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A Donatella,
alla mia famiglia

“Beyond the horizon of the place we lived when we were
young In a world of magnets and miracles

Our thoughts strayed constantly and without boundary The
ringing of the division bell had begun ..”

“High Hopes”, Pink Floyd
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Section 1

Introduction

Molecular magnetism is an interdisciplinary research field where chemists and
physicists work together to design and characterise the magnetic properties of mo-
lecular based materials. Among these a central role is played by the so called Single
Molecule Magnets (SMMs) (Gatteschi et al. 2006). The evocative name derives from
the magnetic property of these molecular systems, which behave as tiny magnets.
They are characterised, albeit at cryogenic temperatures, by slow relaxation of the
magnetisation, which is molecular in origin (Gatteschi et al. 2006). This behaviour
arises from a ground state characterised by the coexistence of two different states
separated by an energy barrier; a property known as magnetic bistability. Moreover,
the molecular nature leads to the observation of quantum effects in static and dy-
namic magnetic properties (Gatteschi et al. 2006). SMMs combine the advantages of
the molecular scale with the properties of bulk magnetic materials. This makes them
attractive, though still at a fundamental level due to low operational temperatures,
for high-density information storage, for quantum computing (Leuenberger & Loss
2001; Troiani et al. 2005; Lehmann et al. 2007) and for spintronic applications
(Bogani & Wernsdorfer 2008). In the latter research field the electronic and spin de-
grees of freedom are exploited for technological purposes (Dediu et al. 2009; Bogani
& Wernsdorfer 2008; Sanvito 2011; Katoh, Isshiki, et al. 2012).

In order to explore the possibilities offered by SMMs it is mandatory to achieve
the control of the magnetic state at the single molecule level. This is typically
achieved by creating hybrid nano-architectures, i.e. SMM on a conducting surface or
inserted in a nano-gap between electrodes. For this reason in the last decade many
efforts have been devoted to prepare and characterise SMMs hybrid surfaces (Cornia
et al. 2011). As demonstrated by the first attempts based on the archetypal SMM, a
dodecanuclear manganese complex (Mny,) (S. Voss et al. 2008; Mannini et al. 2008),
the preparation of such a hybrid surfaces has proved to be a critical issue. In fact, due
to structural modifications induced by the substrate, the Mn;, molecules lose their
SMM behaviour. To overcome such problems more stable SMMs are needed, requir-
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Single molecule magnets sublimated on conducting and magnetic substrates

ing synthetic efforts, as well as a fine control of the deposition method, a task that
necessitates competences in surface-science. This work is indeed devoted to the sur-
face-science aspect.

The first relevant result in the preparation of a SMM hybrid surface was
achieved by employing a chemical grafting method for the molecular deposition
(Mannini et al. 2009). However, this surface preparation requires a specific molecu-
lar moiety able to bind the surface. This represents a limitation because it does not
allow the functionalization of different surfaces using the same molecule. Moreover,
the preparation from solution do not allow a fine control of the surface quality. This
hampers the possibility to address the single molecule properties by employing
Scanning Tunnelling Microscopy (STM) and its derived techniques. In order to be
able to exploit the great potentiality of these techniques, recently demonstrated in
the investigation of atomic structures on surfaces (Loth, von Bergmann, et al. 2010;
Hirjibehedin et al. 2006; Hirjibehedin et al. 2007; Khajetoorians et al. 2011; Serrate et
al. 2010; Loth et al. 2012), other deposition methods must be employed, such as the
electrospray beam deposition, employed by Kern’s group (Rauschenbach et al. 2009;
Kahle et al. 2012), and the more traditional molecular sublimation method. In fact,
both methods allow the preparation of the surfaces employing the ultimate con-
trolled conditions provided by the Ultra-High Vacuum (UHV) environment (pres-
sure < 10'° mbar). These methods overcome also the substrate limitation of the
chemical grafting procedure allowing the preparation of different hybrid surfaces by
using the same SMM. Moreover, highly reactive surfaces, like ferromagnetic 3d met-
als, can be employed. However, the sublimation procedure requires a high thermal
stability of the single molecule magnet that strongly reduces the number of SMMs
suitable for this method.

In this work we present a study concerning two sublimable molecular systems.
We start by presenting the results of our investigation on one of the most studied
class of SMMs: the rare earth ions bis(phthalocyaninato) complexes (Ishikawa et al.
2003). In particular the terbium(III) bis(phathalocyaninato) (TbPc,;) has been con-
sidered the archetypal of sublimable SMMs. It exhibits slow relaxation of the mag-
netisation at temperatures as high as 15 K, which is remarkable for a SMM. Due to
its flat structure the TbPc, molecule has proven to be a good candidate for STM and
Scanning Tunnelling Spectroscopy (STS) investigations (Schwabel et al. 2012; Fu et
al. 2012; Komeda et al. 2011; Katoh et al. 2009). These studies have provided crucial
information about the electron transport properties of the TbPc; SMM (Katoh,
Isshiki, et al. 2012). A keen interest has been also focused on the characterization of
hybrid architectures made by magnetic molecules deposited on magnetic substrates
(Lodi Rizzini et al. 2011; Lodi Rizzini et al. 2012; Klar et al. 2013). The presence of
molecule-substrate magnetic interactions could indeed open new perspectives for

10



Luigi Malavolti

spintronics and data storage applications. Albeit the consistent number of publica-
tions on this SMM, some issues concerning its magnetic behaviour when organized
in nanostructures, like the strong reduction of its magnetic hysteresis when deposit-
ed on conducting substrates, are still open and have been the object of this thesis.

The other SMM investigated here belongs to the Fe; SMM class. It has been re-
cently shown that a particular derivative of this family can be sublimated
(Margheriti et al. 2009). However, also due to the intrinsic difficulties related to the
very low blocking temperature (below 1 K), an accurate picture of the magnetic and
structural properties of sublimated Fe, hybrid surfaces is still lacking. This despite
the fact that in the last years the Fe, family has proven to be a good model system for
the rationalization of the relationship between the magnetic properties and the
chemical structure (Accorsi et al. 2006).

The Fes molecules are robust and chemically stable. They can be chemically
functionalised with different moieties to promote the interaction with surfaces or to
introduce functionalities able to promote a photomodulation of the magnetic prop-
erties (Prasad et al. 2012). Moreover, the magnetic properties of the Fe; molecules
are less influenced by intermolecular interactions (Schlegel et al. 2010) than the
TbPc; class. This has also allowed to observe in monolayer films the molecular mag-
netic bistability and the quantum phenomena characterising this SMM, such as the
tunnelling of the magnetisation.

In this work we present the results of our study of the two molecular systems
mentioned above. Section 3 is devoted to the investigation of the magnetic behaviour
of TbPc; and the correlation of its hysteretic behaviour with the surrounding envi-
ronment. In particular we focus our attention on the hysteretic loops of TbPc; mole-
cule during the sublimation process, highlighting some anomalies. In order to shed
some light on this phenomenon, in paragraph 3.3 we present the results obtained by
exploiting the low energy muons implantation technique to perform depth-resolved
investigations of the magnetic properties of TbPc, thick films. In the last part of sec-
tion 3 (paragraph 3.4) we report a characterisation of thin films of TbPc; sublimated
on two magnetic substrates, namely lanthanium-strontium manganite and metallic
cobalt. Our choice has fallen on these two substrates because they are the most em-
ployed ferromagnetic substrates for the realisation of electrodes in organic spin valve
(Dediu et al. 2009), thus preparing the ground for future applications.

Section 4 is dedicated to the investigation of hybrid surfaces prepared by subli-
mation of Fe;, SMMs. We exploit the UHV techniques to perform a Photoelectron
characterisation of Fey deposited on Au(111) surface (section 4 paragraph 4.2). The
PhotoElectron Spectroscopy (PES) investigation has allowed to tune the preparation
of the hybrid surfaces getting sub-monolayer Fe; coverage. This has allowed to in-
vestigate low coverage Fe, samples on different surfaces by means of STM tech-
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niques. Thanks to the effort in the optimization of the preparation procedure and
the in depth characterisation of our films it has been possible to perform experi-
ments in one of the most performing STM platform to record inelastic electron tun-
nelling spectra. This technique is one of the few that allow the investigation of the
electronic and magnetic properties of molecules on surface at the single molecule
level.

12



Section 2

Experimental methods

1 Bulk magnetic characterisation

The magnetic characterisation of bulk materials was performed by employing
standard magnetometers. These instruments allow the measurement of the magneti-
sation and the susceptibility of the samples. The susceptibility x is a second rank ten-
sor which is defined as:

oM
X=%5 (1)

where M is the molar magnetisation of the sample and H is the magnetic field
vector. The susceptibility characterises the interaction of the magnetic moment of
the samples with the external magnetic field. By looking at the molecular scale, the
magnetic moment can be described as the energy variation of the molecular system
(8E) due to the interaction with the magnetic field. The magnetic moment m is de-
fined as:

5E
m=-— (2)

Considering a system characterised by an energy spectrum of n levels E,(n
=1,2,..,n) and introducing the Boltzmann distribution law, the macroscopic magneti-
sation can be written as:

_ N¥n(=8En/6H)exp(—En/kT)

M Ynexp(—En/kT)

(3)

where T is the temperature in K units and k is the Boltzmann constant. This is
the general formula which directly relates the energy levels description of the system
to its macroscopic magnetic properties.
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Single molecule magnets sublimated on conducting and magnetic substrates

The measurement of magnetisation can be carried out by employing standard
magnetometry techniques while for a correct evaluation of the susceptibility the use
of alternating magnetic fields is required. These techniques are described in the fol-
lowing paragraphs.

1.1 Standard magnetometry

Most magnetometers are based on the inductive detection. These instruments
work with static magnetic field generated by a superconductive magnet. The mag-
netic flux variation induced by the presence of the sample inside a coil is measured.
The flux variation produces in the coil an electromotive force proportional to
— 8¢/ 5t, where ¢ is the magnetic flux through the detection loops. In the coil cir-
cuit this generates a current that can be measured. To induce a time change of ¢ the
magnetised sample is moved inside the detection coils in a region of homogenous
magnetic field. During the measurements the sample is thus assembled on a rod and
is moved inside a gradiometer circuit. This circuit is sensitive only to a variation of
the gradient of the magnetic field and allows to separate the contribution of the
sample from the drift of the homogenous field. In particular, the second order gradi-
ometer circuit employed in our instruments is formed by three coils, a single coil
with N windings placed between two coils made of N/2 windings each and wound in
the opposite direction (see fig. 1 left). The sample is moved from the centre of the
top coil to the centre of the bottom coil. The current induced in the gradiometer cir-
cuit changes sign between opposite coils and the difference is assumed to be propor-
tional to the magnetisation of the sample. The proportionality factor is determined
through a calibration with standard samples with well-known magnetisation, like
metallic Pt.

!
=

Fig. 1: Schematic representation of a second order gradiometer (left): the windings of the bat-
tom and top coil are wound in the opposite direction respect to windings of the central one.
In the magnetic measure the sample is moved up and down inside the gradiometer. A first
order gradiometer made by two coils wound in the opposite way (right).
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The sensitivity of the system can be enhanced by inductively coupling a Super-
conductive Quantum Interference Device (SQUID). This device, formed by a super-
conductive ring with a Josephson junction (Barone & Paterno 1982; Bukel 1991), is
the most sensitive detector for the magnetic flux (Clark & Braginski 2004). A compa-
rable, although slightly lower, sensitivity can be reached employing the so called Vi-
brating Sample Magnetometer (VSM). In this type of magnetometers the sample is
moved inside a gradiometer (fig. 1 right) at frequencies in the range of 50-100 Hz.
The signal is recorded by means of a lock-in detection system without the necessity
of a SQUID. This makes the magnetometer better suited for measurements under
fast varying magnetic fields, which would be not compatible with SQUID devices,
the latter being very sensitive to the magnetic field. The VSM technique was there-
fore used to record the magnetic hysteresis presented in section 3 paragraph 2.

It is important to note that these magnetometers measure the magnetisation of
the sample. The molar susceptibility y can be calculated assuming a linear depend-
ence of the magnetisation on the field as:

x=%-H (4)

where M is the magnetisation of the sample and N is the number of moles. The
assumption of a linear dependence of the magnetisation on the field is not correct
under strong magnetic fields. To have access to the susceptibility the so called ac
susceptometry was employed.

1.2 Ac susceptometry

In these measurements the sample is positioned inside a coil, called primary. A
small oscillating magnetic field, few Oe, can be generated by applying an alternate
potential to the coil’s ends. Inside the coil a first order gradiometer circuit is present,
called secondary. Due to the opposite wounding of the two coils no voltage is in-
duced from the primary to the secondary. However, if a sample is inserted in the
coils it magnetisation will oscillates with the oscillating field unbalancing the sec-
ondary circuit, and generating a voltage that is proportional to the change in sample
magnetisation. As the oscillating field is very small, the derivative of the magnetisa-
tion vs. the oscillating field, i.e. the susceptibility, is directly measured. The sample is
moved inside the gradiometer to eliminate possible spurious signal due to a non-
perfect balance of the gradiometer’s windings.

It is possible to apply a constant field (By) along the same direction of the ac
field. The total field experienced by the sample is thus:

15
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B=By+hcoswt (5)

where h is the amplitude of the oscillation and w is the angular frequency of the
ac field. Independently from the value of By the oscillating field remains small and
thus the susceptibility can be evaluated also for a non-linear dependence of the mag-
netisation on the applied field.

The application of a tuneable ac field allows the study of the dynamic properties
of the investigated sample by varying the angular frequency of the field. The magnet-
isation of the sample experiencing the ac field can be described as:

M(t) = My + x(Dh (6)

It is convenient to describe the susceptibility as formed by a real, x’, and imagi-
nary part, Y. Thus y(t) is:

x@) =x' coswt + y"sinwt (7)
the magnetisation is then calculated as:
M(t) = My + (x' coswt + x" sinwt)h (8)

The measurement of the two components can be achieved by using a lock-in de-
tection. The relative value of the two components is determined by the dynamic
properties of the investigated material in respect to the employed oscillation fre-
quency. Defining 7 as the time needed for a magnetic system to establish the thermal
equilibrium in the oscillating field, two limiting cases can be encountered. If the fre-
quency is slow comparing to the relaxation rate 7~}(wt < 1) the magnetisation of
the system is able to follow the oscillating field and no signal will be detected in the
quadrature channel. The measured susceptibility is the isothermal one defined as yr.
On the contrary when the frequency is fast comparing to 7! (w7 > 1) the suscepti-
bility measured is the adiabatic susceptibility, ys. In this case the system has no time
to exchange energy with surrounding environment. For intermediate ratios between
omega and 7! Casimir and Du Pré (H B G Casimir & du Pré 1938) proposed the
following formulae for the definition of the imaginary and real part of the suscepti-
bility:

1 _ XT—Xs
1+w?2t2

X +xs (9)

"no_ (XT_XS)L'JT ( 10 )

1+w?2t2

X
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For a system characterised by a distribution of relaxation times the two compo-
nents of the susceptibility can be calculated as (Cole & Cole 1941):

1+(wt)%sin(ma/2) ( 11 )

1+2(wt)1~%sin(a/2)+ (wT)2~22

X' () =xs+ Or — xs)

1-a
)(”(w) _ ()(T _ Xs) 1+(wTt) cos(ma/2) ( 12 )

1+2(wt)1~%sin(ra/2)+ (wt)2—2@

where the phenomenological parameter a accounts for the distribution of relax-
ation times, the higher is a the wider is the distribution. By fitting the frequency de-
pendence of the imaginary susceptibility with equation 12 the relaxation time 7 and
the a parameter can be evaluated. The procedure can also be repeated on 7y, alt-
hough this one does not show a peak feature. By repeating the measurements at dif-
ferent temperature it is possible to investigate the temperature dependence of the
two parameters, T and a. The same analysis can be repeated for different applied
static fields. These studies are crucial for the investigation of the slow relaxation pro-
cesses of SMM systems.

2 Sublimation process

One of the most clean techniques for the molecular deposition is the molecular
sublimation in Ultra-High Vacuum (UHV) environment (pressure of the order of
10-1° mbar). The UHYV, indeed, allows to prepare clean surfaces by means of sputter-
ing and annealing. Our home-made experimental setup for the sublimation process
is illustrated in fig. 2. The powder of the molecular compound fills a quartz crucible
housed in the turns of a tantalum wire. By means of Joule effect the crucible can be
heated up controlling the temperature by a K type thermocouple immersed in the
molecular powder. The heating process is controlled by regulating the current flow-
ing in the tantalum wire by means of an adjustable power supply. The sublimation
system is assembled on CF40 feedthrough and it can be assembled in UHV systems.
The film preparation is thus achieved by heating up the powder to the sublimation
temperature while the sample surface is directly exposed to the incoming flux of
molecules.

In order to exploit this process the molecules must be stable to thermal treat-
ment. This is a quite restrictive prerequisite which, for example, limited the study of
the Mn; class of SMMs (S. Voss et al. 2008; Mannini et al. 2008). However, as antic-
ipated in section 1, other SMMs are stable enough to be sublimated in UHV, as in
the case of the TbPc, (Margheriti et al. 2010) and Fe,Ph (Margheriti et al. 2009). One
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of the most important advantages of the sublimation process, if compared to solu-
tion technigues, is certainly related to its cleanliness, which allows the best exploita-
tion of scanning probe microscopy and related techniques. The possibility to deposit
the same molecule on different substrates, including artificial structures not stable in
ambient conditions, and the capability of controlling the amount of deposited mole-
cules, are other relevant advantages of this UHV-based preparation technique. In
particular in this work we exploited the versatility of the sublimation process to
study ThPc; and Fe,Ph SMMs on different substrates.

4——— Thermocouple

Crucible ——

Tantalum
wire

Fig. 2: Picture of the home built sublimating system.

3 Quartz Crystal Microbalance

The Quartz Crystal Microbalance (QCM) is a useful tool for checking the mo-
lecular flux during the sublimation process. The sensor, made by a quartz crystal, de-
tects small amounts of sublimated material on its surface by measuring the frequen-
cy variation of the crystal resonant oscillation. The relation between the mass of the
deposited film and the frequency variation is:

As = p_ffctan‘l{ztan[ﬂf;—;fc)]} (13)

where As and p are the thickness and the density of the deposited material re-
spectively, 7. and f, are the frequency before and after the deposition, respectively,
and K is a constant including quartz crystal parameters; z is the so called z-factor
which is tabulated for many materials, in our experiments we used the value of the
graphite.
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4 PhotoElectron Spectroscopy (PES)

The chemical characterisation of the sublimated films on conductive substrates
can be performed by employing the photoemission technique. The technique is
based on the photoemission effect, which was discovered by H. Hertz in the 1887.
The effect was then rationalized in the following years by Einstein (1905) (Einstein
1905) and its application in spectroscopic studies was developed only in the 50s and
‘60s. The technique was refined during the last 60 years to achieve the actual state of
the art.

The photoemission effect takes place when a photon transfers enough energy to
an electron to overcome the potential barrier (binding energy) holding it to its atom.
The exceeding energy imparted by the photon manifests as kinetic energy of the
electron. Thus knowing the photon energy (hv) and the kinetic energy (E;,) of the
photoelectron it’s possible to calculate the binding energy (Ep) using the following
formula:

Eg = hv — Egin + ¢samp. - ¢spec. (14)

where ¢samp. and @gpec. are respectively the work functions of the sample and
the spectrometer (fig. 3). The energy level diagram of the process is depicted in fig. 3
considering the case of a metallic sample electrically connected to the spectrometer
and both grounded. This allows for minimising the charging effect maintaining a
fixed potential during the photoemission process. The scheme considers a system at
0 K where the Fermi level is the highest occupied energy level. At the equilibrium the
sample and the spectrometer have the same Fermi energy due to the electrical con-
tact. When the photoelectron goes from the sample into the spectrometer it feels an
accelerating or decelerating potential due to the difference in work function of the
two materials (Psgmp. — Pspec.)- The work function is defined as the energy differ-
ence between the Fermi and the vacuum level and it depends on the material. Alt-
hough the Fermi levels of the sample and spectrometer are the same they have dif-
ferent work functions. This introduces a shift in the detected kinetic energy of the
electrons that must be corrected to be able to compare spectra acquired with differ-
ent spectrometers.

The PES spectrum is acquired recording the number of electrons detected in
function of their kinetic energy. However, since the kinetic energy depends on the
radiation energy, the use of the binding energy abscissa is generally preferred. It’s
important to note that in PES experiments the energy level of the final state is meas-
ured, which is lacking one electron, while energy of the initial state can be only ob-
tained by theoretical considerations.
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Fig. 3: Sample levels scheme (right) and spectrometer levels (left). The sample and the spec-
trometer are in direct contact, thus their Fermi energies are equal. When photoelectrons go
from the sample to the spectrometer they experience a potential due to the difference of the
work functions of the two materials.

