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Abstract

This thesis presents investigations of magnetic and structural properties of two dimensional
metal-organic frameworks and of single atoms, both adsorbed on decoupling layers grown on
metal surfaces, with focus on rare earth elements.

We first report on a series of attempts at realizing self-assembled metal-organic networks
on different decoupling layers, probed by scanning tunneling microscopy. The aim is to
produce regular structures with high surface filling factors such that the magnetic properties
of the rare earth atoms in the metal-organic networks can be investigated by X-ray ensemble
measurements. The combinations of three molecular ligands (QDC, BDA, ZnTPyP) on three
insulating layers (MgO, NaCl, graphene) with Tb as rare earth are reported. Of the three
decoupling layers, only graphene is found to allow the synthesis of metal-organic structures.
We successfully synthesized large islands of a rare earth-QDC coordination complex, with a
majority of fivefold coordination of the rare earth atoms. The same structure is reproduced
with Dy and Er.

X-ray absorption spectroscopy, X-ray magnetic circular and linear dichroism measurements
are then carried out on the Dy- and Er-QDC/gr/Ir(111) networks. Compared to single atoms
on gr/Ir(111), both Dy and Er change their 4 f occupancy from 4" to 4f"~! and change
their easy axis of magnetization. Both species are paramagnetic when incorporated into the
metal-organic structure.

The last part of the thesis is devoted to the study of Dy, Ho, and Gd on NaCl thin films. All three
atoms display 4 f occupancy of the gas phase. The top-Cl adsorption site is determined with
scanning tunneling microscopy. The magnetic properties are probed with X-ray absorption
spectroscopy, X-ray magnetic circular and linear dichroism. Ho and Gd are paramagnetic.
Dy has out-of-plane anisotropy with open hysteresis at non zero magnetic field. However,
thermally assisted quantum tunneling of the magnetization prevents remanence at zero field.

Keywords: Magnetism, rare earth, lanthanide, self-assembly, metal-organic networks, coordi-
nation, scanning tunneling microscopy, X-ray absorption spectroscopy, multiplet calculations,
decoupling layer, graphene, NaCl, MgO, thin films, single atom magnets, single ion magnets.

iii






Résumé

Cette thése présente I'étude des propriétés magnétiques et structurelles de réseaux organo-
métalliques et d’atomes isolés, adsorbés sur des couches découplantes, formées sur des
surfaces métalliques, avec une attention ciblée sur les terres rares.

Nous présentons d’abord un compte-rendu détaillé de tentatives de réalisation de réseaux
organo-métalliques auto-assemblés sur différentes couches découplantes, investigués au
moyen de la microscopie a balayage a effet tunnel. L'objectif est d’atteindre un haut recouvre-
ment de la surface par des structures organo-métalliques réguliéres, de sorte que les propriétés
magnétiques des terres rares dans le réseau soient mesurables par des techniques d’ensemble
aux rayons X. Les combinaisons de trois molécules (QDC, BDA, ZnTPyP) avec trois couches
isolantes (MgO, NaCl, graphéne) avec Tb comme métal sont étudiées. Des trois couches décou-
plantes, seul le graphene semble permettre I'auto-assemblage de réseaux organo-metalliques.
Nous avons réussi a synthétiser de grands ilots d'un réseau de terres rares - QDC sur gr/Ir(111),
avec une majorité des atomes liés a cinq molécules. Le méme réseau est reproduit avec Dy et
Er.

Les réseaux organo-métalliques Dy- et Er-QDC/gr/Ir(111) sont ensuite investigués par spectro-
scopie d’absorption des rayons X, ainsi que par dichroisme circulaire et linéaire. Par rapport
aux atomes isolés sur gr/Ir(111), Dy et Er changent I'occupation de leur orbitale 4 f de 4 f"
a4f" ! dans le réseau, ainsi que la direction de leur axe facile de magnétisation. Les deux
espéces atomiques sont paramagnétiques dans la structure organo-métallique.

La derniere partie de cette these est dédiée a I'étude des propriétes magnétiques du Dy, Ho
et Gd sur une couche mince de NaCl par spectroscopie des rayons X, ainsi que dichroisme
linéaire et circulaire. Les trois types d’atomes gardent la valence de la phase gazeuse. Le site
d’adsorption top-Cl est déterminé au microscope a balayage a effet tunnel. Ho et Gd sont
paramagnétiques. Dy présente une courbe d’hystérese de type 'papillon’ ouverte a champs
magnétiques non-nuls. Cependant I'inversion de la magnétisation par effet tunnel thermi-
quement assisté empéche la préservation de I'état magnétique a champ magnétique nul.

Mots-clés: Magnétisme, terres rares, lanthanides, auto-assemblage, réseaux organo-métalliques,
coordination, microscopie a balayage a effet tunnel, spectroscopie d’absorption des rayons X,



Résumé

couche découplante, graphéne, NaCl, MgO, films fins, simulations multiplet, aimants d’atome
unique, aimants mono-ioniques.
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|§ Introduction

Magnetic moments have their origin in angular momentum, intrinsic or orbital. The smallest
known objects within which electrons can maintain angular momentum are single atoms.
They can be used to explore atomic scale interactions and understand magnetism at a funda-
mental level. If atoms manage to preserve the orientation of their magnetic moment against
external perturbations for a detectable time, they are referred to as single atom magnets [1], or
single ion magnets [2] in the field of molecular magnets. Single atom magnets represent the
ultimate size limit for applications in spintronics [3], as well as in classical [4] and quantum [5]
information processing. While it is possible to manipulate single free atoms with optical tweez-
ers [6], by far the most convenient strategy for applications and atomic-level investigations
is to have them on a supporting surface. The chemical environment of a magnetic element,
either in a given adsorption site or in a molecular scaffold is called crystal field, or ligand
field. It is responsible for the anisotropic behavior of magnets at the quantum level. Without
crystal field, magnetic energy levels are degenerate. The crystal field breaks the symmetry
and induces spin anisotropy via spin-orbit coupling. The surface therefore participates in the
determination of the system’s properties and provides additional degrees of freedom to tune
them. Scanning tunneling microscopy allows for direct observation and manipulation of such
systems [7-9].

Lanthanides are the series of elements given in figure 1.1. Lanthanides have been thoroughly
investigated in the field of single molecule magnets [10]. Member of the family of rare earths,
most lanthanides are magnetic and enter into the composition of some of the strongest known
magnets today. They also found application in optics and as catalysts. Lanthanide-based
single atom and single ion molecular magnets are now an active field of research: the most
stable single molecule magnets have a dysprosium ion at their core [11], dysprosium and
holmium are the only known cases of single atom magnets [1, 12, 13] and the best single ion
molecular magnets on surfaces are terbium-based [14]. The search for single ion molecular
magnets and single atom magnets on surfaces also highlighted the need of a decoupling layer
to prevent hybridization with the substrate and reduce electron and phonon scattering events
that reverse the spin of the magnetic element.
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Figure 1.1: Extract of the lanthanides series from the periodic table. Data are taken from [15].
Lutetium is omitted (atomic number 71).

Two dimensional metal-organic self-assembly is a technique that can bridge the gap between
surface supported single atoms and single molecule magnets [16]. Single atoms tend to diffuse
when the temperature is increased and not all single molecule magnets can be evaporated on
surfaces. For example Ho/MgO/Ag(100) has a stable magnetization up to 50 K, but starts to
diffuse at higher temperature [17]. A possible strategy to overcome this limitation is to embed
single rare earth atoms in molecular scaffolds that can prevent diffusion. In order to have
thermally stable ordered rare earths atoms on surface, that can potentially exhibit magnetic
stability, we try to grow two-dimensional self-assembled metal-organic networks on decou-
pling layers. In the self-assembly approach, the molecular ligands, that tune the structure of
the network and the magnetic properties of metal ions, are deposited on the surface together
with the magnetic atoms and a coordination complex is formed on-surface. Lanthanides (or
other metal atoms) in the resulting structure are prevented to thermally diffuse with increasing
temperature, at least up to the temperature at which the metal-organic structure is stable. The
metal-organic self-assembly approach offers great modularity. The coordination number and
symmetry of the crystal field can be tuned with appropriate metal-ligand combination. The
ligands’ backbone also determines the intermetallic distance, allowing for the investigation of
the interaction between neighboring metal centers. The ligand’s termination and the surface
induce the magnetic anisotropy of the metal ions, required to stabilize their magnetic states.
Last but not least, in optimal self-assembled structures all the metal centers possess the same
environment, an ideal situation for ensemble measurements with space averaging techniques.
Today metal-organic frameworks are routinely obtained on metal surfaces with a variety of
ligands and metal atoms [18]. However, the growth of metal-organic structures on decoupling
layers remains challenging as catalytic properties of metal surfaces can play a role in the
formation of coordination structures.

The problem of structural instability of single atom magnets can also be addressed by providing
a decoupling substrate on which the adatoms do not diffuse as easily. If the diffusion barrier
is high enough and a single adsorption site is favored, single atom magnets could exhibit
bistability at even higher temperature than what was observed on MgO. Here we also aim at
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applying this strategy by investigating the properties of rare earth single atoms adsorbed on
a different decoupling substrate. In the following paragraphs we outline the structure and
content of this thesis, in which the metal-organic coordination and the change of substrate for
single rare earth atoms are explored.

In chapter 2, we briefly describe the methods used in this work, and introduce the fundamen-
tals of atomic magnetism and of self-assembly at surfaces.

In chapter 3, we describe the exploratory attempts carried out using different combinations of
molecular ligands and decoupling layers. We chose three representative ligands: quaterphenyl-
dicarbonitrile (QDC), biphenyl-dicarboxylic acid (BDA), and zinc-tetrapyridyl-porphyrin
(ZnTPyP), possessing different symmetry and termination groups. We also picked three
decoupling substrates that can be grown as thin layers: NaCl, MgO, and graphene. The self-
assembly of the combinations rare earth - ligand - substrate is then investigated by scanning
tunneling microscopy. Most of the experiments were carried out using terbium, but we also
used dysprosium and erbium.

In chapter 4 we report on the x-ray absorption investigations of the magnetic properties of
erbium and dysprosium atoms in the metal-organic structures formed by coordination with
QDC ligands on graphene/Ir(111). We try to describe the effect of the coordination with
the molecular ligands with a qualitative approach comparing the asphericity of the different
magnetic states of erbium and dysprosium.

Chapter 5 describes the magnetic properties of dysprosium and holmium adatoms on
NaCl(100)/Cu(111). The NaCl decoupling substrate for single atoms has not been investi-
gated yet. It could provide key informations on the required features of single atom magnets,
especially in relation to the Dy and Ho/MgO/Ag(100) system that demonstrated impressive
stability. The adsorption site is found with scanning tunneling microscopy and corroborated
by density functional theory. Dy atoms exhibits an open butterfly hysteresis loop, evidence of
long spin relaxation times at non-zero magnetic field. This chapter is based on a manuscript
in preparation.






YA Methods

2.1 Scanning tunneling microscopy

The tunneling of electrons is a quantum effect first described by Hund in 1927 for the case
of a double well potential: particles with small mass can move between regions separated
by a classically forbidden energy barrier [19]. One year later, three types of experiments
were successfully described with this effect: i) the artificial a-decay of light elements, ii) the
ionization of hydrogen in electric fields, and iii) the high field emission of electrons from cold
metals [20]. The tunneling effect found application for the measurement of the energy gap of
superconductors in 1960 [21, 22]. In 1982 scanning tunneling microscopy (STM) was invented
by Binnig and Rohrer and was used to image surfaces down to atomic resolution in real space
for the first time [7-9]. This opened a whole new field of research: the first manipulations of
single atoms and molecules followed shortly after [23-25].

Figure 2.1 presents a sketch of the working principle of the STM: the tip, moved by the piezo-
tube, scans the sample surface. To obtain the surface’s topography, an image can be generated
by recording the tip vertical displacement required to maintain constant tunnel current while
scanning.

2.1.1 Working principle

In 1961, Bardeen set the basis for the theoretical description of this effect in superconductors
separated by an insulating barrier [26]. He demonstrated the independence of the matrix
elements (see equation 2.2) from the energy of the states in the electrodes. Tersoff and Hamann
adapted the description to scanning tunneling microscopy experiment after Binnig’s work [27-
29]. A review of modern tools for simulations of STM data that includes the image potential
neglected by Tersoff and Hamann [30, 31], along with a summary of the STM theory can be
found in reference [32]. Drawing mostly from references [26, 27, 29, 33, 34] we briefly present
a simplified description of the tunneling current.
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Figure 2.1: Scheme of the functioning of a scanning tunelling microscope. Image by Michael
Schmid and Grzegorz Pietrzak, distributed under a CC-BY 2.0 license.

An electron of mass m and charge —e in an initial state within the tip [y ) with energy E,
will move to a final state |y,) with energy E, with a rate W,,_.,, that can be described by an
expression very similar to Fermi’s golden rule:

2
Wy = % Wyl Ors ) PO (Ey — Ey) 2.1)

where Oy, is the interaction operator between the tip and the sample, / is Planck’s reduced
constant and 6 (E, — E,) is the Dirac-delta function forcing energy conservation (see figure 2.2).
Note that, for this to be the first order perturbation theory leading to the use of Fermi’s golden
rule, the states |y ,) and |y,) should be orthogonal eigenstates of one single Hamiltonian,
see reference [35] setting Bardeen’s theory in the usual perturbation theory frame. Here we
assume that any bias applied to the sample would implicitly be taken in account with a shift
in the E, values. The matrix element (y | O¢s|yy) has the form of a current density integrated
over the surface X separating the tip and the sample:

h? x *
(Wul Osslyy) = %L(WV(X)VU@(X)—w#(X)VIIJV(X))dU 2.2)

where ¥ (x) = (y|x) represents the usual spatial wavefunction. The electrons in the conducting
medium populate the states of energy E with probability given by the Fermi-Dirac distribution:
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2.1 Scanning tunneling microscopy

Tip Sample

Yu Yy

Energy

Figure 2.2: Sketch of the tunneling current determination problem. The blue rectangle repre-
sents the tip apex and the red rectangle represents the sample surface. The states (horizontal
black lines) height represent their energy levels. The horizontal lines in the tip and the sample
only represent the states disregarding their occupation. X represents the surface between the
apex of the tip and the sample and d is the tip height corresponding to the barrier width.

1
FE) = 1+ e E-En)iksT

(2.3)
where Er is the Fermi energy, T the temperature and kp Boltzmann’s constant. To determine
an electron’s contribution to the current we need to compute the probability to jump from
|y ) to [yy) per unit time. An electron needs to actually be in the initial state and the final
state has to be unoccupied, resulting in a probability f(E,)(1 — f(E,)). Moreover, an electron
going from the sample to the tip would contribute negatively to the current, with probability
f(Ey)(1 = f(EL)). The resulting current taking into account all states is then:

Isample-tip = —262 Wyu—v[f(E) (1= f(Ey) — f(E) (1= f(E)] (2.4)
v

where the factor 2 takes into account the spin % degeneracy of the electron. Starting from
equation 2.4 we can proceed further and consider different approximations to make the expres-
sion more computable or more intelligible. We can use the low temperature approximation
and consider the Fermi-Dirac distributions step functions having 0 or 1-values, the low bias
approximation (i.e. energy from bias eV is close to the Fermi energy Er), the localized single
tip wave function approximation (¢ =0, ¥, (x) = 6 (x —r9)) where 1y is the tip’s position), and
assume a semi-classical-like exponential decay of the surface’s wave functions in the tunnel
junction to obtain the following proportionality relation for the tunneling current:
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Isample—tip X Z lwy (ro) |26(Ev —Er) (2.5)
v

where |1, (r9)|? is the local density of the state |y,) at tip’s position ry . This expression tells us
that under specific (idealised) conditions the tunneling current is directly proportional to the
sum of the local density of states at the tip’s position. Alternatively we can assume a spher-
ical tip with s-like states with exponential spatial decay, replace the sum with a continuum
approximation, and ignore anisotropic properties of the W), rates to obtain the following
expression:

_ m Ep+eV
Toc ¢ 20V @HEn) f pr(E—eV)ps(E) dE 2.6)

Er

where pg and p7 are the sample and tip’s density of states, respectively, d is the tunnel junction
width, ¢ = %(¢T + ¢bs) is average of the the work functions of the tip and the sample and we
moved to the continuum notation for the energy levels. The exponential factor highlights the
sensitivity with respect to the tip-sample distance of such a device.

2.1.2 EPFL experimental setup

The setup used for the present thesis at the Ecole Polytechnique Fédérale de Lausanne is
shown in figure 2.3 [36]. The ultra-high vacuum (UHV) preparation chamber allows for in-situ
preparation with sputtering/annealing tools, evaporators and gas dosing inlets. The gas dosing
inlets provide entrance for oxygen for MgO growth and ethylene for growth of graphene by
chemical vapor deposition. Evaporators are either effusion cell type for the Mg, NaCl, and
molecules, or electron-beam type with high purity rods for the evaporation of elements with
a high melting temperature. Here the e-beam evaporator is used to deposit lanthanides. An
additional e-beam evaporator is installed in the STM chamber for the deposition of adatoms
onto the sample at low temperature. The cryogenic temperature of the STM is maintained
thanks to one inner cryostat for liquid helium and one outer for liquid nitrogen. The vibrational
decoupling is achieved via two stages of pneumatic isolators: the first one decouples the whole
UHYV chamber from the floor, the second one isolates the inner cryostat, to which the STM is
attached, from the rest of the chamber.

