, such that the
coefficients of the operators Of and Of are indeed very small, but finite.
Consequently, the states |J;) get mixed with states |], £ 4). Another crucial
aspect concerning the stability of the dysprosium spin | is the hyperfine
interaction with its nuclear spin I. Interestingly, several stable dysprosium
isotopes exist, that may exhibit a nuclear spin of either = 0 or I = 5/2,
such that two qualitatively different cases need to be distinguished [15, 131]:
The nuclear spin singlet (I = 0) on the one hand, corresponds to the above
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Figure 4.1: Structure and zero field splitting of the DyPc; molecules. The energies of
the Kramers doublets were determined in [129] assuming that the molecule exhibits Dyq
symmetry.

discussed simplified case. Here the two states | £ 13/2) must remain degen-
erate in the absence of an external magnetic field due to Kramers theorem,
regardless of the off-diagonal elements in the crystal field Hamiltonian (see
figure . Thus, no avoided crossing, where the two states mix, occurs
and long lifetimes are expected for the two ground states.

In the case of a finite nuclear spin of I = 5/2, however, the hyperfine in-
teraction yields a qualitatively different situation. The coupling 13/2 ® 5/2
results in an integer total spin, such that some degeneracy points feature
an avoided crossing due to the operators O} and O%, which in turn enables
quantum tunneling of magnetization (QTM). This is illustrated in figure
Since these operators may only mix states with AJ, = 4,8,12, ..., five
such transitions with |, = —13/2 — ], = +13/2 occur, where also the
nuclear spin changes by one unit I, — I, — 1 [131]. Accordingly, the lifetime
of the electronic spin should become small every time the external magnetic
field hits such a degeneracy point.

In fact, this qualitatively different behavior was reported for two samples
of isotopically enriched DyPc,, containing either 193Dy (I = 5/2) or Dy
(I = 0). For the nuclear spin singlet (I = 0) longer relaxation times and
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Figure 4.2: Zeeman diagram for the ground state doublet of DyPc;,. (a) Without nuclear
spin the two states of the ground state doublet remain degenerate at zero magnetic
field. (b) With a finite nuclear spin of I = 5/2 five points occur, where QTM is possible
with Am; = —1 [15,[131]. In reality, the hyperfine levels are not equidistant due to the
quadrupole interaction.

wider hysteresis curves were observed [15]. The same behavior was reported
for a different SMM based on dysprosium [132]: Again the molecules from
enriched dysprosium with no nuclear spin (}**Dy) showed slower relaxation
than those with I = 5/2 (1¢!Dy). Thus, SMMs containing only isotopes with
I = 0 generally seem to be more suitable to serve as classic bits. Though,
even in this case non-thermal spin relaxation processes occur due to either
dipolar interactions or hyperfine coupling to nitrogen nuclei from the lig-
ands [15, [132]. On the other hand, though, the case of a finite nuclear spin
offers intriguing prospects for applications as qubits [15]. This issue will be
picked up again later in this chapter.

4.2 Previous Works on TbPc; and Project Idea

The underlying idea for this project of how to address the 4f magnetic mo-
ment of dysprosium originates from two previous reports on the analogue
TbPc, molecules [16,|127], where the dysprosium is substituted by a terbium
ion. In contrast to Dy3+, the Tb®*+ exhibits an even number of 4f electrons,
such that it is not a Kramers system. Nevertheless, the TbPc; features a
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ZFS that is quite suitable for the use as SMM [129]. Effectively, this system
behaves similar to an Ising system, where the magnetic properties at low
temperatures entirely depend on the two states | £ 6), that are roughly
54 meV lower in energy than the residual states in the multiplet.

Firstly, Komeda et al. investigated these TbPc, molecules with STM on
Au(111) at roughly 4.7 K [127]. They found that the molecules show a very
characteristic shape in topography (figure and arrange in islands in
a checkerboard-like pattern of alternative skewing angles of the top Pc
ligands. Interestingly, those molecules with a 45° angle show a clear Kondo
resonance (figure [4.3b). This resonance however, cannot be observed in the
molecule’s center, where the terbium ion is located, but it occurs only on
the lobes of the top Pc ligand. Therefore, it was concluded in this report,
that this Kondo resonance does not originate from the terbium magnetic
moment being screened by the conduction electrons of the gold substrate,
but that it originates from one unpaired electron on one of the Pc ligands.
This unpaired spin 1/2, was referred to as singly occupied molecular orbital
(SOMO). Hence, the molecules behave like a quantum dot with an uneven
number of electrons. Moreover, it was observed, that by applying too high
tunneling currents, the Kondo resonance disappears upon a rotation of the
top Pc ligand. This is presumably caused by a change of the molecule’s
charge state that accompanies the rotation.

Secondly, Vincent et al. investigated this TbPc; in a break junction [16].
Using a gate electrode, they were able to tune the molecule’s charge state.
Thereby, depending on the gate voltage, they would either end up with the
molecule in a Coulomb blockade regime - which reflects an even number of
electrons on the quantum dot - or in the Kondo regime with an unpaired
spin 1/2 equivalent to the molecules on Au(111).

Interestingly, they observed a ferromagnetic exchange interaction between
the unpaired spin of the SOMO and the 4f moment of the terbium. This
could be exploited to detect spin flips of the terbium magnetic moment as
function of the magnetic field (figure and even distinguish the differ-
ent nuclear spin transitions of terbium. Since the terbium nuclear spin is
I = 3/2, there are transitions only at four different values for the applied
magnetic field, corresponding to the four crossing points with Am; = 0.
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Figure 4.3: A single TbPc, molecule on Au(111). (a) The topography of a TbPc,
molecule on Au(111) is shown. The scale bar corresponds to 1nm. (b) Differential
conductance spectra are shown. The Kondo resonance only occurs on the lobes of the
top Pc ligand but not in the center of the molecule. Both images are adopted from [127].

Moreover, it was shown that the lifetimes of the terbium nuclear spin states
are of the order of several tens of seconds [133] with coherence times of
the order of milliseconds [19] such that they could even serve as qubits
for implementing Grover’s algorithm [19]. Finally, this readout method
for the terbium electronic spin for TbPc; in a gated break junction was
demonstrated again in the same group [128].

From these reports it directly follows the underlying idea of this project,
which is illustrated in figure With STM one can only observe the SOMO
via the aforementioned Kondo resonance, when the molecules are deposited
on Au(111). The SOMO S now should exhibit an exchange interaction with
the dysprosium magnetic moment J. So if S and | interact, this can be
exploited in order to address | indirectly via S. If these assumptions all hold
true, one expects the Kondo resonance to be split because of this exchange
interaction, that should have the same effect on the spin 1/2 as an external
magnetic field. How this scheme could be exploited in order to read out
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Figure 4.4: Transport through the TbPc, molecule in a gated break junction. Depend-
ing on the gate voltage, the molecule is either in a Coulomb blockade regime or a Kondo
regime (left). The conductance as function of applied magnetic field with both gate
voltage and source-drain voltage being fixed is shown on the right. Jumps in the con-
ductance correspond to spin flips of the terbium moment. The four different transitions
correspond to the four different nuclear spin transitions of terbium. Both images are
adopted from [16]. Reuse was permitted by W. Wernsdorfer.
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Figure 4.5: Basic idea of how to address the dysprosium magnetic moment in STM.
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the dysprosium spin | using sp-STM will be shown later in this chapter in
section 4.4

4.3 Kondo Effect of DyPc,/Au(111) and Exchange
Splitting

Results from the JT STM

First of all, the DyPc;/Au(111) system was investigated in the JT STM at
roughly 850 mK. Figure shows topography scans of a typical sample
and a single DyPc; molecule. Similar to normal phthalocyanine molecules
the DyPc; molecules show the typical flower-like shape.

In spectroscopy the molecules show a clear Kondo resonance as shown
in figure In accordance with the previous reports on TbPc;/Au(111)
[127], this resonance can only be observed on the lobes of the top Pc ligand,
while the spectrum in the center of the molecule shows no real feature and
resembles the one acquired on the gold substrate. Furthermore, a Frota
function (see section was fitted to the resonance. From the fit, the half
width at half maximum of the peak I" yields

I' = (0.52 +0.01) meV. (4.1)

It should be mentioned, though, that this width is presumably dominated
by the experimental broadening, as will be seen later. Therefore, the Kondo
temperature of this system cannot simply be derived from this fit using
equation This issue will be discussed more elaborately later in this
section.

The measurement in figure 4.8/is supposed to illustrate the localization of
the Kondo resonance. For that matter, dI/dV-spectra were measured on a
molecule inside a molecular island along the superimposed line. Clearly,
the resonance is very localized on the two lobes, while it is absent in the
molecule’s center.
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Figure 4.6: Topography scans of DyPc,/Au(111).
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Figure 4.7: STS on a single DyPc; molecule. (a) The location of the acquired spectra is
shown. (b) The Kondo resonance only occurs on the lobes of the top Pc ligand. Frota
functions were fitted to the resonance. Topography parameters: (0.1V, 5pA), 3nm x
3nm. Lock-in parameters: 0.1 mV modulation at 2.55 kHz.
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Finally, the behavior of the Kondo resonance inside of molecular islands
was investigated. As illustrated in figure there are some molecules that
do not show the Kondo effect. It seems like molecules on the border show
the Kondo effect, while it is absent for molecules in the inside. However, a
more elaborate study would be necessary for any reliable conclusion. One
possible explanation for the absence of the Kondo effect might be, that the
unpaired spin 1/2 of neighboring molecules pair up to singlets.

Bias (mV)

0.0 0.5 1.0 1.5 2.0 2.5
Position (nm)

(a) (b)

Figure 4.8: Localization of the Kondo resonance. dI/dV-spectra were measured along
the black line in (a) and are plotted as function of position in (b). Topography parameters:
(0.1V, 10pA, 3nm x 3nm). Lock-in parameters: 0.5mV modulation at 1.44 kHz.

e Kondo

e no Kondo

Figure 4.9: Kondo effect inside a molecular island. A Kondo resonance was measured
only at the spots marked in green. At the spots marked in red no Kondo resonance was
observed. Topography parameters: (1V, 10pA, 8nm x 4nm).
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Results from the dilution STM

Since the experimental broadening of the presented spectra is too large to
observe a possible exchange splitting of the Kondo resonance, this system
was subsequently investigated in the dilution STM at roughly 40 mK, where
the energy resolution is almost one order of magnitude better. Figure
shows the resulting enhanced spectrum where indeed a splitting of the
Kondo resonance can be observed. It should be pointed out that this is in
the absence of any external magnetic fields, such that this splitting indeed
originates from the ferromagnetic exchange interaction between the SOMO
and the dysprosium spin J. Revisiting the scheme in figure 4.5 reveals, that
these results are exactly what had been expected in the first place: First, the
Kondo effect because of the screening of the unpaired spin 1/2 on the Pc
ligand, and then at sufficiently high energy resolution, the splitting of the
Kondo resonance because of its exchange with the dysprosium magnetic
moment J.

In the next step it is shown, that what was observed is indeed the Kondo
effect by measuring the splitting as function of the applied magnetic field
(in z-direction). The result is shown in figure Since a few hundred mT
are already enough to fully align the dysprosium spin | along the external
magnetic field at such low temperatures, the energy difference between spin
up and spin down configuration of the SOMO spin S and simultaneously
the width of the splitting are expected to gradually increase as the magnetic
field increases, as illustrated in the cartoon in figure Indeed, the
splitting gradually increases upon the increase of the applied magnetic
field. These spectra can be fitted to the model of Ternes [86], that calculates
the shape of the tunneling spectra by third order perturbation theory (see
section [2.3.3). Thereby, a single spin 1/2 system was assumed, where the
exchange splitting was treated as an offset By in the z-component of the
magnetic field. Like this the fit yields for the exchange field, the Landé
factor and the effective temperature

By = (422+20)mT (4.2)
gs = (1.85+0.02) (4.3)
T = (206+10)mK. (4.4)
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Figure 4.10: Exchange splitting of the Kondo resonance. (a) The locations of the ac-
quired spectra are shown. (b) The Kondo resonance is split. Topography parameters:
(1V, 10pA). Lock-in parameters: 50 1V modulation at 1.4kHz.