Fig. 4: Scheme of the levels in the description of the shake-up satellite peaks generation; the
one electron process (left) and the two electron process (right).

In some cases the photoemission process involves also a transition of a core elec-
tron into the valence band. Thus, the final ionised atom is not in its ground state,
and the kinetic energy Ey;, of photon resulting from this two electrons process is
lower than the expected one (fig. 4) and also depends on the energy of the excited
state. It can be calculated as respect to the Ey;,, of the one electron process as:

Ein = Exin —AE  (15)
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which corresponds in binding energy:
Ep = Eg + AE (16)

where AE is the energy involved in the transition of the core electron to the va-
lence band. This process leads to discrete structures at higher binding energy side of
the main photoelectron peak (shake-up satellite(s)).
Emispherical analyser

hv

Fig. 5: The photon (hv) excites the electrons of the sample which are emitted as photoelec-
trons. The photoelectrons are then separated in energy by means of a hemispherical analyser.

Strong satellite peaks are generally observed in many transition metal and rare
earth based compounds. In particular in the XPS spectrum of compounds contain-
ing Fe* ions show strong shake-up satellites (see section 4 paragraphs 3 and 4) and
this is an additional feature that can be used to recognise it. Moreover, emitted pho-
toelectrons can leave the sample's surface directly or they can interact with the atoms
of the sample before escaping from the surface. The primary spectrum is formed by
photoelectrons which leave the surface without exchanging energy with the sur-
rounding atoms. The secondary spectrum is formed by the photoelectrons which
have exchanged energy by means of inelastic scattering processes and it contributes
to form a background. The latter ones are labelled as secondary electrons and their
energy cannot be calculated with equation 14. The scattering processes limit the es-
cape length of the emitted photoelectrons giving rise to one of the more interesting
properties of the photoelectron spectroscopy. Photoelectrons with energy >50 eV
allow to investigate a thickness of a maximum 50 A. This feature makes the tech-
nique surface sensitive. The short escape length is also the reason for the necessity to
work in UHV conditions. The surface sensitivity of the PES technique requires an
atomically clean surface. Thus 10® mbar base pressure is recommended for PES in-
vestigations. A schematic representation of the PES experiment is reported in fig. 5.

According to the radiation energy used the photoelectron spectroscopies are
classified as X-ray Photoemission Spectroscopy (XPS) and Ultraviolet Photoemis-
sion Spectroscopy (UPS).
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4.1 X-ray Photoemission Spectroscopy (XPS)

In a XPS experiment the incident photons have energies
100 < hv < 1500 eV; the most common X-ray sources used in a conventional la-
boratory are the Al Ka (1486.6 eV) and Mg Ka (1253.6 eV). The photon energy is
thus enough to promote core electrons into the vacuum continuous level of the in-
vestigated samples. As already mentioned, the binding energy of the photoelectrons
can be used as fingerprint of the element allowing a chemical analysis of the surface.
Each peak is labelled with the corresponding level of the initial state. The photoemis-
sion peak associated with an electron ejected from an orbital characterised by [ > 0
can show a well-defined splitting in two components. The two states derive from the
spin-orbit coupling. Accounting for the spin-orbit coupling with the j-j coupling
scheme the total angular momentum of each electron is given by j = [ + s and the
total angular momentum of the whole atom is calculated as J = };j. Two possible
states arise when an electron is ejected from an orbital characterised by [ > 0. The
difference in energy of the two states is due to the parallel or antiparallel alignment
of the spin electron and its orbital angular momentum i.e. j = [ + 1/2. This separa-
tion for the core shells can be many electron-volts and is another fingerprint of a
specific element. The relative intensity of the peaks is given by the ratio of their re-
spective degeneracies (2j + 1). An example of the spin-orbit splitting is reported in
fig. 6 for the Au 4f peak.

The binding energy of the peaks depends also on the electronic density of each
atom that is related to the chemical environment, i.e. oxidation state and functional
groups present (chemical shift). For instance the Fe*', Fe?* and Fe 2p peaks have not
the same binding energy: the core electrons of atoms with low electron density (like
Fe’*) feel stronger Coulomb interaction respect to a more reduced species (like Fe?*),
therefore the energy required for the ionisation process is shifted to higher values.
This phenomenon allows for discriminating the oxidation state of each element on
the surface. In order to compare the intensity of different XPS peaks the relative
atomic photoemission cross-section (¢) must be taken into account. This parameter
depends on the atomic initial state and on the photon energy. A complete table of
the element photoemission cross-section can be obtained from the web address:
http://ulisse.elettra.trieste.it/services/elements/WebElements.html. (Yeh & Lindau
1985; Yeh 1993). The tabulated values have been used in this work for the quantita-
tive interpretation of the XPS spectra. The intensity of each peak can be evaluated by
integrating the corresponding area after the subtraction of the inelastic background.
This process can be performed by using one of the many available programs which
allow the deconvolution of the XPS signal and the background subtraction. The cal-
culated area is then divided by its relative cross section allowing the comparison be-
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tween the intensity of the peaks of different elements. In this way it is possible to es-
timate the surface chemical composition with a typical accuracy of 10 %.
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Fig. 6: Spin splitting of the Au 4f region: the two components 4fv: and 4f7; are separated by
167 eV,

The XP5 technique is also a useful tool for the estimation of the film thickness.
By assuming the system as constituted by a uniform deposit, A, on the substrate sur-
face, B, (fig. 7), and considering the escape length of the photoelectron emitted from
the film equal to the escape length of photoelectrons emitted from the substrate, we
obtain the following simplified equation:

é NA{l—exp[_d/AA'Acose]}

Ig NB{exp[_d/ABAcose]}

(17)

Where A4 4 and Ap 4 are the inelastic mean free paths of the electrons in A (sec-
ond index letter) emitted by the element A or B (first index letter), and N, and Np
are the number of atoms constituting the investigated surface portion. The emission
angle 0 of the electrons is given with respect to the surface normal (polar angle). If
the A and B peaks are close in energy is possible to approximate A4 4,~A5 4 = 4 and
write for the layer thickness d:

I'N IhIgeo

d = Acos6 In (IgNi + 1) = AcosO In (ﬁ + 1) (18)

where [y, and Ig,, are the intensities of the signals of pure bulk elements A and
B. The accuracy in the estimation of d using this equation is affected by the incerti-
tude on Ng /N, and Ige/Iace. With a good approximation we can assume that Ig,,
and Ipe are equal to the photoionisation cross section of the respective element,
while I, and I correspond to the intensity of XPS signal. In this case all the parame-
ter of the equation 18 are known allowing the calculation of d thickness. If the
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Aaa~Ap 4 = A approximation is not reasonable the equation can be solved numeri-
cally introducing the escape length calculated for each element.

In this discussion we have considered only the process involving photoelectrons.
However, when the X-ray radiation interacts with the atoms of the surface another
process can produce electron emission. This is the case of the Auger process. For the
clarity of the discussion we can consider the ionisation of the K shell by means of the
photon interaction.

hu
photoelectron

Vacuum level Yacuum level Vacuum level

K -

Fig. 8: Schematic representation of the Auger emission process. The photon excites a core
electron of the K shell (left) the hole is filled by an electron of the L shell. The energy involved
can be emitted as photon or can give up to the Auger electron (centre). The final state is a
double ionised atom (right).

The vacancy created in the K shell can be filled by an electron of the L shell with
the release of energy in a radiative way, i.e. emitting a photon, or by emitting a sec-
ond electron: the Auger electron (fig. 8). The Auger transition is indicated with the
historical X-ray notation; states with n=1,2,3,4... are labelled as K,L,M,N... respec-

tively, while states with various combination of 1=0,1,2,3 4..and j=3257, .. are given

2°2°2°2"
conventional suffixes 1,2,3,4... For example the 2p,, spectroscopic level is labelled in
the historical X-ray notation as L, (2p;2—Ls; 3ds2~>Msg 3ds2—>Ma). This notation will
be used in the XAS experiments reported in section 3. The KL,L,3 Auger emission

corresponds to the decay of an electron from the level 25 (L,) to the level 1s (K) with
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emission of an electron from the level 2pi/31 (L23). The energy of the emitted Auger
electrons is not correlated to the X-ray excitation energy and it depends only on the
energy levels of the system. In some cases the emitted Auger electrons of an element
present on the surface sample have the same energy of the XPS peak of another ele-
ment. In such a situation a correct evaluation of the XPS signal is hamper, as in the
case presented in sections 4 paragraphs 5 and 6.

4.2 Ultraviolet Photoemission Spectroscopy (UPS)

In the UPS technique the incident photons have energies 10 < hv < 50 which
are enough to remove the electrons from the valence band. The most common la-
boratory source for ultraviolet photoemission spectroscopy is the helium discharge
lamp, which can provide photons with energy of 21.2 eV He(I) and 40.8 eV He(II).
UPS, allowing the study of the valence band, provides useful information about the
electronic structure of the surface and of molecular films. By comparison of the UPS
spectrum with the calculated density of state (DOS) of the isolated molecule it is pos-
sible to evaluate the intactness of the molecules and their interaction with the sub-
strate. An example of UPS spectrum acquired on the clean Au(111) surface is re-
ported in fig. 9.
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Fig. 9: UPS spectrum of the Au(111) valence band; the zero of the energy scale is set to the
Fermi energy of the gold.

5 X-ray Absorption Spectroscopy (XAS)

The synchrotron based X-ray absorption spectroscopy is a fundamental tool for
the magnetic and structural investigation of thin films (Wende 2004). In fact, the
magnetic characterisation of monolayer and submonolayer molecular films cannot
be carried out using the standard magnetometry techniques. These are not able to
measure the signal of such small amounts of magnetic materials (Cornia et al. 2011).
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The fundamental properties of XAS can be summarized as follow:

—  Element specificity. The X-ray absorption involves the electronic level of
the atoms, thus the energy of the transitions is a fingerprint of the spe-
cific element.

—  Sensitivity to electronic state (or valence). The feature and the energy of
the peaks are related to the oxidation states of the investigated atomic
species.

—  Sensitivity to the spin. By using circular polarised X-ray light and meas-
uring the dichroism (X-ray Circular Magnetic Dichroism (XMCD)) it is
possible to investigate the magnetism of the absorber.

—  Sensitivity to the anisotropy of the charge distribution around the absorb-
ing atom. By using linearly polarised light it is possible to measure the
X-ray Natural Linear Dichroism (X-ray Natural Linear Dichroism
(XNLD)) which is indicative of the orientation of the different molecu-
lar orbitals that can be related to a preferential orientation of the mole-
cules.

—  Surface sensitivity. Using the appropriate detection mode the technique
is sensitive only to the top-most atomic/molecular layers of the surface.

X-ray absorption and the related dichroism can be measured only using X-ray
synchrotron sources. In third generation synchrotron it is possible to produce polar-
ised X-ray light tuneable in energy with a large flux of photons.

5.1 X-ray synchrotron radiation

The synchrotron radiation is generated by deviation of an accelerated electron
beam by means of magnetic fields. This process gives rise to the emission of a wide
and continuous electromagnetic spectrum. The electron beam is generated by ther-
mionic emission process by means of an electron gun in UHV environment. The
electrons are collimated and accelerated to hundreds MeV energy before being in-
troduced in a booster ring where their energy is further increased to reach the final
energy of few GeV. The electrons are then introduced in the storage ring, where
theirs linear trajectory is deviated by means of magnetic fields (quadrupole units). In
the linear sections of the storage ring additional devices are inserted "disturbing" the
pathway of electrons, this process leads to the emission of electromagnetic radiation
along the tangent to the electrons trajectory. The produced photons are collected
and used for experiments in several beamlines built along the ring.

The main properties of the radiation of each beamline are due to the used system
for the photon emission. In particular for the beamline working on XAS-derived
techniques the so called “insertion device”, which is made by periodic arrays of
magnets placed above and below the electron pathway (fig. 10), is employed. The in-
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sertion devices are divided in two classes the wigglers and the undulators. The main
differences are related to the range of photon energies emitted and the collimation of
the light. The wigglers produce low collimated high energy photon (10-20 KeV)
spread on a wide range of energies. The undulators generate high collimated energy
photon with a narrow spectral emission range. The maximum of the spectral emis-
sion can be tuned by changing the distance of the two rows of magnets above and
below the electrons path (fig. 10). In both insertion devices the emitted photons are
linearly polarised. However, by using two or more set of undulators it is also possi-
ble to obtain the circularly polarised light needed for the XMCD measurements.

2,1 !

Electron beam A A A A AT A A A
j##nmwwm*;fww;w Xeray

Fig. 10: Schematic representation of an insertion device. The grey and black elements are
permanent magnets aligned in two rows, one above and one below the electron beam. In the
undulator the gap distance between the two rows can be modified to tune the spectral emis-
siomn.

5.2 X-ray absorption spectroscopy principles

The simplest way to describe X-ray absorption process is the so called one elec-
tron approximation (Stohr & Siegmann 2006). In this description the photon trans-
fers its energy to a single core electron which is promoted from the core level to the
valence band neglecting all the other electrons in the process. This view is clearly an
oversimplification of the physics involved in the process and it does not allow a
quantitative interpretation of the spectra. A more correct way to describe the phe-
nomenon is the configuration picture. In this interpretation an atom is excited from
its initial to the final excited configuration. Both configurations are described by
theirs total angular momentum (/) which can be calculated with the (j-j) coupling
scheme, as described in section 2 paragraph 4.1, or by the so called Russell-Saunders
(RS) coupling:

L=2li > S=ZSi 5 ]=L+S
where L and S are the total angular orbital momentum and the total spin angular

momentum respectively, the [; and s; are the angular and spin momentum of the
single electrons, respectively. This description allows to take in account the angular
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momentum interaction between the excited electron and the other electrons belong-
ing to the same atom.

The cross-section of the X-ray absorption process is calculated considering a
time dependent perturbation to the electronic levels induced by the electromagnetic
field. The transition probability from the initial state |i) to the final state |f) func-
tions (both containing an electronic and a photon part) can thus be described fol-
lowing the formalism developed by Kramers (Kramers 1926) and by Dirac (Dirac
1929) as:

. 2
Tif = %ﬂ (| Hineli) + 3, L int M0 HinelD p(er)d(ei — ) (19)

i~€n

where ¢;, ¢ are the energy of the initial and the final state respectively, p(e;) is the
density of the final state per unit of energy and H;,, = (e/m,) #- 4 is the Hamiltonian
describing the interaction with the electromagnetic field. Where e, m, and 5 are the
charge, the rest mass and the moment of the electron respectively and 4 is the poten-
tial vector. Just for clarity of the discussion we report that the electric field can be ob-
tained as E = —84/6t . The cross-section (o) is thus obtained from the transition
probability by normalizing for the total incident flux (¢g):

=Ty
T=7 (20)

5.3 X-ray Magnetic Circular Dichroism (XMCD)

The X-ray Circular Dichroism (XMCD) technique allows the characterisation of
the magnetic properties of the inspected material. In particular it provides infor-
mation about the intensity and the direction of the magnetic moment of the probed
element. It’s important to recall the properties of the XAS experiment which allows
element selectivity. The XMCD is thus able to measure magnetic moments of differ-
ent elements present in the same sample.

In order to explain the basis of the XMCD experiment is convenient to refer to
the 2p — 3d transition of transition metals (fig. 11). In this case the small orbital
moment of the d shell is quenched by the crystal field and the shell has only the spin
moment. In order to be able to measure the difference in the spin state of the d shell
we need a spin dependent XAS process. By using circular polarisation is possible to
selectively excite the spin-up or spin-down photoelectron from the core shell. Since
the XAS does not allow spin flip processes the photoelectron spin-up (spin-down)
can be only excited in spin-up (spin-down) final states. The intensity of the transi-
tion thus reflects the density of the empty final states for the spin-up and spin-down
respectively. In fact, if the electron is excited from a spin-orbit split level the photon
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can transfer part of its angular momentum to the electron trough the spin-orbit
coupling. The left circular polarised light transfers opposite angular momentum of
the right one. In the transition 2p — 3d the spin-orbit coupling split the 2p state in
the 2ps; (Lyedge) and 2p,; (L, edge) states with opposite alignment of the two com-
ponents. The spin polarisation of the photoelectron is the opposite in the two cases.
The magnetic information is related to the spin-split valence band which acts as a
detector for the photoelectrons and, as already mentioned, the intensity of the ab-
sorption is proportional to the density of the empty d final states. If the d valence
band possesses an orbital momentum it can also act as orbital momentum detector
allowing to separate the spin and orbital contribution to the magnetic moment.

Fig. 11: Schematic representation of the circular polarised light absorption. The different
probability of the two transitions gives rise to the XMCD signal at the Ls edge.

XAS (arb. units)

770 780 790 800 810 820
Photon energy (eV)

Fig. 12: XAS absorption spectra acquired with left (o) and right (07) circular polarisation of
a thin film of cobalt evaporated on Cu(100) and the relative XMCD spectrum (6~ — ™).

The XAS spectra of a Co film acquired with the two circular polarisations and
the resulting XMCD spectrum are reported in fig. 12. Considering the left circular
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polarisation (¢ the relative cross-section) with the helicity pointing to the photon
propagation direction and considering the reverse for the right polarisation (o~ the
relative cross-section) the XMCD spectrum is defined as:

XMCD =0~ — ot (21)

The size of the dichroism effect scales like cosf, where 8 is the angle between the
photon spin and the magnetisation direction. Thus the maximum dichroism is re-
vealed when the helicity of the photon lays in the same direction (parallel or anti-
parallel) of the quantization axis of the d shell, i.e. in the magnetisation direction.

In order to get information concerning the orbital and spin moments the sum
rules, reported by Thole et al. (Thole et al. 1992) and Carra et al. (Carra & Altarelli
1993), can be employed. A complete discussion about the details of the calculation is
beyond the aim of this work. Here only the general results which allow the calcula-
tion for the 2p — 3d (L,sedges) are presented. For such transitions the angular mo-
mentum (m,,;,) can be calculated as:

4 sz +L3(a‘—a+)dm

Moy = ——+—————(n3q) (22)

3 fL2+L3(a++a‘)dw

where m,,;, is in units of ps/atom, (6~ — o) is the XMCD spectrum, and ns is
the number of the 3d holes of the specific transition metal atom. Similar formula al-
lows the calculation of the spin momentum (1, ):

_ 6fL3(J_—J+)da)—4- fL2+L3(0_—0+)d(u
mspin -

7T\t
((n30) (1+2,5) (23)

fL2+L3(a++a—)dw

where the (T,) is the expectation value of the magnetic dipole operator and (S,)
is equal to half of the m,,;, in Hartree atomic units. By neglecting the (T,)/(S,) ratio
contribution (Chen et al. 1995; Wu & Freeman 1994) it is possible to calculate the
two contributions from the direct integration of the XAS and XMCD spectra. The
integral (0~ + o) can be evaluated after the subtraction of a two step background
function (Ls:L, ratio 2:1 in agreement with their 2j+1 degeneracy). Referring to fig.
13 the orbital and spin momenta can be thus calculated as (Chen et al. 1995):

_4 .

Morp = % (24)
—(6p—4q)-

Mspin = % (25)
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Fig. 13: Integration of the cobalt XMCD spectrum (left) and the integration of the XAS spec-
trum calculated as (6~ + 0¥) /2 after the subtraction of the two steps background.

5.4 X-ray Natural Linear Dichroism (XNLD)

The XNLD experiment is defined as the difference between the XAS spectra ac-
quired with vertical and horizontal polarised light. The XNLD technique provides
information about the anisotropy of the charge distribution around the absorbing
atom. This information can be useful for individuating preferential orientation in
SMM hybrid surfaces (Cornia et al. 2011). A simple way to visualize the phenome-
non originating the linear dichroism is to invoke the so called “search light effect”
introduced by Stohr “X-ray absorption is governed by electric dipole transition and
the photoelectrons are preferentially excited into the direction of the electric field”
(Stohr 1995). The dichroism derives from the anisotropy in the valence level of the
investigated atom. Considering a transition 2p — 34 its intensity is related to the
sum over all the degenerate 2p states and all the 3d states. The core levels leads to a
spherical symmetry contribution. The 3d orbital contribution is strictly related, in
mononuclear molecular complexes, to the symmetry of the complex. In cubic sym-
metry the 3d degeneracy is broken by the ligand field obtaining the t,, and e, irreduc-
ible representations. The sum of each representation gives rise to a spherical contri-
bution. In this situation no dependence on the photon electrical field orientation has
to be expected. However lowering the symmetry of the complex the contribution is
no more spherically symmetric and a dependence on the electrical field orientation
is found. The intensity of the transition is then at its maximum when the electric
field points to the empty states and it will be zero on nodal plane. This allows to ex-
tract information about the local symmetry of the absorber.