2.2 X-ray magnetic circular dichroism

In this thesis the X-ray experiments consist of measurement of X-ray absorption spectra (XAS)
[37], with circularly or linearly polarized photons produced in synchrotron facilities. The
term dichroism refers to the difference in absorption when changing the polarization. The
absorption spectra of atoms, their magnetic linear dichroism (XMLD), and their magnetic
circular dichroism (XMCD) give precious information about their electronic and magnetic



2.2 X-ray magnetic circular dichroism

Figure 2.3: Photography of the EPFL STM setup. The STM chamber, the evaporators (on the
preparation chamber and on the STM chamber) and the preparation chamber are indicated
by green/red/blue rectangles, respectively.

properties. Those dichroic effects were first predicted in 1986 [38] and experimentally observed
in 1990 [39-41] in parallel with further theoretical developpements [42-47].

2.2.1 Working principle

An in-depth description of the electronic transitions in rare earths is out of the scope of this
thesis. In order to get a simplified picture of the physics involved, we will consider the simplest
possible system of an electron in a spherical potential absorbing a photon.

The starting point of our discussion is the interaction Hamiltonian of the electron in an
electromagnetic field H;,; = — %p -A, where p is the canonical momentum and A is the vector
potential of the field. Using as basis the eigenstates of the unperturbed Hamiltonian Hj of the
atom, the first-order transition rate from initial state |i) to final state | f) is given by Fermi’s
golden rule [48, 49]:

2
Wiy = =1l Hyue | ) 26 (Ey = B = ho) @7

where the 6 (Ey — E; — hw) function ensures that the energy of the final state Ey matches the
energy of the initial state E; plus the energy hw of the absorbed photon. Next we take the
dipolar approximation, which is equivalent to assuming that the system feels a uniform electric

9
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field, leading to the expression H;,; = —Ag-=p- €. Ag is the amplitude of the vector potential
and € can be represented as a complex unit vector indicating the polarization of the electric
field. Then we use the commutation relation [r, Hy] = %p, where H is the atomic Hamiltonian
without the interaction term H;,;. We deduce the following proportionality relation for the
transition rate:

Wi o [Kilr-elf)1% (2.8)

It is useful to write the operator r- € in terms of the usual spherical harmonics Y; ,,, (0, ¢) and
radius r in spherical coordinates:

1 47
——(x+iy)=\/ =1V Right-handed phot
\/z(x 1y) 3 ryi; ig anded photon
4
z=1/ ?”rYLO Linear photon 2.9)

1 4
—(x—iy)=4/ ?7[ rY;,—1 Left-handed photon

V2

where we note that only the z component of a linearly polarized photon has an effect on the
interaction Hamiltonian.

In this work we probe the M, 5 absorption edges of rare earths: this means that with the X-rays
we excite electrons from the 3d to the 4 f shell. Figure 2.4 shows a simplified sketch of the
situation with the corresponding XAS for a hypothetical 4 f'2 ground state atom. The 34? is
split in two multiplets 3ds,» and 3ds,2. The transitions of electrons going from the 3ds,, and
3ds/» produce the M5 and M, absorption edge respectively. Reference [50] lists the XAS of
various rare earths on the My 5 edges. Table 2.1 shows the angular component of the transition
matrix elements | (i|r-€|f) |2 for M, 5 transition to the 4 f shell. To compute these numbers, the
two 3d multiplets with J =5/2 and J = 3/2 resulting from one unpaired electron in the 3d shell
were projected on the |3,2, my) [1/2,ms), mp={-2,-1,0,1,2} mg ={—1/2,1/2} basis using the
Clebsch-Gordan coefficients. The table reflects the selection rules (Am; = {-1,0,1}, Amg=
0) and we see that the absorption depends on the polarization of the photons and on the
occupation (undiscriminated by spin-orbit split) of the |4,3,m;) m ={-3,-2,...2,3} basis
elements of the 4 f shell. This difference in absorption is the basis for measurements of the
dichroism (difference with respect to polarization) of the elements.

A more in-depth analysis of the dichroism between left and right handed polarizations leads
to the so called sum rules [44, 45]. For a lanthanide with 4 f” shell occupancy, these relations
allow, under specific circumstances [51], to extract the orbital momentum (L,) and effective
spin (S rr) from the integral of the circular dichroism spectrum under the M5 edge Xs, the
total integral of the dichroism X4 5, and the total XAS absorption integral I:

10
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Figure 2.4: Left: Simplified sketch of the energy level scheme of 3d and 4 f electronic orbitals
where we assume only two multiplets per orbital, split by an energy Asp. The photon of energy
hw is absorbed by one electron in the two 3d multiplets and this electron is promoted to one
of the 4 f multiplets following one of the four arrows. The energy axis is broken as typically
hw ~ 1000 eV and Agpzg ~ 50 eV. We ignore the energy splitting within the multiplets in this
simple picture, i.e. Agpsg for example represents the energy splitting between the two 3d
multiplets independently of the states within a given multiplets. Right: Sketch of the resulting
XAS spectrum (all polarizations). The energies shown on the left panel are displayed on the
spectrum. Each of the four peaks corresponds to a transition indicated by an arrow on the left
panel.
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Chapter 2. Methods

Table 2.1: Angular transition probability of an electron between the 3d shell (initial state
|J,myy, J=1{5/2,3/2}) and the 4f shell (final state |3, m)|1/2,+1/2)) for a right (left) handed
polarized photon at the M, 5 absorption edges of a 4 f element.

3,-3) 13,-2) 13,-1) 13,00 [3,1) [3,2) [3,-3)]
5.3 | o 0 o 0 5 0 & |
13,3) 0 0 0 £ 0 & 0 |
13,1 0 0 o 0 () 0 0 |
135,-H | o a 0 (% 0 0 0 |
13,-3 | 2 0 (122 0 0 0 0 |
13,-2 | 0 0 0 0 0 0 0 |
BH[ 0 0 0 & 0o b o
12,2) 0 0 = 0 (%) o0 0 |
35-L| o s 0 Gx o0 0 0 |
3,-3)| L2 0 () 0 0 0 0 |

<Lz>=—3@
3 5X5—3Xy5 (2.10)

(Serp) =2(82) +6(Tz) =~ hy——

where h;, = 14 — n is the number of holes in the 4 f shell of the element under consideration
and (T,) the magnetic quadrupole.

Taking into account the strong spin-orbit coupling and neglecting (7,), we can infer that the
atom’s magnetization follows the same dependence on the magnetic field as Xs:

Xohn _ 1y 2 sy (2.11)
I 5 % 15 "F :

Even though the right-hand side of the equation is not directly the magnetization, the strong
spin-orbit coupling insures that the projection (S;) follows (L,). Further, if we assume that
the XMCD spectrum only varies in amplitude and not in shape, we can record the maximum
of the XMCD signal as a proxy for the adatom magnetization. Recording the XMCD signal at
different magnetic field and angle of incidence will therefore provide valuable information
about the anisotropy and magnetization of adatoms.

As could be seen in equation 2.9, a linearly polarized photon only has a z component in action.
This means that the XMLD signal is appropriate to extract geometrical information about the
electronic states. Indeed, only orbital extension in the z direction will absorb linearly polarized
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2.3 Magnetism of a single atom on a surface

photons, therefore looking at absorption with the two orthogonal linear polarizations and
comparing them will highlight specific spatial directions of the orbitals.

2.2.2 X-Treme end-station

All X-ray measurements presented in this thesis were performed at the EPFL/PSI X-Treme
beamline [52] at the Swiss Light Source synchrotron of the Paul Scherrer Institute in Villigen.
Figure 2.5 shows a photograph of the setup and a drawing of it. The end-station is equipped
with a preparation chamber for in-situ preparation with UHV evaporators and effusion cells,
sputtering and annealing instruments, a room temperature STM and a LEED. Decoupling
layers such as graphene or NaCl are grown in the preparation chamber. The sample is then
transferred into the cryostat on which several electron-beam evaporators are installed, al-
lowing for the deposition of atoms at room temperature or at cryogenic temperature. The
cryostat is equipped with a superconducting magnet which can generate a magnetic field
parallel to the direction of the X-rays up to B = 6.8 T. The variable temperature insert on which
the samples are fixed for the measurements allows to reach T = 2.5 K.

In our experiments, the X-ray absorption signal is measured using the total electron yield
method: the sample is connected to virtual ground via a current amplifier measuring the
number of secondary electrons leaving the sample per unit time. The measurements are
surface sensitive owing to the limited mean free path of the photo-electrons at the used X-ray
energies [53].

2.3 Magnetism of a single atom on a surface

One of the themes of this work is the question "'What are the minimal ingredients required to
have a magnetic bistable system?’. Now that it is known that single atom magnets are possible,
how do we improve their stability?

The magnetic properties of a single atom/ion are determined by its electronic structure, more
specifically its unpaired electrons. In free space an atom can have a magnetic moment and
be paramagnetic at best, but on a surface the surrounding crystal field can induce magnetic
anisotropy in the system: although an electric field does not directly affect the spin, the spin-
orbit coupling allows effects on the total angular momentum J for which we also use the term
spin from now on. Figure 2.6 schematizes the lifting of the degeneracy of the m; eigenstates by
a surface (i.e. crystal field) introduced below a free-standing magnetic atom. In this example,
the atom acquires an out-of-plane easy axis as the two m; = +3 become the most energetically
favorable. However, the crystal field cannot break the time reversal symmetry meaning that
energy eigenstates of the atom are either doubly degenerate or form a split doublet with
(J» = 0 with symmetric and antisymmetric combination of the J, eigenstates.
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Figure 2.5: Top: Scheme of the X-Treme end station. Bottom: Photograph of the end station
[52].
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Figure 2.6: Effect of a surface on a J = 3 atom. Top: free atom, all m; states are degenerate.
Bottom: The introduction of a surface induces the out-of-plane anisotropy of the magnetic
moment.

2.3.1 Rare earths

The search for the smallest permanent magnets started with single molecule magnets [54].
The first single molecule magnet discovered was the Mn;, complex [55]. Early work focused
on maximizing the total spin of molecular magnets [56]. As the field matured, it was found
that it might not be the optimal strategy: the orbital moment in 3d transition metals is usually
quenched [57, 58], the polynuclear nature of high-spin molecular magnets makes it hard to
obtain global uniaxial anisotropy and the dependence of the anisotropy on the total spin is
actually small [59].

Ten years after, the first single ion molecular magnets were discovered with lanthanide com-
plexes [60] and sparked interest in these elements, leading to the discovery of many lanthanide-
based single ion magnets [10, 61, 62]. Figure 2.7 shows the radial distribution (spherical poten-
tial) of the 4 f and 65 shells in an atom with atomic number Z = 65. Compared to 3d transition
metals, the 4 f shell of rare earths is buried within the external shells, responsible for binding
with the environment, and is therefore protected from quenching [63]. In 4 f elements, the
strong spin-orbit coupling guarantees that the spin follows the angular momentum affected
by the crystal field. Moreover, a single ion being responsible for the magnetism makes it easier
to tune the specific crystal field at the quantum level. The molecular structure surrounding the
magnetic ion induces anisotropy of the ion mainly through electrostatic interaction [64]. The
strong spin-orbit coupling provides a mechanism of action of the crystal field on the atom’s
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Figure 2.7: 4f and 6s radial distribution of eigenstates of an electron in an ideal hydrogen
potential with atomic number Z = 65 in atomic units (ag = 5.29-107!! m).

magnetic properties.

In 2016 the first single atom magnet was discovered: Ho adatoms on an ultrathin layer of
magnesium oxyde grown on Ag(100) exhibit an open hysteresis loop in XMCD measurements
up to 30 K [1], followed closely by another open XMCD hysteresis loop demonstrated with Dy
adatoms on graphene/Ir(111) [12], and in 2021 the magnetic stability of Dy/MgO/Ag(100) [13]
was demonstrated. Around the same time, lanthanide-based single molecule magnets also
showed impressive magnetic bistability [11, 14, 65], making rare earths the elements of focus
for our work.

2.3.2 Spin Hamiltonian model

A useful model when dealing with quantum magnets is the so-called 'spin-Hamiltonian model’.
The time independent Hamiltonian describing a rare earth atom in a weak (with respect to
spin-orbit splitting) magnetic field can be written as [66] (in order of significance):

Hatom = Heoulomb + Hso+ Hep+ Hz (2.12)

where H,,,10mp is the sum of all Coulomb interactions between electrons and nucleus, Hgp
is the spin-orbit coupling, Hcr is the electrostatic interaction between the crystal field (also
called ligand field in single molecule magnets) and electrons, and H is the Zeeman term
coming from the interaction of the atom’s magnetic dipole with the external magnetic field.
While smaller than Hcr, Hz can still induce level crossing of the order of the zero field splitting.
Note that H,,,10mp and Hso are approximately spherically symmetric. Hcr represents the
effect of the surrounding charges, it is intuitively given in ’cartesian’ coordinates. Hz is an
axial term.
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Figure 2.8: Sketch of the energy and spin expectation of the eigenstates of a system with
J = 3 for threefold (left), fourfold (middle) and axial (right) symmetry. States of the same
color represent states that are connected by the crystal field and the pure mi; state is not an
eigenstate of the Hamiltonian anymore.

This asks for a common representation of the eigenstates of the atom. Stevens [67] offered
away to write the Hcr in the | ], m;) basis. He used the Wigner-Eckart theorem after having
expanded Hcr on a spherical basis and defined the so called Stevens operators 05, o (2] +
BJ™), where a and B are coefficients, m and p (m < p) are integers and J. are the usual
ladder operators of the spin-J representation. The Hamiltonian H¢r can then conveniently
be written as:

Hep=Y.Y BhO,, (2.13)
p m

where Bl are the Stevens coefficients. Such operators have been used in single molecule
magnets modelling [2, 68-70]. The 4 f shell has angular momentum number / = 3 such that
only terms with p = 0,2,4,6 don’t vanish. Note that O, only contains terms proportional
to the m™ power of the ladder operators, and will therefore only mix states with difference
Amj=km, k € Z. For a single atom on a surface, a symmetry Cy,, will only contain terms
with m =0, n,2n,3n... [71-73]. This gives rise to a nice picture of the effects of the surface’s
crystal field on the adatom as can be seen in figure 2.8. The threefold symmetry (left) is bad
for the bistability of a J = 3 system as the ground states (J;) = £3 are connected and the spin
can flip through quantum tunneling of the magnetization. The fourfold symmetry (middle) is
more likely to give a bistable magnetic system as the m; = +3 states are not connected by the
crystal field, but tunneling could occur in case of scattering event (see section 2.3.4) changing
the state to one of the mj = +2 that are connected. Finally, in the case of a fully axial field
(right), the atom would have to go through the whole anisotropy barrier in order flip its spin as
all states are separated. As a general rule, one expects a high symmetry adsorption site with
the appropriate value of J to offer better protection from relaxation of the magnetization by
tunneling.
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2.3.3 Point charge model

Hcr of equation 2.12 can also be treated directly in real space. In this approach the total
electrostatic interaction between point charges representing the crystal field around the
magnetic atom is computed [74-76]. A list of effective point charges is estimated, for instance
with Mulliken analysis [77]. The definition of the point charges is however a tricky task and their
position and value (beyond the symmetry) must be interpreted with caution. The multiplet
computations can then be performed with the help of dedicated tools, in this thesis such
computations are performed using the multiX software [78]. From multiplet computation of
the 'one electron excited states’ we have access to the spectroscopic properties of the atom.

Given a series of point charges, Hutchings [79] showed how to obtain the Stevens coefficients.
The steps are spelled out in the appendix of reference [80]: one has to expand the Coulomb’s
potential of each point charge on the real (also called ’tesseral’) spherical harmonics and apply
the operator equivalent method of Stevens. The resulting equations, providing the bridge from
the point charge model to spin Hamiltonian formalism can be found in reference [81].

2.3.4 Magnetic relaxation

A notable distinction to be done for magnetic rare earths on surfaces is the difference between
half-integer and integer J adatoms at zero external magnetic field (therefore in a time-reversal
symmetric state). Indeed the action of the time-reversal operator on a system with odd number
of electrons cannot return the same state. This forces all half-integer spin systems to be at least
doubly degenerate at zero magnetic field and is the result of Kramers theorem [82]. In contrast,
systems with even number of electrons can form a split doublet resulting in states with m2; =0
both, typically from symmetric/antisymmetric combination of the original m; = £k states.
Figure 2.9 shows the C4, with J = 3 from figure 2.8 (middle) with a split doublet. For the split
doublet, the overlap between the m; = £2 is much greater than for the separated states. It
provides a pathway for thermally assisted quantum tunneling of the magnetization, where
a phonon or an electron changes the spin of the atom from the mj; = -3 state to m; = -2.
The large mixing between the two m; = +2 increases the probability of relaxation toward the
mj = +3 state, meaning that the spin flipped.