The small deviation of the Landé factor from the value of g5 = 2 is
expected for a delocalized spin 1/2, that is smeared over the Pc ligand.
Still small deviations might also be related to the calibration of the coil.
The fitted temperature of roughly 200 mK corresponds to the experimental
broadening due to the relatively high lock-in modulation.

It is apparent that the analysis, that uses the perturbative model by Ternes
[86], is contradictory to the fit of the Frota function, that was applied before
to the data acquired at the JT STM. In fact, the assumption that this Kondo
system is in the strong coupling regime, where the DOS can be described by
the Frota function (chapter[2.3.3), may therefore not be justified. Accordingly,
there is not really a physical justification for this previously performed Frota
fit and it should be merely regarded as a means to determine the width of
the peak.
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Figure 4.11: Splitting as function of the applied magnetic field. (a) The measurements
(points) including the fits (solid lines) for various applied magnetic fields are shown. (b)
The cartoon illustrates how the width of the splitting increases gradually as the magnetic
field increases. Lock-in parameters: 80 uV modulation at 1.4 kHz.

4.4 Spin-Polarized Measurements and Spin Readout

With these results, it is apparent, that the readout of the dysprosium an-
gular momentum | should be possible using spin-polarized STM. Thereby,
one would exploit that the two peaks of the split Kondo resonance are
fully spin-polarized [134], as illustrated in the left column of figure
The basic idea of how the readout works is also depicted in this figure.
Assuming the STM tip is spin-polarized with spin up being the majority
spin, the respective peak with S, = +1/2 is expected to be higher than
the one of opposite spin orientation with S, = —1/2. For instance, if the
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applied magnetic field points in the positive z-direction (middle column),
the state with S, = +1/2 will be higher in energy and accordingly the peak
above the Fermi level (i.e. at positive bias) will be higher. Conversely, if
the magnetic field direction is inverted (right column), the opposite spin
orientation with S, = —1/2 will be higher in energy and the two peaks
swap roles, such that now the peak below the Fermi level (i.e. at negative
bias) is higher.

Accordingly, the asymmetry of the two peaks directly shows the orientation
of the spin 1/2 and due to the strong ferromagnetic exchange interaction
also that of the dysprosium magnetic moment. Therefore, by measuring
this asymmetry as function of the applied magnetic field, one can directly
acquire the magnetization curve of dysprosium. Interestingly, it should be
possible to measure the lifetime of the dysprosium spin state as function of
applied magnetic field, since a spin flip could be detected for instance as a
sudden change in differential conductance when the tunneling voltage is
fixed on one of the peaks. Measuring the magnetic field dependence of this
lifetime might even offer some signatures of hyperfine transitions, which
will be explained in more detail in the last section of this chapter.

€

127+ gsusB 12T+ gsunB ¢ |27 +gsusB
—1/2 +1/2 Sz -1/2 +1/2 Sz —1/2 +1/2 Sz
dI/dv dI/dv dI/dv

A AN A/"/k . ﬂ”\\ .
Figure 4.12: Scheme of how to read out the dysprosium spin. The spin polarization of

the two peaks of the split Kondo resonance and the expected tunneling spectra for a
spin-polarized tip are depicted.
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Results of the spin-polarized measurements

The spin-polarized measurements presented in the following were acquired
with an antiferromagnetic, chromium-coated tungsten tip at roughly 100 mK
at the dilution STM. The tip thereby was prepared according to the pro-
cedure described in chapter Compared to a ferromagnetic tip, such
a probe offers the advantage, that there is no magnetic stray field, which
may interfere with or alter the DyPc;. Moreover, the tip spin-polarization
is rather independent of the external magnetic field. The first successful
spin-polarized measurements of this work on DyPc; were in fact performed
with a ferromagnetic cobalt-coated tungsten tip. However, the interpretation
of that set of data, which is presented in appendix (1, turned out to be very
difficult and hence less conclusive.

First of all, figure shows some exemplary tunneling spectra of the split
Kondo resonance with spin contrast for various magnetic fields, acquired
with the AFM tip on one molecule. As described schematically in figure
this results in an asymmetry of the peak heights, due to the TMR effect.
Since the z-position of the STM tip was stabilized at the same positive bias
voltage and tunneling current for all the spectra, slightly different shapes
occur for positive and negative polarization. This peak asymmetry after all
corresponds to the spin-polarization of the spin 1/2 on the phthalocyanine
ligand. Because of the ferromagnetic exchange with the dysprosium spin
J, this also reflects the polarization of the latter, provided that the applied
field is weak (upB < Jex) and the temperature is low enough (kT < Jex)-
In the next step, figure shows the extracted peak asymmetries for
the investigated molecule as function of magnetic field. Thereby, every
measured point corresponds to one spectrum measured at the respective
magnetic field.

The asymmetry was determined by the following protocol: First, the con-
ductance value at maximum (minimum) bias was substracted from every
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Figure 4.13: Spin-polarized scanning tunneling spectroscopy on DyPc; as function of
applied magnetic field. (a) Some exemplary spectra are shown. Lock-in parameters:
801V modulation at 2.32 kHz. (b) The extracted peak asymmetry is plotted as function
of applied magnetic field (points). The solid line represents the calculated thermal
expectation value (S;) with Jox = (gs/2)pp - 422mT, g5 = 1.85 and T = 206 mK
according to the fit in figure The dysprosium g-factor was chosen to be g; = 4/3.

spectrum at negative (positive) magnetic field as a constant offset. Then,
the asymmetry A is given by

A= (B1—By)/(B1+By), (4.5)

where B;/, are the highest value of peak one and peak two, respectively.
The normalization of the asymmetry with respect to its saturation value,
was chosen +0.5T for positive and negative magnetic fields, respectively.
It is apparent, that the spin polarization is already completely saturated at
roughly 100 mT. The solid line in figure that simply corresponds to
the calculated thermal expectation value <§Z), is in good agreement with the
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experimental data points. The calculation of (S.) was done in the framework
of a very simplified model, that is described in the following.

Model calculation

In order to calculate the thermal expectation value of the polarization of the
spin $ on the Pc ligand, the eigenenergies of the DyPc, must be calculated
first. The corresponding Hamiltonian - without the interaction to the gold
substrate and omitting the hyperfine interaction - is given by

H = Hcr + usB (g5S: +gfz) — Tex S+ T. (4.6)
The crystal field Hamiltonian in fourfold symmetry reads [15, 129]
Her = BIOY + BYO] + BLOY + B;O; + B¢Og. (4.7)

As described before, the idealized Dyg symmetry of the molecules, which
corresponds to a skewing angle of 45° between the two phthalocyanine
ligands, would implicate B = B¢ = 0. For this simplified scenario, the
residual three crystal field parameters were determined in [129]. The result
was, that ], remains a good quantum number and the ground state doublet
with J, = £13/2 is separated from the next highest states with J, = +11/2
by roughly 4.3 meV. Since all energy gaps between the ground state and
the respective crystall field eigenstates are hence large compared to ugB
and kgT at roughly 100 mK, the states other then | £ 13/2) will hardly
contribute to any thermal expectation value at such low fields and tem-
peratures. Therefore, the following simplified model, takes the zero field
splitting implicitly into account by restricting to the ground state doublet
only.

Choosing the basis

1S, ) = {| +1/2,+13/2),| — 1/2,+13/2),

(4.8)
| +1/2,-13/2),| —1/2,-13/2)},
the resulting Hamiltonian reads
H = upB (gsS: +g7Jz) — Jex S (4.9)
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such that both, S, and J,, remain good quantum numbers. The correspond-
ing energies are

[ #BB (1/285+13/2 8) — Jex, BB (=1/2 85+ 13/2 g1) + Jexs
uB (1/2 g5 —13/2 gj) + Jex, uBB (=1/2 g5 —13/2 g7) — Jex

(4.10)

with Jox = 13/4Jex. The corresponding Zeeman diagram is shown in figure

4.14al

With this, it is straightforward to calculate the thermal expectation values
in the next step. First of all, the partition function reads

Z=Y e Pem (4.11)
m

The measured asymmetry of the split Kondo resonance corresponds to the
expectation value (S.) of the unpaired spin 1/2. This is easily derived by
using Maxwell-Boltzmann statistics. Finally, this yields the expression

<Sz> = meS;n =1/Z Zefﬁemsg
I m

(4.12)
=1/7 (+1/2e7P = 1/2e7P2 +1/2e7F0 —1/2e7F4 )

This model function is the solid line plotted in figure For this plot,
the parameters g;, T and Jex = (gs/2)upBy were chosen according to the
results from the fit in figure

Discussion

First of all, it seems that the experimental data of the investigated molecule
are very well reproduced by the presented thermal model. The generally
smooth course of the asymmetry even for small fields is nicely replicated.
Additionally, it can be observed for single spectra, that both peaks become
gradually more aligned as the magnetic field decreases. Even spectra, where
the two peaks have the same height were observed. The fact, that this did
not occur at precisely 0T is arguably related to the remanence of the coil.
The conclusion of this analysis would be, that the dysprosium moment
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J of the investigated molecule is not stable, but switches back and forth
between the two possible orientations. Otherwise a thermal population is
not possible. In the process the switching rate appears to be faster than the
typical timescale of one spectrum, that is of the order of several minutes.

In order to further illustrate this conclusion, figure shows the cor-
responding Zeeman diagram of the simplified four state model for small
external fields including the possible electronic transitions one can detect
in STS. In the most simple case of a stable, non-fluctuating dysprosium
moment only the transition | —1/2,-13/2) <+ | +1/2,—13/2) (transition
1) occurs. This case would correspond to thermal fluctuations of the SOMO
spin only, while the state of the dysprosium spin remained unchanged.
Thus, the spin 1/2 would mostly feel the constant exchange field of the
dysprosium ion at small external fields. Conversely, in the above discussed
model of a thermal population of all four states, however, additionally
the transition | +1/2,+13/2) < | —1/2,+13/2) (transition 2) must be
possible. Accordingly, transitions between all four states occur, where also
the dysprosium moment fluctuates.

In the next step, in order to verify, that the simplified analysis of the peak
heights is justified, the differential conductance spectra were simulated
using the perturbative model from reference [86] for these two limit cases.
Subsequently, the asymmetry of the peak heights of these simulated spectra
were determined analogous to the experimental asymmetries. The result
of these simulations is shown in figure together with experimental
results and the corresponding model functions for the spin polarizations
(S.) of the spin 1/2.

The first case (blue dots) simulates the full spin system (without hyperfine
interaction) consisting of the dysprosium angular momentum | = 15/2
with the ligand field parameters from [129] and a spin 1/2, that is exchange
coupled to J. In this simulation, the exchange field and all the model pa-
rameters were chosen according to the results of the fit from figure Itis
apparent, that this case coincides fairly well with both, the presented model
function (S.) from the last section (blue solid line) and the experiment
(crosses). Conversely, the second case (violet dots) simulates the tunneling
spectra for the limit where the dysprosium spin is stable at finite external
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Figure 4.14: Energy diagram of the ground state doublet of DyPc, and simulation of
Kondo peak asymmetry. (a) The energy diagram as function of magnetic field is shown
for the ground state doublet with J; = +13/2 and the SOMO spin S, = +1/2. (b)
The asymmetry of the split Kondo peaks was simulated using the model from [86]
for two limit cases: The thermal limit uses the full Hamiltonian containing a spin 1/2
exchange-coupled to the dysprosium spin | with the ligand field parameters from [129].
The second limit assumes, that the dysprosium spin is stable and simply adds an offset
field to the spin 1/2 system.

fields and only switches at zero magnetic field. For this case, which is
equivalent to the assumptions made for the analysis of section the
tunneling spectra of a spin 1/2 were simulated, using a constant offset
in the z-component of the magnetic field, which represents the exchange
interaction with J. Again, the model parameters were chosen according to
the results from the fit in figure The expectation for this limit is, that
the peak asymmetry follows a shifted Brillouin function (violet solid line)
of the shape

) B+B
(8-)stable ] = A - tanh <g5”‘32(kBT°)> . (4.13)

This is the exact result for the thermal expectation value of the SOMO spin
polarization, when only the two states | —1/2,—13/2) and | +1/2,—13/2)
are considered. Again the simulated peak asymmetry of the peak heights
coincides fairly well with the expected model function. However, it seems
that the first case of a thermal behavior of | fits better to the experimental
data in the low field limit. Nevertheless, these simulations show, that the
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extracted peak asymmetry indeed represents the spin polarization of the
spin 1/2.

