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Abstract 

 

The goal of my thesis was to understand, design and modify the properties of surfaces as a 

whole, as well as of surface-supported atoms and molecules. This way I discovered exciting 

differences and similarities between two- and three-dimensional systems, i.e. between the 

surface and the bulk, which came as a natural consequence in the pursuit of this aim. I have 

observed physicochemical phenomena that strictly require the specific characteristics of 

surfaces and also a number of effects that proceed in a very similar fashion when compared to 

the gas or the liquid phase. One thesis is, however, not enough to study all of the interesting 

phenomena in surface science, i.e. the field concerned with effects occurring when the 

dimensionality of the arrangement of atoms is decreased below three. Therefore I focused on 

exploring on-surface chemistry and magnetism – phenomena that are closely related, as they 

both depend on the interaction of atoms’ valence electrons with the surroundings. 

The first example of how one can tune the properties of a surface is provided by adding a one-

atom-thick layer of adsorbates – specifically O, N and Cl on Cu(001). During my work I 

discovered that this simple modification can drastically alter the reactivity of a surface, as 

studied using the self-metalation reaction of porphyrins, in which a metal atom is taken from 

the substrate and embedded in the molecule. Interestingly, this approach also allowed studying 

the interactions between the molecules, visualised in the formation of molecular self-

assembled islands and clusters. 

In the second studied system I investigated a surface covered by only single ad-atoms, not by a 

full layer of adsorbates. In this project I was interested in the influence of a substrate on the 

magnetic properties of single transition metal atoms. Isolated single atoms, due to their 

spherical symmetry, cannot possess any magnetic anisotropy – i.e. directional dependence of 

magnetic properties. The interaction with a surface can, however, induce such directional 

dependence, which in the case of Cr atoms deposited on a Bi substrate is found to reach the 
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theoretically possible limit. It is, to the best of my knowledge, the first observation of such a 

giant magnetic anisotropy on a non-insulating substrate. 

Due to the very limited nature of the periodic table of elements, it is desirable to change the 

properties of paramagnetic atoms even before depositing them on a surface. Due to the vast 

possibilities given by organic chemistry, inserting an atom in easily modifiable molecule is a 

simple way to achieve that. In this thesis I show that such an organic ‘cage’ around an atom can 

additionally modify the magnetic interaction between the paramagnetic ion and the underlying 

substrate. I was able to tune the molecule-substrate magnetic exchange coupling energy by 

using molecules with different functional groups. 

Interestingly, molecule-surface magnetic interactions can also be used to study molecular 

motion. I also discuss the use of X-ray Magnetic Circular Dichroism for detecting out-of-plane 

molecular rearrangement in a model case, in which two phthalocyanines, MnPc and FePc, 

showed different adsorption energies with the former being able to push the latter away from 

the substrate.  

During this thesis I also developed a method for creating a supramolecular chessboard-like 

arrangement built from two different molecules, namely MnPc and FeFPc. This approach has 

been successfully used by me and my colleagues in many projects that strictly required a 

surface-supported, alternating arrangement of molecules. Fascinating properties of this low-

dimensional magnetic layer were controlled by chemical ligation as well as by the choice of the 

underlying substrate – Au(111), Ag(111) or ferromagnetic O-covered Co(001). Those different 

supports enabled studying different magnetic coupling interactions that are strong on 

ferromagnetic supports, while weak on diamagnetic.  

This thesis expands the range of tuneable surface properties. This was achieved by the use of 

on-surface supramolecular engineering, an approach combining the design and modifications of 

molecules and surfaces, as well as the interactions between them.  
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1 Introduction 

 

1.1 Motivation and outline 

 

Even though, or perhaps because, we live in a three-dimensional world, our physical interaction 

with the surroundings is mostly two-dimensional, i.e. occurs via surfaces. We walk on the 

surface of the earth, touch the surface of a warm coffee cup and use the surface of a desk as a 

working space. It was therefore natural that mankind started to exploit surfaces very early. 

They were, for example, used to store information, also in the form of art – e.g. as cave 

paintings or on papyrus.1,2 In the 21st century we still save data on surfaces, even though the 

way we do it became much more sophisticated. Apart from writing on paper we use magnetic, 

electronic or optical properties of interfaces to store information – in magnetic hard drives, 

solid-state drives and optical drives, respectively.3–5 We also have greatly increased the amount 

of data that can be stored per unit area; as an example, modern magnetic hard drives can save 

above 1 Tbit per square inch,6 roughly 10 orders of magnitude more than hand-written text. 

The design and the large available surface area in all these technologies allows information to 

be stored and retrieved in a ‘random-access’ manner. 