Once the system’s static properties are set, we have a basis for the out of equilibrium descrip-
tion of the magnetization. In general the dynamics must be treated in a full quantum rate
equation [83]. The rate (master) equation allows to take the real time evolution of a system out
of the thermodynamic equilibrium into account, in particular it allows the modeling of the
magnetic hysteresis at a given field sweep-rate. Typically, in the cases of interest in this thesis,
we can use classical rate equations to track the relaxation of any magnetic state toward a
Boltzmann distribution of quantum states. The characteristic time to reach that equilibrium is
called the lifetime 7 of the system. Given a set of states (eigenstates of any quantum operator)
{lv1),...,lyy}, and their respective population {Py, ..., P,} the rate equation is written:
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Figure 2.9: Scheme of the reversal of a m; = —3 to mj; = +3 by tunneling through the split
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n
pP;= Zvijpj_vjipi (2.14)
=1

where the v;; have the unit of a frequency and represents the strength of the dynamic coupling
between states ¥ ; and ¥;. The equilibrium magnetization m,, of the thermalized system is
given by :

.
Meq =Y (Wil gusl Iy )exp 57 (2.15)
J

where g is Bohr's magneton, E| is the energy of |y ;), and g is the Landé factor. From equation
2.14 we can usually extract the global 7 as the characteristic time for convergence toward m,
in the absence of external forcing.

The determination of the coupling rates v; is not an easy task: for single ion magnets on a non
magnetic surface, the relaxation occurs via spin-electron [84] or spin-phonon scattering [85,
86]. Figure 2.10 shows sketches of two scattering processes. Spin-electron scattering is caused
in unperturbed systems by substrate electrons. This relaxation process typically accounts for
a constant independent of the temperature since the Fermi-Dirac distribution of electrons
remains unchanged in the temperature range considered (typical Fermi temperature of metals
> 10* K). In order to determine its strength, the electron density of states of the surface needs
to be investigated. Electrons used to probe the magnetic quantum state, such as secondary
electrons in XMCD measurement and tunneling electrons in STM, can also play a role and
lead to spin reversal [87]. In the case of single molecule magnets the main relaxation pathway
is spin-phonon scattering as the magnetic ion is often in a molecular cage and shielded from
spin-electron scattering processes [88, 89]. Phonons can also induce change in the angular
momentum of magnetic elements [90-92]. Spin-phonon scattering is a bit more complex than
spin-electron. Several processes, allowing for different relaxation pathways are conceivable
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Figure 2.10: Sketches of scattering events. Left: spin-electron scattering, the electron changes
its spin by Amg = +1 and thereby decrements the total angular momentum of the magnetic
lanthanide atom (orange disk) by Am; = —1. Right: two-phonon scattering event, where the
system relaxes to state a from b through an intermediate state ¢ (Orbach process).

with first and second order perturbation approaches [93, 94]. Their most noticeable feature is
their temperature dependence, which allows discriminating between the different processes
[95-97].

2.4 Self assembly

The limiting factor in studying the thermal stability of Ho single atom magnets is the spatial
diffusion [98]. On the other hand the hysteresis of Dy single atom magnets on graphene/Ir(111)
closes at 12 K due to insufficiently large energy barriers to prevent spin reversal [12]. A
path to improve both these limiting factors is to embed the rare earth atoms in a molecular
superstructure. The resulting framework can prevent diffusion of the rare earths. In addition,
the metal-molecule bound could play a role similar to that of molecular cage in single ion
magnets and provide a new way of tuning the crystal field. In this work, we try to synthesize
such coordination structures through self-assembly at surface.

Self-assembly is the spontaneous association of subunits into a larger ordered structure,
interacting in such a way that the thermodynamic equilibrium is reached. In the self-assembly
approach, one chooses the ingredients and the thermodynamic ‘'macro’ variables ensuring
that the desired nanoscale structure will build itself bottom-up. Self-assembly on surfaces
involves complex interplay of substrate-adsorbate and adsorbate-adsorbate interactions.

20



2.4 Self assembly

2.4.1 Overview

Several strategies are available to obtain nanostructures or atoms organized into patterns at
surfaces. When structures self-assemble on a surface, the coverage can reach mesoscopic
scale in contrast to the highly unscalable path of building of a structure with an STM tip. The
first surface self-assembled structure used the dislocation networks formed by thin metal films
grown on fcc(111) metal surfaces (Ag/Pt(111) and Cu/Pt(111)) as nucleation templates for
Ag and Fe nanoclusters [99]. Superlattices of single atoms can form taking advantage of long
range surface-state mediated interactions [100]. The Moiré pattern of graphene on hexagonal
metal surfaces can also be used as template for creation of lattices of clusters [101] or single
atoms [102].

Molecules’ geometry and chemistry constrain the coordination with neighboring molecules.
Therefore, allowing molecules to diffuse on the surface [103, 104] can result in the formation
of ordered self-assembled supramolecular structures [105-110]. Note that the molecules
themselves can also undergo polymerization [111] and conformational change on the surface
[112].

2.4.2 Metal-organic coordination complexes

Metals and molecules combined on surfaces constitute a vast playground. Some molecules
accept in-situ insertion of a metal atom [113, 114]. Alternatively, the metal atom can act as
coordination center with the molecular ligands stabilizing the structure as shown in figure
2.11: this is the focus of our work.

Pioneering works in this field in 2003 displayed coordination complexes of Fe with a variety of
organic ligands [115-119]. Transition metal were used at first, exhibiting two to four coordi-
nation [120-122]. A proper combination of ligand and metal centers lead to the impressive
self-assembly of Sierpinski-like triangles [123]. Later, lanthanides were also used for synthesis
of metal-organic coordination complexes, exhibiting in general higher number of possible
coordinations, especially with nitrogen terminated ligands [18, 124-127]. Note also that metal-
organic frameworks can in turn be used as template to grow superlattices of adatoms [128,
129].

As seen in the previous section, the ligand field greatly influences the electronic state and
therefore the magnetism of the metal atom. Putting together these techniques provides new
strategies to possibly stabilize the structure and the spin of lanthanides in a variety of 2D
geometries.
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Figure 2.11: Scheme of synthesis of a 2D self assembled metal-organic structure. We adjust
the substrate temperature of deposition or annealing to promote diffusion and reactivity of
the adsorbate. Tuning the stoechiometry can lead to different types of structures.
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8] Self-assembly of metal-organic frame-
works on decoupling layers

As highlighted at the end of the previous chapter (section 2.4.2), metal-organic frameworks
on a surface offer several advantages over isolated surface adsorbed magnetic atoms. The
molecular ligands are composed of two parts. The first is an inactive backbone that determines
the geometric properties of the resulting framework and can be changed to tune the size and
the symmetry of the structure. The second is the active part that binds to the rare earth and
must be considered in the understanding and modeling of the ligand field surrounding the
rare earth atoms. The possibility to change those two features opens the road for the design of
robust magnetic metal-organic networks with structural stability up to room temperature.

From the magnetism standpoint, the need for a decoupling layer is motivated by the ab-
sence of magnetic remanence for single atoms on a metallic surface. Magnetic remanence
in nanoscale structures on metal surfaces was observed at sub-kelvin temperature [130-132]
but reducing the system’s size greatly reduced lifetimes. The smallest systems exhibiting
bistability are trimers [132, 133]. Also for single molecule magnets, magnetic stability on
metallic surfaces was difficult to demonstrate [134-138] until the impressive magnetic bista-
bility of TbPc,/MgO/Ag(100) was found [14]. The decoupling layer helps the magnetic ions to
keep their remanence as scattering events with substrate electrons and phonons are largely
reduced. Only recently there has been an effort to produce metal-organic frameworks on
metal-supported insulating layers [139-142], but the process is very challenging as decoupling
layers can interfere with the catalytic effect that metal surfaces may have in the formation of
the networks.

This chapter presents exploratory work in the synthesis of metal-organic coordination com-
plexes on decoupling layers. For these investigations, we aimed at finding robust growth
protocols, that one can easily reproduce on different experimental setups, especially in view of
ensemble measurements at synchrotron radiation facilities. In fact, reproducibility of growth
protocols working in a very narrow range of parameters is very delicate. In this respect, room
temperature preparations are ideal.

A good decoupling substrate is insulating (or at least has low density of states at the Fermi
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Chapter 3. Self-assembly of metal-organic frameworks on decoupling layers

level) and has a low phonon density of modes, both features help reduce the probability of a
scattering event that would reverse the spin of the single ion magnet. The decoupling layer
also helps protecting the magnetic elements from hybridization with the metallic substrate.
Common ultrathin layers reported in the literature are magnesium oxide (MgO) and other
metal oxides, sodium chloride (NaCl), graphene and hexagonal boron nitride (h-BN). In
this work we used MgO, NaCl and graphene. These three decoupling layers have allowed
lanthanide single atoms to exhibit open hysteresis loops [1, 12] (see chapter 5 for the case of
NaCl) and are therefore a good starting point for our investigations.

3.1 Overview of the ligands used

Most common molecular active terminations used to grow metallo-organic two dimensional
structures are nitrile (CN), pyridine (CsHsN) and carboxylate (COO™) groups. Other less com-
mon terminations include phenolate (C¢H507) [122] and thiolate (S™) [143] moieties. The
nitrile and pyridine groups tend to form planar flexible bonds with metals on metal surfaces
[124, 144] and the carboxyl one forms robust planar ionic bonds with lanthanides following
deprotonation into a carboxylate anion [127]. Rare earths are reported to behave as hard
Lewis acids and therefore display strong affinity with the three aforementioned terminations
[126, 145]. Three ligands have been chosen for this work: quaterphenyl-dicarbonitrile (QDC),
biphenyl-dicarboxylic acid (BDA) and zinc-tetrapyridyl-porphyrin (ZnTPyP). The carboxylate
moiety was chosen as it proved to form robust bonds with lanthanides on metals [127, 146]
and some studies of magnetic properties of coordinated metals on surfaces bound to carboxy-
late moieties were already performed [119, 142]. The carbonitrile moiety provides 'ready to
self-assemble’ linkers that don't require to be transformed on the surface and produces coordi-
nation complexes at room temperatures [124]. The ZnTPyP pyridine terminated linkers might
require some annealing [139] to incorporate metal atoms but their shape can induces stronger
symmetry constraints on the resulting network. The three linker’s respective structures are
depicted in figure 3.1. The results are thought to be generalizable to any molecular backbone
with the same binding groups, provided the molecular diffusion takes place and sufficient
space around the rare earth atom is available. In the following sections we describe the ligands
and their self-assembly on Ag(100).
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QDC Zn-TPyP

Figure 3.1: Sketch of the molecular ligands used in this work.

3.1.1 BDA

This linear molecule presents two phenyl rings as backbone and is terminated by two carboxy-
lates. The version with one phenyl ring, terephtalic acid (TPA) is more studied in the literature.
In the absence of metal atoms, these molecules self-assemble in two types of molecular net-
works. The structure depends on the protonation status of the carboxyl groups [147-150].
When the hydrogen at the extremity is bound to the molecule, it will form hydrogen bridges
with neighboring carboxylate leading to molecules binding along their axis, as reported in
reference [151]. This can also make it difficult to create metal-organic structures on decoupling
layers with intrisically reduced catalytic activity as the deprotonated molecules are necessary
to form robust bonds with metals [116, 117]. Coordinated to Fe single atoms, only four oxygen
bind to the metal [119], but thanks to the generally higher coordination number of lanthanides
the coordination of TPA with Ho atoms exhibits eightfold coordination [146], which could be
relevant for symmetry consideration of the magnetic states.

Motivated by the work of reference [146] that presents coordination of TPA with holmium
atoms on Ag(100), we started with TPA. Unfortunately annealing to 440 K is needed on Ag(100)
for the surface to catalyze the deprotonation reaction and the desorption temperature of TPA
was below experimental accuracy of our setup (temperature measured with a pyrometer). This
led us to favor BDA for which we expect very similar chemistry, but a higher binding energy to
the surface.

The BDA molecules were evaporated on a Ag(100) surface from powder heated in an effusion
cell at 470 K. The silver surface was previously cleaned with cycles of sputtering (800 eV, 4uA
current on the sample) and annealing at 770 K. Figure 3.2 shows STM images of two structures,
one obtained after deposition at room temperature, and one after annealing at 440 K. Upon
room temperature deposition, the molecules self-assemble into compact islands stabilized
by linear hydrogen bonds of the carboxyl groups resulting in a periodicity of approximately
1.5 nm along a given row. Upon annealing to 440 K, we obtain a precursor phase comparable
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BDA no annealing

Figure 3.2: STM images of the deposition of BDA on Ag(100). The blue ellipsoid and yellow
disks as insets represent the BDA molecules and the Tb atoms respectively. Left: BDA deposited
at room temperature (tunneling conditions: V; = 500 mV, I;=100 pA , 50 K, scalebar is 10 nm)
and BDA/Ag(100) deposited at 440 K (tunneling conditions: V; =1V, 1;,=100 pA, 5 K, scalebar
is 10 nm). The black line indicates a row of fully deprotonated BDA molecules. Right: BDA
deposited on Ag(100) at room temperature followed by annealing at 440 K, addition of Tb at
440 K. The black square highlights the unit cell with a 2 nm size. Tunneling conditions: V; =
1V, 1; =100 pA, 5K, scalebar is 2 nm.

to the II phase of reference [150], where partial deprotonation of the BDA molecules induces
repulsion between deprotonated carboxylate groups and formation of hydrogen bonds with
the hydrogen atoms of the phenyl rings. The molecules indicated by a black line on the
figure are thought to be fully deprotonated as they do not form linear bonds with neighboring
molecules. Upon addition of Tb at 440 K on the precursor phase, followed by 5 minutes of
annealing at 440 K, we obtain large islands of a periodic cloverleaf structure, see right panel
in figure 3.2, comparable with the one reported in reference [146] for Ho and TPA. The Tb
atoms at the center of the cloverleaf appear as depressions, however, with an apparent height
significantly above the one of the substrate. For Ho(TPA), cloverleaf metal-organic structure,
the Ho-Ho distance representing the lattice parameter of the quadratic superstructure, is
1.5 nm [146]. This is consistent with the observed 2 nm Tb-Tb distance in our Tb(BDA)4
network, as indicated by the black square with each corner on a Tb atom highlighting the unit
cell.
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3.1.2 QDC

This molecule and similar ligands with variation of the backbone phenyl ring number have
been widely used in the synthesis of two dimensional metal-organic networks on surfaces.
Alone on a metal surface, it already exhibits several self-assembled structures [152-154]. In the
absence of coordinating metal atoms on the surface, the self-assembly happens through the
attractive interaction of the nitrogen termination with the hydrogen atoms on the sides of the
phenyl rings of the neighbors and the repulsive interaction between charged nitrogen atoms.
The resulting superstructures can form a densely packed chevron layer, as well as triangular,
rhombic or kagomé structures. The carbonitrile groups have consistent affinity with metal
atoms on the surface, be they codeposited or coming from the substrate [154-158]. With 3d
metals the carbonitrile terminated linkers will favor three/fourfold symmetric coordination
around the metal centers. One can choose the length of the ligands by adjusting the number
of phenyl rings of the backbone [155, 156] or choose a non linear backbone to change the
geometric constraints on the metal-organic structures [159]. The self-assembly of a densely
packed layer of the hexaphenyl version of the molecule was studied on graphene/Cu(111)
[160]. The sexiphenyl version is also reported to form an hexagonal metal-organic network
with copper coordination centers on graphene/Ir(111) [140].

Figure 3.3 shows an STM image acquired after deposition of the molecules on a Ag(100)
substrate kept at room temperature, from an effusion cell evaporator heated at 450 K. The
molecules do not diffuse to form islands at room temperature, and small cross-shaped struc-
tures are visible. In the absence of coordinating metal atoms on the surface, we expect the
relative orientation of the neighboring QDC molecules to be either similar to the chevron-like
packing observed on gr/Ir(111) (see figure 3.16) or to the chiral rhombic structure that QDC
forms on Ag(111) [152] depicted in the lower scheme of figure 3.3. The upper scheme instead
displays a model of the structure visible in the STM image: the nitrogen groups point toward
each other, indicating the presence of a metal atom in the center of the complexes (black
disks). We deduce that surface Ag adatoms are used to form small coordinated structures.
The absence of compact islands of coordination complexes indicates low mobility at room
temperature. The ligands appear to favor two orthogonal directions, reminiscent of the (100)
surface orientation of the Ag substrate.
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STM image
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Figure 3.3: STM image of QDC deposited on Ag(100). Upper inset: model of the STM image
with the black disks representing a metal coordination center and the blue ellispoid repre-
senting the QDC linkers. Lower inset: depiction of the self-assembly at room temperature
of QDC/Ag(111) without metal atoms. Tunneling conditions: V; = =500 mV, I;=100 pA, 5 K,
scalebar is 10 nm.

3.1.3 ZnTPyP

The core of this molecule is a porphyrin, known in biology for being a precursor to heme and
chlorophyll. Literature on porphyrin on metal surfaces is rich and a review can be found in
reference [161]. Legs can be added to the porphyrin core such as phenyl rings (or pyridine in
our case) and the center can host a metal atom (Zn in our case). The self-assembly properties
at room temperature can depend on the presence or not of the metal atom in the center as
the non metalated version tends to interact more strongly with the substrate [162-164]. The
metalated version of the molecule appears to be more prone to self assembly and the zinc
ion also prevents metalation of the porphyrin with rare earths during deposition, that would
complicate the analysis of XMCD ensemble measurements. Self assembly of the TPyP version
was reported in references [165, 166] and in reference [144] for the ZnTPyP metalated type,
where coordination with Cu atoms is also reported.