In conclusion, this analysis strongly suggests, that the dysprosium electronic
angular momentum | is not stable near vanishing magnetic fields on the
timescale of a single measurement, but that it switches back and forth. This
raises the question whether a direct signature of such switching events
should be observable in the experiments. First of all, one might expect
that a tunneling spectrum would not only feature the two Kondo peaks
corresponding to transition 1, but that two additional peaks occur that
represent transition 2. The intensity of the additional peaks of transition 2
would scale with the thermal population of the states with J, = +13/2, and
their spin polarization would be opposite to the peaks of transition 1 for
small fields. The two energy gaps, that are marked as violet bars in figure
for one exemplary field value, would correspond to the peak distances
to zero bias. These energies are very similar for the two transitions at very
small fields, though. As the magnetic field is increased the intensity of
transition 2 decreases exponentially due to the thermal occupation, which
is saturated at roughly 100 mT. This might be the reason, why the tunneling
spectra only feature two identifiable peaks corresponding to transition 1.
In the next step single switching events were supposed to be detected.
Setting the bias voltage to one peak position of the split Kondo resonance at
constant lateral tip position, a dysprosium switching event should be visible
as a sudden change in tunneling conductance. If the feedback is turned on
in the process, the tip should change back and forth between two discrete
z positions corresponding to the two possible spin orientations +13/2 of
dysprosium. Such a random telegraph noise, however, was not observed at
zero field, which corresponds to case where the two peaks are of the same
height. This in turn would mean that the switching rate is faster than the
typical acquisition rate of some kHz. Since the switching rate is expected
to be fastest at zero field, this experiment was then performed while the
magnetic field was slowly ramped (~ 5mT/s) around zero field. The tip
position was controlled by the atom tracker module of the Nanonis system
in the process. Still no telegraph noise was observed.

Altogether these measurements suggest, that the spin state of the inves-
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tigated molecule was not stable on the time scale of the experiment. The
cause is not directly apparent. One could argue that whole system consiting
of dysprosium spin and SOMO, thus 13/2 ® 1/2, exhibits an integer total
spin, such that the Kramers degeneracy at zero magnetic field may be
lifted. This in turn would enable QTM. Furthermore, it is not clear how the
adsorption on Au(111) affects the symmetry of the molecule. Additionally,
the investigated molecule was adsorbed on a step edge which can further
reduce its symmetry and thus promote QTM. One important aspect, which
has been neglected so far in this whole discussion, is the nuclear spin of
dysprosium. Unfortunately, all experiments used DyPc, molecules with the
natural abundance of dysprosium isotopes, such that the nuclear spin of
the presented molecule is unknown. Further experiments using isotopically
enriched samples might therefore provide more insights.

4.5 Conclusion and Outlook: Hyperfine Transitions

In conclusion, DyPc; molecules on Au(111) were investigated. A clear
Kondo resonance can be observed on the top Pc ligand due to a single
spin 1/2. At sufficiently high energy resolution the resonance is split due
to a ferromagnetic exchange interaction between this unpaired spin and
the dysprosium magnetic moment. Using spin-polarized spectroscopy, the
asymmetry of the two peaks of the split resonance was measured as func-
tion of the external magnetic field for one molecule in order to track its
dysprosium spin orientation. The results suggest a thermal behavior with a
non-stable dysprosium spin on the time scale of the experiments.

However, the effects of the dysprosium nuclear spin need to be included in
the debate. The thermal spin behavior might suggest a singlet nuclear spin
for the investigated molecule. As argued above, the resulting 13/2 ®1/2
system would be a non-Kramers system. Perhaps the opposite case of a
finite nuclear spin of I = 5/2, that results in a half-integer total spin via
13/2®1/2 ®5/2, might result in more stable spin states. In case this holds
true, the whole of the presented experiments offers intriguing perspectives
for detecting signatures of the dysprosium nuclear spin in STM. For in-
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stance it is expected, that the spin lifetime drops significantly every time
the applied magnetic field value hits one of the forbidden crossing points
of the two hyperfine multiplets. Accordingly, it seems conceivable to even
distinguish different isotopes of dysprosium in STM. In order to get further
insight, though, the next step should be to investigate samples that feature
only one isotope of dysprosium.
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5 3d Metal Acetylacetonates

A much more straightforward approach towards SMMs are 3d transition
metal systems. Since the 3d electrons are less localized and even contribute
to the coordinative bonds between the ligands and the central metal ion,
they are usually readily accessible by STS. The drawback is, however, that
the stability and coherence of the molecular spin states are expected to be
smaller compared to the 4f systems, due to the rather strong coupling of the
spin system to its environment. As described in chapter the orbital
angular momentum is quenched in 3d systems, such that their magnetic
properties arise merely from the total electron spin S.

In this work, two different transition metal acetylacetonate compounds,
namely Co(acac)s (Cobalt-(I1I)-Acetylacetonate) and Cr(acac)s (Chromium-(I1I)-
Acetylacetonate), were investigated when adsorbed on a Cu(111) single crystal
at the JT-STM at roughly 720 mK. This chapter is organized as follows: First,
the structure and magnetic properties of the two compounds are discussed
and a short review of previous investigations of the Cr(acac); system is
given. Then, the observations on the two compounds are presented. Finally,
a simple model of how to understand these results is proposed.

It should be pointed out, though, that during this study, problems with
the deposition temperatures of the molecular evaporator occurred. Here,
only the results of those samples are presented, where a large number of
equivalent objects could be observed on the sample surface in order to
ensure, that these observed objects are indeed the deposited molecules or
its derivatives and not just pollutions or fractured molecules.
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5 3d Metal Acetylacetonates

5.1 The Molecule Properties

The trivalent transition metal acetylacetonates are chelate complexes, where
the central metal ion is surrounded by six oxygen atoms in octahedral
symmetry. While the metal ion is threefold positively charged, one negative
charge is assigned to each of the acetylacetonate ligands. Figure |5.1| shows
the molecule structure and the spin configurations in the gas phase. As
elaborated in chapter the 3d orbitals split into e; and ty¢ orbitals.
Accordingly, Cr(acac)z is a S = 3/2 system [135], while the Co(acac)s was
reported to be diamagnetic with S = 0 [136].

Using ESR measurements, the ZFS could be determined for crystalline
Cr(acac)s. The crystal field parameters of the model Hamiltonian

H = gqupB-$+D (§§—1/3§2> +E (é,%—éj) (5.1)

were determined to be ¢ = 1.983 £0.002, |D| = (0.592 £ 0.002) cm ! and
|E| = (0.052 £ 0.002) cm ! assuming an isotropic g-factor [137]. Under the
assumption of a positive value for D [135], the ground state doublet would
consist mainly of the states with S, = +1/2. Hence, in STS one would
expect a Kondo system with one inelastic excitation at 2D ~ 150 peV.
However, it seems very likely that the geometry of the molecules is dis-
torted due to the molecule-substrate interactions, such that the crystal field
parameters - and hence the magnetic properties - change drastically for
adsorbed molecules. Additionally, it was reported, that Cr(acac); can be
sublimed without any molecular decomposition [138].

Conversely, for the cobalt system it was reported, that the molecules can
decompose at temperatures of around 220 °C, such that divalent Co(acac);
is generated [139, 140]. This is not necessarily a problem, since for the
sample preparation of this work only vapor pressures of the order of
1.0 x 10~ 8 mbar are needed, which may be achieved at way lower tem-
peratures.
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Figure 5.1: Structure and electronic configuration of the trivalent acetylacetonates. (a)
The molecule is a chelate complex, where the central transition metal ion (M = Cr,Co)
is surrounded by 6 oxygen atoms in octahedral symmetry. (b) In the gas phase, Cr(acac)s
is paramagnetic with a Spin 3/2, while the Co(acac)s is reported to be diamagnetic with
S=0.

5.2 Previous Results on Cr(acac);/Cu(111)

The Cr(acac);/Cu(111) system has already been investigated within the
framework of the PhD theses of Lei Zhang [119] and Stefan Schmaus [141].
These previous measurements were performed at the 4K STM. Both were
able to observe chains consisting of equal objects in the shape of dumbbells
on their samples (figure[5.2). From this it was concluded, that the molecules
are adsorbed such that they are standing on one of the acetylacetonate
ligands. Additionally, a Kondo resonance could be measured in the center
of these objects. This result is indeed well-expected for a twofold symmetric
system with a half integer spin and is independent of the exact values
of the crystal field parameters (chapter[2.4). The Kondo temperature was
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5 3d Metal Acetylacetonates

determined to be roughly Tx = (151 +5) K [141] or Tx = (34 £2) K [119].
This enormous discrepancy is most likely related to a different experimental
broadening due to different lock-in modulations. Farther, a coupling of the
Kondo state to the surface state of the copper substrate was observed, such
that a Kondo resonace could also be detected at distances corresponding to
multiples of half the Fermi wavelength [141].

' ) L) T ] I L] ) ]
Cr(acac)3
. Cu(111)
o]
o
—
L
2
2
o
l 1 1 1 1 I 1 1 1 1 I
-50 0 50

Sample bias (mV)
(a) (b)
Figure 5.2: Previous results on the Cr(acac)3/Cu(111) sytem. (a) In the center of the

molecules a Kondo resonance occurs. (b) In topography, chains consisting of equal
dumbbell-shaped objects can be observed. Both images are adopted from [119].

5.3 Results on Cr(acac); and Co(acac);

In this work, a total of three reliable samples of Cr(acac); on Cu(111) and one
sample of Co(acac); on Cu(111) are presented. The deposition temperatures
for the presented samples are given in Table|1|in appendix

5.3.1 Cr(acac)s
On the samples of Cr(acac)s on Cu(111) two different species of objects could
be observed. On two samples (sample 1 and 2) only threefold symmetric

molecules consisting of three lobes in triangular shape were observed, while
on one sample (sample 3) both, these triangles and additionally twofold
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@1V, 5pA

2 nm

(b) 40mV, 1nA @1V, 100pA () 1V, 100pA

Figure 5.3: Topography scans of the triangular and dumbbell-shaped molecules ob-
served on the Cr(acac)3/Cu(111) samples. (a), (c) and (d) show the triangular molecules
including their island structure. (b) and (e) show the dumbbell-shaped molecules, that
presumably are analogue to the objects observed in [119} 141].

symmetric dumbbell-shaped objects occurred. Figure|5.3|shows some topog-
raphy scans of these different observed geometries. While on sample 3 only
isolated dumbbell molecules were found, for the triangles, even hexagonally
ordered islands could be observed at sufficiently high coverage. The first
notion might be, that every lobe corresponds to one individual acetylaceto-
nate ligand and that the triangles and dumbbells represent Cr(acac); and
Cr(acac),, respectively. Clearly, this would require, that the molecules can
decompose during the deposition procedure. Assigning one negative charge
to each acetylacetonate ligand, this would result in different charge states
and hence different total spins for the two objects.