Beyond data storage, mankind also learned to exploit surface-specific properties like the 

adsorption of contaminants in filters and the surface-specific reactivity as found in 

heterogeneous catalysis.7 This field of science attracted four Nobel prizes (for F. Haber and C. 

Bosch, I. Langmuir as well as Gerhart Ertl). Three of these four awards were given for the 

discovery, development and elucidation of the so-called Haber-Bosch process of synthesizing 

ammonia, mainly used in the production of fertilizers. This process has been termed the 

“detonator of the population explosion” and the most important invention of the 20th century, 

as it allowed for the world’s population to grow from 1.6 billion at the beginning of the 20th  
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century to more than 7 billion today due to its impact on agriculture.8 It is estimated that 

ammonia production by the Haber-Bosch process consumes more than 1% of the world’s total 

energy supply.9  

These examples of surface science and their role for society pose two important questions: (i) 

how can we modify surfaces to allow for new reactions and make existing ones more efficient, 

as well as (ii) what can represent the smallest addressable, surface-supported bit of information 

and how can they be manipulated. This thesis tackles the task of answering these questions by 

studying on-surface chemistry and magnetism. Chemical reactions, which are dynamic in their 

nature, and magnetism, which is more commonly encountered in static applications, might 

seem like two completely independent phenomena, but in reality they are closely related, as 

they both result from the interactions between valence electrons of neighbouring atoms and 

molecules. In addition, as shown in this thesis, they can work in tandem to shape structures of 

extraordinary properties. There are many degrees of freedom in the design and tunability of 

these systems, as provided by the unique approach of on-surface supramolecular engineering, 

combining self-assembly, surface chemistry and magnetism. 

Designing functional systems with interesting properties has been successfully employed in 

metal-organic interfaces, weaving together the advantages of both organic and inorganic 

worlds. Most notably, porphyrins and phthalocyanines on metallic surfaces have become a vivid 

area of interest with many different phenomena studied, and each being able to extend the 

already large amount of porphyrin-based applications.10–12 These on-surface phenomena 

include, but are not limited to (i) site-selective orbital doping,13 (ii) self-metalation,14,15 (iii) 

single-molecule rotation,16 (iv) conductance switching via tautomerization,17 (v) creation of 

catalytic 2D MOFs,18 (vi) conformational switching19 as well as (vii) magnetic switching.20 The list 

is extensive because an appropriate substrate can be chosen and the molecules can be 

functionalised in many different ways, e.g. by ligands or by exchanging the metal centre. 

Choosing the appropriate substrate, however, does not always yield the expected results. Due 

to the very finite nature of the periodic table of elements it is desirable to customize the native 

metallic surfaces. This brings us back to the question (i), i.e. how to modify a surface in order to 
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control its physicochemical properties. The first part of this thesis (chapter 2.1) aims at 

answering this question by showing that simple surface functionalization can tune the chemical 

activation energy and reaction pathways. On-surface metalation reactions of free-base 

tetraphenyl porphyrins (2HTPP) on differently functionalized Cu(001) surfaces have been 

investigated and compared to the corresponding reaction proceeding on the native, non-

functionalized surface. The surface functionalization involves atomically thin layers of 

adsorbates, namely O, N and Cl, exhibiting distinct and contrasting influences on the self-

metalation reaction. Oxygen adlayer facilitates the metalation reaction to occur at a 

temperature ~150 K lower than on native Cu(001); nitrogen adlayer partially facilitates the 

reaction (i.e. with ~50 % reaction yield) while the Cl adlayer inhibits metalation up to the 

temperature of molecular desorption. In order to metalate the 2HTPP molecules adsorbed on 

the Cl-covered surface, metal atoms were deposited from the top, which resulted in an 

interesting two-step reaction mechanism; at room temperature a transition compound was 

created and only at elevated temperatures the final reaction product, CuTPP, was obtained. 

Moreover, it is shown that the adsorbate-induced surface modifications have a clear impact on 

the assembly of molecules; strong adsorption on bare Cu(001) significantly hinders molecular 

diffusion, O and N adsorbates surfaces facilitate diffusion and self-assembly while Cl causes 

molecules to assemble in small clusters that do not follow classical Poisson distribution. This 

study aids to elucidate the mechanism of on-surface self-metalation and shows how differently 

reactions on a surface can proceed when compared to the case in solution or in a gas phase.  