Figure 3.4 shows an STM image of ZnTPyP molecules on Ag(100). The molecules were de-
posited on the substrate held at room temperature from an effusion cell heating the powder at
670 K for 7 min. They form a compact structure similar to the one reported in reference [166],
characterized by a distance of approximately 1.5 nm along rows (indicated by a black line) in
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Tb codeposition
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Figure 3.4: STM images of ZnTPyP on Ag(100). Overlayed model where red, blue and yellow
disks represent, respectively, the pyridyl legs, the porphyrin macrocycles, and the Tb atoms.
Left : ZnTPyP deposited on Ag(100), tunneling conditions: V; = — 2V, 1;,=50 pA, 77 K, scalebar
is 4 nm. The black line highlights the row of molecules. Right: Coordination structure with Th
atoms, tunneling conditions: V; = —2.5V, ;=80 pA, 5 K, scalebar is 4 nm.

which all molecules have the same orientation. When terbium is added on the molecules, fol-
lowed by annealing at 400 K, we observe formation of an almost square coordination structure
similar to the rhombic lattice described in reference [144] (see also figure 3.9) with a distance
of approximately 2 nm between two nearest Tb atoms.

3.2 MgO/Ag(100)

Magnesium oxide (MgO) is an insulating ionic crystal with Mg?* and O?~ ions. Bulk MgO has
a bandgap of 7.8 eV [167]. The (100) surface of bulk MgO displays a 6.2 eV gap [168] and was
shown to approximately preserve its gap down to three monolayers [169]. DFT investigation
of free standing monolayers still predict a bandgap of 3-4 eV. Overall, ultrathin layers of MgO
maintain a phonon density of states similar to the bulk one with few modes below 30 meV [1,
170]. Ho/MgO/Ag(100) was shown to relax via a local vibration mode at 4.7 meV, unaffected
by the delocalized substrate phonons [97]. The growth on Ag(100) is not straightforward as
depending on deposition/cooling conditions multiple layer islands start to form before the
silver surface is fully covered [171]. The number of layers can be discriminated with field
emission resonance spectroscopy to detect image potential states due to variation of the work
function [172]. The MgO layer thickness is known to impact the electronic properties of single
atom magnets [173].

MgO proved useful in improving magnetic properties of single atoms and single molecule
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Figure 3.5: STM image of MgO islands on Ag(100), 40% of the overall silver surface is covered.
Tunneling conditions: V, =1V, I; =100 pA, 77 K, scalebar is 20 nm.

magnets [1, 13, 14, 174, 175]. Therefore, it is a promising material to decouple quantum
magnets from electron and phonon originating form the underlying metallic substrate.

Starting with a clean Ag(100) surface, we heat it to 750 K and expose it to a pressure of 5-10~7
mbar of O,. We then expose the hot sample to an Mg evaporation cell at 670 K for 10 min
followed by a 20 min slow cooldown to reach a 40% MgO coverage with mostly monolayer
and some MgO bilayer islands. Figure 3.5 shows the Ag(100) surface, covered by a large one
monolayer thick MgO island and and a few small bilayer islands. The higher terrace in the
upper part of the image is silver. The lower part of the image is the MgO, identified with
spectroscopy.

3.2.1 BDA

An STM image of BDA deposited on MgO/Ag(100) is shown in figure 3.6. BDA molecules
exhibit very low mobility, even after annealing at 440 K, as concluded from the fact that small
areas of MgO are not covered. In fact, we interpret the grey, irregular areas with homogeneous
apparent height as uncovered MgO (see area delimited by the black curve). Figure 3.6 seems to
indicate that deprotonation occurs more uniformly on the MgO monolayer as most molecules
are perpendicular to their neighbors. On the contrary, on the bilayer many molecules appear
hydrogen bonded (aligned with their axial neighbors). If deprotonation is leveraging electrons
from the metal to happen, this effect could be due to the decoupling effect of the MgO that
increases with the number of layers, as the silver surface used as catalyst for deprotonation is
closer to the molecules on the monolayer.
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MgO
bilayer

MgO
monolayer

Figure 3.6: STM image of BDA deposited on MgO/Ag(100) followed by an annealing at 440 K.
The area delimited by a black curve indicates one of the areas of clear MgO. Tunneling condi-
tions: V; =1V, I; =100 pA, 5 K, scalebar is 10 nm.

Annealing 440 K Annealing 670 K

Tb(BDA),/Ag(100)
network

Figure 3.7: Left: STM image of BDA deposited on MgO/Ag(100) followed by an annealing at
440 K and Tb addition, tunneling conditions: V; = 500 mV, I; =200 pA, 5 K, scalebar is 10 nm.
Right: Same preparation as for previous image, followed this time by annealing to 670 K after
Tb deposition. Tunneling conditions: V; =1V, I; =50 pA, 5 K, scalebar is 5 nm.

Subsequent deposition of terbium with annealing at 440 K produces the coordination complex
on Ag(100) terraces, as seen in figure 3.7. However little change on the MgO monolayer islands
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was observed. Progressively rising the annealing temperature to 670 K destroyed the structure
on Ag(100) but the molecular network does not incorporate the Tb atoms on MgO, except
maybe for a few isolated units (see red rectangle), where, although the orientation of the
molecules is not easy to determine, the appearance of a cloverleaf unit is indicative of Tb
incorporation. This is in accordance with the low amount of coordinated Ho(TPA),4 complexes
found on MgO/Ag(100) in reference [176]. We rather observed the formation of large undefined
clusters (denoted by black circles), probably made of Tb. This indicates a strong interaction of
the molecules with the MgO surface leaving almost no room for additional coordinating metal
adatoms. No significant difference was observed between the mono and bilayers of MgO.

3.2.2 QDC

Deposition of QDC on MgO/Ag(100) produces a surface where all silver terraces are covered
by molecules but the MgO islands are entirely void, as seen in figure 3.8. The affinity of QDC
with MgO is not sufficient to cover its surface, in stark constrast with the BDA/MgO system.
This could be due to the lower electronegativity of the single nitrogen atom compared to the
two oxygens of the carboxyl group that can interact with the Mg atoms of the MgO surface,
but further DFT investigations should be performed to clarify this point. Presence of a two-
dimensional molecular gas on MgO that does not appear in the STM image is not excluded,
but the increase in molecule density on silver (compared to figure 3.3, where the same quantity
of QDC was deposited) indicates that the molecules diffuse on MgO toward the Ag terraces.
Codeposition of QDC and Tb also left the MgO terraces clear of molecules. In the future one
could try to deposit the molecules at cryogenic temperature to verify if the QDC molecules
can stick on MgO. However, even if successful, further steps would be needed to obtain the
metal-organic complexes. During this work we did not investigate this system further.

32



3.2Mg0/Ag(100)

Figure 3.8: STM image of QDC deposited on MgO/Ag(100), tunneling conditions: V; = -1V,
I; =175 pA, 77 K, scalebar is 8 nm.

3.2.3 ZnTPyP

The deposition of ZnTPyP on MgO/Ag(100) seems to suffer from the same low/no adsorption
on MgO as the QDC molecules, as can be seen in figure 3.9. The coordination structure forms
large patches on the silver surface (see figure 3.4), but molecules are absent on the MgO islands.
We did not investigate this system further.

Figure 3.9: STM image of Tb and ZnTPyP deposited on MgO/Ag(100), after annealing at 400 K.
Tunneling conditions: V; = -2.5V, I; =80 pA, 77 K, scalebar is 12 nm. The coordination
complex is only present on the Ag(100) terrace while the MgO layer is empty.
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3.3 NaCl/Ag(100)

Sodium chloride (NaCl) is an ionic crystal and has Na* and Cl~ atoms bound together in the
same crystal structure as MgO. In bulk the bandgap is 8.7 eV and the low-energy phonon
density of states is slightly higher than for MgO, as NaCl is softer [177, 178]. The growth of
ultrathin films on metallic surfaces is less tricky than the one of MgO, since the film grows in
extended islands simply from room temperature deposition of the NaCl from effusion cells
[179-181]. The thickness of the NaCl islands can also be discriminated with field emission
resonance spectroscopy [182].

Ultrathin NaCl films were used since 2004 to decouple molecules from metallic substrates
in STM experiments and to demonstrate charging of single adatoms [183-185]. While they
proved useful for decoupling, it is worth noting that some organic molecules tend to dissolve
the NacCl thin films [186-190]. As we require a decoupling effect from the NaCl layer, we will
look only for systems that leave the NaCl island intact.

Figure 3.10: STM image of NaCl bilayer islands on Ag(100). Tunneling conditions: V; = -2V,
I; =70 pA, 77 K, scalebar is 30 nm

The preparation of NaCl/Ag(100) goes as follows: first the silver single-crystal is cleaned by
sputtering and annealing cycles. We then let the sample cool down for 15 min and expose
it at 300 K to a NaCl evaporation cell heated at 720 K for 25 min. Figure 3.10 shows an STM
image of the resulting surface. Under these conditions, a Ag(100) surface 40% covered by NaCl
islands is obtained.

34



3.3 NaCl/Ag(100)

3.3.1 BDA

Figure 3.11 (left) shows sample after the deposition of one monolayer of BDA on NaCl/Ag(100)
at room temperature. Approximately 50 % of the surface was covered by NaCl islands before
deposition of BDA. The most important change of the surface is that the NaCl islands have
disappeared. In addition, a new unknown structure, hard to characterize, is observed and
covers most of the sample. Annealing to 420 K produces ordered patches of an unreported
phase of BDA (figure 3.11 right). The protrusions visible on the latter image, interpreted as
molecules, are shorter than the BDA/Ag(100), possibly due to deprotonation that is known to
reduce molecular apparent length to sub-nanometer [150]. A tentative model of the molecular
arrangement is proposed. The ordered phase resembles the protonated phase on Ag(100) but
here the molecules are aligned latteraly to form the rows visible on the image. The dissolution
of the NaCl islands can be rationalized by considering that the carboxyl group was reported
to react with NaCl at room temperature via metalation with Na and chlorine evaporation
[187, 188], this could be part of an explanation for the appearance of the novel molecular
phase, although no obvious coordination structure was observed in our experiments. Na
and TPA both appear as protrusion in reference [187] but only molecules seem to be resolved
in our system. A possible position for the Na atoms is proposed in the sketch in the right
inset (black disks), provided the deprotonation happens, since alignment of the carboxylate
moieties is unlikely. Since we aim for a system that leaves the decoupling layer intact, this
makes BDA/NaCl an unsuitable candidate for the formation of rare-earth-based coordination
structures.

No annealing Annealing 420 K

Figure 3.11: Left: STM image of BDA deposited on NaCl/Ag(100). Tunneling conditions: V; =
50mV, I; =100 pA, 50 K, scalebar is 4 nm. The inset reprents a very approximate tentative model
of the arrangement. Right: STM image of BDA deposited on NaCl/Ag(100) after annealing
to 420 K. Tunneling conditions: V; = 50 mV, I; =100 pA, 50 K, scalebar is 3 nm. The inset
represents a tentative model of the positions of the molecules (blue ellipsoid), with a black
disk indicating a probable position of the Na atoms.
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We tried the codeposition of BDA and Tb on the sample at 440 K, with slightly lower (0.7 ML)
BDA coverage to have some adsorbate-free terraces to help understanding the systems. As
expected, the cloverleaf structure of figure 3.2 is found on the Ag(100) terraces (not shown).
Figure 3.12 shows an STM image of an NaCl island (lower right part of the image) adjacent to a
molecular island (upper left part). Single Tb adatoms are visible as protrusions on the NaCl
island, meaning that they did not diffuse during the annealing, possibly due to insertion of
the Tb atom at the Na sites. The molecules seem to assemble in the same phase as the one
shown in figure 3.11 (right), this time however islands of second layer on top of the first one
are visible. In particular, an extended second layer molecular island follows the edge of the
NaCl island. This seems to indicate that the BDA molecules start to dissociate the NaCl island
from the edges. Note that in reference [187], the Na-TPA metal-organic stuctures are reported
to form independently of whether NaCl or TPA is deposited first.

Figure 3.12: STM image of BDA deposited on NaCl/Ag(100) after annealing to 440 K and Tb
addition at 440 K. Tunneling conditions: V; = 50 mV, I; =80 pA , 50 K, scalebar is 10 nm.

3.3.2 QDC

Figure 3.13 shows the sample after deposition of QDC at room temperature (covering approx-
imately 70% of the surface) on an Ag(100) surface preemptively 40 % covered by NaCl. We
observe the formation of a nicely ordered lattice with square symmetry with a periodicity of
~4 nm. This new phase is not observed on silver alone with similar molecular coverage. Also
in this case, the NaCl islands have entirely disappeared, indicating that also these molecules
dissolve the NaCl islands such that we did not investigate the QDC on NaCl system further. As
for the carboxyl group, the cyano group was reported to break the NaCl ionic bond to form a
Na-molecule complex [190]. In figure 3.13 we propose a model for the observed structure, see
inset.
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Figure 3.13: STM image of QDC deposited on NaCl/Ag(100). Tunneling conditions: V; = 50 mV,
I; =100 pA, 5K, scalebar is 9 nm. Inset: blue ellipsoids represents the molecules and the black
disks represent the proposed Na atoms positions.

3.4 Graphene/Ir(111)

Graphene, the 2D honeycomb lattice made of carbon atoms, is famous today in nanosciences.
Graphene is a conductor along its plane but a good insulator in the direction perpendicular to
it. It shows a Dirac cone in its band structure in the freestanding or graphite form [191]. Itis a
very stiff material with little vibrational modes in the few meV range in graphite or in graphene
grown on Ir(111) [192, 193]. Its properties on metal surfaces are reviewed in reference [194].
Its electronic properties depend on the supporting metal [195], on Ir(111) (the substrate we
used in this work) it exhibits a small gap but is closer to free standing compared to Ru(0001)
for instance [196]. Typically on a hexagonal metallic surface with similar lattice parameter, the
lattice mismatch induces a Moiré pattern that can be used as a template [101].

Graphene was proven to decouple molecules from the substrate [197], preserve the magnetic
properties of single molecule magnets [198], protect single atom magnets from electron and
phonon scattering events [12], and allow large magnetic anisotropy in Co adatoms [199].
Graphene also provides a layer to facilitate the formation of ordered molecular structures
[200]. A review of the self-assembly of molecules on graphene can be found in reference [201].

Graphene on Ir(111) is grown by chemical vapor deposition. The iridium single crystal is first
cleaned with repeated cycles of sputtering at 1200 eV followed by flash annealing (<2 minutes)
at 1500 K. The sample is then heated at 1300 K and exposed to a pressure of 5- 10~/ mbar of
ethylene for 100 s and then progressively cooled down for 5 min. The surface ends up fully
covered by high quality graphene. The Moiré pattern of gr/Ir(111) and the resolved atomic
structure are visible in the STM image shown in figure 3.14.
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Figure 3.14: STM image of graphene grown on Ir(111). Tunneling conditions: V; = -2V,
I; =1nA, 5K scalebaris 2.5 nm.

3.4.1 BDA

After exposing the gr/Ir(111) sample to a flux of BDA as used in section 3.3.1, several attempts
where made at obtaining a clear image of the resulting surface, without success. Reducing the
deposition time, and thereby the molecular coverage, resulted in zones of empty graphene
with visible Moiré pattern (see upper part of figure 3.15 left), but the tip seemed to frequently
drag objects at the surface. The lower part of the left-hand-side of figure 3.15 shows an island of
molecules, whose relative orientation appears to be dominated by hydrogen bridges formation.
The network is shown in a zoom on the right-hand side of figure 3.15. It is less regular than
on Ag(100) (see figure 3.2 upper-left) and tunneling conditions were highly unstable, possibly
due to reduced interaction of the molecules with the substrate, meaning that lot of changes
can happen to the junction while imaging. This indicates that deprotonation did not happen,
possibly preventing the formation of coordination complexes. This is in agreement with the
absence of deprotonation of TPA observed on gr/Ni(111) using XPS [202]. Annealing the
sample post deposition to 400 K resulted in the absence of molecules on the surface. We made
several attempts to adsorb Tb and BDA onto graphene but all of them led to similar results as
in figure 3.15. We conclude that the molecules do not deprotonate up to the the desorption
temperature, impeding the formation of the intended metal-organic structures. This also
indicates that the single Tb adatoms do not deprotonate the carboxyl groups. The fact that
deprotonation is inhibited on graphene is attributed to the chemical inertness of graphene
compared to the metal substrate.
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Figure 3.15: Left: STM image of BDA deposited on gr/Ir(111). Tunneling conditions: V; = -1V,
I; =40 pA, 5K, scalebar is 6 nm. Right: Close up on the BDA network on graphene. Tunneling
conditions: V; = -2V, I; =45 pA, 5 K, scalebar is 3 nm. The blue ellipsoid in inset represent
the molecular units.

3.4.2 QDC

Figure 3.16 shows a gr/Ir(111) sample exposed to a flux of QDC. A network of molecules
appearing as a sort of mixture of the chevron packing of terphenyl-dicarbonitrile on Ag(111)
[152] and the close-packing of sexiphenyl-dicarbonitrile on gr/Cu(111) [160] is visible (the
two structures are shown schematically on the right-hand-side of figure 3.16). The observed
structure is not periodic, since the alternation of double and single rows is irregular. The
molecular units are shown on the overlay in the lower right corner of the image. Note that
each phenyl ring is distinguishable in the STM image. Generally the tunneling conditions are
unstable again possibly due to the low interaction between molecules and graphene surface,
meaning that the molecules are moving with the tip and that imaging without changing the
surface can be tricky.