5.5 X-ray absorption detection

As reported in the previous sections the XAS absorption leads to a core hole fi-
nal state. This state is not stable and it evolves relaxing in two principal ways: by the
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emission of Auger electrons or by emission of fluorescence photons. Both emissions
are related to the probability of the XAS absorption and thus they can be measured
in function of the photon energy to provide the XAS spectrum. Different detection
methods can be employed for the two emissions. In this work the Total Electron
Yield (TEY) mode was used.

The Auger emission leads to ionised atoms. If the sample is grounded an elec-
tron current flows to the sample to restore the neutrality. This current can be read by
means of a picoammeter (fig. 14). Since the process is related to the emission of the
Auger electron the TEY mode is surface sensitive. In fact the escape length of the
Auger electrons is ~2 nm and no information on processes occurring deeper in the
sample are accessible. This detection method allows the study of the superficial
properties of the samples.

X-ray Auger electrons

Auger
| escape

lenght
(@

Fig. 14: Schematic representation of the Total Electron Yield (TEY) detection system.

6 DEIMOS beamline

Most of the XAS experiments carried out during this thesis work have been per-
formed on the DEIMOS beamline, which will be shortly described here. DEIMOS
beamline experimental setup was designed to perform XAS and its derivate tech-
niques. The beamline's photon energy range is 250-2500 eV. The insertion device al-
lows the study with linearly and circular polarised light. A cryo-magnet allows
measuring the XAS at temperature as low as 1.5 K with tuneable magnetic field
along the photon direction up to 70 kOe.

Two preparation chambers connected to the beamline allows the in situ prepara-
tion of the sample (fig. 15). In particular the MBE chamber was dedicated to the sur-
face preparation and provides sputtering/annealing and metal evaporation facilities.
The other (RAOUL) was employed for the molecular sublimation. The UHV system
offers also the possibility to characterise the investigated surfaces by STM, Low Elec-
tron Energy Diffraction (LEED), and Auger Electron Spectroscopy (AES).

In Our experiments (see section 3 paragraph 4) a EFM3 Omicron evaporator
was assembled in the MBE chamber for the evaporation of the cobalt while our
home-made molecules sublimation system was installed in the RAOUL chamber.
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Fig. 15: Top view of the DEIMOS UHV system which allows the in situ preparation of the
samples.

7 Low Energy lon Scattering (LEIS)

The Low Energy Ion Scattering (LEIS), also called lon Scattering Spectroscopy
(ISS) is one of the most powerful techniques in the study of the chemical composi-
tion of the most superficial layer of surfaces (Brongersma et al. 2007). Due to its ul-
timate surface sensitivity, it requires UHV condition. In the LEIS experiment the
sample surface is bombarded with noble gas ions which are accelerated to energy of
500-10000 eV. The ions collide against the atoms forming the outer layer of the sur-
face. The collision can be describe, in first approximation, as an elastic binary colli-
sion of a projectile of mass M; with Ep with a target of mass M; at rest; as
schematized in fig. 16.

Fig. 16: Schematic representation of the elastic binary collision. The projectile collides against
the target and it is back scattered.

33



Single molecule magnets sublimated on conducting and magnetic substrates

In the collision part of the £y energy of the projectile is transferred to the target
atom. The energy transferred to the target depends on the & angle and on the mass
of the two atoms i.e. M; and M: The projectile is then back scattered with energy E;
and it can be collect by an analyser. An energy scan of the projectiles coming from
the target allows to get information on the chemical composition of the outer layer.
By knowing the scattering angle (see fig. 16) and the mass of the projectile the fol-
lowing equation can be used to calculate the mass of the target atom (Niehus &
Spitzl 1991):

E;/Ey = {+[(M} — M%sin?0)'/? + M;cos0]/(M; + M)}? (26)

However, if the target possesses a low atomic weight the interaction of the pro-
jectiles with the surface can modify the structure of the surface (Brongersma et al.
1998). In order to avoid such phenomenon, low energy of the projectile is commonly
used (E, < 1000 eV).

We have used this technique for the study of the cobalt growth on a Cu(100)
single crystal. The two elements have high atomic weights and hence small penetra-
tion depth of the He* ion is expected.

8 Scanning Probe Microscopies (SPM)

Scanning Probe Microscopies (SPM) are one of the most powerful techniques
for studying the surfaces. In fact, by using a tip as local probe, they allow to achieve
local surface information with high spatial resolution down to the atomic scale.
Scanning Tunnelling Microscopy (STM) and Atomic Force Microscopy (AFM) are
two SPM that are based on quantum mechanical tunnelling effect and tip-surface
interaction forces, respectively. That made them useful tools for different surface
analysis requirement.

8.1 Scanning Tunnelling Microscopy (STM)

A schematic view of a STM is reported in fig. 17 showing the metallic tip, acting
as local probe, the conductive sample, the piezo motor system and the feedback cir-
cuit. A bias is applied between the tip and the sample surface, the tip is then brought
close to the surface until a quantum mechanical tunnelling current (I) flows through
a vacuum gap 5-15 A wide.

In order to record the image the tip is moved across the surface by means of a
piezo motor system which allows a fine control of the position (X, Y and Z) respect
to the sample surface. The use of a feedback loop circuit on the piezo makes possible
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to scan the surface with a constant tunnelling current (constant current mode). The
feedback circuit receives the tunnelling current variation from the preamplifier and
acts on the Z piezo in order to keep the current constant. The STM image infor-
mation is related to the AZ movements of the tip. In contrast, in height constant
maode the feedback circuit is set off during the scan and the image information is the
tunnelling current variation. Working in constant current, i.e. with the feedback
loop on, allows the imaging of rough surfaces reducing the probability of tip crash-
ing; however the feedback circuitry time delay imposes a low scanning speed. This
limitation can be overcome employing the Z constant mode but the presence of the
feedback off imposes strictly requirements for atomically flat surface in order to pre-
vent tip crashing. All of the images presented in this work were acquired in constant
current mode.

3 1 - | -
| I : Il. - ‘

L ] .
Piezo
motor
system 5 Control unit
Feedback loop
Y ] |
X
I
L

Fig. 17: §TM scheme. The sample is grounded and the potential is applied to the tip as it is in
the Omicron $TM (see section 2 paragraph 9.3). The feedback loop receives the current from
the preamplifier and acts on the piezo motor (in constant current mode). The data are rec-
orded by a computer.

8.2 Tunnelling effect

In order to better understand the physics that describes the tunnelling current
involved in the STM experiment a brief description of the quantum mechanical tun-
nelling process is needed. In fig. 18 is reported a scheme of a quantum mechanical
particle that goes through a finite potential barrier, with V, height and d thickness.

In the classical view one particle with energy E <V, cannot overcome the barrier.
Using the quantum mechanical approach the electron can be described by a wave
function ¥ (z) and the probability to overcome the barrier is non-zero.
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Fig. 18: Scheme of a tunnelling barrier, The electron comes from the lefi part of the barrier.

It can be calculated resolving the time independent Schrédinger equation below:

FEL4v@)|v@ =Ep@  (227)

2m dz’

where:

V(z) = 0; outside the barrier
V(z) = Vy; inside the barrier

The solutions of the equation are in form of planning waves:
Y(z) = P(0)e*  (28): outside the barrier
Where the vector wave k is:

k=22 (29)

and an exponential decay function inside the barrier for an electron going to the
positive Z direction:

Y(2) =y(0)e*  (30)

Where the k exponential decay factor is:

k= /M E<V, (31)

The probability to find the electron inside the barrier is equal to: [)(0)]|e? and
since the thickness d of the barrier is not infinite there is a non-zero probability for
the electron to overcome the barrier. Just considering this simplified tunnelling
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model is possible to highlight the exponential dependence of the tunnelling proba-
bility to the gap distance d as it occurs for the tunnelling current in the STM tip-
sample gap.

A more accurate description of the phenomenon was developed starting from
the Bardeen formalism (Bardeen 1961), which considers the tunnelling process re-
lated to many independent scattering events that lead the electrons to overcome the
tip-sample gap. In this view the electrons tunnel from the states of the tip to ones of
the sample or vice versa. The problem can be described by the time-dependent
Schrédinger equation using time-dependent perturbation theory and assuming that
the two systems (tip and sample) are weakly interacting. Hence, considering low bias
and applying the Fermi’s golden rule for the transition probability, the current can
be writes as:

_ 2me

I= TZy,v{f(ET,u)[l - f(ES,v“'eV)] - f(ES,v"'eV)[l - f(ETp)]} ' |Mp,v| '
26 (Ery, — Esy) (32)

Where f(E) is the Fermi-Dirac distribution function and Et, and Es, are the
energy eigenvalue of the state Y, of the tip and 1, of the sample respectively. The
6 (Ery — Esy) term accounts for the energy conservation of the electron as expected
for the elastic tunnelling. The M., is the tunnelling matrix defined as:

My = =5 [0 T, — 9T (9] ds (2:33)

In order to calculate the tunnelling matrix the knowledge of the explicit form of
the state function of the tip and the sample is needed. However, the description of
the atomic structure of the two electrodes is not trivial. In detail, the atomic struc-
ture of the tip is unpredictable because there is no reproducible preparation at atom-
ic level for it; moreover the tip structure can undergo changes during the STM ex-
periment.

To overcome these issues Tersoff and Hamann (Tersoff & Hamann 1983;
Tersoff & Hamann 1985) assumed a simplified view of the tip schematizing its apex
as reported in fig. 19. The exponential decay of the tunnelling current, in respect to
the distance, leads to consider that the electron tunnelling process involves mainly
the last atom of the tip. Therefore it is possible to assume that the tip apex is spheri-
cal. By considering also only the s-waves involved in the process and room tempera-
ture or below it gives:

I &V - pr(Eg) - ps (Ex 7o) - €¥F (34)
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Where V is the bias, pr(E¥) is the density states of the tip, ps (Ex, 70) is the local
density of the state (LDOS) of the sample surface evaluated at the Fermi energy and
k is defined as: k = Y/ (2m.¢)/h; ¢ is the effective barrier height. Under the Tersoff and
Hamann assumptions the tip results simply as local probe and the sample contribu-
tion to the current is related to its LDOS given by:

ps(Er, 7o) = X [(o)|* 8(Ev — Er) (35)

Where the exponentially decay of the wave functions [1,(75)|> on increasing |7o|
explains the current dependence to the tip-sample distance.

Tip
o Ja
[ Sample

Fig. 19: Tersoff and Hamann simplify tip scheme.

Fig. 20: 5TM image of small islands of Cu;N grown on Cu(100) surface (200 pA; 2 V; 200x200
nm’).

From the last two equations 34 and 35 it results also that working in current
constant mode the final image is the constant LDOS surface of the sample. In fact
STM experiments access directly the LDOS of the sample and not its morphology.
Obviously the LDOS is related to the morphology but in some cases the STM image
is not corresponding to it. For example imaging Cu;N islands on Cu surface, by us-
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ing constant current mode and small bias, the islands are showed as depression (fig.
20). A full monolayer of Cu,N grown on Cu(100) will be used as substrate for the
deposition of the Fe,Ph molecule in section 4 .

8.3 Scanning Tunnelling Spectroscopy (STS)

It has been demonstrated that the STM technique is sensitive to the local density
of states. This allows to get information on the LDOS at atomic scale. In order to
achieve information on the energy dependence of the LDOS the scanning tunnelling
spectroscopy can be employed. In this measure the tip is positioned on top the inter-
esting point and the feedback loop is turned off. A ramp of potential is applied on
the tunnelling junction while measuring the tunnelling current. In this way a single
point scanning tunnelling spectroscopy is recorded. The data obtained will be the
convolution of the LDOS of the tip and the sample. Assuming a flat LDOS for the tip
the current is described as:

I < LDOSsqmpicV  (36)

Thus the d(I)/d(V) curves provide direct information of the LDOS of the sam-
ple. In order to be able to measure the d(I)/d(V) a lock-in detection of an alternate
bias is commonly employed. The alternate bias is superimposed to the potential
ramp and the lock-in allows to discard the capacitive current signal. In this way it is
possible to record the d(I)/d(V) spectra directly. In order to take in account the vari-
ation of the transmission coefficient respect to the applied bias a further normaliza-
tion of the data is generally employed (Selloni et al. 1985). This dependence can be
eliminated by using the (d(I)/d(V))/(I/V) as proposed by Stroscio and Feenstra
(Stroscio et al. 1986; Feenstra & Martensson 1988).

It’s important to note that the STS experiment allows a direct measure of the
conductance of the investigated point. This is crucial point for the study of inelastic
tunnelling process (see section 4 paragraph 7).

9 Multiplatform Ultra-High Vacuum system

In this work mostly of the surface characterisations were carried out exploiting a
multiplatform UHV system at the Center for Scanning Probe Characterisation
Techniques (CeTeCS) of the Dept. of Chemistry at Florence University (fig. 21). The
system offers the possibility to prepare the samples and their investigation in situ
employing XPS, UPS, LEIS and STM techniques.
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9.1 Sublimation chamber

The sublimation chamber was equipped with the system for the molecular sub-
limation described in section 2 paragraph 2 and with a Sycom quartz crystal micro-
balance. The base pressure of the chamber is 10'° mbar.

9.2 XPS, UPS and LEIS chamber

The chamber was equipped with a SPECS Microfocus 600 monochromatic
source (Al K, radiation), coupled with a helium discharge lamp and with a hemi-
spherical electron/ion energy analyser (VSW mounting a 16-channel detector). The
sample was mounted on a manipulator which permitted the variation of the angle 0
between the normal to the sample and the analyser while maintaining the angle be-
tween the analyser axis and the x-ray and ultraviolet sources fixed at 54.5°. The XP§
source was operated at a power of 100 W (10 kV and 10 mA). To record LEIS spec-
tra we used a focused (approximately 1-2 mm?) beam of ions generated by a Omi-
cron ISE 100 Gun with an energy range 600 eV to 1500 eV impinging on the surface
at an angle of 45° using He* as primary ion sources. The scattering angle was 135°,
and the kinetic energy of the scattered ions was measured by using the same hemi-
spherical analyser employed for XPS.

KPS, UPS and LEIS chamber

Surface preparation chamber

Sublimation chamber

STM

Fig. 21: Picture of the multiplatform UHV system which offers the possibility prepare the
sample and investigate it by means of XPS, UPS, LEIS and $TM techniques.
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9.3 STM Omicron system

In the STM chamber is housed an Omicron Variable temperature STM which
can operate in 25-1500 K range. We exploited the low temperature range for the hy-
brid surface investigation using electrochemically etched tungsten tip. The potential
was applied to the tip while the sample is grounded. The base pressure of this cham-
ber is 5-10"'mbar.
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Section 3
The terbium bis(phthalocyaninato) complex

1 Introduction

Terbium bis(phthalocyaninato) complex (TbPc,) is one of the most investigated
SMM (Ishikawa et al. 2003). Due to its magnetic properties the TbPc, molecule, and
its derivatives, is a promising candidates for spintronic purposes (Bogani &
Wernsdorfer 2008; Urdampilleta et al. 2011; Katoh, Isshiki, et al. 2012). The ThPc;
molecule belongs to the metal double decker class in which a Tb** ion is bound in
the centre of two phthalocyanine molecules staggered 45° by each other, as show in
fig. 22.

Fig. 22: Terbium bis{phtahalocyaninato) complex (ThFc:) structure,

TbPc, can be easily synthesised as neutral [TbPc,]° and cationic [TbPc,]"! pow-
der, as described in the next paragraph (Katoh et al. 2009; De Cian et al. 1985). By
chemical oxidation of [ThPc]|° (Takamatsu et al. 2007) or by electrochemical synthe-
sis (Gonidec et al. 2010; Zhu et al. 2004) is also possible to achieve the [TbPc,)*™
compound which is not stable, behaving as strong oxidative molecule. It is im-
portant to note that the oxidation number of the metal ion does not change from the
oxidised [TbPc;]*! to the reduced [ThPcy)!' molecule because the oxida-
tion/reduction process involves only the electronic structure of the ligands (Zhu et
al. 2004).
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The magnetism of the TbPc, molecules derives from the large magnetic moment
and the huge magnetic anisotropy of the lanthanide ion. The molecule is character-
ised by strong uniaxial anisotropy with the easy axis of magnetisation along the ide-
alised Cq rotation axis. The ground state manifold for the 4f® electronic configuration
is characterised by ] = L+S = 6, which is split by the crystal field at the single Tb**
ion. This results in a separation between the ground doublet, well described by Jz =
46, and the first excited state on the order of a few hundred Kelvin (Ishikawa et al.
2003; Takamatsu et al. 2007). In the [TbPc,]° a second spin system is defined by the
presence of an unpaired electron delocalized on the n system of the phthalocyanine
ligands (Ishikawa et al. 2004; De Cian et al. 1985). Some differences in the magnetic
behaviour of the three oxidation forms of the TbPc; are reported in literature. In
particular the oxidation process leads to an increase of the barrier opposing the re-
versal of the magnetisation (Takamatsu et al. 2007). By Density Functional Theory
(DFT) calculations Ishikawa and Takamatsu (Takamatsu & Ishikawa 2007) have
showed that the oxidation process leads to a shrink of the interplanar distance be-
tween the two phthalocyanine ligands, suggesting an increase of the crystal field ap-
plied to the Tb*". The hysteresis loops of the [TbPc,]* and [TbPc,]*!, investigated by
Magnetic Circular Dichroism (MCD) of frozen solutions, show the presence of the
so called butterfly hysteresis shape (Gonidec et al. 2010), which is characterised by
the presence of moderate tunnelling in zero field. Similar behaviour is detected also
in [TbPc,]° as reported in paragraph 2.

The high chemical stability of the MPc, molecules allows the [TbPc]° to be
thermal sublimated in Ultra-high Vacuum (UHV) as well as in High Vacuum (HV)
conditions (Zhang et al. 2009; De Cian et al. 1985; Margheriti et al. 2010; Stepanow
et al. 2010). This property boosted the studies of the [TbPc,]® allowing the prepara-
tion of many different hybrid surface made by molecules deposited on solid sub-
strates. Due to the flat shape of the molecules, that facilitates the imaging, detailed
STM investigations have been carried out. In thin film of MPc; sublimated on differ-
ent metal surfaces (Zhang et al. 2009; Stepanow et al. 2010; Toader et al. 2011; Fu et
al. 2012; Schwabel et al. 2012) the molecules lay flat with one of the two phthalocya-
nine ligands facing the surface. In the case of TbPc; the easy axis is pointing out of
the surface plane. By STM imaging the single TbPc, molecule looks as four-lobed
structure when imaged in low bias or in low resolution images whereas in high reso-
lution images eight-lobed structure is commonly observed (Fu et al. 2012).

In Scanning Tunnelling Spectroscopy (STS) experiments the orbital energies can
be detected (Katoh et al. 2009; Toader et al. 2011; Fu et al. 2012) while in zero bias
region a Kondo peak, due to the presence of the unpaired electron on the ligands, is
revealed in TbPc, molecule sublimated on Au(111) (Katoh et al. 2009; Komeda et al.
2011). However, the presence of the unpaired electron may be altered on absorption
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on surface so that in TbPc, molecules sublimated on Co grown on Ir(111) it is
quenched (Schwdobel et al. 2012).

In parallel the magnetic characterisation of such hybrid surfaces has been carried
out. For this purpose one of the mostly employed techniques is the X-ray Circular
Dichroism (XMCD), thanks to the element selectivity and the high sensitivity, which
allows the characterisation of sub-monolayer films (Funk et al. 2005; Cornia et al.
2011). On metal surfaces the XMCD derived hysteresis loops acquired in sub-
monolayer/monolayer samples show no opening (Stepanow et al. 2010; Margheriti
et al. 2010; Lodi Rizzini et al. 2011; Lodi Rizzini et al. 2012), while on thicker film the
hysteresis opening is recovered (Margheriti et al. 2010). This anomalous behaviour
has been investigated but, by thus far, no clear explanation is reported. In order to
rationalize it a key role of molecule-surface and molecule-molecule interactions has
been proposed. The presence of molecule-surface interactions has been recently re-
ported to play a key role in the prominent antiferromagnetic (AF) coupling observed
in sub-monolayer film of TbP¢, sublimated on nickel (Lodi Rizzini et al. 2011), and
in the observation of an exchange bias on thin film sublimated on manganese (Lodi
Rizzini et al. 2012). Moreover, the molecule-molecule interactions are responsible of
the different magnetic behaviour of the isostructural paramagnetic YPc, molecule in
solvated and non-solvated crystallographic phase (Paillaud et al. 1991).