This approach additionally suggests a method of “building up” metal-organic interfaces where 

molecules of desired properties might be synthesized directly on the surface by enhancing not 

only the reactivity of the interfaces, but also by allowing reactants to encounter each other by 

facilitating molecular diffusion. Therefore, perhaps surprisingly, the results from chapter 2.1 

help to answer the question (ii) that can be re-phrased to: What is the ultimate size-limit of an 

easily-controllable, surface-supported magnetic information bit and how can we engineer it. As 

a simple example, by this approach Mn(II)TPP molecules could be synthesised on a surface, 

while they are not available in bulk due to their low stability. Only Mn(III)TPPCl  is stable and 

commercially available. 
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Molecules, however, are clearly not the smallest objects that can possess spin, as already single 

atoms do. In order to discuss the difference between the magnetic properties of ad-atoms and 

ad-molecules, chapter 2.2 presents a study of single transition metal atoms adsorbed on a 

Bi(111) substrate. Interestingly on this substrate Cr and Fe atoms exhibit out-of-plane magnetic 

anisotropy, which in Cr reaches the theoretically possible physical limit.  

While single atoms provide the ultimate limit of single-spin systems and single surface-

supported Ho atoms have recently been shown to exhibit magnetic remanence,21 there are still 

many difficulties with this approach. Apart from the fact that these atoms have to be separated 

from each other and there is no easy and scalable way to achieve that, an atom also cannot be 

functionalized. Therefore inserting a single paramagnetic metal atom into molecules like 

porphyrins and phthalocyanines largely extends the range of spin systems to be investigated at 

surfaces. A molecule can be viewed at a first sight as a “cage”, as it creates a natural spacer 

between the magnetic atoms and allows for the up-scaling of ordered 2D domains by on-

surface self-assembly. Notably, molecules also change the physicochemical properties of the 

inserted atom and modify its interaction with the substrate, allowing for an impressive level of 

tunability.  

A seemingly simple method of changing the properties of surface-supported magnetic entities 

would be to modify the strength of the interaction with the substrate, for example by varying 

the substrate-adsorbate separation. This is close to impossible for atoms as we can barely 

control their adsorption site, but becomes straightforward when considering a molecule. 

Chapter 2.3 reveals a method of manipulating the magnetic properties of metal-organic 

interfaces consisting of paramagnetic molecules adsorbed on ferromagnetic substrates, by 

simply varying the substrate-molecule distance. By using molecular substituents of different 

sizes we in turn control the magnetic exchange coupling strength. Specifically, three different 

Mn-based porphyrins adsorbed on Co and O-covered Co were studied – ligated with eight ethyl 

groups (MnOEPCl), four phenyl groups (MnTPPCl) or four di-tert-butylphenyl groups 

(MnTTBPPCl). The substrate-molecule distance varied between ~0.2 nm and ~0.5 nm and this 

way the magnetic exchange coupling energy was tuned between 30 meV and 80 meV. On the 
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bare Co substrate, where molecules adsorb strongly, the coupling strength changed 

monotonously between the three molecules. Interestingly, the changes in coupling energy are 

not as straightforward in the case of O-covered Co where molecules self-assemble, which 

suggests that molecular flexure can compensate the effect induced by ligands. 

Molecular diffusion is a prerequisite to self-assembly. On-surface studies focused mostly on the 

diffusion of adsorbers along step edges and across the surface plane. Not as much attention, 

however, has been brought to out-of-plane rearrangement in molecular multilayers, because its 

investigation is not nearly as straightforward. Notably, inter-layer rearrangement effects were 

studied before in the case of delta-doped interfaces, i.e. thin layers of dopant atoms buried 

between thicker layers of a semiconductor. Inter-layer mixing of atoms in such interfaces was 

shown to significantly influence the performance of semiconductor devices.22,23 Similar 

rearrangement of layers on a molecular scale could show an impact on the performance of thin 

films in future applications. In chapter 2.4 a spectroscopic method of studying vertical 

molecular rearrangement on ferromagnetic substrates is proposed. XMCD is used to study 

bilayers consisting of two molecules with different metal centres (FePc and MnPc) and 

determine which molecule is in contact with a ferromagnetic O/Co substrate. An interesting 

vertical rearrangement of the bilayers is observed, with MnPc driving FePc away from the 

substrate. 