The codeposition of Tb and QDC on graphene/Ir(111) produced a metal-organic structure,
as seen on figure 3.17. In order to compare the different samples, we define 1 ML of QDC to
be the molecular coverage corresponding to the whole surface covered by the structure of
figure 3.16 (approximately 0.75 molecules/nm?). 1 ML of Tb is defined as one Tb atom per
graphene unit cell (approximately 20 atoms/nm?). The left image of figure 3.17 shows an STM
image of the codeposition of ~0.3 ML of QDC and ~0.001 ML of Tb on gr/Ir(111) at room
temperature. The right image shows the codeposition of ~0.15 ML of QDC and ~0.001 ML of
Tb at room temperature. These experiments demonstrate that an excess of molecular ligands
(left) hinders the formation of more regular structures (right).

We then proceeded to explore the formation of metal-organic structures with other rare earth
atoms, improve the coverage and adjust the rare earth atoms to QDC ratio. Figure 3.18 shows
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Figure 3.16: STM image of QDC deposited on gr/Ir(111). Tunneling conditions: V; = -100 mV,
I; =25 pA, 5K, scalebar is 6 nm. The insets shows the positions of the molecular units. The
side models depict the regular chevron and close packing.

QDC:Tb=15:1 QDC:Tb=~7:1
Fi -

Figure 3.17: STM images of Tb and QDC deposited on gr/Ir(111). Left: 0.3 ML of QDC and
0.001 ML of Tb. Tunneling conditions: V; = -2V, [;=10 pA, 5 K, scalebar is 11 nm. Right:
0.15 ML of QDC and 0.001 ML of Tb. Tunneling conditions: V; = =2V, 1,=50 pA, 5 K, scalebar is
9 nm.

40



3.4 Graphene/Ir(111)

Figure 3.18: STM image of 0.0015 ML of Dy and 0.15 ML of QDC deposited on gr/Ir(111) at
room temperature. 30 % of the surface is covered by the metal-organic network. Tunneling
conditions: V; = -3.3V,I; =50 pA, 5 K, scalebar is 12 nm.

a large island of a regular Dy-QDC network. A majority of Dy atoms are coordinated to 5
ligands, with variations being a ligand bound to two Dy atoms, one Dy atom bound to 4
ligands (yellow square), or a binuclear metal node surrounded by six ligands (green square).
A sixth molecule (blue square) can also be close to the metal centers, but actually does not
bind to the Dy atoms. All these minority configurations are depicted on the side of the
image. The binuclear complex and presence of the sixth, detached carbonitrile ligand are also
reported for Dy-BCNB/gr/Ir(111) in reference [142]. In the ideal situation, where 100 % of the
surface is covered by such islands, one would reach 0.5 ML of QDC and 0.005 ML of Dy. Here
approximately 30 % of the surface is covered.

On one of the samples, during the preparation of which the 5:1 ratio was approximately
conserved, another coordination complex was observed, shown in figure 3.19. In this structure
there seem to be 6 ligands per Dy but only four really bind to the rare earth. We did not
manage to reproduce the structure by adjusting the metal:molecule ratio. The island is
trapped between two ascending steps. It could be that the presence of steps modified locally
the self-assembly process.

The 5:1 network was also synthesized with Er coordination centers. The coverage was increased
to approximately 70 % of the surface. A large scale image of the network is shown in figure 3.20.
The magnetic properties of Er- and Dy-QDC/gr/Ir(111) are analyzed with X-ray synchrotron
experiments in the next chapter of this thesis.
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Figure 3.19: STM image of 0.001 ML of Dy and 0.1 ML of QDC deposited on gr/Ir(111) at room
temperature. The structure is embedded between two ascending steps. Tunneling conditions:
V;=-3.3V,I;=50pA, 5K, scalebar is 9 nm.

Figure 3.20: Large scale STM image of the ~5:1 structure covering approximately 70% of the
graphene surface. Tunneling conditions: V, = -2.8 V,I; =28 pA, 5 K, scalebar is 13 nm.
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3.4.3 ZnTPyP

ZnTPyP molecules were deposited on gr/Ir(111) at room temperature without subsequent
annealing. Figure 3.21 shows the molecular network on gr/Ir(111). The tunneling conditions
are highly unstable and the appearance of ZnTPyP varies with changes in the tunnel junction
(see also figure 3.22, left). The molecular structure with larger apparent height is interpreted
as a second molecular layer. Bilayers of Co-TPP were also reported on Ag(111) [203].

Figure 3.21: STM image of ZnTPyP deposited on gr/Ir(111). Tunneling conditions: V; = -2.3V,
I; =100 pA , 77 K, scalebar is 10 nm. The black line indicates the direction of equivalent
molecular units (same as figure 3.4)

Figure 3.22 shows STM images of the codeposition of Tb and ZnTPyP. Deposition at room
temperature does not result in coordinated Tb atoms. Annealing before the Tb deposition
removes all bilayers and some coordination structures are formed upon Tb deposition. The
rhombic arrangement is seen on the corner of the island (large red rectangle on figure 3.22)
with a few coordinated complexes within the molecular network indicated by smaller red
squares. Increasing the quantity of terbium, or annealing the sample following the Tb de-
position, aiming at a large portion of the surface covered by metal-organic complexes, only
resulted in an increased number/size of clusters with minimal improvement, making the
system unsuitable for ensemble measurements.
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No annealing

Annealing to 440 K

Figure 3.22: STM image of Tb and ZnTPyP deposited on gr/Ir(111). Left: deposition at room
temperature, no annealing. Tunneling conditions: V; = -2.0V, I; =60 pA, 77 K, scalebar is
16 nm. Right: deposition at room temperature, followed by annealing to 440 K. Tunneling
conditions: V; = -2.5V,I; =50 pA, 5 K, scalebar is 15 nm.

3.5 Summary

Table 3.1 shows a summary of all systems that we investigated. The NaCl substrate is not inert
enough and tends to be dissolved by the BDA and QDC ligands. We did not deposit ZnTPyP
on NaCl but expect similar coordination to Na atoms. The MgO exhibits strikingly different
behaviours between the nitrogen-terminated ligands and the carboxylate-terminated ones:
the nitrogen-terminated molecules show little adherence to the MgO surface whereas the
carboxylate-terminated ligands showed strong interaction with little place for metal-organic
coordination. Finally, graphene excluded the BDA ligand, as its catalytic power is insufficient
for deprotonation. Although less convenient than on metallic surfaces, graphene seems to
allow for the formation of metal-organic coordination structures with the nitrogen terminated
ligands ZnTPyP and QDC. If they exist, the experimental parameters for a recipe giving large
regular patches of a RE-ZnTPyP network are too narrow. RE-QDC form a metal-organic
network with sufficient surface coverage and homogeneity to be investigated by spatially
integrating techniques. The analysis of X-ray absorption measurements carried out on that
system is the subject of the next chapter.
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3.5 Summary

NaCl/Ag(100) MgO/Ag(100) gr/Ir(111)
BDA X X X
Binds with Na No interaction with RE No deprotonation
(%) X ~
ZnTPyP ) . .
Probably binds with Na | No surface adsorption | Narrow param. (440 K ann.)
QDC x x v
RT preparation Binds with Na No surface adsorption Coordination structure

Table 3.1: Summary of the ligand/substrate combinations.
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Magnetic properties of metal-organic
coordination complexes

X-ray absorption investigations of the metal-organic structures formed by rare earth atoms
and QDC on graphene /Ir(111) were carried out at the X-Treme beamline [52]. The growth is
described in section 3.4.2 of the previous chapter. Preliminary results on the analysis of the
X-ray data are reported in this chapter.

In the gas phase, most rare earths are in the so-called divalent state: two electrons are in the
5d6s shells and the 4 f occupation is noted 4 f" (see figure 1.1). When embedded in a more
strongly interacting environment, a third electron is often promoted from the 4 f to the 5d6s
shells, the 4 f occupancy becomes 4 f"~! and the atom is said to be trivalent. The valence state
of the rare earths on surfaces is determined by the hybridization with the environment and
the binding energy, the promotion energy for a 4 f electron to the 5d6s shell, and the intershell
coupling [204].

Once the valency is set, we can determine the lowest multiplet J with Hund’s rules and look at
the effect of the ligand field as perturbations. In reference [64], it is shown that the shape of
the 4 f charge distribution in a given crystal field can provide a way of determining which m;
will be favored along a given axis. The relative energy of the states within the lowest multiplet
can then be rationalized with a qualitative estimation of the Coulomb repulsion between
the electrons of the 4 f shell and the electrons of the ligands, meaning how well does the 4 f
electrons spatial distributions ’fit’ in the ligand field. The relevant distinction is whether the
charge distribution is i) approximately spherical; ii) prolate (elongated along the z-axis), in
which case it will strongly repel with an axial ligand field; iii) oblate (flat), where equatorial
coordination will have larger repulsion.

The elements that we have investigated so far in the QDC metal-organic networks are Er
and Dy, both in trivalent state (4 f!! and 4 f, respectively). As a rule of thumb, for Er®* the
maximum mj = 15/2 is prolate and is the preferred state in an equatorial ligand field in SIM
[205-208], while for Dy*>* the maximum m; = 15/2 is oblate and it is favored in axial crystal
fields [11, 60, 209]. As an example, consider the inversion of the respective energetic ordering
of the m; states of Er®" and Dy>* depending on whether the ligand field is mostly equatorial as
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oblate prolate

equatorial

axial

Figure 4.1: Illustration of the asphericity of the 4 f charge distribution. The 4 f charge distribu-
tion is pictured by the orange ellipsoid and the ligands are represented by the blue spheres. A
prolate ion will have a lower energy (E |) in an equatorial crystal field. Inversely, in an axial
field the ion with oblate charge distribution will be able to occupy the free space minimizing
the Coulomb repulsion with the ligands.

in reference [205] or axial [60]. This approach is illustrated in figure 4.1, where the effect of the
asphericity of the 4 f distribution on the Coulomb repulsion with neighboring point charges
is shown. The equatorial ligand field represents the laterally fivefold coordinated ion in the
Ln-QDC network and the axial field represents an ion vertically bound in a phtalocyanine
double decker.

In this chapter we investigate the effect of equatorial carbonitrile ligands on Er and Dy.

4.1 Experimental

The Ir(111) crystals are cleaned with successive cycles of sputtering (1.2-2 keV) and annealing
(1400 K, 5 min). Graphene is then grown by heating the sample to 1350 K in a pressure of
7 x 10~7 mbar of ethylene for 100 s and cooling it down to 300 K in approximately 5 min. The
graphene surface is then exposed to a Kentax effusion cell, containing a molecular powder of
QDC, heated at 450 K while the sample is kept at room temperature (deposition time = 15 min,
leading to approximately 70 % of the surface covered by the structure). The sample is then
transferred to the XAS chamber and the rare earths (Dy, Er) are deposited from high purity
rods with an e-beam evaporator and the sample kept at room temperature, before cooling it to
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2.5 K and starting the X-ray absorption measurements. A sample, with coverage determined
with STM at EPFL, was brought to PSI to calibrate the coverages of the samples grown at
PSI. 1 ML on Dy is defined as one Dy atom per graphene unit cell and 1 ML of molecules is
defined as the quantity of QDC that would cover the whole surface with the structure of figure
3.16. The optimal Dy/Er coverage should be approximately 0.005 ML and the optimal QDC
coverage (probed at the nitrogen K edge) is 0.5 ML. With these coverages for QDC and RE the
ratio QDC:RE is 5:1 and the surface is fully covered of a coordination complex made mostly of
subunits of 5 QDC ligands for 1 rare earth atom (the second CN per QDC group is not bound
to arare earth atom).

The X-ray absorption signal is acquired in total electron yield mode (see section 2.2.2). All
experimental spectra underwent background substraction. The XAS are the sum of the right
o* and left 0~ circular polarized absorption spectra and the XMCD is their difference, both
recorded at a magnetic field of 5.5 T oriented parallel to the incoming photon beam. The
XMLD spectra, acquired in grazing 8 = 60° incidence (6 is measured with respect to the surface
normal), represent the difference between the vertical o, and horizontal ¢, linear polarization
absorption spectra. The magnetization curves are acquired by recording the XMCD signal at
an energy corresponding to maximum of the M5 absorption edge (indicated by a black arrow
on each XMCD spectrum) while sweeping of the magnetic field at a rate of 2 T/min across the
-6.8 T to 6.8 T range in grazing and normal incidence.

Atomic multiplet calculations to simulate the spectra are performed with the multiX software
[78]. The main inputs are the electronic structure of the element and a list of point charges
distributed in space, mimicking the crystal field.

4.2 Dy-QDC network

4.2.1 Dysprosium on surfaces

On many metallic substrates, Dy takes on a divalent configuration (4 f9). It is trivalent on
Pt(111) and divalent on Cu(111), Ag(100) and Ag(111) due to a relatively large promotion
energy (energy required to promote a 4 f electron to the 5d shell) [204]. The energy of of the
magnetic moment of Dy is roughly isotropic on these metal surfaces [204], there is a small
in-plane anisotropy in clusters on Cu(l111)where atoms become trivalent, and acquires a
stronger in-plane anisotropy when single Dy ions are coordinated with carboxylate terminated
ligands on Cu(111) [210]. Dy adsorbed on top of oxygen atoms on MgO/Ag(100) is a single
atom magnet with out-of-plane anisotropy; its 4 f occupation depends on the film’s thickness,
4 f9 being the most stable magnet [13, 173]. On graphene/Ir(111), Dy is divalent and is also
a single atom magnet with long relaxation time of the order of at least 1000 s at 2.5 K and
out-of-plane easy-axis [12, 211]. Dy was shown to favor five-fold coordination on graphene
with carbonitrile terminated ligands in reference [142]. However, so far there is no report on
the magnetic properties of Dy in such networks.
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4.2.2 Results

Figure 4.2 shows the results of the X-ray absorption measurements at the Dy M, 5 edges for
the network formed by Dy and QDC at the X-Treme beamline [52]. The shape of the XAS is
indicative of a 4 f¥ configuration [50]. The comparison of the XMCD and the magnetization
curves in grazing and normal incidence shows a clear easy-plane magnetization parallel to
the surface, as the XMCD signal at 8 = 0 is smaller than the one at 8 = 60°. The shape of
the XMLD points towards a distribution of the 4 f charges that is prolate with respect to the
axis normal to the surface, as opposed to the XMLD of Dy>* with normal easy-axis, shown in
reference [212]. Indeed the sign of the XMLD signal is dependent on the easy-magnetization
axis as shown in appendix B and discussed further in the next sections, where the relationship
between easy-axis, charge distribution and XMLD are explained. Finally, the magnetization
curves acquired in grazing and normal incidence confirm the in-plane anisotropy and the fact
that they are closed reveals the absence of hysteretic behavior within our experimental time
resolution.

Multiplet simulations were carried out to gain further insight into the static properties of
the system. We tried to reproduce the shape of all the spectra as well as the in-plane easy
magnetization. For this, a crystal field with five equidistant surrounding charges representing
the Dy-NC bonds, and one central charge below the Dy3* atom are tried to fit the XAS, XMCD,
XMLD, and magnetization curves. The comparison of the XAS of different pure m; states of
Dy3* given in appendix in figure B.1 with the experimental XAS indicates a ground state that
is between mj = 3/2 and mj = 9/2. The crystal field given in figure 4.3 reproduces nicely the
experimental results: all simulated spectra are shown in figure 4.2 (b), (d), (f), and the energy
level scheme is shown in (h). As the symmetry axis of the equatorial ligands and the surface
is normal to the surface, the projection along the z-axis normal to the surface is the most
informative. The purer states with (J;) = +7.44 and (J;) = +6.23 are pushed to higher energy.
The rest of the states are fairly mixed, below 50 meV. The ground state has (J;) = +1.26. There
are small differences between the simulated and measured spectra. Some uncertainty in the
experimental data comes from the fact that the X-ray acquired backgrounds in the absence
of Dy atoms were unsuitable for use: they did not match the backgrounds observed during
the measurements of the spectra, meaning that change occured between the background
measurement and spectra acquisition. Backgrounds were interpolated before subtraction.
The analysis is also preliminary and the existence of a better fitting crystal field is not excluded.
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Figure 4.2: XAS (a,b) and XMCD (c,d) at 5.5 T, XMLD (e,f) at the indicated fields (parallel to
the incident X-rays) of 0.5% ML Dy and 0.5 ML QDC in a Dy-QDC metal-organic structures at
the My 5 edges of Dy. The QDC and Dy coverages are close to the optimal ones, and roughly
the entire surface is covered by the metal-organic network. g) Magnetization curves acquired
with a sweeping-rate of 2 T/min (photon flux: 4 x 1072 nm~2 s~!). The black arrow in (c)
indicates the peak at which the magnetization curves have been acquired. All spectra are

acquired/simulated at 2.5 K.
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Figure 4.3: Spatial distribution of the charges around the dysprosium atoms. In the planar
representation, red corresponds to positive and blue to negative charge; the size reflects the
amount of charge.

4.3 Er-QDC network

4.3.1 Erbium on surfaces

Erbium single atoms on metallic surfaces are trivalent (4 f 11y on Cu(111), Pt(111) and Ag(100),
with large in-plane easy magnetization on Cu(111) contrasted with the out-of-plane easy-
axis on Pt(111)[204, 213]. This was attributed to the 4 f charge distribution of states of the
J =15/2 multiplet that is more oblate for small m; and prolate for m; = £15/2 (more on this
in section 4.4). On Pt(111), the local density of states close to the Fermi level is dominated
by the 5d orbitals, responsible for localized and directional ligand field favoring the prolate
charge distribution. In contrast, on Cu(111) the 4s delocalized and isotropic (within the plane)
states are more relevant to the local density of states on the surface, leading to a roughly flat
charge density of the surface, favoring an oblate charge distribution. Erbium trimers are also
known to exhibit magnetic hysteresis with out-of-plane easy axis on Cu(111), making them
the smallest known bistable magnets on a metallic substrate [133], together with Fe trimers
[132]. Erbium on graphene/Ir(111) is divalent (4 f'2) with J = 6 as the lowest energy multiplet
[211]. It has a strong in-plane anisotropy. Er single ion magnets where also self assembled
on supported graphene where they align their easy magnetization axis perpendicular to the
surface [200].