The preferential orientation of the TbPc, molecules in thin and thick films has
been investigated by X-ray Linear Natural Dichroism (XNLD). In thin films the
molecules are lying flat, in agreement with the STM characterization, on the contra-
ry in thick films a preferential orientation in “standing-up” geometry has been re-
vealed (Margheriti et al. 2010). This is not surprising; it is well known that for simple
phthalocyanine during the films grown a molecular reorientation process occurs
(Biswas et al. 2009). In fact synchrotron based investigations using near-edge X-ray
absorption fine structure spectroscopy and surface sensitive X-ray Photoemission
Spectroscopy (XPS) experiments revealed that copper phthalocyanine (CoPc) mole-
cules start to lose their lying orientation on Au(111) substrates after 3ML and a
standing orientation is fully retrieved after ca. 10 ML (Biswas et al. 2007). This struc-
tural change obviously alters the molecule-molecule interactions and a non-
negligible effect on the behaviour of the TbPc, can be anticipated.

In order to shed some light on this phenomenon we have studied the magnetic
properties of the TbPc, molecule starting from the characterisation of the pristine
microcrystalline powder, throughout the sublimation process to the final film sam-
ples. We have also investigated the magnetic behaviour of thin films sublimated on
two of the most employed magnetic substrate in spintronic devices. This characteri-
sation was performed in order to prepare the ground for the employment of the
TbPc; as organic layer in spin valve device (see paragraph 4).
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2 Erratic magnetic hysteresis
2.1 TbPe¢; synthesis

The neutral MPc,-CH,CL(M = Tb* and Y**) compounds were synthesised ac-
cording to the procedure reported in literature (Katoh et al. 2009; De Cian et al.
1985). The template reaction was carried out by mixing 1,2-dicyanobenzene and
M(OAc); -4H,O in 1-hexanol in presence of catalytic amount of 1,8-
diazabicyclo[5,4,0]undec-7-ene (DBU) as represented in fig. 23.

“—-..*
DBU :

Th(Oac); =+

1-hexanol
rellix24h

Fig. 23: Terbium bis{phtahalocyaninato) complex (TbPc:) synthesis reaction scheme.

It was used 8:1 molar ratio of 1,2-dicyanobenzene : M{OQAc);-4H-O in order to
prevent the formation of M,Pc; molecules. The mixture was refluxed for at least 1
day. Once at room temperature it was filtered and the precipitate was washed with
acetic anhydride, cold acetone, and n-pentane in sequence. The precipitate was ex-
tracted with several portion of CHCl;. The neutral [ThPc]° and the anionic one
[TbPc:] " reside in the solution while most of the free phthalocyanines reside in the
solid phase. The solution was then concentrated and purified by chromatography.
The column was prepared using silica as stationary phase and 98:2 CH.Cly/MeOH
solution was employed as eluent. The first green fraction collected contains the
[TbPc,]® whereas the second blue fraction is the [TbPc:]". The green solution was
then concentrated. By addition of n-Hexane a dark microcrystalline powder of
[TbPc,]®CH,Cl, was precipitated. After filtration the powder was left to dry in air

before being used.
10

08

300 400 500 600 700 &0
* (nm)

Fig 24: UV /vis spectrum of a solution of [TbPc:]" in CHCL..
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The powder of the neutral complex was solubilized in CHCI; in order to record-
er the UV/visible absorption spectrum (fig. 24) to confirm the quality of the neutral
compound (Gonidec et al. 2010). To have more insight on the UV/vis spectrum
peaks attribution see paragraph 2.6.

2.2 Microcrystalline [TbPc,]* CH,Cl, hysteresis

The magnetic properties of a microcrystalline powder sample of
[TbPc:]*-CH,Cls, hereafter simply TbPc,-CH,Cl,, were investigating by using a Vi-
brating Sample Magnetometer (VSM) (see section 2 paragraphs 1.1 and 1.2).
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Fig 25: Temperature dependence of the hysteresis loops recorded on [ThPc:]*CH:CL a pure
microcrystalline powder sample (left) the data are reported per mole of TbPc. and the field
sweeping rate is 50 Oe s'; Temperature dependence of the area inside the hysteresis loops
(right). The line is only a guide to the eye. Reproduced from Ref. (Malavolti et al. 2013) with
the permission from The Royal Society of Chemistry.

On the left of fig. 25 left it is reported the temperature dependence of the hyster-
etic loops recorded using a field-sweeping rate of 50 Oe s'. At 25 K the curve shows
a paramagnetic behaviour with linear field dependence of the magnetisation. Just
decreasing the temperature to 15 K a small hysteretic behaviour is detected and be-
tween 10 K and 2 K the so called butterfly shape hysteresis is well visible.

It is interesting to note that the temperature dependence of the area inside the
hysteretic loops is not monotone (fig. 25 right). Starting from 2 K the area increases
until reaching the maximum value at 5 K and then it shrinks asymptotically increas-
ing the temperature. The hysteresis loops presented in fig. 25 left are taken as refer-
ence for further comparison.

2.3 Sublimation process: TbP¢, hysteresis transformation
As stated in paragraph 1 TbPc; SMM has attracted a growing interest due to its

thermal stability that allows the sublimation of intact molecules in HV condition
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(Zhang et al. 2009; De Cian et al. 1985; Margheriti et al. 2010; Stepanow et al. 2010).
We studied how the thermal treatment affects the hysteresis behaviour of this SMM.
Using the sublimation system reported in section 2 paragraph 2 the pristine powder
of TbPc¢,-CH,Cl, was degased at 580K for several hours in HV condition (pressure <
5x107mbar). It was then warmed up to the sublimation temperature of about 670 K
for few minutes and finally allowed to cool to room temperature. The X-ray Diffrac-
tion (XRD) analysis of the heated powder is reported in fig. 26 together with the
spectrum of the pristine powder. As expected the pristine powder spectrum matches
the simulated one for a crystalline powder, while, on the other hand, the heated
sample looks like an amorphous phase. The lack of crystalline structure could be re-
lated to the loss of the crystallization solvent (CH,Cl,) during the heating procedure.

The heated powder was characterised by VSM technique (fig. 27 left) repeating
the measurements carried out on the pristine sample. Unexpectedly the temperature
dependent hysteresis loops show no hysteresis opening throughout the whole tem-
perature range.

2.5x10’
i t Pristine powder
. 2.0x10°4 { Heated powder
) { Calc. TbP¢, CH,CI,
S 1.5x10™4
e’ {
L 1.0x10°{
> ]
2 50x10°4 bif
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=

1 : I' | |
0.0 — WL}M—;
"6 8 10 12 14 16 18 20
2 theta (degrees)
Fig 26: XRD spectra of pristine (black circles), TbPc,-CHCL calculated (solid grey line), and
heated sample (grey circles). The pristine powder spectrum matches the calculated one while
the heated powder spectrum is amorphous like.

In order to check the intactness of the molecules in the sample a thick film of
TbPc, was sublimated on Kapton using the heated powder. The temperature de-
pendence of the hysteretic loops is reported in fig. 27 right. The curves show the re-
covery of the hysteretic behaviour. The opening is detected at temperatures as high
as 10 K, slightly lower than in the pristine microcrystalline powder, and a monotone
dependence of the insight area on temperature throughout the investigated range is
observed. Despite these differences the presence of the hysteresis opening suggests
that the heated powder comprises intact molecules.

The different behaviours shown by the three samples of TbPc, must be related to
different dynamic relaxation processes operating in the three different phases. In or-
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der to explain these anomalies and further confirm the presence of intact molecules
in the heated powder the ac susceptibility was investigated. The measurements were
carried out from 0.5 Hz up to 10 kHz in 5-100 K temperature range on both powder
samples, pristine and heated, respectively. No further measurements were carried
out on the TbPc, film because it showed too small magnetic signal for a complete ac
susceptibility investigation. Both powders show an out of phase component of the
susceptibility in zero field which is the fingerprint of the SMM behaviour (fig. 28).
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Fig. 27: Temperature dependence of the hysteresis loops recorded on the heated powder of
TbPc: (left) taken out from the crucible before the sublimation of the molecules and on a film
of TbPc; evaporated on Kapton (right). The data are reported per mole of TbPc; in (left) and
per square centimetre of the film in (right). The field sweeping rate is 50 Oe s'. Reproduced
from Ref. (Malavolti et al. 2013) with the permission from The Royal Society of Chemistry.

Fig 28: Frequency dependence of the product of temperature with the out-of-phase compo-
nent of the magnetic susceptibility of TbPc,-CH.CL (left) and of the heated powder (right);
measured in zero static field. Reproduced from Ref. (Malavolti et al. 2013) with the permis-
sion from The Royal Society of Chemistry.

Decreasing the temperature the maximum shifts to lower frequency and below
40 K no dependence is detected in agreement to the onset of the tunnelling regime
between the two quasi-degenerate m; = +6 ground states (Branzoli et al. 2010). The
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x''curves were fitted by using the extended Debye model (Gatteschi et al. 2006;
H.B.G. Casimir & du Pré 1938):

(wD)'~* cos(na/2)
1 (XT_XS T cos(ma

X = 1+2(wt)1-2 sin(n%)+(a)r)2‘2“ (3? )

where w is the angular frequency, T is the relaxation time, yr and x; are the iso-
thermal and adiabatic limits respectively while the a parameter is related to the
width of the  distribution. The temperature dependence the 7 distribution is depict-
ed in fig. 29.
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Fig 29: Temperature dependence of the relaxation time extracted from ac susceptibility data
on the pristine (circles) and heated (squares) TbPc: samples. The empty symbols correspond
to the measurement in a static magnetic field of 5 kOe. The black lines correspond to the best
fit curves using the Arrhenius law on the high temperature data under a static magnetic field.
Reproduced from Ref. (Malavolti et al. 2013) with the permission from The Royal Society of
Chemistry.
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Fig 30: Temperature dependence of the parameter describing the width of the distribution of
relaxation time extracted from the simulation of the out-of-phase component of the a¢ sus-

ceptibility according to the extended Debye model. Reproduced from Ref. (Malavolti et al.
2013) with the permission from The Royal Society of Chemistry.
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Below 40 K the relaxation mechanism of both powders in zero field is dominated
by tunnelling but the process in the heated powder is 10* faster (table 1). In fig. 30
are reported the a values vs T. It is interesting to note that in the tunnelling regime
the a value is almost doubled, ca. 0.3 vs 0.15, in the heated sample, in agreement
with its amorphous state.

By applying a static field of 5 kOe, which corresponds to the maximum hystere-
sis opening of the pristine sample, the tunnelling process is partially suppresses and
a more precise analysis of the temperature dependence of the relaxation time can be
performed. Above 40 K 7 is found to follow the Arrhenius law, in agreement with
previous experiments. However, while it levels off below 30 K in the heated powder,
with a gradual increase of a, it continues to diverge, at least within the time window
accessible in our experiment, for the pristine powder. This different behaviour justi-
fies the disappearance of the hysteresis of the heated sample as due to a more pro-
nounced tunnelling in field of the thermally treated sample. From table 1 we can no-
tice that the activation barrier is slightly smaller for the heated sample. It should be
however considered that the effects of the more pronounced tunnelling can influ-
ence the estimation of the barrier.

To(s)? A(K)* Cqt(s-1)°
Pristine 1.85(5)x10-12 965(20) 42
Heated  1.5(1)x10-12 856(20) 3660

a) Extracted from data taken at Hdc=5 kOe

b) Measured in zero static field.

Table 1: Parameters of the magnetisation dynamics extracted from ac susceptibility data for
pristine and heated samples of TbPc,-CH.CL.

These data highlight different relaxation dynamics operating in the two bulk
samples, which differ in their structure i.e. microcrystalline and amorphous. The
evaporated film shows a behaviour more similar to that of the pristine material. This
observation suggests a more regular packing of the molecules in the film, a feature
that is common to metal-phthalocyaninato (MPc)-based films, although the same
crystal structure of the pristine compound cannot be achieved due to the loss of
CH,Cl, during the heating process.

In order to have some insight two different studies were carried out. A thick film
of TbPc, evaporated on quartz was characterised by Magnetic Circular Dichroism
(MCD) (see paragraph 2.6). Just for clarity of the discussion we anticipate that on all
evaporated samples at least a preferential orientation of the molecules respect to the
substrate surface is detected. This supports the presence of a certain degree of order
inside the film that correlates to the magnetic properties. This is not surprising, in
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fact Katoh et al. extensively investigated double and multi-decker lanthanide com-
plexes and evidenced a significant dependence of the magnetisation dynamics on the
crystal packing, suggesting a key role of Ln-Ln dipolar interactions (Katoh, Horii, et
al. 2012). A similar trend has also been observed for other single ion slow relaxing
species (Lopez et al. 2009; Rinehart & Long 2012), like Er** polyoxometalate (Luis et
al. 2010) and the Dy** complex with the DOTA ligand (Car et al. 2011).

2.4 TbPc¢,in magnetic dilution environment

In order to have some insight on the role played by intermolecular interactions a
dilution study was performed. It is well know that the magnetisation dynamics is
sensitive to dilution in diamagnetic hosts (Abragam & Bleaney 1986). The tunnelling
efficiency strictly depends to the relative energies of the levels on the opposite side of
the anisotropy barrier. The local dipolar fields generated by other TbPc, molecules
can modify the gap energy of the levels involved in the tunnelling process. This dipo-
lar interaction mechanism is particularly efficient in case of the fields aligned to the
easy axis of the molecule, which can tune the gap energy by bringing the levels in or
out of resonance; thus modifying the magnetisation dynamics (Gatteschi et al. 2006).
On the other hand exchange interactions, which can be mediated by the unpaired
electron residing on the phathalocyanine rings, must be taken in account. The dilu-
tion in diamagnetic hosts leads to an insulation of the TbPc, molecules hindering the
dipolar interaction as well as the exchange ones.

Two types of dilution were performed by dispersing the pristine powder of
TbPc,-CH,CL, in a Poly(methyl methacrylate) (PMMA) polymeric matrix and by
preparing Tb-doped YPc, sample. The PMMA matrix was preferred respect to a fro-
zen solution for practical purposes. In fact, during the formation of the dispersed
sample, either by polymerization or by cooling down the diluted solution, the for-
mation of micro-crystallites can occur. The polymeric matrix allows inspection by
optical microscope and X-ray micro-analysis in order to check their formation,
while for a frozen solution the same characterisation is more complicated.

By employing these techniques the threshold concentration for the micro-
crystallites formation was estimated above 0.2 wt %, within the resolution limit of
700 nm of the X-ray micro-analysis. The hysteresis loops recorded for two samples,
namely 1 wt % and 0.2 wt %, are depicted in fig 31. The concentrated sample pre-
sents the micro-crystallites formation while no crystallites were revealed for the di-
luted one. The reported data are not corrected by the diamagnetic contribution of
the polymeric matrix, which is more pronounced in the diluted sample. Nevertheless
significant differences are evidenced. The concentrated sample shows a hysteresis
opening already at 15 K and the presence of significant butterfly hysteresis at lower
temperature. It is also interesting to note the no linearly dependence of the area in-
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side the hysteresis on the temperature for the concentrated sample. This behaviour is
similar to that observed for the pristine microcrystalline powder. On the contrary
the proper diluted sample (0.2 wt %) shows no hysteresis opening above 5 K and a
less pronounced tunnelling relaxation in zero field. This findings is in agreement to
that observed by MCD experiments on a frozen solution of TbPc, in CH:Cl
(Gonidec et al. 2010), and suggests that an efficient magnetic insulation of these
SMMs induces a reduction of the tunnelling probability.
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Fig. 31: Temperature dependence of the hysteresis loops recorded on TbhPc CH:Cl. dispersed
in PMMA at 1% in weight concentration (left) and 0.1% (right). In the 1 % sample aggregates
are formed. The data are reported per mole of TbPc. and the field sweeping rate is 50 Oe 5.
Reproduced from Ref. (Malavolti et al. 2013) with the permission from The Royal Society of
Chemistry.

In the second experiment a solid solution of TbhPc; in YPc, CH,Cl, was pre-
pared. In order to achieve 10:90 TbPc,:YPc, ratio the synthesis reported in para-
graph 2.1 was employed. YPc,-CH,Cl; crystals are isomorphous to the TbPc, ana-
logue and they show a paramagnetic behaviour due to the unpaired electron on the
phathalocyanine rings. In the right part of the fig. 32 the temperature dependence of
the hysteresis loops of the Th,Y,..Pc,-CH,Cl, is reported to be compared to the refer-
ence data of the pristine TbPc,-CH,Cl, sample (fig. 25 left). The diluted data are not
corrected for the paramagnetic behaviour of the YPc, molecules and they are plotted
for mole of TbPc,; therefore the magnetisation value results higher because the par-
amagnetic contribution of ca. 9 moles of the YPc, radicals is added for each TbPc,
mole. However, as far as hysteretic behaviour is concerned, no significant differences
are observed.

This remarkable finding suggests that dipolar interactions, due to neighbouring
Tb* ions, do not significantly influence the magnetisation dynamics of TbPc; in the
investigated temperature range. This is in contrast to some differences observed by
Ishikawa et al. (Ishikawa et al. 2005) in the mK temperature region and to what re-
ported for the octabutoxy-phthalocyaninato derivative (Katoh, Horii, et al. 2012).
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Although the dipolar interactions, significantly reduced in the doped system, are not
significantly affecting the relaxation dynamics, nothing can be said about the inter-
molecular exchange interactions. These are in fact mediated by the n stacking of Pc
ligands and are therefore expected to be partially active also in the Th,Y,..Pc,-CH:Cl,
sample.
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Fig. 32: Temperature dependence of the hysteresis loops recorded on Th.Y 1xPea-CH:Cle, The
data are reported per mole of ThPc. and the field sweeping rate is 50 Oe 5. Reproduced from
Ref. (Malavolti et al. 2013) with the permission from The Royal Society of Chemistry.

2.5 Evaluation of the exchange interaction

In order to investigate the role of the exchange interactions in the dynamic re-
laxation process of TbPc, SMMs in different packing environments the YP¢, deriva-
tive was chosen as reference. It has been already mentioned that this is a paramagnet
molecule isostructural to TbPc,. It is thus reasonable to assume that the exchange
intermolecular interactions in the YPc; and ThPc, are comparable, with the latter
experiencing also significant dipolar interactions due to the large moment of Tb*'.

It is known that the YPc,-CH,Cl; crystals at intermediate temperatures show a
weak ferromagnetic interaction between molecules aligned along the crystal col-
umns, while below 1.35 K the onset of three-dimensional antiferromagnetic (AF)
order is observed (Paillaud et al. 1991). On the contrary, YPc, crystallizing in the
P2,2,2, space group, which correspond to the crystalline phase without the CH,CH,
solvent, exhibits AF interaction in the whole range of temperature as reported by
Paillaud et al. (Paillaud et al. 1991) and recently confirmed by solid state NMR char-
acterisation (Branzoli et al. 2011).

We decided therefore to investigate how the sublimation process influences the
exchange interactions between YPc; radicals. The yT products of the pristine
YPc,-CH,Cl, microcrystalline powder, which shows the expected ferromagnetic be-
haviour in the investigated temperature range, is reported in fig. 33 (triangles). The
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yT product for the heated powder and for a film prepared by sublimation of YPc, on
Teflon tape are also reported in fig. 33, circles and squares respectively. The yT
product of heated powder decreases by decreasing the temperature. Thus, it shows
the expected antiferromagnetic behaviour for YPc, powder without CH,Cl, mole-
cules of crystallization (Paillaud et al. 1991). Since the YPc, susceptibility is ca. 40
times smaller than that of TbPc, the detection of sublimated films is quite challeng-
ing. In order to achieve a suitable micrometric film thickness a long sublimation
process was carried out on micrometric film of Teflon tape. This minimises the dia-
magnetic contribution of the substrate. Although less pronounced than in the heated
powder case, the T product dependence on the temperature of the film shows in-
termolecular antiferromagnetic interactions. The data were fitted by using the Curie-
Wiess law:

C
x=-= (38)

The Weiss constants 6 extrapolated are 0.22(1) K, -4.1(1) K, and -2.5(1) K for
the pristine powder, heated powder, and evaporated film, respectively.

Assuming that the intermolecular exchange interactions between the paramag-
netic ligands are comparable in isostructural TbPc,, our observation suggests that no
clear correlations exist between the strength and nature of these interactions and the
disappearance of hysteresis in the heated ThPc, sample.
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Fig. 33: Temperature dependence of the relaxation time extracted from ac susceptibility data
on the pristine (triangles) and heated (circles) ThPc2 samples. The empty symbols correspond
to measurement in a static magnetic field of 5 kOe. The lines correspond to the best fit curves
obtained using the Curie-Weiss law. Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.
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It is now evident that a more accurate characterisation of the sublimated mo-
lecular films of TbPc¢; is mandatory in order to understand its peculiar magnetic be-
haviour, i.e. the observation of a hysteretic behaviour not observed in the heated
powders used to evaporate the film. We will present later more detailed investiga-
tions based on large scale facilities such as the Swiss muon source, which can provide
insight on the magnetic properties of the evaporated films. We discuss here in house
Magnetic Circular Dichroism (MCD) investigations. Although MCD cannot offer
the same potentiality of the formerly mentioned large scale facilities techniques, it is
able to provide interesting information concerning the preferential molecular orien-
tation respect to the substrate surface.