An aim of this thesis is to show how closely related chemistry and magnetism are, and how they 

can influence each other. In the last result chapter, an extraordinary approach is shown in 

which chemistry, magnetism and surface science can be used together in order to create layers 

with properties unattainable in any other way than this supramolecular engineering. In Chapter 

2.5 the creation of novel 2D magnetic structures by co-deposition of different molecular 

building blocks is shown. The molecules used were two different phthalocyanines – MnPc and 

perfluorinated FeFPc, in which peripheral hydrogen atoms were substituted by fluorine. This 

resulted in the creation of a chessboard-like supramolecular assembly with alternating Mn-Fe 

metal centres, directed by C-H ··· F hydrogen bonds. Such an on-surface assembly exhibits 

fascinating magnetic properties depending on the underlying substrate. On Ag(111) it behaves 
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as a bimetallic, paramagnetic layer; when adsorbed on Au(111), it creates a 2D lattice exhibiting 

long-range ferrimagnetic order caused by intermolecular coupling mediated via the Au(111) 

surface electrons. On O-functionalized ferromagnetic Co(001) substrate on the other hand it 

serves as a magnetic array that can be selectively and reversibly controlled by chemical ligation.  
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1.2 Methods 

 

The following section provides an overview of the preparatory as well as analytical techniques 

used in this thesis. In the presented studies a spectro-microscopy correlation approach was 

employed, combining both spatially-averaging and local-probe techniques. Scanning Tunnelling 

Microscopy and Low Energy Electron Diffraction were used to obtain structural information 

about the studied interfaces. Chemical composition of samples as well as evolution of chemical 

reactions was investigated using X-ray Photoelectron Spectroscopy. Ultraviolet Photoelectron 

Spectroscopy provided information about the electronic properties of studied systems. 

Magnetic properties, on the other hand, were elucidated with X-ray Magnetic Circular 

Dichroism and Scanning Tunnelling Spectroscopy.  

Sample preparation 

Single crystals of Cu(001), Ag(111) and Au(111) were cleaned by cycles of Ar+
 sputtering at ion 

energy of 2 keV and subsequent annealing to 600oC. The Cu substrate modifications were 

performed on a clean Cu single crystal kept at 150oC: O/Cu was obtained by dosing 2000 L of O2 

over 1000 s; N/Cu by sputtering with N+ ions (E=500 eV) while Cl/Cu was prepared by depositing 

CuCl2. All of the used molecules were deposited from a home-built Kundsen cell; the rate of 

deposition was monitored with a Quartz Crystal Micro-Balance (QCMB).  

Ferromagnetic Co(001) substrate was prepared by depositing a 20 ML thick film on top of a 

Cu(001) single crystal. The deposition was performed in two steps: first 10 ML were deposited 

onto a crystal held at room temperature, followed by annealing to 150oC and deposition of 

another 10 ML on the surface kept at this temperature. For O/Co, 20 L of O2 were dosed onto 

the sample before the second Co deposition step.  

The Si(111) substrate was cleaned by direct-current heating; after cooling down the substrate 

to 150 K, 60 MLs of Bi were deposited. The Fe and Cr atoms were deposited on the substrate 

kept at ~15 K in order to prevent clustering. 
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X-ray Photoelectron Spectroscopy (XPS) 

In XPS the sample is irradiated with monochromatic x-ray light and it results in the emission of 

core electrons due to the photoelectric effect. These electrons are captured by an electron 

energy analyser, and the number of counted electrons is plotted vs. the electron energy. Each 

element in the periodic table leaves its specific fingerprint in such measured spectrum, which 

allows for a quantitative determination of the sample composition.  Moreover, the signatures 

of each element shift in energy based on its chemical state and environment, and therefore 

make it possible to study the evolution of chemical reactions. Since XPS does not inherently 

require a tuneable x-ray source, it can be measured not only using a synchrotron, but also with 

radiation emitted from an x-ray tube. Very good introduction to XPS is provided in Refs. [24,25]. 

Ultraviolet Photoelectron Spectroscopy (UPS) 

The fundamental phenomenon behind UPS is the same as in the case of XPS – it investigates 

the electrons emitted from the sample due to the photoelectric effect. The difference lies in the 

energy of used electromagnetic radiation. While in XPS, x-rays cause emission of electrons from 

core electronic levels, UPS utilizes ultraviolet light, which results in emission from valence 

energy levels. It allows electronic structure of solids and small molecules to be studied. In this 

thesis it is used mainly to determine the interface charge reorganization induced by different 

surface modifications; it is achieved by measuring the changes in work function. More details 

about UPS on solids can be found in Ref. [26], while in-depth information on the use of this 

technique at metal-organic interfaces is available in Refs. [27,28]. 

 

 

X-ray Magnetic Circular Dichroism (XMCD)  

XMCD is an extension of the synchrotron-based X-Ray Absorption Spectroscopy (XAS) 

technique. In this method the sample is irradiated with circularly polarized light of tuneable 

energy. It takes advantage of the fact that, due to the angular momentum conservation 
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principle, exposure to circularly polarized light results in preferential excitation of spin-up or 

spin-down electrons. Each set of data requires acquiring two spectra – one obtained with left- 

and one with right-handed circularly polarized light. Then the difference of the two is taken, 

and the result of subtraction provides a vast amount of information about the magnetic 

properties of the sample. Most importantly, due to the fact that the absorption edge is at a 

different energy for each element, it is an element-specific technique. Additionally, owing to 

XMCD sum rules, it allows to quantify both the spin and the orbital magnetic moment 

separately.  