4.3.2 Results

The Er-QDC coordination complex was investigated with X-ray spectroscopy of the M, 5 edges.
Figure 4.4 shows the experimental results. The coverage is defined as for Dy. The XAS is
consistent with a 4 f!! electronic configuration of Er** with total angular momentum J = 15/2.
From the XMCD spectra at grazing (60°) and normal incidence we deduce a significant out-of-
plane anistropy at 5.5 T. The XMLD spectra are discussed in section 4.4. The magnetization
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4.3 Er-QDC network

curve confirms the out-of-plane anisotropy but no hysteresis was detected, indicating a
paramagnetic behavior.

We tried to reproduce the experimental spectra with multiplet simulations using a crystal field
similar to the Dy one. Simulations confirm the 4 f!! configuration of Er adatoms. Looking at
the XAS of different pure m;, shown in figure B.2 of the appendix, we deduce a ground state
dominated by m; = £13/2 and m; = £11/2. The crystal field in figure 4.5 generates the level
scheme of figure 4.4 (h). All spectra are in good agreement with experiments. The crystal field
is more axial than for Dy, leading to states closer to the pure m; ones. The obtained ground
state has a total angular momentum of (/) = £6.42. Again there are small differences between
the measured and simulated spectra. An additional source of discrepancy can possibly be
attributed to the presence of Er atoms in different coordination environments.

4.3.3 Note on the point charges

Initially the charge configurations for simulation were chosen to represent as faithfully as
possible the five nitrogen ligands and the underlying surface. Starting from there no accept-
able fit to the experimental data was found. The condition of perfectly equatorial charges
distributed in the same plane as the ion was then relaxed to allow for better adjustability of
the energy level scheme for Dy. The ligand field fitting for Dy did not reproduce at all the
experimental data of Er, this was already observed for instance for a variety of lanthanides on
gr/Ir(111) [211], therefore we considered the two point charge distributions independently. As
a consequence the point charges are rather taken as parameters for the simulations and no
further information is inferred from their configuration.
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Figure 4.4: XAS (a,b) and XMCD (c,d) at 5.5 T, XMLD (e,f) at the indicated fields (parallel to the
incident X-rays) of 0.4% ML Er and 0.5 ML QDC in a Er-QDC metal-organic structure at the
M, 5 edges. Approximately 80 % of the surface is covered by coordinated Er. g) Magnetization
curve acquired with a sweeping-rate of 2 T/min (photon flux: 2.2 x 1072 nm~2 s~!). The black
arrow in (c) indicates the peak at which the magnetization curves have been acquired. All
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Figure 4.5: Spatial distribution of the charges around the erbium atoms. In the planar repre-
sentation, blue corresponds to negative charges; the size reflects the amount of charge.

4.4 Discussion

The energy of the pure m; states in crystal fields can be rationalized by looking at the aspheric-
ity of the 4 f charge distributions of the J = 15/2 multiplets of Dy and Er [64]. This information
is contained in the angular part. Oblate states will undergo more Coulombic repulsion with
equatorial neighbors, whereas prolate states will fit in an equatorial ligand field. Using the
data of reference [214] we reproduced those angular distibutions. The angular part of the 4 f
charge distributions of trivalent Er and Dy are shown in figure 4.6.

Plotting the angular dependence pg ¢ of the 4 f charge distribution clearly shows whether
some states are prolate or oblate. For example, for Dy, m; = 15/2 is obviously oblate. However,
for Er some of the angular distributions are harder to characterize by eye. For this reason, we
tried to find a simple way to quantify the prolate vs. oblate nature of the 4 f orbitals. Assuming
an unchanged radial charge distribution p;, of the 4 f shell from figure 2.7, we can compute
the center of the electronic charge density in one octant (or equivalently one quadrant) due to
the full rotational symmetry around the z-axis. The angle a between the center of charge’s
position (uy,uz) and the z-axis indicates whether the charges are more distributed in the
z-direction or in the x y-plane. This angle is defined as:

a=arctan&, where p; :[ jomdV, je{z, x} 4.1)
x>0,y>0,z>0

Hx

where p(r) = p(r)pg,p(0,¢) is the electronic charge density. An angle of 7/4 corresponds
to a spherical distribution of charges. An angle @ > 7/4 means that the charges are more
distributed along the z-axis, corresponding to a prolate charge distribution. Conversely, an
angle a < /4 characterizes a charge distribution that is more spread in the xy-plane, i.e. that
is oblate. See figure 4.7 for an illustrative example with the obviously oblate m; = 15/2 state of
Dy>*. The charge density is the product of the angular distribution identified by the red line
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Figure 4.6: Angular dependence of the 4 f charge distribution of the different m; states of the
J= % multiplet of Dy>* and Er®*. Computed from reference [214].
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Figure 4.7: Computation of the average charge position for the most oblate m; = 15/2 state
of Dy®*. The thick red line represents the intersection of the angular part of the charge
distribution with the xz-plane. The background color represents the radial part of the charge
distribution (blue corresponds to zero electron density).
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Figure 4.8: Value of the angle a between the dipole moment and the z-axis for all m; states of
Dy and Er. The horizontal line is at /4.

and the radial density shown as color gradient in the background.

The next step is to compute a for all eigenstates of J, for Er and Dy. The value of the angle
for each m; is given in figure 4.8. For Dy, all m; < 11/2 are slightly prolate. The other three
states are oblate with a pronounced deviation from the spherical distribution in mj; = 13/2
and mj = 15/2. For Er, the situation is a bit more complicated but m; = 15/2 is clearly prolate
and mjy=1/2 and m; = 13/2 seem to be more oblate. Note also that since the XMLD depends
on the difference in charge spatial distribution in the two polarization directions, the XMLD
spectra corresponding to the different m; could reflect this change in angle. Indeed figure B.3
of the appendix shows an inversion in the shape of the XMLD spectrum for Dy as soon as «
crosses /4. However, we do not observe such correlation in the variation of the XMLD spectra
of Er as seen in figure B.4. The observed inversion of the Er spectra seem to be correlated with
the magnitude of m; rather than with a.

The large deviation of a from 7/4 for m; = 13/2 and m; = 15/2 of the Dy states is consistent
with the energy level scheme of figure 4.2 (h) where the two states are pushed to energies
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much higher than the other states. As expected, the equatorial coordination of Dy with the CN
ligands does seem to favor the more prolate configurations, as a ground state with n; > 11/2
was excluded by analyzing the XAS spectra.

For Er, the highly prolate mj; = 15/2 state did not appear to be the most favorable configura-
tion. While one can still argue that the equatorial charges push the oblate low m; to higher
energy, the oblate m; = 13/2 ground state appears in contradiction with our simple approach
consisting in identifying the charge distribution that minimizes the Coulomb repulsion. It
could be that the substrate contributes non-negligibly to the electrostatic interactions, as the
extremity of the 4 f charges of the m; = 15/2 state points outwards with respect to the origin
(see figure 4.6), whereas the m; = 13/2 points inwards. Indeed, such details of the charge
spatial distributions are not necessarily well captured by their parametrization via the angle a.

We observe the inversion of the easy magnetization axis compared to single atoms on graphene,
for both Dy and Er. The graphene surface offers an axial crystal field, that favors oblate states
for both species and corresponds to in-plane easy-axis of magnetization for Er and to out-of-
plane one for Dy [12, 211]. Addition of equatorial strong CN ligands changes the orientation of
the easy-axis for both species. Note however, that ligands cannot be treated as fully equatorial
and the surface needs to be taken in account, as, for example, the m; = 15/2 state of Er does not
become the ground state. Overall, the effect of the five nitrile ligands appears to be comparable
to the equatorial nitrogen in the single molecule magnets of reference [205] compared to the
effect of axial crystal field of phtalocyanine double deckers [60] and metallocenes [215].

In this chapter, control of rare earth’s easy-axis and anisotropy was achieved. The pro-
late/oblate nature of lanthanides charge distribution proved useful in this context. The results
are still preliminary and could be bolstered with additional measurements. Confirmation
of the trend could be provided for example with Tb centers, that should behave similarly
to Dy, and with Tm, that should be affected by the carbonitrile ligands in the same way as
Er. Although the magnetization loops are closed, spin-polarized STM investigations of the
systems could be performed to see if spin-flip events are detectable. Indeed, the secondary
electrons generated by the X-ray photons are known to affect the spin dynamics in XMCD
measurements, so the present data do not necessarily exclude hysteretic behavior of the
intrinsic system, i.e. without the perturbation of secondary electrons. The experimental
sweeping rate also puts a lower bound to the detectable lifetime. For instance, despite being
photon-limited, the Dy/NaCl system exhibits hysteresis using the same sweeping rate as here.
Finally, the simple approach considering the shape (prolate/oblate) of the charge distribution
is useful but does not account completely for the magnetism of the lanthanides in these
systems. DFT studies can shed additional light on the magnetic properties of the Dy and Er
atoms, as evidenced by studies of Dy and Er containing single molecule magnets [216-218].
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Magnetic properties of rare-earth
adatoms on NaCl thin films

As highlighted in chapter 2, single atom magnets undergo thermal diffusion when the tem-
perature increases. For instance, on MgO Ho adatoms move from top-O to bridge adsorption
sites at around 50 K [17]. It is therefore possible that the bistability of Ho adatoms is preserved
above 50 K, provided that they are stabilized on the top-O site. This structural instability
of single atom magnets was the main motivation of this thesis and we attempted to solve
it with metal-organic networks incorporating the rare earth atoms in an immobile manner.
A second attempt to obtain higher thermal stability of single atom magnets is the use of a
different substrate with similar decoupling properties as MgO or graphene, but with a higher
diffusion barrier for the species of interest. Here we address NaCl as such a decoupling layer
and investigate with Ho, Dy, and Gd three RE atoms as candidates for single atom magnets.
The use of NaCl as decoupling layer for single atom magnets has not been investigated yet.
Due to its similar nature to MgO, NaCl also opens ways for comparison with the known Ho and
Dy single atom magnets [1, 13]. This chapter is based on a manuscript currently in preparation
for publication.

Authors: S. Reynaud, M. Pivetta, A. Singha, R. Baltic, E Donati, E Patthey, L. Persichetti, P.
Gambardella, M. Blanco-Rey, A. Arnau, E Delgado, S. Rusponi, and H. Brune.

Author contribution: H. Brune and S. Rusponi conceived the experiment. M. Pivetta, A.
Singha, R. Baltic, E Donati, L. Persichetti, P Gambardella and S. Rusponi gathered the x-ray
data. S. Reynaud and E Patthey carried out the STM measurements. S. Reynaud carried
out the analysis of all the data. M. Blanco-Rey, A. Arnau and E Delgado performed the DFT
calculations and wrote the DFT paragraphs. S. Rusponi and H. Brune supervised the project.
At this stage, S. Reynaud, M. Pivetta, S. Rusponi and H. Brune contributed to the manuscript.

5.1 Introduction

Rare earth (RE) atoms adsorbed at surfaces [1, 12, 13, 98, 173] or in single ion molecular
magnets [11, 14, 65, 219, 220] are the only known examples of single atoms showing long spin
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lifetime. Concerning atoms at surfaces, so far only two rare earths have been reported to exhibit
magnetic remanence: Ho on MgO/Ag(100) [1, 98], and Dy on MgO/Ag(100) [13, 173] as well as
on graphene/Ir(111) [12]. Experimental results with rare earth atoms on metallic substrates
made it clear that a decoupling layer is needed to prevent scattering events with the substrate
phonons and electrons [132, 204, 213]. Understanding what makes these combinations of
substrate and rare earth so special is key to identifying the ingredients required to make a
single atom magnet, and to find systems with improved properties.

We report the magnetic properties of RE adatoms on NaCl thin films grown on Cu(111) and on
Ag(111). The systems are investigated with synchrotron X-ray experiments at the EPFL-PSI X-
Treme beamline[52], with the support of density functional theory simulation (DFT), scanning
tunneling microscopy (STM), and multiplet simulations for X-ray spectra computation (see
Methods 5.4). We show that on NaCl thin films Dy adatoms display long spin lifetime at 2.5 K,
it is therefore a newly discovered single atom magnet, while Ho and Gd are paramagnetic.
These results are interpreted on the basis of the magnetic energy level schemes resulting from
the crystal field imposed by adsorption on the NaCl substrate, and on the properties of NaCl
itself.

5.2 Results

We have carried out STM measurements in order to determine the adsorption site and there-
fore the symmetry of the crystal field experienced by the RE adatoms on NaCl. Figure 5.1(a)
displays an STM image acquired on a bilayer of NaCl/Cu(111), in this case after Dy deposition.
Dy and Ho atoms appear as protrusions with a typical apparent height of (120 + 10) pm,
while a slightly larger apparent height of (135 + 10) pm is observed for Gd. The close-up in
Fig. 5.1(b) shows the NaCl lattice atomically resolved with a few Dy adatoms (the depressions
and smaller protrusion are attributed to adsorbates on the underlying Cu substrate). We
define two primitive vectors describing the positions of the NaCl species resolved in the STM
images as protrusions. Then, by construction, all the substrate atoms imaged as protrusion
are located at (n, m) coordinates, (n, m) € Z x Z. Adatoms adsorbed on top of substrate atoms
imaged as protrusion would have (n, m) coordinates as well, while (2 + %, m+ %) coordinates
would identify adsorption on top of the NaCl species which are imaged as depression. Finally,
a bridge adsorption site, between two Na and two Cl atoms, would correspond to (n, m + %) or
(n+ %, m) coordinates. All observed adsorption sites are summarized in Fig. 5.1(c), in which
we have brought all the measured values back to n = 0, m = 0. Our analysis, carried out over 15
Dy, 15 Ho, and 8 Gd adatoms, reveals adsorption on top sites of the same nature for all three
RE elements.
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Figure 5.1: a) STM image showing Dy adatoms on a NaCl bilayer island and on the surrounding
Cu(111) substrate, V, = -2V, I; = 70 pA, length of the scalebar is 10 nm. b) Close up image on
a bilayer NaCl displaying atomic resolution and individual Dy adatoms as protrusions. The
non-monotonic color scale highlights the apex of each adatom, V;, = -2V, I; = 50 pA, length
of the scalebar is 2 nm. c) Adsorption site of Dy, Ho and Gd adatoms with respect to the NaCl
unit cell, the gray filled circles represent the substrate atoms resolved as protrusions and are
identified by integer (n, m) values, the black open circle represents the substrate atoms images
as depressions. The horizontal and vertical lines delimit the regions associated with each
adsorption site.

Which substrate species is imaged as protrusion on NaCl ultrathin films can depend on
the chemistry of the tip apex. While W tips have been reported to image Cl [221, 222], CI-
functionalized tips image Na [223] as protrusion. To determine if the RE adsorption site is
top-Cl or top-Na, we have performed an experiment similar to the one carried out with Ca
substitution in MgO layers [172, 224], this time using Mg as dopant for the growth of NaCl.
Mg atoms are expected to replace Na atoms allowing identification of the species imaged as
protrusions. This process indeed takes place, and the STM measurements demonstrate that in
our experiments the Na atoms are resolved as protrusions (see Appendix 5.5).

To further support this finding, we have carried out DFT calculations to determine the RE
adsorption site on NaCl (see Methods 5.4). Gd and Eu have been chosen to represent the
investigated RE. More precisely, Gd(5p%6s25d") and Eu(5p°®6525d°) were considered as valence
configurations in the calculations. In these systems, the RE atoms feature a half-filled 4 f
orbital, which is inert, and behave as trivalent Gd** and divalent Eu?* species. This allows us
to study the effect of the valency on the adsorption independently of multiplet effects. Note
that inclusion of 4 f electrons in the valence band does not significantly modify the adsorption
geometries and energies, meaning that we expect all atoms with a given valency to show
similar binding properties. Therefore, we consider that Gd** and Eu?" represent trivalent and
divalent species, respectively.

As the experimental evidence points to adsorption at atop sites on a defect-free NaCl(100)
surface, only top-Cl and top-Na sites were examined by DFT. The relative adsorption ener-
gies AE,; and relaxed structures are summarized in Table 5.1. For all the vdW functionals,
physisorption on top-Cl is preferred to top-Na, the AE,; difference between those two sites
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Table 5.1: Adsorption energy difference AE,; in eV between the top-Cl (most stable configura-
tion) and top-Na sites as a function of the vdW functional for Gd and Eu. The distances in the
relaxed structures for adsorption at the top-Cl site, shown here in A, are represented in Fig. 5.2.
The first and second nearest neighbor distances are d; = d(RE - Cl) and d» = d(RE — Na), re-
spectively. The b columns show the buckling of the topmost NaCl atomic plane with this sign
convention: b < 0 means that the atom under the RE lies below the surrounding atoms in the
plane (see Fig. 5.2). For comparison, the buckling at clean NaCl(100) is in the 0.09-0.11 A range
for the studied functionals, with protruding Cl atoms.