Interestingly, in spectroscopy the two different objects show very different
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(a) STS on twofold objects (b) Respective locations

Figure 5.4: STS on the dumbbell-shaped objects of the Cr molecules. (a) A clear reso-
nance occurs, including two shoulders. (b) The topography shows the tip locations during
these spectra. Topography parameters: (40mV, 13nA). The spectra were measured at a
lock-in modulation of 0.1 mV and a temperature of roughly 720 mK.

behavior. While no spectroscopic features - such as a Kondo resonance or
inelastic excitations - could be observed on the triangular shaped objects,
the dumbbells show a clear resonance with two shoulders, which might
represent a Kondo resonance and one inelastic excitation. A typical spec-
trum obtained on the center of these dumbbells is shown in figure
The observed resonance is very located in the molecular center, where the
chromium ion is expected. This is illustrated by figures and where
the zero bias differential conductance is mapped. Moreover, this spectrum
was fitted using the following model function

dI

d—v(e) =c+m-e+Ax-f(€,9,I5) +As- (O (€ex +€,T)+0 (eex —€,T)),

(5.2)
that contains a linear background, a Fano-Frota function f (e, g, I¥) and two
thermally broadend step functions @(eex F €, T) with

_ 1+ (x—1)exp(x)

&) = ~lexp(@) 12

and x =e¢/(kgT) (5.3)
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Figure 5.5: Localization of the Kondo resonance and Fano-Frota fit. The differential
conductance at zero bias is mapped in (a). The corresponding topography after a
drift correction is shown in (b) (3nm x 3nm). The result of the fit shown in (c). The
parameters are Iz = (1.69 £0.02)meV, g = 60.6 4.7, €ex = (0.76 £0.03) meV and
T = (13.0 £ 0.2) K. The inset shows the resonance with linear offest and the inelastic
steps separately.

to account for the inelastic excitation [134]. The result is shown in figure
The fit gives an estimated Kondo temperature of

Tx = (127 +£0.2) K (5.4)
and excitation energy of

€ex = (0.76 £0.03) meV. (5.5)

Interestingly, the apparent effective temperature of the system - given by
the broadening of the step functions - is estimated to be T = (13.0 +0.2) K,
which is more than one order of magnitude higher than the actual sample
temperature. Moreover, this is almost the same value as the Kondo temper-
ature. This together with the fact that the excitation occurs inside the Kondo
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Figure 5.6: STS on the triangular shaped Cr molecules. (a) These molecules do not
show any spectroscopic feature, such as a Kondo resonance or inelastic excitations. The
inset shows a smaller energy range, measured with different tip conditions. (b) The
topography scans show the tip locations during these spectra. Topography parameters:
(1V, 50 pA). All spectra were measured at a lock-in modulation of 1mV.

resonance itself might indicate, that this is not thermal broadening at all,
but that this is rather lifetime broadening caused by the Kondo scattering.

In contrary, on the triangle molecules no spectroscopic features, such as
a Kondo effect or an inelastic excitation, were observed. Figure shows
several exemplary spectra acquired on these triangular objects, including
the respective tip locations. Even at lower lock-in modulations (< 0.25mV)
no molecular excitation could be observed even when measuring the second
derivative of the tunneling current.

The comparison of the results obtained on these two different species of
molecules illustrates, how the geometry and number of ligands can affect
the magnetic properties of the chromium spin system: In twofold symmetry,
a Kondo effect is expected for half integer spins. Therefore, assuming the
dumbbells represent Cr(acac),, a charge transfer of one electron to the
copper substrate is required to end up with a total spin of S = 3/2 in order
to account for the Kondo resonance and the inelastic excitation. Conversely,
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5.3 Results on Cr(acac)s and Co(acac)s

in threefold symmetry one can end up either with a stable spin or a singlet
ground state depending on the ligand field parameters, such that no Kondo
effect occurs for the triangles. A more detailed discussion will follow in sec-
tion Furthermore, in appendix 2 additional measurements - including
the magnetic field dependence of the Kondo resonance, an attempt to fit
the Kondo resonance with perturbation theory and an alternative island
structure of the triangles - are presented.

5.3.2 Co(acac)s

On the samples of Co(acac)z on Cu(111) only one type of objects could be
observed. These objects again exhibit twofold symmetry and consist of two
lobes, similar to the dumbbell molecules observed on one of the chromium
samples. Figure shows some topography scans of these molecules.
Threefold symmetric triangles, like those observed on the Cr(acac); samples,
could not be observed on any of the Co(acac); samples. The assumption,
that again these dumbbell objects represent the divalent Co(acac),, seems
compatible with previous reports, where the Co(acac)s decomposition was
observed upon sublimation [139, 140]. Note however, that the molecular
deposition for this sample was performed at lower temperatures.

2 nm

Figure 5.7: Topography of the dumbbell-shaped objects observed on the
Co(acac)3/Cu(111) sample. Topography parameters: (0.1V, 1nA).
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Figure 5.8: STS on the dumbbell-shaped objects of the Co molecules. The topogra-
phy in (b) shows the tip locations during the spectra of (a). Topography parameters:
(50mV, 1nA). The spectra were measured at a lock-in modulation of 0.5mV.

In STS no spectroscopic features, such as a Kondo signature or inelastic
excitations, could be observed. Figure 5.8]illustrates some exemplary spectra.
These observations appear to be consistent with the previous conclusions
drawn for the chromium system: Assuming the same charge transfer from
the molecule to the copper substrate as it was done before for the chromium
dumbbells, yields an integer spin (S = 0, 1,2) for the resulting Co®>" (with
[Ar]3d®). Since a singlet ground state is expected for an integer spin in
twofold symmetry, no Kondo resonance can be observed. Additionally, the
absence of any inelastic excitation is consistent with S = 0, though, a more
elaborate discussion will follow in the upcoming section

5.4 Summary and Conclusion

The scheme in figure |5.9| gives an overview of the observations and what
conclusions can be drawn. First of all, the observed shape in topography
was related to a certain number of acetylacetonate ligands, and hence a
certain charge state of the central ion. The dumbbell shape corresponds to a
divalent ion with two ligands, while the triangle corresponds to a trivalent
ion with three ligands. Since a Kondo effect in twofold symmetry is expected
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for half-integer spins, in the next step, a charge transfer from the dumbbell
molecules to the copper substrate is demanded. In case of the chromium
molecule this results in a S = 3/2 system, that consists of two subsets of
states enabling Kondo scattering (see chapter [2.4). Regardless of the precise
values of the crystal field parameters, the expected result is a Kondo system
with one inelastic excitation, both of which was observed. Conversely, in the
case of the cobalt molecules, this charge transfer yields an integer total spin,
which in twofold symmetry results in a non-magnetic singlet ground state
such that no Kondo effect occurs. As no inelastic excitations were observed
either, the measurements are consistent with the singlet S = 0. Nevertheless,
it may also be possible, that the excitations which would be expected for the
cases S = 1,2 were just not observed due to insufficient energy resolution.
Last, for the triangular shaped chromium molecules it is not clear right
away whether or not the charge transfer occurs in the same way. In case it
does, depending on the ligand field parameters, there are two possibilities
for the resulting spin S = 1 system: Bg > 0 yields a singlet ground state,
while BY < 0 results in a stable ground state doublet | + 1). In both cases
though, no Kondo resonance but one inelastic excitation can be expected.
Conversely, in case the charge transfer does not occur, again two different
cases can arise for the resulting S = 3/2 system. This time, though, B > 0
results in a Kondo system, while BY < 0 again gives a stable ground state
doublet | £ 3/2) with one inelastic excitation expected. The fact that the
expected inelastic excitation was not observed might be due to insufficient
energy resolution.

In conclusion, most of the observations - except for the missing excitation
- can be broken down and understood in this rather simple framework.
Trivially, the twofold symmetric dumbbells as either a Kondo system or a
non-magnetic singlet are not suited for the application as SMM. Further,
whether or not the triangular chromium objects are suitable candidates
crucially depends on the sign and magnitude of the crystal field parameter
BY. Accordingly, further investigations are needed to draw conclusion on
their suitability as SMM.
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Figure 5.9: Overview of the results and conclusions for the M(acac)3/Cu(111) systems.
For every shape and spin state, the effective spin Hamiltonian, the corresponding spin
spectrum and the expected spectroscopic features are given. A O or a X indicates,
whether or not the respective feature was observed.
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6 Spin Crossover Molecules on
Ferromagnetic Substrates

Spin crossover (SCO) molecules are metal-organic compounds, that stand
out by a thermal phase transition from a non-magnetic ground state with
spin S = 0 to a paramagnetic state with S = 2. The objective of this project
was to investigate SCO molecules on ferromagnetic thin films regarding two
aspects: Whether or not the adsorbed molecules maintain their ability to
switch between the two spin states, and whether they exhibit any magnetic
exchange interaction with the substrate. In case both holds true, such a
material system would make up an excellent candidate for multifunctional
spintronic application, since the spin crossover can be triggered by various
other external stimuli. This chapter will be structured in the following
way: First of all, a short motivation of the project, including some crucial
previous reports on SCO molecules will be given. Then, two different
investigated material systems will be presented. This firstly includes Fe(1,10-
phenanthroline),(NCS), molecules (short Fe-Phen) on a monolayer of iron
nitride (FeoN/Cu(100) investigated with low temperature STM. Secondly,
Fe{[Me,Pyrz|3BH}, molecules (short Fe-Pyrz) on thin films of lanthanum
strontium manganate (La;_,SryMnQO3, short LSMO) on a niobium-doped
strontium titanate substrate (SrTiOs, short STO) were investigated using
MOKE, XAS and XMCD. For both systems a short review of previous results
and previously published reports will be given.

6.1 Motivation and Project Idea

General properties of SCO molecules have already been discussed elab-
orately in chapter Generally, SCO compounds are presumed to be
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6 Spin Crossover Molecules on Ferromagnetic Substrates

promising prospects for multifunctional spintronic application because
of the versatility of the spin transition. This project aims to investigate
SCO molecules adsorbed on ferromagnetic substrates. Given that both, the
adsorbed molecules preserved their ability to switch between HS and LS
state and that additionally a magnetic exchange between the HS molecules
and the substrate occurs, such a material system makes up an interesting
prospect for spintronic application, since the magnetic interaction to the
substrate can be switched on and off via the SCO. For instance, one could
envision to control and to switch the magnetic properties by initiating the
SCO using any of the previously described triggers, such as pressure or
temperature change, light illumination or electromagnetic fields. Therein,
additionally the magneto-elastic coupling would be exploited, since the
molecular geometry is slightly deformed upon the SCO. The effective mag-
netic moment and even anisotropy constants are among those properties
that might change upon the SCO. This project idea is schematically illus-
trated in figure Another conceivable application might be even writing
magnetic structures using light illumination, exploiting the LIESST effect.

The most challenging issue for realizing such a material system is the elec-
tronic coupling between the molecules and the substrate. It was reported,
that some SCO molecules may lose their ability to switch between HS and
LS state when being adsorbed on metal substrates [142, (143, 144]. In this
case the molecules are pinned to one spin state, such that transitions are
not possible anymore. This may also lead to a coexistence of HS and LS
molecules where the spin state seems to be determined by the very rigid
adsorption geometry.

Further it was reported that the switching ability might be retrieved by
sufficiently decoupling the molecules from the metallic substrate. For in-
stance, it was reported that for Fe-Phen SCO molecules adsorbed on Cu(100)
both spin states exist, though, that switching between HS and LS state is
not possible. However, by inserting an insulating monolayer of Cu;N the
switching ability can be restored [103, 144]. In other works it was observed,
that the first monolayer of molecules can have an analogue decoupling ef-
fect, such that the spin state pinning might be lifted in the second molecular
layer already [142, 143]. Therefore, for this project it is crucial to control the
interaction between the substrate and the molecules in order to preserve
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Figure 6.1: Project idea of SCO molecules on a ferromagnet. Upon triggering the SCO
from LS to HS an exchange interaction between the HS molecules and the substrate
occurs which might alter the sytem’s magnetic properties. The magnetic properties of
such a system could be controlled by whatever stimulus that triggers the SCO.

the spin transition.