While XMCD is not intrinsically a surface-sensitive technique, it can be if the total electron yield 

(TEY) is measured. In the TEY mode current flowing due to electrons being emitted from the 

sample are measured; these electrons have the mean-free path in the order of 1 nm, and 

therefore only absorption close to the surface is detected. More information about the XMCD 

technique can be found in Ref. [29]  

Scanning Tunnelling Microscopy (STM) 

STM technique is based on the phenomenon of quantum tunnelling, where a particle can pass 

through a barrier higher than its energy. In this local imaging technique an atomically sharp, 

metallic tip is used to scan over the sample’s surface at an extremely close distance. A bias 

voltage applied between the tip and the sample results in a small current flow though the 

vacuum with this current depending exponentially on the tip-sample distance. In the most 

commonly used STM measurement mode, the tunnelling current is kept constant by a feedback 

loop. The extremely precise movement of the piezoelectric scanner reflects the convoluted 

information about the topography and the local density of states of the sample. Additionally, 

STM allows for studying the occupied and the unoccupied electronic states of the sample, 

depending on the direction of the current flow. An introduction to the STM can be found in the 

Ref. [30]. 

Scanning Tunnelling Spectroscopy (STS) 
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In the STS technique an STM tip is placed over the studied object and a bias voltage is swept in 

the desired range; during this procedure the tunnelling current is recorded. In modern scanning 

tunnelling microscopes the dI/dV derivative is directly recorded using a lock-in amplifier and it 

provides information about the electronic density of states in the sample as a function of 

electron energy. In this thesis STS was mainly used to study the Kondo effect, i.e. the screening 

of spin impurities by conduction electrons. It evidences itself in STS as a feature near zero bias 

voltage. More details are provided in Refs. [30,31]. 

Low Energy Electron DIffration (LEED) 

In LEED low energy electrons (typically in the range of 20-300 eV) are diffracted from the 

sample and observed on a fluorescent screen. The pattern created by the diffracted electrons 

corresponds to the reciprocal space of the sample. It allows gaining information not only about 

the geometry of the studied surface, but also about the interatomic distances. In this thesis 

LEED was mainly used to determine the structure and symmetry of surface reconstructions and 

superstructures. In-depth description of this technique can be found in Ref. [32]. 
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2 Results 

 

2.1 Studying the influence of surface modifications on 

substrate’s reactivity by porphyrin metalation 

 

2.1.1 Porphyrin metalation providing an example of a redox 

reaction facilitated by a surface reconstruction 
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Summary: Here we demonstrate the decisive impact of an adsorbate-induced surface 

reconstruction on the self-metalation reaction of 2HTPP with the Cu atoms from the substrate. 

The reaction requires an elevated temperature of 450 K to proceed on bare Cu(001), while it 

occurs below room temperature on an O-reconstructed Cu(001). This lower activation energy of 

self-metalation on the O-reconstructed surface is attributed to the lower enthalpy of formation 

of H2O, released during metalation on O/Cu(001), compared to H2, which is formed during 

metalation on bare Cu(001). 

 

This work is published in Chemical Communications. Its publisher, the Royal Society of 

Chemistry, allows to use published articles in the authors’ theses; c.f. 

http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-

permissions/ 
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2.1.2 Probing the Reactivity of Functionalized Surfaces by 

Porphyrin Metalation 

 

 

 

Summary: In this work the change in reactivity of the substrate depending on the adsorbate-

induced superstructure is studied by investigating the self-metalation reaction of 2HTPP. The 

c(2x2) superstructures of N and Cl on Cu(001) are investigated and the results are compared to 

both bare Cu(001) as well as O-reconstructed Cu(001). The two adsorbates are shown to have 

drastically different influence on not only the on-surface reaction but also on the molecular 

assembly. N-induced superstructure is found to facilitate both the molecular diffusion the self-

metalation. In contrast, Cl-induced superstructure inhibits the self-metalation reaction 

completely, requiring metal atoms to be deposited from above in order to overcome the steric 

hindrance imposed by the system. It also has a very interesting impact on the molecular 

assembly, namely causes the molecules to create small clusters that do not follow a classical 

Poisson distribution. 

 

 

This work is published in ChemistrySelect. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. Reproduced with permission. 
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2.2 Magnetic properties of single transition metal 

atoms on a Bi(111) substrate 

 

Currently, there is an increasing interest in studying magnetic atoms at surfaces, also including 

the pursuit of single-atom magnets as the ultimate limit of magnetic data storage. This was 

accompanied by controversial discussion about the first STS-based report of stable magnetic 

moment in single Ho atoms on Pt(111)33 which then could not be reproduced by other groups34. 