Gd Eu
vdW functional AE,; d; dy b AE,; dh dy b
D3 0.430 258 3.84 -0.10 | 0.081 275 4.11 0.16
D3(BJ) 0.370 2.59 3.87 -0.07 | 0.095 2.76 4.11 0.15
vdW-DF 0.331 2.69 4.03 0.08 | 0.168 291 4.33 0.32
optPBE 0.455 2.63 391 -0.04 | 0269 282 4.16 0.16

being smaller for Eu than for Gd. For example, the D3(B]J) functional yields differences of
0.095 and 0.370 eV, respectively. This suggests a lower onset temperature of diffusion for Eu
compared to Gd. The adsorption distances to the first and second nearest neighbors (d; and
dy, respectively, defined in Fig. 5.2), support this interpretation, as their values are ~ 0.15A
smaller for Gd than for Eu at both adsorption sites. The other functionals follow a similar
trend. Interestingly, the RE valency has a qualitative effect on the substrate relaxation upon
adsorption: Gd and Eu induce a different buckling (b) in the topmost NaCl atomic plane (see
Fig. 5.2). In general, the Cl under the Gd atom lies ~ 0.10 A lower than the plane formed by
the four surrounding Na atoms, whereas the Cl under the Eu atom lies ~ 0. 15 A above it. For
example, the exact heights for the D3(BJ]) functional are b = —0.07 and 0.15 A, respectively.
Considering that at the clean NaCl(100) the Cl atoms protrude by ~ 0.104, it is confirmed that
the interaction with the divalent species is weaker. We find that bonding with the substrate
occurs mainly via the delocalized electrons at the Fermi level, which are of s character for Eu
(see Appendix 5.6). In the Gd case, the extra d electron also participates, contributing to create
a stronger bond with the surface, which is consistent with the shorter Cl-Gd bond length. In
summary, the investigated RE atoms chemisorb at top-Cl independent of their valency, with
similar geometries, in agreement with the STM observations.

From the bonding point of view, top-Cl adsorption is coherent with top-O adsorption on MgO,
which has been reported for all RE species investigated so far [172, 173, 224]. However, on
NaCl we find this unique adsorption site, while on MgO there is coexistence of top-O and
bridge adsorption sites, with relative abundances depending on the RE species and on the
thickness of the MgO layer [172, 173, 224]. In particular, the highest proportion of RE adatoms
on bridge sites is observed for films only 1 ML thick. The fact that on 2 ML NaCl we observe a
single adsorption site indicates that this configuration is energetically favored already for the
thinnest NaCl layers. Therefore, we expect the RE adsorption site to be exclusively top-Cl on
thicker NaCl as well. This is also corroborated by the results of the DFT computations that
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Figure 5.2: Definition of the distances d, d», b and b for a RE atom physisorbed at top-Cl sites
of NaCl(100). The bonds in this graph are artificially distorted and difference exaggerated to
guide the eye. The actual DFT relaxed distances for RE = Gd and Cl are shown in Table 5.1.
Color code: Clin green, Na in blue, and RE in gray.

were carried out for a NaCl(100) slab of 6 ML.

The magnetic properties of the adsorbed RE atoms have been investigated by means of X-
ray absorption experiments. For these measurements, thicker NaCl films were grown to
ensure the absence of exposed bare metallic substrate regions. Figure 5.3 shows the results
of measurements at the My 5 edges of 0.019 ML Dy on 9 ML NaCl/Cu(111). The observed
spectral shape indicates a 4 f'° configuration, with coexistence of 4 f¥ species responsible for
the third peak in the experimental XAS and XMCD spectra (full vertical line in Fig. 5.3(a, b)).
However, this species is mainly associated with contaminated Dy atoms, as concluded from
the increased intensity of the above-mentioned peak with sample aging [12, 211]. The 4 f1°
configuration corresponds to the gas phase one, and to divalent Dy. The angular dependence
of the XMCD intensity indicates a small out-of-plane anisotropy. Recording the XMCD signal
at 1287 eV while sweeping the magnetic field gives an open hysteresis loop in normal incidence,
see Fig. 5.3(c). The absence of remanence indicates quantum tunneling of the magnetization
(QTM) at very low magnetic field. However, this QTM channel quickly gets inaccessible as
the external magnetic field is turned on, resulting in slow dynamics at intermediate B fields
up to about +3 T, as demonstrated by the butterfly-shaped loop. In particular, starting from
zero field, we observe a non-constant magnetization decay with two steps, one below +0.9 T
and the second at about +3.2 T, both suggesting level crossings at the respective fields. On the
contrary, the grazing magnetization curve is closed within experimental resolution and does
not show any specific feature, see Fig. 5.3(d).

To get insight into the magnetic ground state and in general into the energy level scheme
responsible for the observed magnetic behavior, we performed multiplet calculations using
the multiX code [78] in which the C4, symmetric crystal field due to the top-Cl adsorption
is described by an effective point charge approach. We focused at reproducing the out-
of-plane anisotropy, the XMLD shape and behavior with respect to the magnetic field, the
observed steps in the magnetization curves (indicative of change in the spin dynamics), and
the existence of a tunneling channel close to zero field. In particular, the constraints imposed
by the XMLD shape (see appendix C) allow us to exclude a m; = +8 ground doublet and
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Figure 5.3: Measured data with simulated spectra 0of0.019 ML Dy on 9 ML NaCl on Cu(111). The
measurements are done at 2.5 K and the simulations are performed at different temperatures
in (d) and at 5 K in all other panels. a) XAS, b) XMCD at the Dy M, 5 edges (B = 6.8 T). ¢)
Normal incidence magnetization curve acquired by recording the XMCD signal at 1287 eV
(indicated by a dashed vertical line in b), field rate 2 T/min (flux 1.5x102? photons nm ™2
s~1). The gray arrow indicate the position of the steps in the hysteresis. d) Grazing incidence
magnetization curve with fits to determine the effective temperature. e) XMLD at the Dy M, 5
edges. f) Proposed energy level scheme in the J = 8 multiplet explaining the observed data,
the splittings of the split doublets are exaggerated for visibility (values are given in table 5.4).
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Figure 5.4: Decaying total yield signal difference between M5 edge 1287 eV and pre-edge 1280

eVat 0.3 T and 2.5 K, flux in the experiment is 1 x 10~2 photons s~} nm~2.

point towards a mj = +7 ground state. Note that, assuming the experimental temperature of
T = 2.5 K, multiplet calculations result in a too large magnetic susceptibility for B < 1 T, both
in grazing (see Fig. 5.3(d)) and normal (not shown) incidence. To find a better agreement, we
used an effective temperature of the adatoms as fitting parameter. This approach is justified by
the fact that in such experiments the photon energy is converted in secondary electrons and
phonons. Spin-electron and spin-phonon scattering can put the adatom in an excited state
characterized by a non-thermal population of the ground multiplet if relaxation processes are
not efficient enough to allow the spin to thermalize to the bath (crystal) temperature. This
process is known as phonon bottleneck [225-229]. Since our multiplet calculations are valid
for the system at equilibrium, we focussed on the grazing incidence magnetization curve
which shows negligible hysteresis. Our best fit is obtained for T = 5 K and results in the energy
level scheme shown in Fig. 5.3(e). The values are given in Appendix 5.2.

The obtained level scheme reflects a dominantly axial crystal field with some mixing induced
by the Cy, crystal field symmetry, resulting in four families of the J, eigenstates [71]. The
mj = +£7 ground doublet is symmetry-protected against QTM. The butterfly shape of the
magnetization curve is due to thermally-assisted QTM via the m; = +8 and the m; = +6
split doublets, found at relatively low energies. These states can be reached with Amj;=+1
transitions resulting from spin scattering with phonons and secondary electrons. The crossing
of m; = £7 with mj; = ¥8 is responsible for the steps in the magnetization curve observed at
B =+0.9T, and the crossing of m; = +7 with m; = ¥6 for the one at +3.2 T. These crossings,
involving states not mixed in C;, symmetry, do not induce direct QTM, but they allow tunnel
across the barrier mediated by Am; = +1 scattering processes.

In order to characterize the low field spin dynamics, we acquired the spin lifetime at different
fields. To perform such measurements, the B field is first set to 6.8 T to saturate the sample
magnetization and then reduced to the target value, where the difference in absorption at
edge (1287 eV) and pre-edge (1280 eV), for a single polarization is acquired, as a function of
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time. Although not being the XMCD signal, this quantity represents the dynamics of the Dy
magnetization very well. The spin relaxation at 0.3 T is shown in Fig. 5.4, together with an
exponential fit yielding a lifetime 7 = (550 + 100) s. We do not observe significant 7 variations
in the 0.1 T to 0.5 T magnetic field range. The relaxation pathway and time are influenced by
several factors, among which the adatom ground state and in general the energy level scheme,
as well as the properties of the supporting substrate. Here, we find an energy scheme similar to
the one obtained for Dy on graphene/Ir(111), which is also characterized by a 4 f!° electronic
configuration, but by Cg,-symmetric crystal field [12, 211]. The ground m; = +7 doublet is
symmetry-protected from QTM in both cases, however, for Dy on NaCl the energy splitting
between ground doublet and first excited state is too small to avoid thermal population and
subsequent thermally-assisted QTM at very low B. The longer lifetime observed for Dy on
graphene/Ir(111), of the order of 1000 s at 2.5 K, can be traced back to the higher stiffness of
graphene and to the related lower density of phonon modes in the energy range of interest [178,
192], resulting in a reduced probability of reversal induced by spin-phonon scattering [230].
For Dy on top-O sites on MgO/Ag(100), both 4 ¥ and 4 f1° occupations have been observed,
depending on the MgO film thickness [173]. In the 4! configuration, a m; = +8 ground
doublet well separated from the excited doublets has been deduced. These ground states are
connected via QTM by the Cy, crystal field at B = 0 T, resulting in very short lifetimes when
approaching zero field. These differences in the energy schemes are well reflected in the shape
of the magnetization curves for the two systems, in particular i) for Dy on MgO, direct QTM
induces a very sharp butterfly-shaped hysteresis, and the absence of low-lying excited states is
reflected by the lack of other steps in the magnetization curve [173] ; ii) for Dy on NaCl, the
smoother butterfly shape arises from QTM via the first excited state, and the presence of level
crossings is reflected by the steps in the magentization curve at +0.9 T and +3.2 T.

To characterize further the crystal field generated by RE adsorption on NaCl, we have in-
vestigated the behavior of Ho adatoms. Figure 5.5 shows the results of X-ray absorption
measurements at the My 5 edges of 0.021 ML Ho on 8 ML NaCl/Cu(111). Comparison with XAS
and XMCD spectra acquired on Ho adatoms on different surfaces allows us to identify the Ho
electronic configuration as 4 f1! [204]. As for Dy, the presence of 4 f'° species, identified as
contaminated Ho adatoms, is revealed by the relatively high intensity of the peak indicated
with full vertical lines in Fig. 5.5(a,b). The XMCD spectra acquired at normal and grazing
incidence reveal a very weak in-plane anisotropy. The magnetization curves recorded by
acquiring the XMCD signal at 1342 eV are paramagnetic (Fig. 5.5(d)), showing that the mag-
netic relaxation time is shorter than the time-scale of the measurement. The XMLD spectra,
being almost identical at 0.1 T and 6.8 T, point towards a strong crystal field allowing minimal
modification of the level order when varying the magnetic field in the experimental range.

Further insight is gained by comparing the data with multiplet calculations. We focus on
reproducing the spectral features of Ho shown in Fig. 5.5, with particular emphasis on the
weak anisotropy, on the shape and intensity of the XMLD signal with its weak dependence
vs. applied magnetic field, and on the shape of the magnetization curves. To describe the
crystal field, we use effective point charges with C4, symmetry, see Table 5.3 in Appendix. The
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Figure 5.5: Measured XAS, XMCD, and XMLD together with multiplet simulations for 0.021 ML
Ho on 8 ML NaCl on Cu(111) at 2.5 K. a) XAS, b) XMCD, c) XMLD at the Ho M, 5 edges
(B =6.8T).d) XMCD signal (peak at 1342 eV indicated by a dashed vertical line) recorded
while sweeping the magnetic field at 2 T/min (flux 1.9x 1072 photons nm~2 s™!). The simulated
magnetization curves are normalized with respect to the intensity of the peak at at 1342 eV in
the XMCD simulated at grazing and normal incidence. e) Proposed energy level scheme of the
lowest Ho multiplet (J = %) resulting from multiplet calculations.
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Figure 5.6: Measured data for 0.017 ML Gd deposited on 11 ML of NaCl on Ag(111) at the M, 5
edges of Gd. a) Experimental XAS with the simulation of the XAS of Gd3* and Gd?*. b) XMCD
spectra, the dashed line indicates the peak at 1182 eV. c) Magnetization curve acquired by
sweeping the field at 2 T/min (flux 1.6x10~2 photons nm~2 s~ 1).

resulting energy diagram is shown in Fig. 5.5(e). The Ho magnetization is poorly protected
from reversal because of the strong mixing between eigenstates of the angular momentum
operator in the entire magnetic field range used in our experiment.

Ho adsorbed on top-O site on MgO/Ag(100) in the 4 f1° electronic configuration has out-of-
plane easy axis and remarkable magnetic stability [1, 98]. On the contrary, its 4 f1! counterpart,
observed mainly on thicker MgO films, displays in-plane anisotropy [231]. The absence of
well-defined anisotropy for Ho on NaCl is likely related to the combination of valency and

stronger transverse crystal field terms.

As already discussed, on MgO/Ag(100) Dy and Ho are divalent or trivalent depending on
the MgO film thickness, the general trend being to recover the free-atom valency on thicker
MgO layers [173, 231]. In line with these results, we find that both Dy and Ho are divalent
on the relatively thick NaCl films used in our X-ray experiments. This behavior was taken
into account in our DFT calculations for the adsorption site, where we have chosen Eu®* as
prototype for divalent rare earths, while we used Gd3** to represent trivalent adatoms [232,
233]. Nevertheless, we have carried out X-ray absorption measurements to confirm that this
behavior is valid also for Gd adatoms on NaCl films. Figure 5.6 shows the XAS, XMCD and
magnetization curves for 0.017 ML Gd adatoms adsorbed on 11 ML NaCl/Ag(111). The XAS
indicates a 4 f7 trivalent configuration as corroborated by the comparison with simulations
of free standing atoms in 4 f7 (Gd3*) and 4 f® (Gd?*) electronic configuration. The XMCD
spectra together with the magnetization curves reveal a tiny out-of-plane anisotropy. The
absence of a well-defined magnetization easy axis is expected for Gd because of its isotropic
nature as free atom with orbital angular momentum L = 0. However, a small anisotropy can
be induced by appropriate crystal fields, as observed in molecular complexes [234-238].
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5.3 Conclusions

In conclusion, NaCl proved to be a good supporting layer for protecting magnetization reversal
of single atoms leading to a lifetime of at least 500 s for Dy at non-zero magnetic field. Although
MgO was shown to have a more stabilizing effect, the uniqueness of electronic configuration
and adsorption site for the three investigated rare earth elements makes NaCl a great system
for ensemble characterization. For example, it represents an ideal benchmark for a systematic
investigation of the effect of a C4, crystal field across all rare earth atoms. In addition, different
chloride salts such as KCI or CsCl could be used to take advantage of the different lattice
parameters and electronegativity to tune the axial vs. transverse crystal field terms. On a
different note, recent findings have shown that intra-atomic exchange coupling between
the 4f and the outer electronic shells can play a role in the spin dynamics of rare-earth
single atoms [239]. Our DFT calculations in Appendix 5.6 indicate that for divalent species,
represented by Eu, the outer shell is not polarized, while trivalent Gd displays clear polarization.
Therefore it could be worth investigating other rare earth species expected to show magnetic
anisotropy and with a tendency to be trivalent, such as Tb or Ce [232, 233], to explore the effect
of intra-atomic exchange coupling on the spin dynamics.

5.4 Methods

Sample preparation

The Cu(111) single crystal was prepared in situ by repeated sputtering (0.8 - 1.2 keV, 30 min)
and annealing (720 - 750 K, 40 min) cycles. NaCl thin films were grown using an effusion cell
heated at 770 K, on the substrate kept at room temperature. For the STM experiments, we used
anominal coverage of the order of 0.5 ML, resulting in regions of bare substrate coexisting
with extended NaCl island 2 or 3 ML thick. For the synchrotron experiments, 8-11 ML of
NaCl were grown, a coverage that ensures the absence of exposed bare metallic substrate.
Rare earth atoms were deposited from high purity (99.9 %) thoroughly degassed rods using
e-beam evaporators, on the substrate kept at approximately 10 K (STM) and 4 K (synchrotron
experiments). The RE coverage is given in monolayers (ML), with one ML being one RE atom
per NaCl surface unit cell. For the STM experiments we used coverages of the order of 0.1 %
ML, while for synchrotron experiments the coverage was about 1 % ML.

STM measurements

Scanning tunneling microscopy (STM) measurements were performed with a home-built
STM, operating at 5 K [36]. The images were recorded in constant current mode using electro-
chemically etched W tips. The bias voltage V; refers to the sample.

DFT

In the density-functional theory (DFT) calculations, the NaCl(100) surface was modelled by a
slab of 6 ML in a periodic supercell, leaving a vacuum space of 13 A between slab images. The
lateral periodicity was fixed to that of the NaCl crystal (5.64 A), with rare earth (RE) adatoms
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Gd and Eu forming a c(2 x 2) superstructure. All the atomic positions were allowed to relax.
As the experimental evidence points to adsorption at atop sites on a defect-free NaCl(100)
surface, top-Cl and top-Na sites were examined by DFT. The geometry is shown in Fig. 5.8.