2.6 Magnetic Circular Dichroism of TbPc, sublimated on quartz

We performed angle-resolved Magnetic Circular Dichroic (MCD) spectroscopy
at room temperature under 13 kOe of applied field on a film of thickness (ca. 200
nm, thus equivalent to that of previously investigated samples) evaporated on a dia-
magnetic quartz substrate hold at room temperature (Campo 2012). The spectra
were acquired for three different values of the ¢ angle formed by the magnetic field
and propagation vector of the light with the normal to the surface, namely ¢= 0°,
22°, 45°. The data, reported in fig 34, are compared to those obtained for a CH,Cl,
solution of the complex, taken as an isotropic reference.
We focused our attention on the Q-band region of LnPc, molecules around
670 nm, related to the family of n*->n transitions centred on the Pc ligands. Such
transitions are known to be polarised on the Pc plane, thus giving precious infor-
mation on the orientation of the molecule (Briuer et al. 2009). A strong angular de-
pendence is observed in the evaporated sample, the shape of the MCD evolving from
dispersive- to absorptive-like. If we compare the three spectra of the evaporated
sample with that of the solution, we notice that the line shape evolution likely origi-
nates from the relative weight of different spectral components which can all be
found in the isotropic MCD spectrum. This suggests a more complex structure of
the electric dipole orientations in the Q-band of TbPc, with respect to the simple Pc
ligand. While this topic needs further dedicated studies, it is clear that molecular ori-
entation is responsible for this angle-dependent behaviour.
In order to gain further insight on the anisotropy of the evaporated film we stud-
ied the field dependence of the MCD signal measured at A= 605 nm and T = 1.8 K.
The observation of the magnetic behaviour through n optical transitions of the lig-
and is due to a partial hybridization of these orbitals with those of the metal
(Dunford et al. 2000). As shown in fig. 35, the typical butterfly hysteresis is found at
¢= 45° for ¢= 0°, however, the hysteresis loop closes significantly, suggesting that
TbPc, molecules organize themselves in the evaporated film with their tetragonal
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symmetry axis lying in the plane of the substrate. A preferential orientation of TbPc,
on oxide surfaces in the standing configuration, characterises simpler Pc molecules
and confirms previous experiments on TbPc, based on synchrotron radiation
(Margheriti et al. 2010). Observation of a hysteresis seems therefore to be associated
with the order in the crystal packing also not directly related to dipolar or exchange
interactions.
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Fig. 34: Room temperature MCD spectra (under 13 kOe applied field) of TbPc: as a CH:Cl:
solution and as 200 nm evaporated film at different angles of incidence of the light with re-
spect to the surface normal. Reproduced from Ref. (Malavolti et al. 2013) with the permission
from The Royal Society of Chemistry.

1.0x10° 1 46.0x10°
5.0x10" 4 43.0x10°
§ 0.0 J0.0
5.0x10™ {-3.0x10”
-1.0x10” 4-6.0x10°

40 30 -20 10 0 10 20 30 40
H (kOe)

Fig. 35: Low temperature (1.8 K) MCD hysteresis loops of a 200 nm TbPc: thin film evapo-
rated on quartz. The loops were recorded at A= 605 nm and with light incidence of 0° (black)

grey) with respect to the surface normal. The sweeping rate
is 150 Oe s'. Reproduced from Ref. (Malavolti et al. 2013) with the permission from The
Royal Society of Chemistry.
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3 Characterisation of thick films through low-energy implanted muons

In the previous paragraphs a magnetic characterisation of the pristine and heat-
ed powders has been reported. In order to complete the magnetic characterisation of
the sublimated films and shed some light on the different behaviour of thin and
thick films Low-Energy implanted Muon Spin Relaxation (LE-uSR) experiments
were carried out. The investigation was performed thanks to the collaboration with
Dr. Zaher Salman of the Paul Scherrer Institute (PSI), whose group carried also out
the data analysis.
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Fig. 36: Schematic of a typical LE-puSR experiment. Fully spin-polarised muons are implanted
with energy E into a thin film of TbPc, and sense the dipolar magnetic fields of neighbouring
SMMs. The muon mean implantation depth is proportional to their energy E.

The unique properties of this technique allow a depth characterisation of the
dynamics of the magnetic moments inside the films. Before starting our discussion a
brief introduction to the basic concepts of the technique is presented here. Muons
can be employed as local probe to detect dipolar fields. In fact, the positive muons
are leptons with charge +e, spin 1/2, rest mass mp= 207me and a gyromagnetic ra-
tio y/(2m) of= 135.5 MHz/T. A 100% polarised beam of muons can be generated
and focalised on the investigated sample. The penetration depth of the muons de-
pends on their energy, i.e. the more energy the more are penetrating (fig. 36).

The muons are affected by the local fields inside the sample, which induces a
change in the initial polarisation i.e. the muons magnetic moments precess around
the local static field. However, they are not long living particles (mean lifetime is 2.2
us) and after a time of the order of few ps they decay:

ut - et +v,+ 0, (39)
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this decay includes the emission of an electron neutrinos v,, a muon antineutri-
nos U, and a positron e™*.

Positrons are preferentially emitted along the muons’ spin polarisation at the
moment of the decay (fig. 37). In fact, the probability of the positrons emission in a
direction forming a 6 angle with the muon polarisation can be calculate as:

wW+*(6,e) =1+ A*(e)cos b (40)

where € is the energy of the positron and A* is the asymmetry. Thus, counting
the spatial distribution of the emitted positrons allows to follow the time evolution
of the muons polarisation. From this data is thus possible to get information on the
local field experienced by the muons.

In these experiments, fully spin-polarised muons are implanted into the sample
and used as a local probe to detect dipolar fields from the surrounding molecules.
They provide the direct observation of the spin dynamics of individual SMMs.

Fig. 37: Preferential emission of the positron along the polarisation axis of the muon.

In this study three samples were investigated: (1) a microcrystalline powder
sample of TbPc,-CH,Cl, (2) a thick (ca. 1 pm) and (3) a thinner film sample (ca. 100
nm). The films were evaporated onto 200 nm polycrystalline gold films grown on
freshly cleaved Muscovite mica substrates. The thickness of the film was estimated
by Atomic Force Microscopy (AFM) with the standard scratch method and cross-
checked by magnetometry measurements. The sublimation rate was estimate using
the following procedure. A TbPc; film was sublimated on quartz for at list one hour.
The sample was then undergone to scratch and AFM investigations. The scratch
procedure was carried out by using a thin needle in order to selectively remove in
the scratched area (ca 40pm per several mm) the TbPc, deposit from the quartz sub-
strate. The AFM was then used to trace the step profile and get the thickness infor-
mation. Thus the thickness allows the calculation of the deposition rate. It’s im-
portant to note that for film deposited on Au(111) grown on mica this procedure
cannot be employed because the substrate is not hard enough and it can be damaged
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by the scratch procedure. During the samples preparation it was impossible, for ge-
ometric reason, to prepare in parallel films on Au(111) and on a quartz substrate be-
cause the size of sample required for uSR is very large (3 cm of diameter disks). This
made impossible a direct scratch measure of the sample thickness. However, the
deposition rate during the film growth was estimated by measuring the sublimation
rate before and after the sample preparation. The thickness data were then cross-
checked after the muon experiment by magnetometry measurements. To do that
each TbPc, film was re-solubilised in CH,Cl,. The solution was dried onto a
stretched Teflon tape to obtain the TbPc; solid which was investigated by standard
magnetometry. The saturation magnetisation of the sample M, Was then meas-
ured. Knowing the molar magnetisation M it was possible to get the total mass of the
sample as:

Mass=W-Mw (41)

where M,, is the molecular weight. Thus knowing the surface area of each sam-
ple and the density of the TbPc,; film it was possible to calculate the thickness. This
thickness estimation was found in good agreement with the one obtained from AFM
experiment (96 nm vs 107 nm for thinner film).

The muon spin relaxation curves obtained for the microcrystalline powder and
the thick film sample in zero field, where in ordinate the measured asymmetry is re-
ported, are represented in fig. 38. The measurements in both samples show a re-
markable qualitative similarity in the whole temperature range. In high tempera-
tures, i.e. above 100 K the curves show an exponential-like relaxation from the initial
value to zero. At 4.2 K the asymmetry exhibits a dip at early times (inset of fig. 38),
followed by a recovery and then relaxation at longer times. The slowly relaxing tail
indicates that the internal magnetic field experienced by the implanted muons in
TbPc, contains two contributions: a static component and a dynamic component.
The static and dynamics terms are relative to the v/(y§) ratio, where the v is the
fluctuation rate of the dynamic magnetic field, y/(2m)= 135.5 MHz/T is the muon’s
gyromagnetic ratio, and 6 is the width of static magnetic field distribution sensed by
the muons. The static case is approached when the ratio is <1, while the fast fluctua-
tion limit is approached when the ratio is >1. When muons experience a distribu-
tion of static magnetic fields with an additional dynamic component, the muon spin
relaxation curve can be described by the phenomenological static Kubo-Toyabe
function, multiplied by a suitable dynamic relaxation (Fudamoto et al. 2002; Salman
et al. 2010). The form of the Kubo-Toyabe function depends on the distribution of
the static field sensed by the implanted muons, e.g., Gaussian or Lorentian.
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A(t) =221+ 2(1 — y8)e 7o]e VA (42)

where Ay is the initial asymmetry and 4 is the relaxation rate, which contains in-
formation regarding the dynamics of the local field. The square root relaxation re-
flects the averaging of the relaxation behaviour of muons stopping in many non-
equivalent sites (Uemura et al. 1985; Lascialfari et al. 1998 Salman et al. 2002
Blundell et al. 2003; Branzoli et al. 2009; Branzoli et al. 2010). By fitting the data with
the above mentioned equation the parameters A and § were obtained and their tem-
perature dependence is shown fig. 39.

Normalized A(t)

Time [ps]

Fig. 38: Typical muon spin relaxation curves in the (a) bulk and (b} thick film samples meas-
ured in zero applied field and at various temperatures. The insets show the early time relaxa-
tion, where the dip in the relaxation can be clearly seen at low temperatures. The lines are fits
to equation 42. Reprinted with the permission from (Hofmann et al. 2012). Copyright (2012)
American Chemical Society.

It is important to note that the results obtained for the microcrystalline powder
are consistent with previous muon spin relaxation measurements (Branzoli et al.
2010). The qualitative similarity between bulk and films behaviour is an indication
that SMM nature of the ThPc; in the film is retained. The static and the dynamic be-
haviour in all the three samples are in fact characterised by three different tempera-
ture regimes. At high temperature A is small and § is ca. zero. As the temperature is
decreased A increases sharply while § remains zero. At ca. 100 K, A peaks and 6 be-
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comes non zero. Finally, below ca. 50 K both the parameters saturate and become
temperature independent. However, quantitative differences are observed at low
temperature between the microcrystalline powder and the films; for example, the
saturation value of § is ca. 42 mT in the powder and ca. 24 mT in the film samples. It
is important to point out that § is equal in both film samples throughout the whole
temperature range and is even independent of the muons’ implantation energy. At
high temperature, A, which is directly related to the spin dynamics, is also equal in
both films and is E independent. However, at low temperature, and only in the thin
(nominally 100 nm) film, it strongly depends on E.
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Fig. 39: A (top) and & (bottom) as a function of temperature in bulk, thick and thin film sam-
ples obtained from fits of the relaxation curves to equation 42. The lines are a guide to the
eye. Reprinted with the permission from (Hofmann et al. 2012). Copyright (2012} American
Chemical Society.

We consider first the static magnetic field experienced by the muons. At high
temperatures, § is ca. zero reflecting the absence of static fields as a consequence of
fast thermal fluctuation between the ground (J, = £ 6) and the first excited (J. = £ 5)
spin states. The saturation of § at low temperature indicates that muons experience a
temperature-independent distribution of static fields. In fact, at this temperature we
expect all the molecules to reside in the ground state, since the energy gap to the next
excited state is more than 650 K. Information regarding the dynamics of the local
field can be extrapolated from A. The exponential increase as the temperature is de-
creased in the high temperature regime demonstrates the slowing of spin dynamics.
This is due to the reduced probability of spin-phonon-mediated transitions between
different spin states (Lascialfari et al. 1998; Villain et al. 1994; Salman 2002). The
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small difference in the A value between the microcrystalline powder and the films in
this temperature regime implies that the energy gap between the ground and the first
excited state does not change significantly. This is a direct evidence that there is al-
most no change in the crystal field of the Th** ions between microcrystalline powder
and films. In contrast to this behaviour, the saturation of 1 at low temperature is a
consequence of persistent spin dynamics at temperatures far below the energy gap.
This is attributed to quantum tunnelling between the two quasi-degenerate |, = +6
ground states (Branzoli et al. 2009; Branzoli et al. 2010), which is particularly effi-
cient in zero applied magnetic field, corresponding to the condition of our experi-
ment. Interestingly, in fig. 39 one can observe a clear difference in the saturation

A depending on the sample: bulk, thick or 100 nm film. Moreover, in the
100 nm film it also depends on the muons’ implantation energy/depth.
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Fig. 40: Correlation time as a function of temperature measured in bulk and ThPc: films. The
lines are fits to equation 44. Reprinted with the permission from (Hofmann et al. 2012). Cop-
yright (2012) American Chemical Society.

In what follows we extract the correlation time of the molecular spin dynamics
as a function of temperature. At low temperatures where y§>1,A(t) is almost identi-
cal to the dynamic Lorentzian Kubo-Toyabe function, and hence 1 =(2/37)
(Uemura et al. 1985; Hayano et al. 1979), where 7 is the correlation time of the local
magnetic field experienced by the muon, which in our case is that generated by the
ThPc, SMMs. However, at high temperatures, where ¢ is ca. 0, the relaxation rate
can be written as 1 = 27(y8,)? (Uemura et al. 1985; Hayano et al. 1979), where &, is
the size of the fluctuating field at the measured temperature. Note that the SMMs are
in their ground ] = 6 manifold throughout the measured temperature range. There-
fore, & can be evaluated from the low-temperature saturation value, 6, = 6(T -
0), which reflects the size of the dipolar field from the magnetic moment of a single
TbPc, molecule. Thus, we can readily extract T as a function of temperature in the
high and low-temperature ranges, as shown in fig. 40.
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The probability (or inverse correlation time) of phonon-induced transitions be-
tween the J, = + 6 and J, = +5 states is (Lascialfari et al. 1998; Villain et al. 1994;
Salman 2002):

é= CA3exp (%) (43)

where C is a temperature-independent parameter that represents the spin-
phonon coupling strength and A is the energy gap between the spin states. This ac-
counts for the observed high-temperature dependence of 7, but given the exponen-
tial dependence and the large value of A, no spin dynamics is expected at low tem-
peratures. However, in the low-temperature regime of our muon spin relaxation da-
ta we find that 7 is finite and temperature- independent. In order to model these re-
sults, we add a phenomenological constant contribution at low temperatures, t,,
which reflects the contribution of quantum tunnelling to the correlation time. Thus,
the full probability for transitions between different sublevels of the ] = 6 manifold is
(Salman 2002):

S=—+ — (44)

T Teyp Tq

A fit of the results to this model provides the values for A, C, and 7, given in ta-
ble 2. We find that A is similar in all samples and exhibits no implantation energy
dependence, as expected from the similar high-temperature behaviour in 7. This
confirms that the crystal field experienced by the Tb ions does not depend on sample
or depth in the films. The values of C vary significantly between the different sam-
ples. This is to be expected between bulk and films, given the loss of solvent mole-
cules of CH,Cl, (Paillaud et al. 1991) and the probable formation of a different mo-
lecular order in the films. These effects modify the phonon spectrum dramatically
and, therefore, affect the value of C. However, the difference between the thick and
100 nm film is surprising, but may also be due to the effect of film thickness on the
phonon spectrum when it is decreased from the micrometer to the nanoscale.

Paramelers Bulk Thick film (~1pm)  Thin film (~100nm)
C[10™/ps-K?] 6.242.5 1.1£0.2 0.51+0.22

A [K] 877430 790+10 640+30

Tq 31.2+1.6 6.6+0.2 See fig, 41

Table 2: Summary of parameters from fits of t as a function of T to equation 44.

Most importantly, we note that only in the thin film we find a clear E/depth de-
pendence of 7, as shown in fig. 41. To establish a clear relation between the muons'
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implantation energy and the mean/root mean squared (rms) stopping depth in the
TbPc; film (fig. 41), Trim. SP simulations (Eckstein 1991) were used to model exper-
imental measurements. First, the fraction of the asymmetry was determined from
muons stopping in the gold substrate as a function of E. For this purpose, A(t) was
measured in a magnetic field, B, applied transverse to the initial spin of the muons.
At 5 K muons stopping in the TbPc; film depolarise very rapidly due to the large in-
ternal fields, while muons stopping in nonmagnetic gold experience predominantly
the applied transverse field and, therefore, precess at the Larmor frequency, yB.

The normalized fraction of precessing signal as a function of E is plotted in fig.
42. Next, the muon stopping depth profile in a TbPc; film of density p ca. 1.5 £ 0.1
g-cm® was simulated. We further assume that our muon beam (radius 4cm) im-
pinges on a film with thickness cross-section profile as illustrated in the inset of fig.
42, which is suggested by AFM measurements. Best fit to the experimental data is
obtained using a film with a nominal thickness of 400 nm, which falls gradually
to-50 nm at the edges of the beam spot. Note that this method of implantation depth
estimate has many potential systematic uncertainties due to the non-uniform thick-
ness profile and density of the film.
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Fig. 41: 74 as a function of E (and corresponding mean/rms implantation depth) obtained
from fits of T as a function of temperature to equation 44. The solid-shaded and hatched areas
represent the values (and uncertainty) in the bulk and the thick film samples, respectively.
Reprinted with the permission from (Hofmann et al. 2012). Copyright (2012) American
Chemical Society.

However, this treatment gives a rough idea of the depth dependence of 7, as re-
ported in fig. 41. Here, the values of 7, are basically a weighted average of the corre-
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lation time of the TbPc, molecules over the full stopping depth distribution of the
implanted muons, which provides qualitative information regarding its depth de-
pendence. Interestingly we notice that the depth dependence extends to a scale of
several tens of nm away from the gold surface.
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Fig. 42: Normalized fraction of muons stopping in the Au substrate as a function of E. The
solid line is the estimated value from Trim.5P simulations using a TbPc: film with a nominal
thickness of~100nmand a cross-section profile as illustrated in the inset. Reprinted with the
permission from (Hofmann et al. 2012). Copyright (2012) American Chemical Society.

As mentioned in the paragraph 1 the starting point of these studies were the
XMCD and XNLD measured on a TbPc, thick film and on the monolayer by Mar-
gheriti et al. (Margheriti et al. 2010). The different magnetic behaviour of the two
samples was attributed to a competition between molecule-substrate and molecule-
molecule interactions. It's now interesting to compare the muon spin relaxation data
to previous measurements. The XMCD and XNLD techniques are sensitive only to
the top few monolayers and they do not provide details of the depth dependence of
the ThPc, magnetic and structural properties. Muon spin relaxation measurements
complement the magnetic characterisation by revealing a significant depth depend-
ence of the molecular spin dynamics as far as several tens of nm from the surface. In
particular, , is small for high E, i.e., near the gold surface and becomes larger as we
probe molecules further away from the substrate, gradually approaching the value
measured in the thick film where all muons stop far from the substrate (few 100's nm
away). The data are in agreement with the XMCD detected hysteresis loops which
show no hysteresis opening in monolayer samples (Stepanow et al. 2010; Margheriti
etal. 2010; Lodi Rizzini et al. 2011) and the recovery of the hysteresis opening in the
thick film (Margheriti et al. 2010). This finding, in conjunction with the different
orientation of the molecules highlighted by XNLD in thick and monolayer films,
suggests that molecule-molecule interactions play a key role in the magnetisation
dynamics of the TbPc; films. In fact the depth dependence of 7, may be related to a
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gradual variation of the molecular packing from the lie down geometry in proximity
of the metal substrate to the standing up characterising the top layers of the thick
film. It is important to note that this interpretation is in agreement with what shown
in the previous paragraph about pristine and heated powder.

4 Toward TbPc, spintronic devices
4.1 Introduction

TbPc;, as well as all SMMs, have been a workbench for the study of quantum ef-
fects in magnetism (Gatteschi et al. 2006); more recently these systems have attracted
a growing interest as active elements in organic spintronic devices (OSPDs) (Dediu
et al. 2009). These generally consist of a semiconductor organic film located between
two ferromagnetic electrodes, one acting as spin injector and the other as spin ana-
lyser (Dediu et al. 2009) (fig. 43).