Unfortunately, metallic and itinerant ferromagnets are usually particu-
larly reactive, such that the electronic coupling to adsorbed molecules is
expected to be strong. For instance, Gueddida and co-workers investigated
the aforementioned Fe-Phen molecules on two monolayers of cobalt on
Cu(111) [145]. By comparing the spectra obtained from sp-STS with theory
calculations, they were able to identify HS molecules adsorbed on cobalt
islands. Moreover, they reported that these molecules are indeed ferro-
magnetically exchange coupled to the cobalt substrate. The strength of this
exchange between the iron ion of the molecules and the cobalt islands was
calculated to be 22.6 meV. However, no spin state switching was possible for
these molecules. In addition, presumably single phenanthroline molecules
and another type of objects were observed on the cobalt. This might suggest
that the Fe-Phen molecules can even decompose when they make contact
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with cobalt.

Altogether these reports illustrate, that only inherently inert or passivated
ferromagnets should be used as substrates for this project. In this work,
LSMO thin films on STO as former, and one monolayer of Fe,N/Cu(100) as
latter were investigated. Both choices shall be presented and motivated in
more detail in the respective section.

6.2 Fe-Phen on Fe,N/Cu(100)

The Fe-Phen molecules chosen for this project exhibit a thermal spin tran-
sition at 175K [146, 147]. These molecules, whose structure is shown in
figure were part of intensive studies on the electronic coupling of SCO
molecules to metallic substrates. These previous reports on Fe-Phen, that
were shortly mentioned in the last section already, are summarized in figure
When these molecules were adsorbed on Cu(100), they lost their ability
to switch their spin state. Figure [6.4/ shows some topography measurements
for such an Fe-Phen/Cu(100) sample, which was reproduced for this work.
The molecules appear as two symmetric lobes that correspond to the two
phenanthroline groups. Interestingly, two different species of molecules
occur, that differ in the distance of the two lobes. The molecules with larger
inter-lobe distance show a Kondo resonance located in the center, such
that they correspond to HS molecules [103, [144]. The smaller molecules do
not show any resonance and correspond to LS molecules accordingly. This
coexistence of HS and LS was additionally proved by XAS. In the next step,
the switching ability of the molecules could be retrieved by inserting an
insulating monolayer of Cu,N [103, [144]. Hence, for the SCO to be possible
it is necessary to passivate the substrate. On the other hand, the substrate
needs to be ferromagnetic in order to exhibit a magnetic exchange inter-
action with the molecules, as it was observed in the case of Fe-Phen on
Co/Cu(111) [144, 145].

Therefore, one promising substrate to unite both properties seems to be one

monolayer of iron nitride (FexN) on Cu(100) [148], whose structure is shown
in figure It was reported, that one monolayer is already ferromagnetic
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(a) Fe-Phen structure (b) Structure of Fe,N/Cu(100)

Figure 6.2: Structures of Fe-Phen SCO molecules and Fe;N/Cu(100). (a) The divalent
iron ion is surrounded by six nitrogen atoms in octahedral symmetry. (b) The recon-
struction of a monolayer of Fe;N consists of iron dimers (right). This image is adopted
from [148]. Reuse was permitted by T. Miyamachi.

with an in-plane easy axis and a spin magnetic moment of 1.1 ug [124].
Moreover, the structure and composition of Fe;N resembles the analogue
CuzN, such that there are good chances that this layer is still relatively inert
in spite of its iron content. One characteristic feature of FeoN is its surface
reconstruction, that includes the formation of iron dimers (as shown in[6.2b)
[124, 148]]. Interestingly, this reconstruction seems to have a magnetic origin:
It was reported that thick film samples of 79'-Fe4sN on Cu(100) (roughly 200
monolayers) terminate with an FeoN layer, that exhibits the same surface
reconstruction. For this system it was theoretically predicted that for the Fe
pairing to occur in the terminating layer, it needs to be both, ferromagnetic
as well as electronically decoupled from the bulk crystal [149]. Assuming
both of this was transferable to a monolayer, the FeoN/Cu(100) would make
up a promising prospect for this project.

Previous Works

For this system, some preliminary results were already reported in Jinjie
Chen’s PhD thesis [150]. On one sample, certain molecules were observed,
that in topography resembled the Fe-Phen molecules on Cu(100). Addition-
ally, on these molecules a reversible and robust switching between two states
- analogue to the observations on Fe-Phen molecules on Cu,N/Cu(100) -
could be observed. It was concluded, that Fe-Phen adsorbed on Fe,N indeed
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Figure 6.3: Summary on previous reports on Fe-Phen. The motivation for Fe-Phen on
FepN/Cu(100) results from previous reports on Fe-Phen molecules: In order to preserve
the spin state swichting, the molecules need to be decoupled sufficiently from the
substrate, e.g. by one Monolayer of CupN [103]. Moreover, an exchange interaction to a
ferromagnetic substrate of Co/Cu(111) was detected [145]. Fe;N/Cu(100) seems to be a
promising candidate to unite both prerequisites.

Figure 6.4: Topography of Fe-Phen on Cu(100). The molecules with larger (shorter)
inter-lobe distance correspond to HS (LS) Fe-Phen. Topography parameters: (1V, 50 pA).
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shows the desired behavior. However, since this was observed only on one
sample, this system was supposed to be investigated more elaborately in
this work.

Surprisingly, though, these previous, very promising results could not be
confirmed in this work. Actually, an utterly different behavior was ob-
served. This issue can only be explained in the way that actually different
systems were measured. Hence, in one of the works, a severe problem must
have occurred either during the growth of the monolayer of iron nitride,
or during the molecular deposition. Therefore, special emphasis will be
placed on the quality of the presented sample while presenting the results
in the following section. Additionally, a more elaborate discussion of this
contradiction, and a possible explanation for the occurrence of the previous
results are presented in appendix

The upcoming results were measured with the JT STM at roughly 5K.

6.2.1 Results

To begin with, figure shows an overview scan of the sample. It is
apparent that the sample is very homogeneous and contains a large number
of equal adsorbates. The fact that most of the adsorbates are equal indicates,
that they are indeed the evaporated molecules and not just impurities from
the gas phase. In order to ensure that the molecular deposition had indeed
worked reliably without the Fe-Phen powder being decomposed during the
sublimation process, a control sample of Fe-Phen on Cu(100) was grown
after finishing the presented experiments. Thereby, the same deposition
temperature was used, while the crucible was not exchanged but only
degassed again. This sample did mainly show a high density of Fe-Phen
molecules, but hardly any impurities. The topography shown in figure
actually shows this control sample.

Furthermore, figure shows a scan of the Fe,N substrate with atomic
resolution. Clearly, the characteristic reconstruction including iron dimers
is visible (see figure [6.2b). Together with the observation, that this sample is
very homogeneous, this indicates that also the iron nitride growth worked
satisfactorily.
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@1V, 50pA (b) 0.1V, 100 pA

Figure 6.5: Overview scan of the Fe-Phen on Fe;N/Cu(100) sample and atomic reso-
lution of the Fe;N reconstruction. (a) The sample is very homogenous and clean. The
large number of equal adsorbates indicates, that these are indeed the Fe-Phen molecules.
(b) Scan with atomic resolution of Fe,N. The atomic reconstruction is visible.

Figure is a close-up scan including all the occurring adsorbates. The
molecules of type A and B resemble the familiar shape of Fe-Phen con-
sisting of two lobes. In analogy to the observations on Cu(100), the first
notion might be, that molecules of type A with the larger inter-lobe distance
correspond to HS Fe-Phen, while type B molecules are LS. Meanwhile type
C appears to be simply an aggregation of impurities or molecule fragments.
By far the largest fraction of adsorbates were type B molecules, while type
A and type C could only be observed rarely. On a subsequent control
sample of Fe-Phen on Fe;N exclusively type B molecules were observed.
No transition from type A to B (or vice versa) could be observed.
Interestingly, the shape of type B molecules strongly depends on the tunnel-
ing voltage. While the molecules appear symmetric at negative bias (figure
6.6c), they show a chiral structure at positive bias (figure [6.6c). Indeed,
the Fe-Phen molecules are chiral, provided that they are anchored to the
surface by both of their thiocyanate groups. Further, these molecules adsorb
preferably along four directions. These directions consist of two directions,
that are perpendicular to each other, and their mirrored counterparts with
respect to the Fe;N mirror axes. Conversely, the molecules of type B ad-
sorbed preferably along the Fe;N mirror axes.
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Figure 6.6: Topography of different types of molecules on Fe-Phen/Fe;N. In (a) a
scan with all three types is shown. (b) shows the shape of type A molecules, which is
independent of the tunneling voltage. (c) and (d) show the type B molecules, where the
shape varies with bias. Moreover, these molecules appear chiral at positive bias.

In the first step it was supposed to be tested, whether a robust switching
between two states can be induced, in analogy to Fe-Phen molecules on
CuoN. For this, the tunneling voltage was swept while the STM tip was
placed atop a molecule’s center, which is supposably the location of the
central iron ion. During this bias sweep, the tunneling current was recorded.
In case a molecular switching is triggered by a change in tunneling voltage
or current, this can be observed as a sudden jump in the tunneling current.
Assuming the two states are robust, this results in a hysteresis curve when
the backward sweep is included (compare Fe-Phen on Cu;N [103]). This
experiment is shown in figure 6.7 for both, type A and type B molecules and
various tip heights. It is apparent that no sudden changes in the tunneling
current occurred, such that forward and backward sweep result in the same
I-V spectrum. Hence, no molecular switching could be observed.

Figure |6.8 additionally shows some differential conductance spectra for the
two types of molecules. No Kondo resonance could be observed. However,
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Figure 6.7: Scanning tunneling spectroscopy on Fe-Phen on Fe;N. I-V-curves are
shown for type A molecules (a) and type B molecules (b). The black and red curves
correspond to forward and backward sweep of the tunneling voltage, respectively. The
different plots correspond to different tip-sample distances. No switching can be ob-
served for either molecule type. The insets show the respective topography and the lateral
tip position during the spectra. Topography parameters: (3nm x 3nm, 1V, 50 pA).

this measurement is not too compelling considering the poor energy res-
olution given the high temperature and the too high lock-in modulation.
In general, for a LS molecule no Kondo effect can occur. For HS molecules
no Kondo effect would mean the molecules are either exchange-coupled to
the Fe;N or that they are simply sufficiently decoupled from the copper
substrate.

Interestingly, a different kind of switching behavior of type B molecules
could be observed. When the STM tip is located atop such a molecule out-
side its center, a bistability, i.e. random switching between two metastable
states, can be observed at high positive bias (~ 1.5V) and sufficiently high
tunneling currents. This kind of back and forth switching is usually referred
to as random telegraph noise (RTN). This behavior is shown in figure
The two states correspond to different current values, while a switching
event is visible as a sudden change in current. Additionally, topography
scans of both states and the location where the RTN was recorded are shown
in figure Since this switching only occurs at high bias, one can stop it
at any given time. Thus, it is possible to determine in which of the two states
the molecule will end up and both states can be scanned independently.
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Figure 6.8: Differential conductance spectra on Fe-Phen on Fe;N. The energy resolu-
tion is very limited due to the high temperature and high lock-in modulation. No zero-
bias anomaly was observed. The insets show the respective topography and the lateral
tip position during the spectra. Lock-in parameters: 5mV modulation at 2.2 kHz. Topog-
raphy parameters: (a) (3nm x 3nm, 1V, 50pA), (b) (2.5nm x 2.5nm, F1V, 50pA).