The spin-polarized DFT calculations were carried out in the projector augmented wave ap-
proach with plane wave basis sets, as implemented in VASP [240, 241]. Several van der Waals
(vdW) functionals were used to address the weak interactions between the RE and the sub-
strate. The functionals used in this work were: the DFT-D3 method of Grimme with zero
damping (D3) [242] and the variant with Becke-Jonson damping [D3(B])] [243]; Dion’s vdW-
DF functional [244], self-consistently implemented [245, 246]; and the DF-based variations
optPBE by Klimes et al. [247, 248]. This allows us to cover different vdW formulations of the
dispersion interactions, ranging from semiempircal (e.g., D3) to parameter-free non-local
correlations (e.g., DF).

The convergence thresholds for the total energy and the forces on the atoms were 10~/ eV and
0.02eVA™!, respectively. Partial state-occupancies in the self-consistency cycles were allowed
with the Bléchl triangular method [249] and a 0.1 eV smearing width for the Fermi level (EF).
The plane waves were constructed with a 8 x 8 x 1 sampling of the first Brillouin zone [250] and
a 280 eV cut-off. Na(2p6331), Cl(2s? p5), Gd(5p6632d1) and Eu(5p6652d0) were considered as
valence electrons in the calculations. We have checked that the inclusion of 4 f in the valence
band does not significantly modify the adsorption geometries and energies. For this test, the
strong correlation in the 4 f orbital was treated with the LDA+U method [251] in the Dudarev
formulation [252] with values U = 7.5 and 3.5 eV for Gd and Eu, respectively.

X-ray absorption measurements

The X-ray absorption measurements were performed at the EPFL/PSI X-Treme beamline of
the Swiss Light Source [52]. The experiments were carried out using both circularly (6", 07)
and linearly (", o) polarized X-rays in the total electron yield (TEY) mode, at a sample a
sample temperature of 2.5 K. The XAS corresponds to (6" + ¢~), while XMCD and XMLD
are defined as (6" — o) and (¢ — ¢?), respectively. The measurements were carried out
at the M, 5 absorption edges of the RE species. Two incidence angles with respect to the
surface normal have been used, namely normal incidence (8 = 0°) and grazing incidence
(8 = 60°), in both cases the magnetic field was collinear with the incident X-rays. Background
spectra in the energy range of interest were acquired for each NaCl/Cu(111) sample prior
to the deposition of RE atoms, and were subtracted from the RE/NaCl/Cu(111) spectra to
eliminate any contribution from the substrate. The magnetization curves were acquired by
recording the maximum of the XMCD intensity as a function of the external magnetic field B.

Multiplet calculations

Multiplet calculations of the RE XAS, XMCD and XMLD spectra were performed using the
multiX software [78]. The crystal field generated by the interaction of the RE atom with the
neighboring atoms of the NaCl/Cu(111) surface was modeled with point charges. The values
used are reported in Appendix 5.8.
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5.5 Identifying the species observed as a protrusion in atomically-
resolved STM images on NaCl thin films

The literature reports that Cl atoms are imaged as protrusions in STM measurements on
NaCl ultrathin films [221, 222], and that the Na atoms can appear as protrusion only with a
functionalized tip [223]. To clarify what is the species we resolve in our measurements, we
apply a method already used to discriminate between the Mg and O atoms in MgO using
Ca doping [172, 224], this time by depositing Mg atoms on the NaCl layer with the aim of
seeing some Mg atoms replacing Na ones. The result is shown in Fig. 5.7. In addition to the
atomically resolved substrate species, other broad features, that we identify as Mg atoms,
are visible. They appear as protrusions centered at the position of the resolved substrate
atoms (as highlighted by the non-linear color-scale) and have an apparent height of 26 pm,
compared to the corrugation of the substrate atoms of 7 pm. These results, implying that in our
measurements the Na atoms are imaged as protrusions, are in line with our DFT calculations
finding top-Cl as the most favorable absorption site for the RE atoms.

Figure 5.7: STM image of Mg deposited on NaCl bilayer on Cu(111), V; = 1.2V, I; = 85 pA,
length of the scalebar is 2 nm. The non-linear color scale highlights the Mg atom positions.
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Chapter 5. Magnetic properties of rare-earth adatoms on NaCl thin films

5.6 Additional DFT results
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Figure 5.8: Top (a), detail (b) and side (c) views of the adsorption of RE atoms at the top-Cl
sites of the 6 ML NaCl(100) film. The atomic positions shown here correspond to the D3(B])
functional calculation for Gd. The c(2 x 2) supercell for the DFT calculations is indicated with
a dashed line. Colour code: Clin green, Na in blue and RE in gray.
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Figure 5.9: Projected densities of states PDOS (in arbitrary units) obtained with the D3(B]J)
functional at the top-Cl and top-Na sites (other functionals, not shown, give similar curves.
Physisorption in the stable top-Cl configuration occurs by hybridization of the RE(s) with the
substrate, resulting in peaks at 1 eV for Gd(s) and 0.2 eV for Eu(s) below the Fermi level Ef.
The Gd(dyy) orbital pinned at the Fermi level is spin-polarized at the top-Cl site. Other Gd(d)
states lie above Er + 0.5 eV. There is a 0.5 eV exchange splitting of the Gd(s) electrons, which
lie at Er — 1 eV partially hybridized with Gd(d,2). At the top-Na site, it is the Gd(d,2) orbital
pinned at the Fermi level that is spin-polarized, with empty Gd(d) states lying closer to Er
than in the top-Cl configuration.
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5.7 Calibration of the NaCl film thickness

5.7 Calibration of the NaCl film thickness

We calibrated the NaCl coverage combining room temperature STM measurements and XAS
measurements at the Na K-edge. We prepared a sample displaying 25% of its surface covered
mainly by NaCl islands. The NaCl growth starts with an initial double layer with islands
of additional layers on top of it [179], a behaviour confirmed in our STM measurements.
Subsequent XAS measurements allow us to make a correspondence between the coverage
determined by STM and the edge jump at the Na K-edge. For thicker NaCl films, we estimated
the number of NaCl layers from the intensity of the Na K-edge by comparing its height to
the calibrated value. Figure 5.10 show a typical XAS spectrum acquired on a NaCl/Cu(111)
film. Using the procedure outlined above, we deduce that this film corresponds to a nominal
coverage of 9 ML of NaCl.
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Figure 5.10: Normalized XAS spectrum acquired on 9 ML of NaCl on Cu(111) at the Na K-edge
(room temperature, B = 0.1 T). Arrows indicate the energy position for the determination of
the edge jump height.
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Chapter 5. Magnetic properties of rare-earth adatoms on NaCl thin films

5.8 Crystal fields of holmium and dysprosium on NaCl/Cu(111)

The point charges listed in Tables 5.2 and 5.3, generating the CE are used as input in the MultiX
software and are the only free parameters of the simulations once the valency is set.

Table 5.2: Point charges used for the simulations of Dy on NaCl. The Dy atom is placed at the
origin of the coordinate system. The xy plane is parallel to the surface.

Charge No | xA) | yA&) | zQR) | q(e)
d1 =2.7 0 -2.8 | —=1.75
qz 2.7 0 -2.8 | —=1.75
das 0 27 | =28 | -1.75
Q 0 | -27|-28]|-175
ds 0 0 -2.8 | 0.31

Table 5.3: Point charges used for the simulations of Ho on NaCl. The Ho atom is placed at the
origin of the coordinate system. The xy plane is parallel to the surface.

ChargeNo | x() | yA) | zA) | q(e)
qQ1 -1.6 0 -1.2 | 29
q2 1.6 0 -1.2 | 29
Qs 0 | 16 | -1.2] 29
Q 0 | -16]|-12] 29
s 0o | 0 |[-22]01

In figure 5.3 f), the zero field splitting of the Dy adatom split doublets were exaggerated for
readability. The exact values are given in Tab. 5.4:

Table 5.4: Zero field splitting of the Dy doublets.

m; | Energy (meV)
+8 0.002

+6 0.01

+4 0.3
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Conclusion

In this thesis we investigated the self-assembly of three molecular ligands (QDC, BDA, ZnTPyP)
with rare earth atoms on three decoupling layers (MgO, NaCl, graphene). MgO and NaCl did
not allow the coordination of rare earths with the molecules. Nitrogen-terminated ligands
on MgO were not observed as the molecules either diffuse from the islands to the Ag(100)
substrate or do not adsorbe at all. On the contrary, BDA’s interaction with MgO is too strong to
allow binding to rare earth atoms. The propensity of NaCl to dissolve and form a coordination
structure with the molecular ligands prevents formation of metal-organic networks on this
substrate. Coordination complexes were produced with the nitrogen terminated ligands (QCD,
ZnTPyP) on gr/Ir(111). We did not succeed in obtaining large gr/Ir(111) areas of graphene
covered by the rare earth-ZnTPyP structure. However a rare earth-QDC metal-organic network
was synthesized, covering a large portion of the gr/Ir(111) surface.

Magnetic properties of the Dy- and Er-QDC coordination complexes on gr/Ir(111) were mea-
sured with XAS, XMCD and XMLD spectroscopy. An inversion of the easy-axis of magnetization
with respect to single atoms on gr/Ir(111) was observed for both species, from in-plane to
out-of-plane for Er, and from out-of-plane to in-plane for Dy. Multiplet simulations and quali-
tative estimation of the electrostatic interaction were carried out to support the interpretation
of experimental data and to gain further understanding of these systems.

In parallel, X-ray data of single Dy and Ho atoms on NaCl/Cu(111) and of single Gd atoms on
NaCl/Ag(111) were analyzed and their interpretation was supported by multiplet calculations.
STM measurements determined the adsorption site for each of the three species to be top-Cl.
Dy exhibits long relaxation time at non-zero magnetic field, thanks to the decoupling effect of
the NaCl layer.

In the future the preliminary results on gr/Ir(111) of chapter 4 should be completed with
measurements on other lanthanides. Improved models could complete the basic investigation
of the 4 f asphericity, possibly taking into account the intershell coupling of Dy and Er. Ligands
with different geometry, see for example reference [141], could be interesting candidates for
the formation of rare-earth based metal-organic structures on graphene as steric repulsion
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Chapter 6. Conclusion

could produce more regular networks. Deprotonation of the carboxylate group on graphene is
an interesting challenge. While we briefly tried to deprotonate BDA on gr/Ru(0001), depositing
larger ligands that could bear higher temperature before desorption is still an option. However,
a surface with higher catalytic effect will also interact more strongly with the magnetic element:
the sweet spot will be a substrate that has enough interaction with the carboxylate moieties to
catalyze their deprotonation, but not so much as to perturb the magnetic moment of the rare
earth atoms.
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.\ Inelastic electron tunneling spec-

troscopy on Dy-QDC

A more complete picture of the magnetic properties of lanthanides must include the intra-
atomic exchange interaction between the 4 f and the 5d6s shells [239]. Inelastic electron
tunneling spectroscopy is a tool that can be used to investigate the properties of atomic-scale
magnetic systems [253-255]. Many rare earth atoms on graphene/Ir(111) exhibit inelastic
excitations at energies of the order of ~100 meV due to intra-atomic exchange coupling [239].
In particular, Dy (4 f1°) adatoms on gr/Ir(111) exhibit a conductance step at +90 meV. We
searched for the presence similar signatures in the rare earth atoms coordinated with molecu-
lar ligands described in chapter 3. In the Dy-QDC metal-organic structure, an inelastic step at
approximately +50 meV was observed (figure A.1), but only on the fourfold coordinated Dy
atoms. The reference spectra acquired on the surface were flat, excluding the contribution of
junction artifacts. If the presence of the inelastic features is confirmed with further measure-
ments the diminution of the exchange energy would indicate a reduction of the spin of the
outer shell due to bonding with the surrounding ligands.
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Figure A.1:  STS spectra acquired on a fourfold coordinated Dy atom in a Dy-
QDC/graphene/Ir(111) coordination complex (Ise; = 50 pA, V;,04=9 mV at 532 Hz). The
displayed spectrum is an average of two spectra. Inset: STM image of the site of acquisition of
the spectra. Tunneling conditions: V; = -3V, I; =50 pA,5 K.
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Tables of spectra for the simulations
of Dy- and Er-QDC/gr/Ir(111)

In chapter 4, the constraints on the ground state of Dy (4 f°) and Er(4 f!!) were obtained by
comparing with the XAS of some of the pure m; states. By putting two artificial axial charges
below Er and Dy atoms in the simulations, and by varying their distance to the atoms and their
intensity, we could induce all m; as ground states, except m; = 13/2 for Dy and m; =7/2 and
myj =9/2 for Er. By simulating at 0 K we insure only the ground state is populated and therefore
only the spectra generated by the ground state are seen in the simulations. We specifically
looked at the peak at 1287 eV for Dy (figure 4.2 (a)) and the first peak at 1398 eV for Er (figure
4.4 (a)). The peaks are indicated by black arrows in the first simulated spectra of figures B.1
and B.2, where the simulated XAS of Dy and Er are shown, respectively.

In the discussion of chapter 4 we tried to find a correlation between the angle a with the z-axis
of the center of charge in an octant of a 4f distribution and the shape of linear dichroism
spectra of Dy and Er. For Dy, the inversion of XMLD is seen between the m; = 9/2 and
my = 11/2 in figure B.3, as « crosses the /4 angle (see figure 4.8). However, we do not observe
such a correlation for Er, as seen in figure B.4.
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Appendix B. Tables of spectra for the simulations of Dy- and Er-QDC/gr/Ir(111)
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Figure B.1: Multiplet simulation of the XAS (sum of left and right handed polarizations) at 0 K
with incidence 6 = 0° of some m; pure states of Dy>* in a 5.5 T external magnetic field normal
to the surface. We haven't found point charges leading to an m; = 13/2 state yet.
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Figure B.2: Multiplet simulation of the XAS of some m; pure states of Er**. We haven't found
point charges leading to an m; = 7/2 and m; = 9/2 state yet.
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Appendix B. Tables of spectra for the simulations of Dy- and Er-QDC/gr/Ir(111)

Figure B.3: Simulated XMLD (difference between the vertical and horizontal linearly polarized
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absorption spectra) spectra at 6 = 60° for some m; states of Dy.
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8] Determination of the ground state of
Dy/NaCl/Cu(111)

Looking at the linearly polarized x-ray absorption spectra instead of considering the XMLD
can help determine the ground state. This approach was used to find constraints in chapter 5.
The two experimental spectra at 0.1 T for o, and o, are shown in figure C.1. Comparing them
with the simulated spectra obtained from all the m;j states given in figure C.2, we deduce a
dominance of the m; = +£7 state for the ground state. The highest peak in the o, absorption
spectrum at 1286 eV is higher than the second one at 1288 eV (both indicated with a black
arrow). mj =7 spectrum is the only one that a discernible peak at 1288 eV while having a
higher peak at 1286 eV. All pure m; states are obtained using an artificial crystal field generated
by two axial charges. The charges are aligned below the Dy atom. By varying their distance to
the Dy atom and their intensity we were able to bring each m; as ground states.
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Figure C.1: Linear absorption spectra of 0.019 ML Dy on 9 ML NaCl on Cu(111) at § = 60°.
Temperature is 2.5 K.
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Figure C.2: Simulated linearly polarized x-ray absorption spectra at 8 = 60° for the two polar-
izations for the m;j states of Dy (4f10) in the J = 8.
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Gd/NaCl/Ag(111)

We carried out attempts to reproduce the x-ray data of Gd/NaCl/Ag(111) with multiplet simu-
lations. It was difficult to affect the ordering of the m; states of Gd with point charges. Instead
we tried to extract information by applying the sum rules and looking at the magnetization
curves. Gd has a half-filled 4 f* shell with J = S =7/2 and L = 0. The sum rules applied to the
XMCD spectra (figure 5.6) give (S;) = 5/2 at 6.8 T. We can simulate the magnetization curve
with a spin Hamiltonian (equation 2.15). Although Gd in the 4 f” configuration cannot usually
be treated with the spin Hamiltonian model, we only aimed at adding constraint on the energy
level scheme for the multiplet simulation. We restricted ourselves to axial operators at first.
Our simulation best fits the slope of the magnetization curve around 0 T when the ground state
is my = 3/2. Taking in account the result of the sum rules, and the isotropy of Gd/NaCl/Ag(111),
we found the Stevens coefficient of table D.1 that produce the magnetization curves shown
in figure D.1. Accepting this fit, we then tried to reproduce the same energy level scheme
(table D.2) with multiplet simulation. Even starting from a known energy scheme, we could
not reproduce the desired energy levels with a point charge model. Most reasonable charge
configuration only give sub-meV level splitting. As the charges get larger or closer to the Gd
atom, other multiplets start to mix with the multiplet J = 7/2. We could not reproduce that
energy level scheme in with point charges, and therefore could not simulate the spectra.

Table D.1: Stevens coefficient for the simulation of Gd/NaCl/Ag(111).

2 4 6
BO BO BO
0.16349 eV | 0.01738 eV | 0.000502 eV

Table D.2: Energy level of the positive m; states of Gd at B=0T.

m]:1/2 I’)’l]:3/2 l’}’I]=5/2 m]:7/2
20 meV 0 meV 0.4 meV 20 meV
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Appendix D. Gd/NaCl/Ag(111)
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