Fig. 43: Schematic representation of a vertical spin valve device. The organic film (OF) is
stratified between the two ferromagnetic electrodes of cobalt (spin injector) and Lanthanum
Strontium Manganite Oxide (LSMO)(spin analyser).

Recent studies, employing tris(8-hydroxyquinolinato) aluminium (Alqs) or-
ganic film, have shown how OSPDs can be designed to behave as spin valves or
“memristor” (Prezioso et al. 2013) where the non-volatile resistence of the device can
be tuned and depends on the hystoric current and bias voltage applied. Recent elec-
tric transport studies involving SMMs are based on single molecules transistor
(Heersche et al. 2006; Jo et al. 2006) where the molecule is placed between two non-
magnetic electrodes. On the other hand Urdampilleta et al. have recently obtained a
supramolecular spin valve (Urdampilleta et al. 2011) employing TbPc, molecules
deposited on a carbon nanotube. At best of our knowledge, SMMs have not yet been
employed as organic film in macroscopic spin valve devices.

In OSPDs the molecules-electrode interface plays a key role to define the
final device properties (Sanvito 2011). Therefore, the knowledge of the magnetic
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behaviour of the interface is mandatory in order to move toward OSPDs
incorporating ThPc, or other SMMs as organic film.

Two of the most employed electrode materials in OSPD are the Lanthanum
Strontium Manganite Oxide (LSMO) used as spin injection and the metallic cobalt
as spin analyser (Dediu et al. 2009). The study of the molecules-electrode interfaces,
i.e. TbPco/LSMO and ThPc/Co, has been here splitted and two hybrid surfaces,
obtained by sublimation of the TbPc; on the ferromagnetic electrode surfaces, have
been studied separately. This investigation has been carried out by employing the
element selectivity and surface sensitivity of X-ray Absorption Spectroscopy (XAS)
and related techniques, like X-ray Magnetic Circular Dichroism (XMCD) (see sec-
tion 2 paragraph 5), which allows to distinguish the magnetic signal of the TbPc,
film from the bigger one coming from the substrate. XMCD has been already suc-
cessfully employed on ThPc; and for other SMMs deposited on different surfaces
(Stepanow et al. 2010; Lodi Rizzini et al. 2011; Lodi Rizzini et al. 2012; Margheriti et
al. 2010; Mannini et al. 2008; S6nke Voss et al. 2008; Mannini et al. 2009; Mannini et
al. 2010).

4.2 ThP¢,/LSMO/STO hybrid surface

The characterisation of such hybrid surface has been preliminary reported by
Margheriti (Margheriti 2010). Herein it is reported only a brief summary just for the
clarity of the discussion. LSMO is a perovskite manganite of formula La, xSrxMnO;
which, for determined X values (for example 0.3), shows an excellent magnetic po-
larisation at room temperature (Dediu et al. 2002). Its stability under different con-
ditions allows the preparation of ex situ samples. The LSMO substrates employed in
our study were made by channel spark ablation from a stoichiometric polycrystalline
target in partial oxygen atmosphere (P=4x10? mbar) (Graziosi et al. 2013) and
grown on strontium titanate (STO) subtrate.
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Fig. 44: 5TM images of 12 nm LSMO on §TO, the surface was annealed 30 minutes at 250°C
in UHV before being investigated. 100x100 nm® (left) and 30x30 nm® (right) both acquired
with 50 mV bias and 50 pA of current.
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The STM investigation carried out on a LSMO after that the surface was an-
nealed at 250°C for 30min in UHV is reported in fig. 44. The images reveal a granu-
lar surface with average height of ca. 1 nm (RMS roughness 0.29 nm). Most out-
growths show lateral dimensions comparable with those of the TbPc, molecules (ca.
1.5 nm). Thus, the surface corrugation does not allow the STM characterisation of
sub-monolayer ThPc, films.

The X-ray absorption spectroscopy characterisation was performed at the SIM-
X11MA beamline at the Swiss Light Source (SLS) synchrotron facility by in sifu dep-
osition of a thin molecular layer. The LSMO substrate, consisting in a 12 nm LSMO
film grown on strontium titanium oxide (STQ), was cleaned by sonication in iso-
propanol before being used. The molecular sublimation was carried out using the
device described in section 2 paragraph 2. A thin film of TbPc, was sublimated in
situ in UHV condition on 12 nm thick film of LSMO substrate. The XAS investiga-
tion of the hybrid surface was performed at the Mn L,; and Tb M, s edges. The spec-
tra were acquired in total electron yield mode using both linearly and circularly po-
larisation light. The magnetic field was applied along the photon propagation vector
(fig. 45 left) and at variable angle, 6, with the normal to the surface (fig. 45 right).

Fig. 45: Schematic representation of the geometry used in XMCD experiment. The field is ap-
plied along the photon direction (left); © is the angle between the magnetic field direction and
the normal to the surface (right).
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Fig. 46: XAS spectra acquired at the Mn L. edges in right circular polarisation o (dash and

dot) and left polarisation o* (solid) and the XMCD spectrum o - o* (dot) of the

ThPe:/LSMOYSTO hybrid surface. Reproduced from Ref. (Malavolti et al. 2013) with the

permission from The Royal Society of Chemistry.
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In fig. 46 are reported the XAS spectra acquired at 2 K and in presence of a 3 T
field for both circular polarisations, i.e. 0" and o™ corresponding to right and left po-
larisation, respectively, as well as the XMCD signal defined as 0~ - o*. The curves
show the characteristic features expected for LSMO films reported by other authors
(Li et al. 2011), confirming the quality of our surface, especially in respect of its
magnetic polarisation.

The field dependence of the XMCD signal was recorded at the Mn L, at two
angles, 0, between the magnetic field and the surface. Fig. 47 shows a more rapid
saturation of the magnetic signal for 6 = 45° in agreement with the expected angular
dependence for the in-plane magnetic anisotropy of LSMO films.

Fig. 47: Field and angular dependence of the XMCD signal acquired at the Mn Ls edge. . Re-
produced from Ref. (Malavolti et al. 2013) with the permission from The Royal Society of
Chemistry.

Fig. 48: XAS spectra acquired at the Tb Mus edges in horizontal linearly polarisation 6™ (dash
and dot) and vertical polarisation 6" (solid) and the XNLD spectrum ¢¥ - " (dot) of the
TbPc:/LSMO/STO hybrid surface. . Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.
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The sample was then characterised at the Tb Mys edges in order to get structural
and magnetic information on the molecular film. Since the roughness of the LSMO
does not allow an STM investigation to get information about the molecular orienta-
tion on the surface, linearly polarisation light was employed (see section 2 paragraph
5.4). The XAS spectra using vertically (¢) and horizontally (o) polarised light were
recorded at 8 = 45° thus allowing to extract the X-ray Natural Linear Dichroism
(XNLD) spectrum, defined as ¢" - ¢, which is reported in fig. 48. The presence of
dichroism at the M; edge suggests a non random orientation of the electric field gen-
erated by the ligands around the Tb** ion and thus a partial preferred orientation of
the molecules on the surface can be suggested. By comparison with previous calcu-
lated data reported in literature (Margheriti et al. 2010) the shape of the XNLD
spectrum can be interpreted considering a favoured standing-up geometry of the
TbPc, molecules respect to the surface plane. This finding is in line with the ob-
served growing mode of simple metal-phatahlocyanines on oxides (Biswas et al.
2009). Nevertheless the roughness itself could play a non-negligible role.

The magnetic characterisation was carried out employing the circular polarised
light. The XAS and XMCD spectra are reported in fig. 49. The XMCD spectrum
shows a strong dichroism at the Ms edge whereas a smaller one at the M, edge as ex-
pected for the TbPc, molecules (Margheriti et al. 2010).
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Fig. 49: XAS spectra acquired at the Tb M4s edges in right circular polarisation ¢ (dash and
dot) and left polarisation o' (solid) and the XMCD spectrum o - o' (dot) of the
TbPc:/LSMO/STO hybrid surface. . Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.

The hysteresis loops recoded at Tb My edges are reported in fig. 50. Albeit the
hysteresis curves show the butterfly shape, typical of bulk TbPc, molecules, the
opening is significantly smaller. A slight angular dependence confirms what evi-
denced by the XNLD spectrum, i.e. a slightly preferential orientation of the mole-
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cules with their easy magnetisation axis in the plane of the surface. It’s interesting to
note that no sizable antiferromagnetic coupling of the molecules with the LSMO was
detected and no correlation of the molecular hysteresis loops with those of the sub-
strate was observed. The roughness of the substrate and the standing preferential
orientation of TbPc, molecules are not favourable conditions to promote a signifi-
cant molecule-substrate magnetic interaction and the use of magnetic metallic sur-
face appears more promising and has been the object of this thesis, as described in
the next session.

Fig. 50: Field and angular dependence of: the XMCD signal acquired at the Mn L; edge (top),
and of the XMCD signal acquired at the Tb Ms edge for the TbPc:,/LSMO/STO hybrid sur-
face. Reproduced {rom Ref. (Malavolti et al. 2013) with the permission from The Royal Socie-
ty of Chemistry.

4.3 TbPc¢,/Co/Cu(100) hybrid surface

The study of the hybrid surface made by phthalocyanine molecules sublimated
on magnetic metals is attracting an increasing interest. Although in some cases the
magnetic moment of MPc molecules is quenched by the interaction with a metallic
surface (Mugarza et al. 2012; Stepanow et al. 2011), the interaction of flat metal
complexes with ferromagnetic substrate has been widely studied showing interesting
proprieties. By investigating the hybrid surface made by iron porphyrin molecule
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sublimate on Co and Ni surfaces Wende et al. (Wende et al. 2007) detected the pres-
ence of a ferromagnetic exchange coupling. Similar studies are reported also for MPc
hybrid surfaces which demonstrated that the coupling can be strong enough to po-
larise the molecular magnetic moment at room temperature (Scheybal et al. 2005;
Miguel et al. 2011; Wende et al. 2007). These findings have boosted the characterisa-
tion of hybrid surface made by TbPc, SMM on such magnetic substrates.

A recent study has shown the presence of a strong antiferromagnetic (AF) inter-
action between the TbPc, molecules and a nickel substrate film grown on Cu(001)
(Lodi Rizzini et al. 2011). Given the relevance of metallic cobalt substrate in the real-
ization of organic spintronic devices (Dediu et al. 2009) the extension of the investi-
gation to this metallic surface appeared necessary. Only after we performed our ex-
periments a brief report on the characterisation of the TbPc,/Co/Cu(100) system be-
came available in literature (Klar et al. 2013), showing a weak AF coupling between
TbPc, and cobalt. We will show in the following that different results have been ob-
tained by us.

In contrast to the case of LSMO the cobalt substrate need to be prepared in situ
at the synchrotron facility and its realization poses some criticalities. Therefore in
house preliminary cobalt evaporation tests to obtain an epitaxial growth of Co on a
Cu(100) single crystal were carried out in our UHV multi-instrument system pre-
sented in section 2 paragraph 9.

In order to evaluate the optimal conditions for the cobalt epitaxial growth
several techniques were employed. The thickness of the films was estimated by cross-
checking STM and XPS data. The XPS regions of Co 2p and Cu 2p peaks and their
relative fits of a 42 min evaporated Co film are reported in fig. 51a,b.

Fig. 51: XPS spectra and relative fit of the Co2p region (a) Cu2p region (b) and the calibration
point of the evaporation process (c). Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.

The spectra were acquired using the monochromatic Al K, source, 1486.6 eV.
Following the considerations reported in section 2 paragraph 4.1 the cobalt layer
thickness d was calculated as:
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d=2cos6In(AZ 1 1) (45)
BPA

where 1 is the escape length of the photoelectrons, I, , I are the areas and g,
op are the cross-section of the Cu 2ps;and Co 2ps; peaks, respectively. The calculat-
ed thickness of the 42 min evaporated cobalt film was 2.1 ML. Same investigations
were repeated increasing the evaporation time obtaining the calibration curves re-
ported in fig. 51c. The data could be fitted by a linear relation, as expected for con-
stant Co evaporation flux.

Before the XPS investigation the 2.1 ML cobalt film sample was also character-
ised by STM. In fig. 52 are reported the STM images for two different nominal
thicknesses, 2.1 and 4 ML of Co, as estimated from the previous calibration. Both
samples show a quasi layer-by-layer growth (Allmers & Donath 2011) with the for-
mation of small cobalt islands. They present rounded edges preferentially oriented
along the Cu [+110] directions; moreover the cobalt films do not exactly reproduce
the underling Cu atomic step edges looking meandering (Ramsperger et al. 1996).
All these features confirm the good quality of the cobalt films.

It is well known that in thin films an intermixing of the two metals can take
place even at room temperature due to an atomic exchange process [26,28]. This
phenomenon could be responsible of the formation of a layer of copper on top of the
cobalt film.
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Fig. 52: STM image of 2.1ML (400 pA; -0.4 V ; 75x75 nm’) (a) and 4ML of Co on Cu(100)
(900 pA; 1.4 V: 100x100 nm’) (b). They show the typical cobalt rounded edge islands prefer-
entially oriented along the Cu [+110] directions.

In order to take in account this phenomenon the LEIS techniques, sensitive to
the top-most layer chemical composition, was employed (see section 2 paragraph 7).
The LEIS spectra, presented in fig. 53, were acquired using a He* beam accelerated to
1000 eV on samples with increasing thickness of the Co film. The data are relative to
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the same samples of the XPS characterisation. The Cu peak is found at about 790 eV
whereas the Co at ca. 770 eV, in agreement with atomic mass selectivity of the tech-
nique (see equation 26). As expected increasing the thickness deposition the intensi-
ty of the Cu peak decreases while the Co peak increases. The 4 ML sample shows al-
most uniquely the Co peak suggesting that for thicker samples the top-most layer is
mainly made by Co.

The & study was completed by STM investigation of the final hybrid sur-
face. In order to have a clear image of the molecules sublimated on the cobalt surface
a sub-monolayer coverage TbPc; film is mandatory. For this purpose we calibrated
the TbPc; sublimation by STM investigation of molecular films sublimated on the
Cu(100) single crystal. The image acquired on a sub-monolayer TbPc, film sublimat-
ed on Co/Cu(100) i.e. ThPc,/Co/Cu(100) hybrid surface, is reported in fig. 54. It is
important to point out that the molecules show the characteristic four lobed shape
expected for lying down intact TbPc, complexes.
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Fig. 53: LEIS spectra of clean Cu (100) surface and after subsequent Co deposition. Repro-
duced from Hef. (Malavolti et al. 2013) with the permission from The Royal Society of Chem-
istry.

Fig. 54: STM image of ThPe:/Co/Cu(100) (200 pA: 1.5 V; 22x22 nm’). Reproduced from Ref.
(Malavolti et al. 2013) with the permission from The Royal Society of Chemistry.
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The magnetic characterisation of the hybrid surface was made by XAS and its
derivate techniques. 3 -based investigation requires specific UHV facilities al-
lowing the in-situ preparation of the hybrid surface. The samples were growth in the
preparation chamber of the DEIMOS beamline at the SOLEIL synchrotron (see sec-
tion 2 paragraph 6). The cobalt evaporations were carried out using the same param-
eters of the i experiments. Before preparing the final hybrid surface a charac-
terisation of evaporated cobalt films was performed by using STM and XAS tech-
niques. The nominal thicknesses presented hereafter were estimated from the Co L,
edges jump ratio. The quality of the surfaces was checked by in sifu STM analysis.
The image acquired for a nominal 2.5 ML cobalt film is reported in fig. 55. The im-
age shows the expected features described in the previous paragraph. Indeed the co-
balt islands are aligned along two preferential directions and the edge steps look me-
andering (similar to what reported in fig. 52), as expected for the cobalt epitaxial
growth on copper (Allmers & Donath 2011; Ramsperger et al. 1996).
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Fig. 55: In situ STM image of a 2.5 ML of Cobalt evaporated on Cu(100) (100 pA ; 1.0 V;
95%95 nm’).

It is well known that the magnetic anisotropy of Co films depends strongly on
the thickness. We decided to investigate a thickness of 5 ML which corresponds to a
strong in plane magnetisation. The XAS spectra and the relative XMCD of a 5.5 ML
cobalt film are reported in fig. 56. It is important to note that the shape and energy
of the cobalt Ly 5 rule out the presence of oxidised cobalt (Chen et al. 1995; Srivastava
et al. 1998). This is of the utmost importance in order to study the magnetic behav-
iour of the hybrid surface. In order to evaluate the magnetic behaviour of the cobalt
film the XMCD sum rules can be applied (Chen et al. 1995; Srivastava et al. 1998).
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Through their application it is possible to estimate both orbital (m.w) and spin
(mgin) moments using the integral calculation described by Chen et al. (Chen et al.
1995) (see section 2 paragraph 5.3). From this analysis we estimated mon, = 0.23 ys,
Mgpin = 1.81 ps and the resulting ratio mow/mepin= 0.127. These data are in agreement
with what reported in literature (Srivastava et al. 1998) and will be useful for further

considerations.
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Fig. 56: XAS spectra acquired at the Co Ly3 edges (5.5 ML) in right circular polarisation o
(dash and dot) and left polarisation o' (solid) and the XMCD spectrum ¢ - o' (dot) of the
Co/Cu(100) surface. Reproduced from Ref. (Malavolti et al. 2013) with the permission from
The Royal Society of Chemistry.

In order to prepare the hybrid surface the sublimation of thin TbPc, film was
carried out on a freshly prepared 5 ML cobalt film. We employed the elemental se-
lectivity of the XAS based techniques to characterise the cobalt film magnetic behav-
iour of the TbPc,/Co/Cu(100) hybrid surface. The XAS spectra acquired at the Co
L, edges using both circular polarisations and the relative XMCD spectrum are re-
ported in fig. 57. The sum rules were applied allowing the calculation of the mgy, =
0.22 ps, Mgin = 1.75 g and the resulting ratio mom/mgin= 0.125. These data are in
agreement with those presented for the bare 5.5 ML cobalt film. Thus no significant
modification of the magnetic behaviour of the cobalt film is showed due to the pres-
ence of the molecular film.

The field dependence of the maximum of the XMCD signal at the Co Ls
edge acquired for 8 =0° and 6=60° are reported in fig. 58. The curves show the pro-
nounced angular dependence expected for a cobalt thin film with in plane magnetic
anisotropy. The out of plane magnetic signal saturates at ~3.7 T This anisotropy
field is in agreement to the expected one for 5 ML cobalt film thickness (Kowalewski
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et al. 1993) confirming the high quality and good control we have achieved in the
preparation of the Co substrate.
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Fig. 57: XAS spectra acquired at the Co Las edges (5 ML) in right circular polarisation o” (dash
and dot) and left polarisation ¢' (solid) and the XMCD spectrum ¢ - ¢ (dot) of the
TbPc:/Co/Cu(100) hybrid surface. Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.

Fig. 58: Field and angular dependence of the XMCD signal acquired at the Co L; edge. In the
inset is reported the enlargement of the 6=60° curve which show the hysteretic behaviour of
the cobalt film. Reproduced from Ref. (Malavolti et al. 2013) with the permission from The
Royal Society of Chemistry.

Moving to the Tb M,s edges, the XAS recorded spectra (fig. 59) acquired
with linear polarised light show the presence of a sub-monolayer TbPc, film. A semi-
quantitative estimation of the thickness can be done by comparing the Tb M; edge
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signal with the oscillation of the background that is due to the EXAFS signal of the
copper substrate. Comparing our results with literature data (Lodi Rizzini et al. 2011;
Klar et al. 2013) it is possible to assert that the TbPc, coverage is in the sub-

monolayer range.
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Fig. 59: XAS spectra acquired at the Tb M edges in horizontal linearly polarisation 6" (solid)
and vertical polarisation ¢¥ (dash and dot) and the XNLD spectrum ¢¥ - ¢" (dot) of the
TbPc:/Co/Cu(100) hybrid surface. Reproduced from Ref. (Malavolti et al. 2013) with the
permission from The Royal Society of Chemistry.

The XNLD reveals a dichroic signal at the M5 edge, whose shape is similar to
that previously observed for the film grown on LSMO, but with opposite sign. This
can be ascribed to the lying down orientation of TbPc, molecules, expected for me-
tallic surfaces and indeed observed in our STM investigation (fig. 54).
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Fig. 60: XAS spectra acquired at the Tb Mas edges in right circular polarisation o~ (dash and
dot) and left polarisation o' (solid) and the XMCD spectrum o - ¢ (dot) of the
TbPc:/Co/Cu(100) hybrid surface. Reproduced from Ref. (Malavolti et al. 2013) with the

permission from The Royal Society of Chemistry.
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The XMCD spectrum, reported in fig. 60, shows similar features to those ob-
served also for bulk samples and films on other substrates, including the LSMO (see
section 3 paragraph 4.2). The field and angular dependence of the dichroic signal at
the Ms edge are reported in fig. 61. In agreement with previous observation, the
magnetic signal saturates at smaller fields when the field is applied out of plane,
0=0°, as this corresponds to the easy axis of lying down molecules. In both loops,
recorded at different angles, no detectable opening of the hysteresis is revealed. The
TbPc;, seems to behave as a simple paramagnetic molecule at a temperature as low as
2K, in agreement with previous findings on thin films of TbPc, evaporated on non-
magnetic substrates, such as gold (Margheriti et al. 2010) and copper (Stepanow et
al. 2010).
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Fig. 61: Field and angular dependence of: the XMCD signal acquired at the Co Ls edge (top),
and of the XMCD signal acquired at the Tb M5 edge for the TbPc:,/LSMO/STO hybrid sur-

face. Reproduced from Ref. (Malavolti et al. 2013) with the permission from The Royal Socie-
ty of Chemistry.