Strangely, it appears as if the two states are merely rotated by 90°. This
is illustrated more compellingly for the molecule in figure Besides
its topography, also a differential conductance map for the two states is
shown. In fact, all the features including the molecule’s chirality remain
unchanged upon switching. No displacement of its center of mass could be
observed either. This was verified for the molecule in figure A possible
displacement of the molecule’s center of mass due to the switching was
determined to be smaller than 1 pm or smaller than 2.5 pm for topography
and dI-dV, respectively. Figure [7|in appendix 3.1/ shows additional dI-dV
maps for the two molecular states for various energies. These measurements
also indicate that this swichting is merely a rotation. In any case it appears
very unlikely that this switching corresponds to the desired spin crossover
transition. Last, figure shows how indeed the orientation of every type
B molecule can be change arbitrarily.

It is hard to fully understand why this switching appears as a rotation,
although the two rotational states must be energetically degenerate due to
the fourfold rotational symmetry of the FeoN. Assuming the molecule is
bound to the substrate via its thiocyanate groups, such a transition should
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Figure 6.9: Images of the two states and the random telegraph noise of the rotational-
like switching. (a) The cross indicates the tip position, where the random telegraph
noise was recorded. Topography parameters: (3nm x 3nm, 1V, 50 pA). (b) The two

states correspond to the two bistable current values observed in the time trace during
the telegraph noise.

State 1 Topography State 1 dl/dV

State 2 Topography State 2 dl/dV

Figure 6.10: Topography and dI-dV-map of the two molecular states. No displace-
ment for the center of mass for both, topography and map could be detected, which is
consistent with a rotation. Topography parameters: (0.8V, 500 pA).
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Figure 6.11: Switching the molecules at will. The four molecules were switched subse-
quently, proving that the rotational state can be chosen arbitrarily. Topography parame-
ters: (—1V, 50pA).

not be possible just like that, since a rotation required the simultaneous
breaking of two sulfur-substrate bonds. In comparison, it should be more
likely to break only one bond for a short time, such that switching events
with a visible displacement should occur a lot more frequently than the
actual observed rotation without displacement. On the other hand, it is plain
that the molecules do not have any intrinsic rotational degree of freedom
once the two sulfur-substrate bonds are fixed.

In conclusion, although the nature of the switching could not be fully
understood, it seems plain that the measured system is not suited for the
project described above.

6.3 Fe-Pyrz on LSMO

LSMO

As an alternative substrate, LSMO thin films epitaxially grown on STO
were investigated. As an oxide, the LSMO surface is supposed to be in-
ert, such that the coupling to adsorbed molecules is expected to be weak.
Interestingly, LSMO still is ferromagnetic with Curie temperatures above
room temperature and even electrically conductive, in contrast to undoped
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(@) Structure of LSMO (b) Fe-Pyrz structure

Figure 6.12: Structures of the LSMO substrate and the Fe-Pyrz SCO molecules. (a)
Unit cell of the cubic perovskite structure of the LSMO. (b) Inside the Fe-Pyrz molecules,
the divalent iron ion is surrounded by six nitrogen atoms in octahedral symmetry.

LaMnOs which is insulating and antiferromagnetic [46, 125]. The cause is a
ferromagnetic double exchange between Mn>" and Mn** ions, where the
mixed valency originates from the strontium doping: Every La®>" ion that
is replaced by a Sr?* ion yields one Mn** ion instead of a Mn®* ion, as
is illustrated in the unit cell in figure The LSMO thin film samples
used in this work are roughly 30 monolayers, epitaxially grown on niobium-
doped STO and exhibit a strontium ratio close to the optimal concentration
of x ~ 0.3 [125]. Thereby, the surface is oriented along the [001] direction
which results in two in-plane magnetic easy axes being aligned along the
(110) directions [151]. The coercive field is estimated to be of the order of
10 Oe [152, 153].

Since the magnetism of LSMO - unlike Fe;N - originates from man-
ganese, this system is suited for XAS and XMCD investigations, because
the substrate and adsorbed iron-based SCO molecules can be distinguished.
Thereby, not only the molecules’” spin state can be determined, but also
evidence of magnetic interactions between the molecules and the substrate
might be observed.
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Figure 6.13: XAS performed on Fe-Pyrz powder. HS and LS state can readily be distin-
guished by the peak positions, shapes and ratios. These reference spectra correspond to
the original data published in [101].

Fe-Pyrz

For this project, Fe-Pyrz SCO molecules were chosen [154]. Their structure
is shown in figure In crystalline Fe-Pyrz, a thermal spin transition
occurs at Tys—,1s = 174K upon cooling. Conversely, upon warming up the
SCO occurs at Tis_ps = 199 K. This difference is attributed to a structural
phase transition [155}156]. Figure [6.13|shows two reference x-ray absorption
spectra of a powder sample of these molecules in HS and LS state, respec-
tively. It is apparent that the two spin states can readily be distinguished
in XAS. Additionally, LIESST and SOXIESST effect [101] was observed for
these molecules. Moreover, it was reported, that these molecules can be
sublimed easily without any decomposition. However, it was observed that
the spin transition temperature might be different in thin films [155].

As emphasized before, the electronic interaction between the molecules and
the substrate is crucial for this project, since SCO molecules might lose their
ability to switch if the coupling is too strong. The Fe-Pyrz molecules are
particularly interesting prospects, since they seem to be intrinsically inert
in this regard. It was reported, that these molecules still remain switchable,
even when directly adsorbed on Au(111) [100} 157]. At low temperatures
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only about 1/3 of the molecules remain in the HS state while at room
temperature all molecules are in the HS state. The spin transition of Fe-
Pyrz/Au(111) could be observed thermally and by LIESST and SOXIESST
effect.

6.3.1 Results
Growth study of Fe-Pyrz

As discussed already in section the Fe-Pyrz/LSMO sample was pre-
pared at the 4K setup and subsequently transferred to the WERA beam
line using a vacuum suitcase in order to perform x-ray absorption mea-
surements. The total coverage of Fe-Pyrz molecules was crucial for the
synchrotron measurements: On the one hand, the coverage must be high
enough such that a sufficiently large signal of the iron absorption edges can
be measured. Since the main interest of this project is the magnetic coupling
between molecules and substrate, though, the fraction of molecules in direct
contact with the LSMO surface must be maximized. The optimum coverage
is therefore exactly one monolayer. Unfortunately, the LSMO surface turned
out to be rather rough, such that determination of the molecule coverage by
STM measurements was not possible. To get an estimate on the amount of
deposited molecules nevertheless, the deposition temperature and corre-
sponding molecular growth rate was first checked on Cu(100). Figure m
shows a topography measurement of such a sample of Fe-Pyrz/Cu(100). The
deposition rate was determined from the deposition time and the coverage.
Next, the amount of Fe-Pyrz molecules, that corresponds to slightly more
than one monolayer on Cu(100), was deposited on LSMO. The difficulty
lies in possibly different sticking coefficients for copper and LSMO. Hence,
Auger electron spectroscopy (AES) measurements were supposed to be
used in order to get a grasp on this problem. In doing so, the intensities
of the iron resonances for Fe-Pyrz/LSMO and a sample of one monolayer
Fe-Pyrz/Cu(100) were supposed to be compared. Unfortunately, the iron
signals of both samples were too small in order to draw quantitative con-
clusions on the molecular coverage.
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Figure 6.14: Topography of Fe-Pyrz on Cu(100). The deposited Fe-Pyrz molecules ag-
gregate in large islands. Topography parameters: (—1V, 100pA).

Kerr Measurements on LMSO

Before the transfer to the synchrotron, MOKE measurements were per-
formed on the LSMO before and after the molecule deposition. Because
of the given geometry of the 4K setup, these measurements represent a
combination of longitudinal and polar MOKE. Moreover, the size of the
applied magnetic field, which is proportional to the current through the
coil, is not calibrated. Hence, these measurements are suited only to detect
relative changes in the coercivity of the sample. Such a change could occur
because of a magnetic interaction with HS Fe-Pyrz molecules. In this case, a
SCO that occurs during a temperature dependent measurement might even
occur as a sudden change of the coercivity.

Figure shows some examples of acquired hysteresis curves. With this
it is ensured, that the LSMO substrate is indeed ferromagnetic at room
temperature. The different plots are scaled in the same way. The small
difference in the general shape is related to a slightly different geometry
for the two measurement.

In the next step, the coercive fields were determined as function of the
sample temperature. For this, the sample manipulator was first cooled by
continuous flow cooling using liquid nitrogen. Afterwards, the hystere-
sis curves were acquired at various temperatures while the sample was
warming up. In figure the extracted coercive fields are plotted for the
sample before and after the molecule deposition. The magnitudes of both
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Figure 6.15: MOKE measurements on LSMO and Fe-Pyrz/LSMO. (a) Normalized hys-
teresis curves measured by MOKE. (b) Extracted coercive fields as function of tempera-
ture. No significant difference can be detected for the coercive fields after the molecule
deposition.

coercive fields decrease gradually as the temperature increases and no clear
difference occurs for the sample before and after molecule deposition. No
rapid change is observable either. Perhaps, this might be attributed to not
reaching the spin transition temperature yet. Nevertheless, no hint for any
magnetic interaction between the LSMO and the Fe-Pyrz could be observed.

X-ray Absorption Spectroscopy on Fe-Pyrz on LSMO

Last, the presented sample of Fe-Pyrz molecules on LSMO was investigated
by means of XAS and XMCD at the WERA beam line, which was presented
in chapter[3.5, The sample was transferred from the 4K setup to the beamline
using a vacuum suitcase, as described earlier in chapter As illustrated
in figure one can readily distinguish the spin states of Fe-Pyrz using
XAS. Hence, by measuring at various temperatures it is straightforward to
examine whether or not the spin crossover still occurs for the molecules
on the LSMO film. By means of XMCD, additional information on the
magnetic properties of this system were supposed to be extracted. This
might allow conclusions about any possible exchange interaction between
the molecules and the LSMO substrate. For instance, by comparing the

120



6.3 Fe-Pyrz on LSMO

Mn L ~220
5 5 fels —— Fe-Pyrz/LSMO

- 210 —~2.0 —— Fe-Pyrz reference, HS
:? 9 Fe L, 3
34 $205 B
= Mn L, 80 7ognerg;2‘gv' 740 =
C C
o3 =y
n n
0 0
< <
X2 J x

650 700 750 800 700 710 720 730

Energy (eV) Energy (eV)
(a) XAS overview spectrum (b) XAS on Fe edges

Figure 6.16: XAS on Fe-Pyrz/LSMO and identification of HS state. (a) Overview spec-
trum of the Fe-Pyrz/LSMO sample is shown. (b) Reference XAS spectrum of the Lz and
L, edges of iron of the Fe-Pyrz powder sample of [101] in the HS state (scaled and offset
in x and y) is superimposed on a measured spectrum on the Fe-Pyrz/LSMO sample.
These spectra were measured at room temperature and grazing incidence (60°).

signs of the XMCD of iron and manganese one could determine whether
the exchange is ferromagnetic or anti-ferromagnetic.

To begin with, figure shows an overview spectrum of the sample.
As expected, the largest signal arises from the manganese of the LSMO
substrate. The respective Lz and L, absorption edges are marked. The small
inset shows a subsequently acquired spectrum of the iron edges including
their position in the overview scan. This already illustrates the largest
challenge for this experiment: The iron signal is small and occurs on a large,
non-flat manganese background. In fact, this background may even vary
slightly for subsequent spectra. This holds difficulties especially for XMCD
measurements, since the XMCD is the difference of two spectra of different
polarization or opposite magnetic field. Thus, a background correction
was often necessary. Thereby, the corrections used in the following only
included scaling, substracting a constant or linear background, correcting a
background slope and normalizing the size of the edge jump.