A few weeks before this thesis was written, magnetic remanence in single surface-supported 

rare-earth atoms has been reported in XMCD measurements; interestingly, the atoms in 

question were also Ho but deposited on a different substrate, namely MgO.21  

We focused our investigation on magnetic properties of transition metal (TM) atoms on 

Bi/Si(111) surface. The choice of the substrate was motivated by the fact that it exhibits a large 

Rashba splitting, i.e. a momentum-dependent splitting of spin bands at the surface.35 The 

electronic properties of TMs on Bi(111) were addressed by other groups using STM; 

interestingly, the transition metals were found to penetrate the first layer of Bi without any 

energy barrier and reside within the first bilayer.36 This allows for a relatively high coverage of 

single paramagnetic atoms, i.e. without clustering. However, TMs on Bi(111) lacked the 

determination of their magnetic properties. Therefore, we decided to address these properties 

using the spatially-averaging XMCD technique aiming to achieve the fundamental 

understanding and control over single-atom spin systems at interfaces. 

Isolated single atoms cannot exhibit a stable magnetic moment since they have spherical 

symmetry; hence, there is no preferential direction for the spin to align with, as long as there is 

no external magnetic field.  Interaction with the substrate, however, can give the atoms a 

directional dependence of magnetic properties, called magnetic anisotropy (MA). MA is 

required to observe stable magnetic moments exhibiting a magnetic hysteresis and it can be 

studied by measuring the angle-dependent XMCD. 37 In order to decrease the size of surface-

supported magnetic bits, each atom in the ferromagnetic domain should have as large 
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magnetic anisotropy energy as possible and it should be of easy-axis type, i.e. out-of-plane. 

Therefore it is interesting to see that both Fe and Cr single atoms show a significant out-of-

plane magnetic anisotropy (Fig.  2.2.1), as in both cases the XMCD signal is stronger when 

measured in normal incidence as compared to grazing incidence. The difference is especially 

large for Cr. 

 

Figure 2.2.1 The XMCD on Cr (a, b) and Fe (c, d) L3,2 edges measured in normal incidence (a, c) and 

grazing incidence of 60o (b, d) in the external magnetic field of 6.8 T. The intensity scale is the same for 

both angles for each element. It can be seen that both Cr and Fe show higher XMCD in normal incidence, 

indicating an out-of-plane magnetic anisotropy. The shape of XMCD signatures, especially for Cr, 

suggests a large orbital moment of the atoms (L3 and L2 edges pointing the same direction). The spectra 

were obtained at 7 K for Cr and at 13 K for Fe. 

To quantify this anisotropy, i.e. to determine the magnetic anisotropy energy (MAE), measuring 
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magnetisation curves at two angles is required. The obtained curves were fitted using a model 
described in Ref. [38], after slight modifications. It is a classical model that does not take 
magnetic moment quantisation into account, but was shown to give good results already for Co 
(S=3/2).38 In the used procedure the magnetisation M was calculated as: 

𝑴 = 𝒎
∫ 𝑑𝜙∫ 𝑑𝜃𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃𝑒−𝐸(𝜃0,𝜃,𝜙)/𝑘𝐵𝑇

𝜋

0

2𝜋

0

∫ 𝑑𝜙 ∫ 𝑑𝜃𝑠𝑖𝑛𝜃𝑒−𝐸(𝜃0,𝜃,𝜙)/𝑘𝐵𝑇
𝜋

0

2𝜋

0

 

where m is the magnetic moment of a single atom, Θ0 defines the easy axis of magnetisation, Θ 

is the polar and φ is the azimuthal coordinate of the measured magnetic moment while E(Θ0, Θ, 

φ) is the magnetic energy function given by: 

𝐸 = −𝒎𝑩𝑐𝑜𝑠𝜃 − 𝐾(𝑠𝑖𝑛𝜃0𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝑐𝑜𝑠𝜃0𝑐𝑜𝑠𝜃)
2 

where K is the magnetic anisotropy energy of a single atom and B is the magnetic field. The 

magnetisation curves presented in Fig. 2.2.2 measured at two different angles were fitted 

simultaneously with a fitting procedure based on the above-described model with three free 

parameters: magnetic moment m, magnetic anisotropy energy K and temperature T. The values 

of magnetic moment at B=6.8 T were calculated from the XMCD spectra (Fig. 2.2.1) using sum-

rules,39,40 after taking the correction factors41 into account.  