More interesting is the absence of any detectable antiferromagnetic interaction
between the molecular sub-monolayer film and the cobalt substrate. In fact the
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magnetic signal does not show any anomaly in the field dependence, typical of the
overcoming of an antiferromagnetic interaction. It must also be noted that no corre-
lation is observed between the magnetism of the two materials, which present differ-
ent magnetic anisotropy, and no anomalies in TbPc, behaviour are observed at the
saturation fields of the Co substrate. Our results are in contrast to what recently re-
ported by other authors (Klar et al. 2013) in a short communication for the same hy-
brid surface. The origin of this discrepancy remains unclear, given also the limited
information available in the reported communication. In detailed analysis we per-
formed on both Co substrate and molecular film we can exclude the incidence of the
most common issues that may have a negative impact on the measure: like the for-
mation of an oxide layer, the termination with nonmagnetic Cu film, or the evapora-
tion of a thick molecular film, preventing a direct contact between the magnetic
molecules and the magnetic substrate.
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Section 4
The Fes SMM class

1 Introduction

The slow magnetic relaxation properties of the family of Fe, molecules, conju-
gated with their chemical stability, made them one of the most interesting SMMs.
Despite the low blocking temperature (hysteresis opening only below 1 K) Fes mole-
cules have been used as model systems to shed some light on the complex and fasci-
nating behaviour of SMMs (Gatteschi et al. 2006). Fe, SMMs have the propeller like
shape shown in fig. 62. In the archetypal Fe, system the three peripheral iron(III)
ions are coordinated by two diketonate ligands, i.e. dipivaloylmethanate (dpm-),
while six u-methoxide (OMe’) anions bridge them to the central iron(III) ion to give
the final formula [Fe,(OMe)s(dpm)s] (Barra et al. 1999). The molecule is character-
ised by the presence of a C; symmetry axis passing through Fel and Fe2, thus the pe-
ripheral ions are arranged at the vertices of an isosceles triangle (Barra et al. 1999).
The antiferromagnetic coupling of the central ion (s=5/2) to the peripheral ones
(s=3x5/2) causes the total spin of the ground state to be $=5. The ground state can be
considered selectively populated for temperature below 5 K.

Fig. 62: Molecular structure of the archetypal Fe. system, the [Fe((OMe)s(dpm)s].

Luigi Malavolti, Single molecule magnets sublimated on conducting and magnetic substrates,
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The degeneracy of the S=5 ground state is removed by the zero-field splitting
Hamiltonian term:

Hyrq = D[S —1S(S + 1)] (46)

where D, the axial anisotropy factor, is equal to -0.2 cm’ for the
[Fes(OMe)s(dpm)¢] and S, is the projection of the total spin operator along the easy

axis. Therefore the energy level as function of m,, eigenvalues of $, is a parabola (fig.
63).

Fig. 63: Energy level diagram of the S=5 state as function of the ms states in zero field;
AE = DS? is the energy of the anisotropy barrier.

The magnetic properties of the molecule, i.e. the D parameter, can be easily
tuned by replacing the six y-metoxide bridges with two tripodal ligands, leading to
the general formula Fey(L),(dpm)s (Andrea Cornia et al. 2004; A Cornia et al. 2004).
The introduction of the tripodal ligands L=R-C(CH,OH); where R=Me, R=CH,Br,
R=Ph modifies the helical pitch of the Fe((O,Fe); unit toward three-fold symmetry.
This also increases the axial anisotropy resulting in D values equal to -0.445 cm™, -
0.432 cm™, -0.42 cm™', respectively (Accorsi et al. 2006). The same trend is found
also for the anisotropy barrier.

As in the case of the terbium(III) bis(phthalocyaninato) complex, the potential
for the use of Fe, in spintronic devices, being one of the most stable and versatile
SMM, boosted the development of its assembling strategies on surfaces (Bogani &
Wernsdorfer 2008). The addition of sulphur-containing moieties on the R group of
the tripodal ligands allowed the preparation of chemically grafted monolayers on
gold surfaces. XMCD based experiments evidenced that the typical butterfly-shaped
magnetic hysteresis of these SMMs was still observable in monolayers assembled on
gold (Mannini et al. 2009; Mannini et al. 2010; Rodriguez-Douton et al. 2011). On
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the other hand the deposition from solution is still far from allowing a detailed char-
acterisation of the film and a fine control of the molecular organization on surfaces.
Indeed, the UHV thermal deposition, employed in this thesis for TbPc; SMMs, is
highly desirable not only for the cleanness of the process but also for the possibility
to control the coverage allowing also the investigation of individual molecules.

In order to exploit the UHV techniques physical deposition method based on
the sublimation process is desirable. UHV sublimation allows a larger versatility in
the selection of surfaces that can be used as well as a larger control of the deposition
characteristics.

A considerable effort has been made to obtain SMMs that retain their properties
after the thermal sublimation onto a surface. Among the several Fe,, the complex
bearing the tripodal ligand L=Ph-C(CH,OH); (hereafter Fe,Ph, see fig. 64), has been
proved to sublimate in UHV and to maintain its SMM character when deposited to
form films a few hundreds nm thick. Although the SMM behaviour is preserved,
both susceptibility and EPR measurements have shown the presence of some impu-
rities (less than 5%) which can be associated with the very volatile Fe(dpm); com-
pound (Margheriti et al. 2009).

Starting from these findings one of the goals of this thesis has been the investiga-
tion of Fe,Ph at the single molecule level. STM and STS local probe techniques have
been employed to characterise hybrid surfaces, i.e. Fe,Ph molecules sublimated on
different surfaces. For this purpose XPS and UPS techniques were also employed to
get important information about the chemical composition and electronic properties
of the molecular film. By means of a spectroscopic and STM characterisation we
studied different kinds of hybrid surfaces (Fe,Ph on Au(111), Cu(100) and Cu;N)
succeeding in finding the suitable conditions to isolate the molecules on the surface
and perform §TS measurements.

Fig. 64: FeaPh structure; top view (left); side view (right).
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2 Thick film characterisation

As a first step we looked for the optimal conditions for the UHV thermal deposi-
tion of Fe,Ph. The molecule was synthetized by the group of prof. A. Cornia at the
University of Modena and Reggio Emilia (UNIMORE) following the procedure al-
ready reported by our joined teams (Accorsi et al. 2006). Fe,Ph crystals were me-
chanically ground before being inserted into the sublimation crucible. In order to
define the parameters of the sublimation process a Quartz Crystal Microbalance
(QCM) was employed. For the microbalance calibration the crystal density of the
Fe,Ph, p = 1.192 g-cm™ (Accorsi et al. 2006), was used to evaluate the nominal thick-
ness (see equation 13). The thickness values as a function of the time, while the cru-
cible temperature is slowly increased, is reported in fig. 65. The sublimation rate be-
comes different from zero above 200 °C, as evidenced by the corresponding increase
of the film thickness. These data are partially in contrast with previous
experiments (Margheriti et al. 2009; Margheriti 2010) where the sublimation rate is
reported to start at higher temperature; however the different experimental setup, in
particular the thermocouple positioning, can account for this discrepancy.

Fig. 65: Quartz microbalance thickness data (black) and the corresponding temperature
(gray) as a function of the elapsed time.

On the basis of QCM data, degassing of the powder has been carried out imme-
diately below the sublimation temperature, i.e. 200°C maintaining this temperature
for 48 hours before using it for the sample preparation. Then, every deposition was
made by using a crucible temperature of 215°C, which allowed to have a very low
nominal deposition rate (0.5 A/min). All Fe,Ph films were prepared by keeping the
substrate at room temperature. The sublimation process was then validated on the
basis of the spectroscopic features (XPS and UPS) of a thick film (ca 4 nm) grown on
the Au(111) surface.

The XPS spectra were acquired using a monochromatic Al K, source (1486.6eV).
The XPS spectra in the regions of interest (Fe 2p, O Is, C Is and Au 4f) and relative
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curve fitting are reported in fig. 66. The binding energy scale was calibrated by set-
ting the Au 4f;,; peak to 84.04 eV. The Fe 2p region shows a typical structured signal
due to the presence of satellite peaks. This region of the spectrum was fitted by using
three components for each spin orbit peak, as reported in literature (Yamashita &
Hayes 2008; Rigamonti et al. 2013). It is important to note that the binding energy of
the first component of the Fe 2p;, peak is at 711.1 eV, in agreement with the ex-
pected value for Fe** ions. Two components were used for the O Is region, in order
to account for the shake-up peak. In the C Is region two contributions can be distin-
guished: a main component due to aliphatic and aromatic carbon atoms (285.0 eV)
and a shoulder due to the carbonyl and alcoholic carbon atoms (286.5 eV). The rela-
tive intensity of the two contributions matched the expected value of 3.8.
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Fig. 66: XPS data for the Fe.Ph thick film (ca. 4 nm): Fe 2p (a), O 1s (b), C 15 (¢}, and Au 4f
region (d) and their relative fits. The spectra were acquired using a monochromatic Al Ka
source (1486.6eV),

In order to estimate abundance of each element percent the following formula
were employed:

0/ — Afe/OFe
Fe% Afe/0retAc/act+Ao/ 0o (47)
0 — Ac/oc
% Afe/Oret Ac/oct Ao/oo (48)
o — Ao/00
0% Ape/opet Ac/oct Ao/oo (49)
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WheredE, Ay and A are the areas of Fe, O and C respectively and o, 0y, o¢
their relative cross-section at 1486.6 eV. The good agreement of the experimental
data with the theoretical ones, suggests the presence of intact molecules on the sur-
face (table 3).

Experimental  Expected

Fe% 36 i7
O% 16.8 16.7
C% 79.6 79.6

Table 3: Comparison between the expected elemental composition for FesPh and that ob-
tained by XP3 analysis for a thick film of Fe.l’h (ca 4nm) grown on the Au(111) surface.

The spectroscopic characterisation of the film was completed by performing
UPS experiments. By means of the He(1I) source (40.8 eV), see section 2 paragraph
4.2, it was possible to probe the occupied molecular states up to 20 eV below the
Fermi level and thus to obtain a spectroscopic fingerprint of the molecule (fig. 67).
The binding energy value ~2.6 eV of the highest molecular orbital (peaks 1,2} indi-
cates the insulating character of the molecule which is an important aspect to take
into account when correlating UPS with STM and 5TS measurements. The experi-
mental spectrum (upper curve) is in very good agreement with the theoretical DOS
(lover curve) calculated for the isolated molecule (see fig. 67).

Intenaity [art. un |

Fig. 67: Comparison between the theoretical DOS calculated for the isolated Fe’h molecule
and the UPS spectrum taken for a 4 nm Fe.Ph film deposited on Au(111).

All calculations were performed by S. Ninova with the CP2K program
package (Mundy et al. n.d.) within the DFT framework and we provide here an
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overview of the calculations. Grimme’s D3 parameterization approach was used in
order to introduce the dispersion correction term (Grimme et al. 2010). The revPBE
(Zhang & Yang 1998) functional was chosen for the geometry optimization. The
Norm-conserving Goedecker-Teter-Hutter (GTH) pseudopotentials were used to-
gether with GTH double-{ polarized molecularly optimized basis sets for all atomic
species (Goedecker et al. 1996). An energy cut-off of 400 Ry was applied to the
plane-wave basis sets. The FesPh cluster was considered in its ground state (S=5),
where the central ion is antiferromagnetically coupled with the peripheral ones. The
size of the simulation cell was (25 x 25 x 25) A. The structure of the Fe,Ph was taken
from X-ray experimental data and it was geometrically optimized. For the density of
states, the optimized structure was set to wavefunction optimization, using the hy-
brid functional PBEO (Ernzerhof & Scuseria 1999) and a 0.35 Gaussian convolution
has been introduced in order to better compare with the experimental dataset. The
theoretical spectrum has been shifted of about 2.8 eV in order to align the experi-
mental and theoretical HOMO, the highest occupied molecular orbital.

Both XPS and UPS investigations suggest the presence of intact molecules in the
thermally deposited thick film. We then focused our attention on the preparation
and characterisation of monolayer and sub-monolayer films, deposited on the
Au(111) surface.

3 Preparation and XPS characterisation of Fe,Ph deposited on Au(111) at low-
coverage

In order to obtain the suitable coverage to study the molecule in isolated condi-
tions (sub-monolayer deposition) we calibrated the evaporation times by referring to
the XPS Fe 2p signal of chemical grafted monolayer of FesCs on gold (Mannini et al.
2010). The Fe4C, belongs to the family of Fe,L,dpmg in which the tripodal ligands
bear a sulphur moiety able to graft the molecule on the gold substrate. In this case Cy
stands for 11-(acetylthio)-2,2-bis(hydroxymethyl)undecan-1-ol. The gold substrate
(100 nm Au/Mica) was left incubating for 24 hr in a solution of 2 mM Fe,Cs in
CH,CL,. After that the surface was washed several times with CH,Cl, to remove the
physisorbed material.

The Fe2p and Au4f regions of the Fe,Cy sample are reported in fig. 68. As in the
case of the thick film the binding energy of the Fe 2p;,,; peak is in agreement with the
presence of Fe**. The (A4y,/04u)/(Are/0re) ie. the ratio between the Au 4f area
(Agy), corrected by its cross-section (g, ), and the area of the Fe 2p (Ag,), again cor-
rected by its relative cross-section (0r,), was chosen as a reference for the monolayer
coverage.
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Fig. 68: XPS data for the chemical grafted Fe.Cs film: Fe 2p (a), and Au 4f region (b) and their
relative fits. The spectra were acquired using a monochromatic Al Ka source (1486.6eV ).

The exposure time of a clean Au(111) single crystal to the molecular flux was
calibrated to achieve the same ratio as in the chemical grafted monolayer. A 0.85 nm
film of sublimated FesPh, estimated from QCM data, matched the
(Aau/0ay)/ (Ape/0re) ratio of the Fe,Co sample indicating the formation of almost
monolayer coverage (table 4). The elemental percentage of this sample is in agree-
ment, within the experimental error, with the expected values (table 4).

(Apu/04)/ (Ape/0re) TFe% 0% C%
Chemical grafted (1ML}  34.6 - - -
Sublimated 0.85 nm

9.6 6 184 TR0
(~1ML)
Sublimated 0.25 nm
. . . .8
(<IML) 141.1 31 181 78
FeaPh expected values - 37 167 796

Table 4: XPS data relative to the samples presented in this section,

It is important to note that the area quantification in monolayer/sub-monolayer
samples is made difficult by the small 8/N ratio which affects the Fe 2p signal. More-
over, the O Is region background is perturbed by the onset of the Au 4p 3/2 peak
(fig. 69b). In this case the choice for the background subtraction is very critical. In-
deed by using different kind of baseline, we can obtain an overestimate of about 10%
(Tougaard background) or an underestimate of 15% (Linear background). Here we
reported the elemental percentage obtained with the Tougaard background.

The UPS technique is unfortunately not useful for very low coverage because the
valence band of the Au substrate is still very intense and does not allow to disentan-
gle the features of the molecule.
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Fig. 69: XPS data for 0.85 nm (~1ML) film of Fe«Ph: Fe 2p (a), O 15 (b}, C 18 (c), and Au 4f
region (d) and their relative fits. The spectra were acquired using a monochromatic Al Ka

source (1486.6eV).

1. A= 10"
. 0 1s b
] { 1A'y
Y

g 1.04x0" 1oain’y L
2 "
E 1, 4210 r,—_%
T i ﬂ%’

A 860w’ Sl

74D TI5 T TI5 TH0 718 TI0 705 T0R I T
Binding energy (e¥) Binding enargy (eV)
s2u0' € 15 (€| el Audf (d

- BOxid’
E : gat’
§ 58u10" 1
@ a0’
Z Geng’
E P, i
T mame'] 0

5 200 285 280 80 85 0

Binding energy (eV) Binding energy (eV)

Fig. 70: XPS data of 0.25 nm sub-monolayer film: Fe 2p (a), O Is (b), C 18 (¢}, and Au 4f re-
gion (d) and their relative fits. The spectra were acquired using a monochromatic Al K
source [1486.6¢V).
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In order to achieve sub-monolayer coverage, which is the desired coverage for
the STM investigation, a new sample was prepared with a nominal thickness of 0.25
nm. The XPS characterisation revealed a (A4,/04y)/(Ape/0re) ratio significantly
higher than in the previous samples, confirming the low coverage (table 4). The XPS
spectra show a slightly shift of the Fe 2ps, binding energy, probably due to the
screening effect of the substrate (fig. 70). The elemental percentage (table 4) is in
agreement with the data of the 0.85 nm (~1 ML) film and, within the experimental
error, with the expected values.

The characterisations performed above have permitted the tuning of the evapo-
ration process as planned in order to reach a very low coverage of Fe,Ph molecules.
This low coverage allows to use STM for the local characterisation of the Fe,Ph mol-
ecules on surface. Moreover, with the support of this STM investigation of low cov-
erage deposition it has been possible to clarify the origin of the alteration in the ele-
mental analysis carried out by the XPS.

4 STM characterisation of Fe,Ph sub-monolayer on Au(111)

As mentioned in section 3 STM investigation of SMMs on surfaces have been
mostly focused on the TbPc, molecule, which is an ideal candidate thanks to its flat
shape. In fact other SMMs, such as Mn;; and Fe, classes of SMMs, are more three-
dimensional in shape and less conductive, making STM investigation of these films
more difficult.

For the STM investigation we used a Fe,Ph film of about 0.25 nm estimated
thickness (sub-monolayer range) sublimated on a Au(111) single crystal. After the
evaporation, the sample was immediately cooled down to 35 K. The sample cooling
is needed in order to prevent the molecular diffusion on the surface that would
probably favour the formation of densely packed domains making difficult to get a
good imaging of the molecules. It is important to stress that all the images presented
here were acquired using low tunnelling current, i.e. 3 pA. Higher current values,
indeed, seem to be very dangerous for the molecules which can be damaged by the
tip.

A large scale STM image of 0.25 nm FesPh/Au(111) is reported in fig. 71a. The
image shows clearly the presence of two different kinds of molecular domains (la-
belled as A and B). A close inspection of B-type domains reveals the presence of
spherical objects (fig. 71b). On the other hand the objects forming the A-type do-
mains seem to be very flat with a characteristic bi-lobed shape (fig. 71c). By looking
at the profile traced in fig. 71b and reported in fig. 71d we can appreciate the differ-
ent height of the two domains: 0.25+0.04 nm and 0.7+0.1 nm for A and B, respec-
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tively. It is important to note that the height of both domains is referred to the bare
gold, i.e. the A and B objects are in direct contact with the surface.

Fig. 71: 8TM investigation of 0.25 nm sub-monolayer film. Large scale image of the surface
(3pA; 2.5V: 400x400nm’) (a): enlargement of the B structure (3pA; 2.5V; 120x120nm°) (b);
high resolution image of the A structure (3pA; 2.5V;25x25nm’) (c); and the profile of the b
image (d).

Although the height estimated from STM experiments cannot be directly com-
pared with the real height of the investigated objects, the A-type domains seem too
small to be formed by intact Fe,Ph molecules. This interpretation is also supported
by the bi-lobed and flat shape of the single units within the ordered domains (Fig.
71c). On the other hand the spherical shape of B-type objects and the greater height
of their islands lead to the conclusion that Fe,Ph molecules can be associated with
these domains. However, the lack of high resolution images does not allow having a
better insight. In fact the formation of big, apparently disordered, islands prevents us
from getting good resolution in the B-domains. The formation of such big islands
can be related to a high mobility of the molecules on the Au(111) surface, which in-
duces aggregation processes.

As far as A-type domains are concerned, they are suspected to be fragments of
disintegrated Fe;Ph molecules. The contamination with fragments is particularly ev-
ident at very low coverage while it becomes practically undetectable for higher ones.
Due to the very fragile nature of the polynuclear SMMs (S6nke Voss et al. 2008;
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Mannini et al. 2008), it is possible to hypothesize different origins for the decompo-
sition process. It could be generated during the sublimation process or simply be due
to a surface-mediated fragmentation of the cluster.