First of all, the spin state of the molecules at room temperature was deter-

mined. Figure |6.16b|shows a spectrum of the two iron edges together with
the reference data on the powder sample in the HS state of figure from
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Figure 6.17: XMCD on Fe-Pyrz/LSMO at room temperature. Both spectra were mea-
sured at grazing incidence (60°) with £2 T of magnetic field. (a) The XMCD of manganese
is clearly visible. Raw data were used. (b) For iron no clear XMCD signal could be de-
tected. The XMCD signal is magnified by a factor of 10. Here a background and offset
correction was performed.

[101]]. Therein, the reference spectrum was scaled and appropriate y- and
x-offsets were included. The latter was necessary, because the energy cali-
bration of the reference data is surprisingly different to the measurements
of this work. Nevertheless, one can directly recognize the resemblance to
the reference spectrum. Both, the ratio of the peak heights and the relative
peak position, as well as the peak shapes of the HS reference seem to be
well-reproduced. Hence, the majority of the adsorbed molecules is in the
HS state. For the sake of completeness, figure 8 in appendix 3.2/ shows the
same plot for the LS reference spectrum, from which it is apparent that the
measured spectra are not compatible with the molecules in the LS state.

Since the molecules exhibit a magnetic moment, in the next step the XMCD
was supposed to be measured. Figure shows this demonstratively for
the manganese edges, for starters: Two XAS spectra with equal polarization
but opposite magnetic field (2 T) and their difference as XMCD are plotted.
As verified already by the MOKE measurements, this again is proof that the
LSMO is indeed magnetic at room temperature. Next, figure shows
the same measurement for the iron edges. However, no clear XMCD can
be identified. Most likely the iron signal and the respective signal-to-noise
ratio are simply too small for such a measurement.
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The next step was to check whether the adsorbed molecules still undergo
the spin transition. For this purpose, the XAS measurement was repeated
at low temperatures, as is shown in figure For both 30K and 120K
no change in the spectrum can be observed. This means that the molecules
cannot switch their spin state anymore and are pinned to the HS state.
The additional measurement at 120K was performed in order to avoid
any effects of the SOXIESST effect (section 2.4.4). At this temperature the
thermal relaxation to the LS ground state is fast enough, such that the spin
state trapping is not possible anymore. Furthermore, this temperature is
still well-above the structural phase transition of the STO substrate, which
occurs at roughly 105K [158].

Finally, for the sake of completeness, an attempt to measure the XMCD of
iron at low temperature was performed. The reason is the following: The re-
ported exchange for Fe-Phen molecules on cobalt was 22.6 meV [145], which
is the same order of magnitude as kgT ~ 26 meV at room temperature.
Expecting, that any exchange of Fe-Pyrz molecules to the LSMO substrate is
of the same order or smaller, it might very well be that the molecular spins
are not fully aligned at room temperature, but thermally fluctuating. The
applied magnetic field of 2T is way too weak in order to align the spins,
either.

The corresponding measurement at 30K is shown in figure Still, no
clear XMCD signal could be detected.

In conclusion one can see, that the Fe-Pyrz molecules are pinned to the HS
state when adsorbed on LSMO. No thermal spin crossover occurs and no
XMCD signal could be observed.

6.4 Conclusion

In conclusion, two different systems of SCO molecules on weak-coupling
ferromagnetic substrates were investigated. The objective was to check
whether or not the adsorbed molecules maintain their ability to switch
the spin state, and whether HS molecules are magnetically coupled to the
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Figure 6.18: Temperature-dependend XAS and XMCD at 30K for Fe.

(a) The shape of the XAS spectra does not change with temperature. Hence, no thermal
spin crossover occurs for Fe-Pyrz molecules on LSMO. All spectra were measured at
grazing incidence (60°) with linear polarization. The spectrum at 300 K corresponds to
room temperature, where the precise temperature was not measured. The spectra are
offset for clarity. (b) No clear XMCD signal could be detected at the L3 and L, edges.
The spectra were measured at 30K and grazing incidence (60°) with £2T of magnetic
field. A background correction was performed for all spectra shown.

substrate.

Firstly, Fe-Phen on a monolayer of Fe;N/Cu(100) was examined. There,
three types of adsorbates occurred. Two of these adsorbates resembled
Fe-Phen on Cu(100) in topography. No transitions of one molecule between
these different types could be observed, though. On a later sample, only
one of those molecule types occurred. These molecules showed a switching
between two states, which in topography and differential conductance maps
appears as a rotation by 90°. Hence, it seems unlikely that this switching
corresponds to the SCO. Nevertheless, the nature of this switching could
not be fully understood.

Secondly, Fe-Pyrz on LSMO thin films on STO were investigated. By means
of XAS it was shown, that the majority of adsorbed molecules are pinned
to the HS state, irrespective of the sample temperature. Hence, the SCO is
quenched in this system. However, no XMCD signal of these HS molecules
could be detected. In MOKE, no evidence of any magnetic interactions
between Fe-Pyrz and LSMO could be observed, either.
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7 Conclusion and Outlook

In the framework of this thesis three different projects regarding magnetic
metal-organic molecules and their interactions with metallic substrates were
investigated. Therein, the main questions were how the magnetic properties
are affected by the interaction with the substrate, whether and how the
molecular magnetic moments can be read out and addressed electronically
in STM and finally whether such a material system may be suited for future
technical application in data storage, quantum computing or for multifunc-
tional devices. This chapter aims to summarize the main achievements of
this dissertation and to offer possible outlooks and future experiments.

Transition metal acetylacetonates as 3d single-ion magnets were inves-
tigated on Cu(111) concerning their magnetic properties and suitability as
SMMs. For the two compounds Co(acac)z and Cr(acac); a total of three
different types of adsorbates were identified and studied using STM and
STS. Two of these objects - one for each of the two compounds - seemed
to be bound only to two remaining acetylacetonate ligands. Consequently,
these molecules with only twofold rotational symmetry cannot represent
stable spin systems. Depending on the number of 3d electrons (Cr or Co),
these adsorbates represent either a Kondo system (odd number) or a singlet
(even number). The third type of molecule, that was observed, exhibits
a threefold rotational symmetry, which might possibly correspond to a
stable spin. Overall, this study illustrates, how the symmetry and molecular
structure of adsorbed molecules are crucial for stable SMMs.

DyPc; as 4f single-ion magnet was presumed more promising. The main
achievement of this study is the readout of the dysprosium spin using STM,
which was based on the previous reports on the similar TbPc, molecules [16,
127,1128]. When adsorbed on Au(111), the molecules behave like a quantum
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dot with an odd number of electrons and show a Kondo resonance, which
results from the Kondo screening of an unpaired electron on one of the
phthalocyanine ligands. Because of a ferromagnetic exchange coupling to
the dysprosium magnetic moment, this resonance splits into two peaks.
In the next step this exchange was exploited to address the dysprosium
spin indirectly. Using spin-polarized spectroscopy, the polarization of the
unpaired spin 1/2 - and thus the behavior of dysprosium - was investigated
for one molecule. The results suggest, that the dysprosium moment follows
a thermal population of its spin states, such that it is not stable on the
time scale of the experiments of roughly 1 ms. In this context, the possible
influence of the dysprosium nuclear spin was discussed. As dysprosium
occurs in various isotopes with different nuclear spins, these experiments
should be repeated on samples with isotopically enriched DyPc; molecules
in the future. This should provide more insights on the spin stability and
might even enable the nuclear spin readout of dysprosium in STM.

Generally, this principle of indirectly addressing a 4f magnetic moment in
STM may be transferable to other SMMs. This requires simply one unpaired
electron on the molecule, that is exchange-coupled to this 4f spin. In the
case of DyPc; this automatically results from the adsorption on Au(111),
which fortunately offers the correct work function and electronic structure.
It is conceivable to synthesize SMMs as radicals, which means that they
intrinsically exhibit an unpaired electron. Another interesting prospect is
given by the possibility of using similar triple-decker molecules containing
two lanthanide ions or even higher stacks [159, 160, (161, 162]. In view to
potential application in quantum information processing, this would offer
an interesting approach towards scalability and increasing the number of
qubits. The prerequisite would be a suitable magnetic coupling between the
lanthanide ions of one molecule.

Last, spin crossover molecules on ferromagnetic substrates were exam-
ined. The main question was, whether the molecules maintain the switching
ability of their spin state in spite of the electronic interaction to the substrate,
while being magnetically exchange-coupled to the substrate at the same
time. For this purpose two different material systems were studied. Firstly,
Fe-Phen molecules on Fe,N/Cu(100) were examined using STM. Three
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types of adsorbates were observed, two of which presumably correspond to
the Fe-Phen molecules. No transitions between the different types and no
spin crossover transitions were observed. A reversible switching between
two stable states, which appears as a rotation of the molecule, was detected
for one adsorbate type. However, this system does not fulfill the previous
expectations.

Secondly, one monolayer of Fe-Pyrz molecules on LSMO was studied using
XAS and XMCD measurements. It turns out, that the majority of the ad-
sorbed molecules are in the high spin state regardless of the temperature.
Furthermore, no hints towards an exchange-coupling could be observed in
XMCD.

As a future prospect for this project, Fe-Pyrz on a substrate of Co/Au(111)
will be investigated. Interestingly, on this substrate gold diffuses on top of
the cobalt film when properly annealed [163]. This should provide a protec-
tive layer for the molecules and ensure, that they maintain their switching
ability. The latter was already reported for Fe-Pyrz on Au(111) [100, [157].
Still, an indirect magnetic interaction similar to interlayer exchange coupling
[164, 165] is expected between the cobalt and the high spin molecules.

Altogether, the results of this dissertation are of significant relevance for the
research on SMMs and molecular spintronics. Especially the demonstration
of the electronic readout of SMMs based on rare earth ions in STM seems
very auspicious for future STM studies of such molecules.
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List of Abbreviations

List of Abbreviations

CFG Crystal field theory

DOS Density of states

DyPc, Bis(phthalocyaninato)dysprosium
Fe-Phen Fe(1,10-phenanthroline), (NCS),

Fe-Pyrz Fe{[Me,Pyrz|3BH},

FWHM Full width at half maximum

FY Fluorescence yield

HOMO Highest occupied molecular orbital

HS High spin

HTS High-temperature superconductor

HV High voltage

IETS Inelastic electron tunneling spectroscopy
JT Joule-Thomson

LDOS Local density of states

LIESST Light-induced excited spin state trapping
LHe Liquid helium

LN, Liquid nitrogen

LS Low spin

LSMO Lanthanum strontium manganate
LUMO Lowest unoccupied molecular orbital
MO Molecular Orbital

MOKE Magneto-optic Kerr effect

M(acac)s Metal(IlI)-acetylacetonate

Pc Phthalocyanine

QTM Quantum tunneling of magnetization
RTN Random telegraph noise

SCO Spin crossover

SMM Single-molecule magnet

SNR Signal to noise ratio

SOMO Singly occupied molecular orbital
SOXIESST Soft x-ray-induced excited spin state trapping
sp-STM Spin-polarized Scanning tunneling microscopy
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List of Abbreviations

STM Scanning tunneling microscopy/microscope
STO Strontium titanate

STS Scanning tunneling spectroscopy

TEY Total electron yield

T™P Turbo molecular pump

TMR Tunneling magnetoresistance

UHV Ultra high vacuum

XAS X-ray absorption spectroscopy

XMCD X-ray magnetic circular dichroism

ZFS Zero field splitting

149






Appendix

1 Bis(phthalocyaninato)dysprosium Molecules

The first successful spin-polarized measurements on DyPc, on Au(111)
were in fact achieved with a ferromagnetic cobalt-coated tungsten tip. These
results shall be presented in the following. In contrast to the results pre-
sented in the main part of the thesis in section these measurements
were performed on a molecule inside an island instead of a single molecule.
The experiments were performed at the dilution STM at roughly 45 mK.