The magnetic anisotropy originates from the interaction between the spin and the orbital 

momentum of an atom and requires the ligand field breaking the spherical symmetry of the 

free ion.42 In the vast majority of magnetic materials, however, the orbital magnetic moment is 

quenched due to ligand field effects and hybridization, thus leading to very low MAE in the 

order of K=0.01 – 1 meV.43–45 Therefore, already the K=2.5 meV obtained for Fe is considered 

high. Interestingly, the Cr atoms exhibit more than an order of magnitude higher MAE than Fe, 

i.e. K=30.5 meV. The physical limit of magnetic anisotropy can be calculated as λL, where λ is 

the spin-orbit coupling constant and L is the atom’s orbital angular momentum.42,47 Assuming, 

in accordance with the XMCD results, that the occupancy of Cr and its spin state are 3d5 and 

S=3/2, respectively one can conclude that λ=10 meV46 and L=3, resulting in λL =30 meV. It is 

nearly the same as the value of MAE of Cr, i.e. 30.5 meV, as obtained from the fits of 
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magnetisation curves. This is possible due to the fact that Cr atoms retain a large orbital 

magnetic moment (~ 1.2 µB, as estimated from the orbital XMCD sum rule). It can be seen in the 

XMCD spectra (Fig. 2.2.1a-b) as both L3 and L2 edges point in the same direction.29 Before 

publishing, further analysis of the presented data will be supported by DFT+U calculations to 

gain a better understanding of the phenomena leading to such high MAE. The additional 

analysis will include the elucidation of the so-called TZ term resulting in anisotropy of the spin 

magnetic moment itself, and might slightly change the obtained value of magnetic anisotropy. 

To the best of our knowledge the physical limit of MAE has been nearly reached for Co atoms 

on a thin layer of an insulator,42 but so far never for other 3d transition metal atoms or on a 

semi-metal like Bi.  

 

Figure 2.2.2 Magnetisation curves obtained on ~3% of a ML of Fe (left) and Cr (right) deposited on 

Bi/Si(111). Red and black dots mark data points obtained in normal and grazing incidence, respectively. 

The black lines indicate the obtained fits, from which three given parameters were calculated – 

temperature T, magnetic moment m and magnetic anisotropy energy K. The higher uncertainty of 

calculated values in the case of Fe is due to the fact that even at the maximum field the magnetic 

moment of atoms is not saturated. The temperature difference is unintentional and caused by the 

different thermal conductivities of sample holders. 



53 
 

2.3 Modifying the molecule-substrate coupling energy 

by molecular functionalization 

 

For both application-targeted and fundamental investigations of magnetic interactions, 

paramagnetic organic molecules have many advantages when compared to single atoms. First 

of all, the molecular “cage” naturally separates the paramagnetic species and therefore 

prevents clustering while still allowing for similar coverage of transition metals like in the case 

of depositing single atoms, i.e. a few percent of a ML. Due to the bonding properties of the C 

atom and due to the diverse pre-established synthetic pathways, there are many ways of 

controlling the properties of paramagnetic species. Substitutions and ligations can change the 

oxidation state of the atom, its ligand field and symmetry as well as modify the interaction with 

the underlying substrate.47,48 In the study presented here we deposited three different 

molecules – Mn(III) 2,3,7,8,12,13,17,18-octaethyl-porphyrin chloride (MnOEPCl), Mn(III) 

5,10,15,20-tetraphenyl-porphyrin chloride (MnTPPCl) and Mn (III) tetrakis(3,5-di-tert-

butylphenyl)-porphyrin chloride (MnTTBPPCl) on two different ferromagnetic substrates, i.e. Co 

and O/Co (c.f. Fig. 2.3.1). The adsorption results in a different distance between the macrocycle 

of each molecule and the substrate. Owing to that we were able to tune the substrate-molecule 

magnetic exchange coupling energy. 
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Figure 2.3.1 The top- and side-view of the models of the studied molecules deposited on a Co or an O/Co 

support – MnOEPCl (left), MnTPPCl (centre) and MnTTBPPCl (right), illustrating the changing distance 

between the molecules’ macrocycles and the substrate. 