Before trying to improve the morphological quality of the images of the B-
domains, a test was performed in order to have some insight on the decomposition
process.

4.1 Back exposure sublimation test

In order to shed more light on the process involved in the formation of A do-
mains, a simple test was performed by using the sublimation geometry shown in fig.
72. The clean Au(111) crystal was kept in the preparation chamber for 80 minutes
with the crucible at the sublimation temperature (215 °C) but without exposing the
sample to the direct flux of the molecules. The surface was then investigated by STM.
In large scale images (fig. 73a) the surface appears covered by a densely packed layer
through which the corrugation of the herring bone reconstruction of the Au(111)
surface can be still detected.

-
i
&
@f
&

Fig. 72: Back exposure geometry. The sample is not directly exposed to the molecular flux
coming from the crucible.

A close inspection by STM of the surface (see the enlargement in fig. 73b) re-
veals a textured laver of small objects similar to that observed in the A-type domains
of the 0.25 nm Fe,Ph sample (see fig. 71c). No trace of the B-type (Fe,Ph) islands is
revealed. This observation suggests the presence of very volatile species that can be
stuck on the surface even if the sample is not directly exposed to the flux coming
from the crucible. The probability that Fe,Ph molecule, as big as they are, can
bounce on the chamber walls then be able to reach the sample surface is expected to
be lower than for smaller, more volatile fragments.

A partial decomposition of the Fe, molecules during the sublimation process
seems more likely than a surface induced fragmentation. By looking at the shape of
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the A objects we can speculate that they are formed by dpm-containing species. Im-
ages with objects with similar shape have been indeed reported in the study of the
dissociation of a chromium tris-diketonato complex on Cu(100) surface (Grillo et al.
2002).

Fig. 73: Large scale STM image of the 80 min back exposed sample (3 pA; 2 V: 110x110 nm?)
(a). in the enlargement (3 pA; 2 V; 15x7.5 nm®) (b) the textured layer formed by A-type mol-
ecule.

5 STM investigation on Cu(100) surface

Assuming that only domains of type B are compatible with intact Fe,Ph mole-
cules, it is quite evident that the molecules tend to aggregate into islands, hampering
the collection of high resolution images. It would be therefore advisable to reduce
the mobility of the molecules. This could be achieved simply sublimating the mole-
cules on cooled surfaces. Unfortunately our UHV system does not allow such a pro-
cedure. An alternative way is the deposition on more reactive surfaces like Cu(100).
This surface is more reactive than the Au(111) one and could allow the onset of
stronger molecule-surface interactions, thus reducing molecules maobility.

Again a sub-monolayer sample with similar coverage as the previous one, 0.25
nm, was prepared. The sample was cooled down to 35 K before being investigated.
The STM image reported in fig. 74a clearly shows islands formed by well-defined
spherical objects and, underneath, a wetting layer arranged in dendritic structures.
Asgin the case of Au(111), the height of the islands measures 0.72+0.02 nm while the
dendritic structures are height 0.19£0.01 nm (see profile of fig. 74b). The two struc-
tures were labelled as A’ (0.19 nm height) and B’ (0.72 nm height) in analogy to the
A and B islands on Au(111) surface. It is important to point out that the B height is
referred to the A" under layer (fig 74b) while in the Au(111) surface is referred to the
bare gold. Among the A’ layer spherical objects (labelled as C’) are present with a
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lateral dimension of 1.9+0.2 nm. A correct height estimation of the C’ objects is dif-
ficult since it is not possible to discern if they lie in direct contact with the copper
surface or above the A’ islands. The good resolution obtained for islands of B’ do-
mains allows the estimation of the lateral dimensions of the spherical objects, i.e.
1.8+0.4 nm, which is in agreement with the expected dimension of intact Fe,Ph mal-
ecules (ca. 1.7 nm). These data suggest that the molecules forming the B’ regions
could be intact Fe;Ph molecule.

16nm 14

0.721+0.02nm

A’ 0.19£0.01nm

O —— et e L e e e ——_————————— 3

Fig. 74: 8TM investigation of 5 min sublimated sub-monolayer film on Cu(100) substrate (3p
A; 2.5V 100x100 nm’) (a); and a profile of the image (b).

By comparing large scale images (400x400 nm?) obtained for 0.25 nm of Fe,Ph
on Cu(100) and Au(111), it is possible to note the B/A (B/A’) coverage ratio (mole-
cules/contaminants) is higher for the Au(111) surface with respect to the Cu(100).
The homogenous aspect of A'-type domains suggests that B’ islands are probably
grown on top of the A’ structures which can act as decoupling layer from the bare
Cu(100) surface. These findings can be interpreted in two ways: a surface effect in
the Fe;Ph molecule stability or in terms of sticking coefficients of the preformed
fragments. In both cases a higher propartion of A-type domains is to be expected for
Cu(100) and no unambiguous hint on surface effect can be extrapolated from this
experiment. Unfortunately XPS technique cannot provide more insight. In fact, us-
ing the Al K, source the Fe 2p regions reside at the same energy of the L,M;;M»; Cu
Auger peak, which overwhelms the iron components.

The presence of molecule-surface interactions are certainly related to the nature
of the substrate and the investigation of the sublimation of Fe,Ph on a less reactive
substrate could allow a more complete view of the phenomenon.
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6 STM investigation on Cu,N/Cu(100) surface

The Cu;N surface is an inert surface which has been used as electronic decou-
pling layer in Inelastic Electron Tunnelling Spectroscopy (IETS) studies on single
atoms (Hirjibehedin et al. 2006; Otte et al. 2008; Loth, von Bergmann, et al. 2010;
Loth, Etzkorn, et al. 2010). In fact the presence of the Cu;N layer allows the decou-
pling of magnetic impurities i.e. transition element atoms such as Fe, Mn and Co,
from the valence band of the Cu(100). Although the magnetic core of the Fe;Ph
molecule is expected to be decoupled from the surface by the ligands, the Cu,N sur-
face represents a good standard for further investigations. The Cu,N surface can be
obtained by sputtering the Cu(100) surface with N, (using 1 keV energy and 0.25
pA-cm?) and annealing at 300 °C for 10 min. Depending on the sputtering time dif-
ferent coverage of CuaN can be achieved. However the growth of the CuaN overlayer
is self-limited to 1 ML and no multilayer of copper nitride can be obtained.

The STM image in fig. 75a shows a 30% coverage of Cu;N islands on Cu(100)
surface. The surface is covered by square small islands with lateral dimension of ca.
7.5 nm. This structure is due to the incommensurate nature of the Cu,N lattice (fig.
75b) respect to the lattice of the underlying Cu(100). The dimensions of the islands
are thus a compromise between the strain and the edge energy (Choi et al. 2008;
Leibsle et al. 1994; Komori et al. 2002). By increasing the sputtering time a full layer
of Cu;N can be obtained. The STM image of clean Cu,N layer is reported in fig. 75c.

[Traam

Fig. 75: STM image of 30 % Cu:N coverage islands on Cu( 100){200p A; 2 V: 200x200 nm?)(a);
Atomic structure of C(2x2) CwN surface(b)5TM image of clean Cu:N (200 pA; 2 V; 140x140
nm’)(c).

We studied a similar 0.25 nm sub-monolayer coverage of Fe,Ph also on the
Cu;N surface. The large scale images of the hybrid surface (fig. 76a) revealed the
presence of islands with ca. 0.8+0.1 nm (B")} similar to what found on Au(111) and
Cu(100) surfaces. The lateral dimension of the B” spherical objects are 1.6£0.2 nm
comparable to what we measured on Cu(100) and to the real dimension of the Fe;Ph
molecule (ca. 1.7 nm). By focusing on the areas between the B” structures the pres-
ence of small objects with height of 0.28+0.02 nm (A") was found (fig. 76b,c). It's in-
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teresting to note that on the Cu;N surface the small molecules are not able to aggre-
gate in large domains, as observed on the other surfaces, and they present a tetra-
lobed shape. The tetra-lobed shaped objects remind in some way the bi-lobed objects
observed on the Au(111) surface. While in the latter case they self-assemble to form
large ordered domains, in the case of Cu;N they seem to be coupled in pairs to form
the tetra-lobed elements. The hole observed in the middle of the image suggests that
two bi-lobed objects are coordinating something, i.e. an iron ion or a defect of the
surface. As in the case of the Cu(100) substrate the XPS technique does not provide
further insight (see section 4 paragraph 6).

Fig. 76: (a) STM image of 0.25 nm of Fe«Ph on Cu:N (3 pA; 2.5 V; 70x70 nm’*) (b): the profile
corresponding to the pink line traced in a); (c) and the enlargement where is visible the tetra-
lobed shape of the A structure (3 pA; 2.5 V; 35x35 nm’).

The data presented here suggest the presence of intact FesPh on surface com-
bined also with a relevant fraction of a contaminant. In order to prove the intactness
of the FesPh molecules Scanning Tunnelling Spectroscopy (STS) was employed (see
section 2. Paragraph 8.3). The measurements were performed on a different UHV-
STM system which was designed to achieve the high performance required for IETS
charachterisation.

7 STS and IETS measurements

The 5TS measurements were carried out at the Max Planck Research Group -
Dynamics of Nanoelectronic Systems in Hamburg. Thanks to the collaboration with
Dr. 5. Loth and his group I had the opportunity to work for three weeks in their la-
boratory. We obtained first encouraging results and more detailed experiments are
being carried out. Being able to perform low temperature STS measurements on a
complex and fragile molecule like Fe, is an important achievement in itself. In this
section the first spin excitation spectra consistent with intact Fes molecules and their
preliminary analysis will be presented. The UHV-STM in Hamburg is specifically
designed to perform Inelastic Electron Tunnelling Spectroscopy (IETS) for the study
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of the electronic and magnetic properties of single atoms, nanostructures and mole-
cules. The STM, equipped with a pumped *He cooling system, can perform meas-
urements down to 0.4 K allowing the study of the Fe,Ph molecule below its blocking
temperature. It is also equipped with a vectorial superconductive magnet, which al-
lows the application of a magnetic field up to 90 kOe along the STM junction direc-
tion and up to 20 kOe in an arbitrary direction.

The d(I)/d(V) spectra were acquired using a lock-in detection of an applied bias
modulation. In this STM the tip is grounded and the potential is applied to the sam-
ple, it is therefore opposite to the Omicron STM instrument (section 2 paragraph
9.3). For the sample preparation we adapted our experimental sublimation setup (see
section 2 paragraph 2) to their UHV system. In order to avoid the formation of mo-
lecular domains and to freeze the single molecules on the surface the sublimation
process was carried out with the sample kept at 4 K. We employed the Cu,N surfaces
as substrate because it does not allow the formation of large islands and the B” ab-
jects lay in direct contact with the bare surface. The analysis of the STM images re-
veals that both the A" and B” molecules are present on the surface. We focused our
investigation only on the B” molecules which, as demonstrated in the previous para-
graphs, can be considered Fe,Ph candidates.

T= 0.4 K A

Fe,Ph
candidate

aisd

Fig. 77: STM image of single B” molecule sublimated on Cu:N surface. The image was ac-
quired at 0.4 K (3 pA; 2.0 V; 5x5 nm’).

The STM image of isolated B” molecules, acquired with both STM tip and sam-
ple at 0.5 K, is reported in fig. 77. Their apparent height and lateral dimensions are
in agreement with those revealed in the previous experiment. On such candidates
several attempts were carried out to look for the HOMO/LUMO features in the dif-
ferential conductance curves acquired on top of the molecules. These measurements
were partially hampered by the molecular fragility i.e. molecular fragmentation dur-
ing the bias sweep (few V), and no clear data were recorded to be compared with the
experimental and theoretic density of states.
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Our study was then focused on a small sweep range (few mV) centred in zero bi-
as, which was disrupting for the molecules. In this energy range inelastic tunnelling
processes related to spin excitation transitions can be detected. The tunnelling pro-
cess can in fact occur following two pathways: by elastic and by inelastic tunnelling.
In the former case the electron does not interact with the environment while in the
inelastic process the electron exchanges energy during the tunmelling process
through the molecule.

The inelastic tunnelling process can be employed to achieve information on the
energy levels of the inspected system. In fact, it has been first used in planar junction
to study vibrational excitations in molecules (Hansma & Kirtley 1978; Jaklevic &
Lambe 1966; Weinberg 1978). Then the STM technique has enabled the study of
spin excitation in single magnetic metal atoms, nanostructures (Heinrich et al. 2004;
Hirjibehedin et al. 2006; Hirjibehedin et al. 2007; Loth et al. 2012), and SMMs (Kahle
etal 2012).

a) eV < AE b) eV > AE

Vacuum Cu;MN Vacuum CuyM

“ SCERD G A%

]
r 4 1
BE 13
W

Tip Local spin  substrate Tip Local spin  substrate

Fig. 78: Scheme of the tunnelling processes; When the electron energy, i.e. the applied bias
eV, is less than the energy required for the molecular transition only the elastic process is pre-
sent {grey arrows)(a); on the contrary when the electrons energy is enough to excite the spin
system the inelastic tunnelling can occur (black arrows) opening a new tunnelling chanmnel
and increasing the differential conductance.

To briefly explain the main concepts of the spin excitation process let us consid-
er a spin system inside the tunnelling gap i.e. between the tip and the surface (fig.
78). The grey arrows in fig. 78 represent the elastic tunnelling. This tunnelling chan-
nel is always available, regardless of applied bias, provided there are filled states in
one electrode and empty state in the opposite electrode at the same energy. Howev-
er, when electrons possess enough energy they can interact with the local spin pro-
moting a transition within the sublevels of the spin and still reach empty states (fig.
78b). This process constitutes the inelastic tunnelling phenomenon and it can be
considered as an additional conduction channel. Thus, when the applied bias match-
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es the required energy for the spin transition to be excited the inelastic channel be-
comes available. This leads to an increase of the conductance of the system which is
now formed by both the elastic and inelastic conduction channels. The spin excita-
tion process is thus detected as a step in the differential conductance. It is important
to note that the threshold voltages at which the steps are observed corresponds to the
energy of the excitations.

In fig. 79a is reported the differential conductance d{I)/d{V) curves acquire on
the bare Cu,N substrate and on B” molecule in zero magnetic field. As expected the
curve on CuzN is flat while the one recorded on the molecule is characterised by two
steps close to the zero bias value, which look like a negative peak (fig. 79a). These
features can be attributed the presence of spin excitation process. At 0.5 K the
ground state of the double well |S, m)=|5, £5) is selectively populated and the ine-
lastic process excite the spin levels of the molecule to the |5, +4) states (fig. 79b).
The features in the differential curve of the B” molecule is indicative of inelastic tun-
nelling process onset above a bias of absolute value ca. 0.5 mV. This is in agreement
with the expected calculated energy involved in |5, £5) to |5,£4) transition of
FesPh, i.e. 0.47 meV.
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Fig. 79: IETS measurement on top of B” molecule (lower black) and the same measurement
on bare Cu:N surface (upper grey) acquired using lock-in detection at 768 Hz and 100 pV
amplitude modulation and calculated spectra (lower grey)(a). Fe.Ph levels scheme (b), at 0.4
K the system resides in the ground state |5, £5)and the inelastic tunnelling can excite the
molecule to the |5, +4) states; the black arrow indicates the possible excitation which obeys
to the spin selection rules AS=0, £1 and Am.=0, £1. Graph in panel (a) courtesy of Dr. J.
Burgess, Hamburg,

These measurements clearly demonstrate the capability of the technique to pro-
vide fine details on the electronic structure of the deposited species at the single-
molecule level. However, the fragile nature of the Fe, molecules makes the IETS ex-
periment rather challenging. The presence of this spin excitation in fact was not con-
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sistently detected on every candidate and a larger set of data must be acquired to
confirm these preliminary results.
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Fig. 80: IETS measure on top of B” molecule (lower black) and the same measure on bare
CwN surface (upper grey) acquired using lock-in detection at 768 Hz and 100 pV amplitude
modulation and calculated spectra (lower grey)(a). Simplified FeiPh levels scheme (b) con-
sidering the field applied along the molecular easy axis. The black arrows indicate the possible
excitation which obeys to the spin selection rules AS=0, £1 and Am=0, £1. Graph in panel
(a) courtesy of Dr. |. Burgess, Hamburg.

The experiment was repeated applying 90 kOe magnetic field normal to the
sample surface. The magnetic field can be taken in account in the Hamiltonian de-
scription introducing the Zeeman term which removes the degeneracy of the |5, £5)
states. The spectra acquired are reported in fig. 80a. The measure was performed us-
ing a larger bias range compared to the zero field measurement. This allowed the ob-
servation of four steps: two at ca. 1 mV and two at ca. 7 mV absolute bias values.

The higher energy steps could be associated to a process involving a transition
from the S=5 ground state to the first excited total spin state, characterised by §=4, as
depicted in fig. 80b. This feature was also present in zero magnetic field measure-
ments. It is however important to notice that this spectral feature at higher bias
showed a variability significantly larger than the one observed at low bias. Although
the different orientation of the Fe, molecules on the substrate could be at the origin
of the differences observed under applied magnetic field, the residual inconsistencies
suggest that other factors, like the chemical instability of the molecules in the exper-
imental conditions, must be taken into account. Further investigations are therefore
needed for a reliable assignment of these spectral features.

The lower grey spectra in fig. 79 and fig. 80 show the expected spin excitation
spectra for intact Fe, molecules for comparison. The conductance spectra were
simulated using the Fe, spin anisotropy parameters from ref. (Mannini et al. 2009)
under the assumption that tunnelling interaction happens with the Fe atoms indi-
vidually. The calculations were performed by Dr. 5. Loth using scattering theory in
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1st Born approximation. The transition intensities were computed using an interac-
tion Hamiltonian:

H=6¢-S+u (50)

where & is the electron spin, S is the spin of the Fe atoms and u is a spin inde-
pendent scattering term (Loth, Lutz, et al. 2010). This operator acts on the product
states of the tunneling electron and molecule spin. In this way the selection rules are
imposed by energy and angular momentum conservation; spin-dependent conduc-
tion channels can be accounted for.

Although only a preliminary characterisation of the spin excitation of Fe;Ph
molecules through IESTS has been possible during my stay in Hamburg, the results
are rather encouraging, confirming that objects consistent with intact and isolated
Fe, molecules can be detected and addressed at the Cu,N surface. Moreover, the ob-
servation of spectroscopic features in agreement with the ones predicted assuming
the Spin Hamiltonian parameters of Fe; molecules in the crystalline phase suggests
that the magnetic features of this SMM are very robust. These novel results corrobo-
rate the observation of magnetic bistability in self-assembled monolayers by XMCD,
or the detection of spectroscopic features in the conductivity inside nano-gap elec-
trodes (Heersche et al. 2006; Zyazin et al. 2010; Zyazin et al. 2011) and open the fas-
cinating perspective of detecting the magnetic bistability, and related memory effect,
at the single molecule level by using scanning-probe microscopy techniques.
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Section 5

Conclusion

In this work we have presented two molecular systems: the TbPc¢, and the Fe,Ph
SMMs. Both of them can be sublimated allowing the preparation of hybrid surfaces
employing the ultimate cleanliness of the UHV environment.

TbPc; is considered the archetypal of sublimable SMMs and the ideal candidate
for investigations with scanning probe techniques. However, we have demonstrated
that its magnetic properties are strongly influenced by the surrounding environ-
ment. We have indeed proven that its slow relaxation of the magnetization depends
on the molecular packing. Despite the many experiments performed by us and oth-
ers a rationalization of its properties and a full comprehension of the role played by
the exchange interactions is lacking. Nevertheless, TbPc,, thanks to its relative high
blocking temperature, is an interesting candidate for OSPDs. Moving toward this
type of applications we have investigated the role played by the presence of a mag-
netic conducting substrate in the hysteretic behaviour of the TbPc,. Our study has
concerned metallic cobalt and LSMO, two of the most employed ferromagnetic elec-
trodes in molecular spin valves. The results we have presented here suggest that no
significant polarisation of the TbPc, magnet moments is induced by the magnetic Co
and LSMO substrates. However, this does not diminish the interest in this type of
molecules, and magneto-transport experiments on devices embedding TbPc, mole-
cules are likely to be the focus of this research in a near future.

On the other hand, Fe,Ph molecules show a more predictable magnetic behav-
iour and, albeit the low blocking temperature of the system that makes them less ap-
pealing for OSPDs, the investigation of its electron transport properties could allow
to have a reliable picture of the role played by magnetic molecules at the interface
between the ferromagnetic electrodes and the organic semiconductor. Within this
framework we have exploited the sublimation of Fe,Ph in order to investigate the
hybrid surfaces by means of STM and STS techniques.

Our characterisation has allowed to address the spin excitation signal of an iso-
lated Fe,Ph molecule. This first important step opens new possibility for the investi-
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gation of the magnetic and electronic properties of this rich and versatile class of
SMMs at the single molecule level.
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