First, figure (1a| shows some exemplary spin-polarized spectra. Like be-
fore the two peaks of the split Kondo resonance exhibit different heights
and their asymmetry varies with the applied magnetic field. Again this peak
asymmetry was measured for various magnetic field values. In contrast
to the procedure described in section substraction of the background
and normalization of these asymmetries was analogue for positive and
negative polarizations. The result is shown in figure|lbl In general, a more
complex curve of the asymmetry results compared to the data shown for the
chromium tip. On the first sight, this plot reminds of the typical butterfly-
shaped hysteresis curves, typically obtained for the TMR in spin valves:
The asymmetry is saturated at large fields. As the magnetic field decreases
- coming from larger positive fields - the asymmetry decreases smoothly
until it changes sign at roughly —50mT. Additionally, a second sudden
inversion of the spin-polarization occurs at roughly —100mT. The mirrored
behavior is observed for the opposite changing direction of the applied
magnetic field. The first notion in order to explain this curve would be,
that the molecule spin changes sign at —50mT, when the stray field of the
tip is compensated by the coil, and that additionally the tip magnetization
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Figure 1: Spin-polarized tunneling spectra and Kondo peak asymmetry for DyPc,
using a ferromagnetic tip. (a) A bias offset was removed for all spectra. Lock-in param-
eters: 50 1V modulation at 1.7 kHz. (b) The peak asymmetries are plotted as function of
the applied magnetic field.

flips at =100 mT, which in turn would correspond to the tip coercive field.
However, with this it is difficult to understand why the spin polarization
increases so slowly with the external magnetic field. At such low tempera-
tures, saturation should already occur at roughly 100 mT of effective field,
which is the sum of applied field and tip stray field, as discussed in section

4.4

Since the magnetic field dependence of the tip stray field is unknown, in
the next step the peak asymmetries were plotted as function of the width
of the Kondo splitting. The latter represents the energy gap between the
two states of the spin 1/2 with opposite spin orientation. Accordingly, this
corresponds to the internal field (Bint), which is the total field felt by the
spin 1/2. This in turn will be given by the sum of applied field, tip stray
field and exchange field. In order to extract the peak position and the peak
asymmetry at the same time, the following model function

o(e) =00+ Ax/2[(1 —nx)flex —€,T') + (1 +1x) f(ex +€,T)]

+As/2[(1 —1ns)O(ex —€,T) + (1 +145)O(ex + €, T)] @
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Bis(phthalocyaninato)dysprosium Molecules

similar to reference [134], was fitted to the tunneling spectra. Therein, f (e, I')
represents a Frota function (see section 2.3.3) and ©(e, T) is the thermally
broadend step function with

1+ (x—Dexp(x)
~ (exp(x) —1)?
As an example, figure 2alshows the tunneling spectrum at zero magnetic

field including the fit. It turns out, though, that this model contains too many
free parameters. Especially the peak position cannot be fully independent

O(e) and x =¢€/(kgT). (2)

of the broadening of Kondo resonance and step function. Therefore, for the
residual fits the values of I and the effective temperature T needed to be
fixed to the values obtained from the fit in figure

I =0.06meV, T =168mK. ©)

The result for the polarization 5k of the split Kondo resonance is shown in
figure Therein, the internal field Bj,; is given by the fitted peak positions
via ex = gsppBint. Moreover, the solid line is an offset Brillouin function for
a spin 1/2 with a Landé factor of g5 = 1.85 given by the expression

_ 8sps(B — Bo)
nk = tanh < T .

The effective temperature was set analogue to the fits to T = 168 mK.

(4)

From this follows the offset field of By = (703 £ 14) mT. Initially one might
expect, that this internal field value, where the two peaks of the split Kondo
resonance exhibit the same height, corresponds simply to the exchange
field, as the tip stray field should be precisely compensated by the external
field. It should be stressed, though, that the result for this offset field is
not independent of the parameter I" which in turn was fixed for the fits.
Choosing a larger (smaller) value for I" results in smaller (larger) energy
values ek and thus in a smaller (larger) offset field. Nevertheless, this plot
clearly illustrates, that the spin polarization as function of the internal field
behaves as expected for a spin 1/2. Still it is not easy to understand the
hysteretic curve of figurelb} especially the slow rise of the spin polarization.
The latter might be attributed to an unknown magnetic field dependence
of the tip spin polarization. Furthermore, it seems likely that the easy axis
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Figure 2: Determination of peak asymmetry as function of peak splitting. (a) An
exemplary spectrum (at zero magnetic field) with the corresponding fit is shown. (b) The
resulting asymmetries as function of the effective field is shown including the error bars.
The effective field results from the fitted Kondo peak position via Bj,; = ex/(gsup)- The
solid line is an offset Brillouin function for a spin 1/2 with g5 = 1.85.

of the tip magnetization is not precisely perpendicular with respect to the
sample surface, but tilted.

In conclusion, this analysis shows, that it is hard to get any insights on
the dysprosium spin with ferromagnetic tips. Especially in the limit of
small external fields, which would be most interesting in this respect, it is
particularly difficult to draw any conclusions, as the unknown stray field of
the tip becomes the dominant factor. This led to the use of antiferromagnetic
tips in the next step.

2 3d Metal Acetylacetonates

This section gives some supplementary information on the project including
the transition metal acetylacetonates. This includes the sample preparation
parameters, the magnetic field dependence of the observed Kondo reso-
nance, an attempt to fit the Kondo resonance with the perturbation theory
model [86]] and an additional island structure.
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3d Metal Acetylacetonates

Details on the Sample Preparation

Table (1] gives the deposition temperatures and labels the presented samples.

Table 1: Deposition parameters for the different samples of M(acac)3;/Cu(111)

Sample label Tbeposition (°C)  Tbegas (°C)
Cr(acac); sample 1 57 62
Cr(acac)s sample 2 48 62
Cr(acac)s sample 3 62 70

Co(acac)s 44 44

Magnetic Field Dependence of the Kondo Resonance and
Perturbation Theory Approach

The magnetic field dependence of the Kondo resonance measured on the
chromium dumbbells is illustrated in figure 3al The spectrum at 1.7 T looks
a bit wider and less sharp compared to the spectrum at zero field, which is
in agreement with the expectations. Moreover, in figure [3b| the spectrum of
figure is fitted using the perturbative approach of [86]. The fit yields

T=(86+01)K (5)
J = —0.132 4 0.002 (6)
U = —0.048 4 0.006 7)
BY = (—0.38 £ 0.04) meV (8)
B3 = (—1.16 £ 0.05) meV. )

It appears, though, as if this model does not describe the measured spectrum
well-enough. It seems like this model can only account for the observed
peak width by assuming a quite high effective temperature. Though this
results in the peak not being high enough. Moreover, the step heights are a
bit too high.
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Figure 3: Magnetic field dependence and perturbative approach to the Kondo reso-
nance observed on the chromium dumbbells. Both spectra were measured at a lock-in
modulation of 0.1 mV.

Additional island structure on the Cr(acac); sample

Besides the hexagonal island structure, another structure was observed.
However, this structure, which is shown in figure 4 occurred only very
rarely on sample 1.

al

Figure 4: Alternative island structure observed on Cr(acac); sample 1. Topography
parameters: 1.5V, 5pA.
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Spin Crossover Molecules on Ferromagnetic Substrates

3 Spin Crossover Molecules on Ferromagnetic
Substrates

3.1 Fe-Phen on Fe,N/Cu(100)
Discussion of previous results

Here, the discrepancy between the observations presented in chapter
and the previous works of reference [150] shall be discussed more elab-
orately. In chapter the issue, that completely different results were
reported on the Fe-Phen on FeoN system in [150], was mentioned al-
ready. There, molecules resembling Fe-Phen on Cu(100) were observed on
one sample. Besides the two lobes that correspond to the phenanthroline
groups, these molecules showed an additional tail in topography. On such a
molecule a robust and reversible switching between two states, analogue
to the behavior of Fe-Phen molecules on Cu;N/Cu(100), was observed.
It was concluded, that this switching might correspond to the SCO such
that Fe-Phen molecules preserved their ability to switch their spin state
when adsorbed on Fe;N, as desired. However, such a behavior was never
observed on the sample presented in chapter There, also additional
control experiments were presented, in order to ensure both, the quality of
the Fe;N film and the successful molecule growth. The problem there was,
that the underlying physics of these results could not be fully understood.
Nevertheless, the question remains, what the origin of these contradicting
observations might be.

On one sample of rather poor Fe;N quality a single molecule with similar
properties as reported in [150] was observed. For the sake of completeness,
these observations will be presented in the following in order to dare an
attempt to explain the different observations with growth problems of Fe,N.
These measurements of this aforementioned molecule are presented in
figure 5| First, a topography is shown in figure 5a. The molecule exhibits
an additional tail strikingly similar to the molecules presented in [150].
In the molecule’s center - marked by a black cross - several I-V-spectra
were acquired. One exemplary spectrum is shown in figure Indeed,
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Figure 5: Measurements of a molecule on a failed sample of Fe-Phen on Fe;N. (a)
shows the topography of a molecule. The black cross marks the position where several I-
V curves were measured subsequently. (c) shows one of these measurements. The arrows
indicate the sweep direction of the tunneling voltage. (b) shows the topography of the
same molecule after several of such bias sweeps. Obviously, after these experiments, the
molecule was displaced. Topography parameters: (3nm x 3nm, 0.2V, 50pA).

sudden changes in the tunneling current occurred during the bias sweep,
which appear as molecular switching events. Figure [5b|, however, shows the
topography of the very same molecule acquired after several of such bias
sweeps. Obviously, the molecule was displaced. Hence, the jumps in the
tunneling current during the sweeps likely correspond to mere movements
of the molecules and not - as assumed before - to the changes of an internal
degree of freedom. It seems possible that the molecular switching observed
in [150] has a similar origin.

Last, figure [6| shows the topography of the sample on which these obser-
vations were made. In contrast to the sample presented in chapter this
sample is very inhomogeneous. The slightly brighter stains within one
terrace presumably correspond to iron aggregations underneath the FeoN
layer [124]. It seems, that the overall quality of this Fe,N film is lower.
Possibly, the results presented in [150] were measured on a similar sample
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and the observations are in accordance with the measurements shown in
figure |5 In this case, the different results were related to a non-sufficient
quality of the Fe,N film.

Figure 6: Topography of a non-homogeneous Fe-Phen on Fe,N/Cu(100) sample. The
quality of the Fe;N film is quite poor. The dashed circle indicates the molecule of figure
Topography parameters: (0.2V, 50 pA).
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Rotational switching

For the switching observed on type B molecules on the sample of Fe-Phen
on FeoN (chapter , figure [7| shows differential conductance maps at
various energies for both states. For every map, it looks like the switching
corresponds to a rotation.

(a) —0.8V (b) —0.4V 004V (d) 0.8V

(e) —0.8V () -04V (g 04V (h) 0.8V

Figure 7: dI-dV maps for the rotational-like switching of Fe-Phen on Fe;N/Cu(100).
Two of the molecules have been switched. For several tunneling voltages, the two states
are shown. For every map, the switching looks like a rotation by 90°. The scan frame is
rotated by 30°. (6nm x 6nm, 500 pA).
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3.2 Fe-Pyrz on LSMO

XAS LS Comparison

Figure |8 shows the same XAS spectrum as figure [6.16b, but superimposed
with the LS reference data on the Fe-Pyrz powder sample from figure of
[101]. From this it is apparent that the measured spectra are not compatible

with Fe-Pyrz molecules in the LS state.

—— Fe-Pyrz/LSMO

2.01 —— Fe-Pyrz reference, LS
S
o 1.57
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wn
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700 705 710 715 720 725 730
Energy (eV)

Figure 8: XAS on Fe-Pyrz/LSMO and comparison to the LS state. A reference XAS
spectrum of the Fe-Pyrz powder sample of [101] in the LS state (scaled and offset in x
and y) is superimposed on a measured spectrum on the Fe-Pyrz/LSMO sample at room

temperature (analogue to figure 6.16).
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