In order to study the substrate-molecular exchange coupling we used the XMCD technique. In 

Fig. 2.3.2 example spectra measured at RT for each of the six studied systems are shown. The 

direction on the XMCD peaks indicates that all of the molecules couple ferromagnetically (FM) 

to a bare Co substrate and antiferromagnetically (AFM) to an O/Co substrate. Porphyrins on Co 

couple to the substrate by the 90o indirect exchange mechanism via the four N atoms 

surrounding the metal centre.49 On O/Co on the other hand the coupling mechanism has been 

identified as 180o superexchange via the O atoms of the substrate.50,51 This suggests that the N-

Co distance is important for the molecules adsorbed on bare Co, whereas the Mn-O distance 

plays a more important role for the molecules on O/Co. Additionally, in agreement with the 

literature, the position of the Mn L3 edge suggests that the oxidation state of the Mn ion is 

different on each substrate.51 On O/Co the molecules’ metal ion remains as Mn(III); on bare Co, 

however, Mn(II) is detected due to the loss of Cl ligand from most of the molecules.51  
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Figure 2.3.2 The example XMCD spectra obtained at the Mn L3,2 edges of MnOEPCl (a, d), MnTPPCl (b, e) 

and MnTTBPPCl (c, f) deposited on bare Co (a, b, c) and O/Co (d, e, f). In the inset of (c) XAS and XMCD of 

the underlying Co substrate are shown, which were virtually identical for all six systems. All molecules 

couple ferromagnetically to a bare Co substrate and antiferromagnetically to an O/Co substrate. The XAS 

and XMCD for MnTTBPPCl were multiplied by the indicated values due to a lower amount of Mn atoms. 

All of the spectra were measured at room temperature. 

In order to quantify the molecule-substrate magnetic coupling energy, temperature-dependent 

XMCD studies have been performed; the results are shown in Fig. 2.3.3. The six measurements 

plotted in the Fig. 2.3.2 provided six out of thirty data-points in Fig. 2.3.3. From each measured 

XMCD spectrum the ratio between the XMCD and XAS (i.e. (c+ + c-)/2) intensity was calculated. 

The rate at which this ratio changes with temperature is proportional to the coupling energy; a 

weak dependence of XMCD on temperature corresponds to large coupling energy and vice 

versa. The coupling energy can be quantified by modelling the temperature dependence using 

the so-called Brillouin function BJ(x):50 

𝐵𝐽(𝑥) =
2 ∙ 𝐽 + 1

2 ∙ 𝐽
coth (

2 ∙ 𝐽 + 1

2 ∙ 𝐽
∙ 𝑥) −

1

2 ∙ 𝐽
coth(

1

2 ∙ 𝐽
∙ 𝑥) 
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where J is usually a positive integer or half-integer (in this case the total magnetic moment of a 

molecule). In this model the molecule-substrate coupling is treated like an effective magnetic 

field and the coupling energy Eex can be calculated from: 

𝑀𝑚𝑜𝑙(𝑇) = 𝑀𝑠𝑢𝑏(𝑇) ∙ 𝐵𝐽 (
𝐸𝑒𝑥
𝑘𝐵𝑇

) 

where Mmol and Msub are the magnetisation of the molecule and the substrate, respectively, kB 

is the Boltzmann constant and T is the temperature. Due to the very high Curie temperature of 

the used 20 ML Co films (~1000 K), however, Msub is nearly independent on the temperature in 

the range of 50 – 300 K (change of less than 5%) and therefore  was neglected. 

 

Figure 2.3.3 The XMCD/XAS ratios obtained from temperature-dependent XMCD data of Mn L3 edge of 

MnOEPCl (green), MnTPPCl (red) and MnTTBPPCl (blue) deposited on bare Co (left) and O/Co (right). The 

rate of change of the XMCD/XAS ratio with temperature is an indication of the magnetic coupling 

strength between the molecules and the substrate and is fitted with the Brillouin function. The magnetic 

exchange energy can thus be quantified and is given for each system next to the corresponding fits. 

The results obtained on the bare Co substrate follow the expected dependency: the further 

away the molecule’s macrocycle is, the weaker the coupling – specifically 74 meV for MnOEPCl, 

62 meV for MnTPPCl and 43 meV for MnTTBPPCl. Interestingly, on O/Co the exchange energy is 

the same, within the uncertainty margin, for both MnTPPCl and MnTTBPPCl molecules and 

equal to ~30 meV. The coupling energy of MnOEPCl on O/Co is only ~50% larger, while on bare 
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Co it is almost double that of MnTTBPPCl. This all suggests that molecular flexure of molecules 

deposited on the less-reactive O/Co can mitigate the effect induced by the size of the molecular 

substituents. It would be very interesting to deduce an empirical dependency of the coupling 

energy with distance, but in order to achieve this the knowledge about the exact distances 

between substrate and molecule atoms is required. Thus, X-ray Photoelectron Diffraction 

experiments as well as DFT+U calculations are currently ongoing. 

To summarize, the presented data shows significant tunability of metal-organic interfaces by 

simple functionalization of the spin-bearing molecule. The range of attainable exchange energy 

values can be further extended by changing the ferromagnetic substrate50 as well as by axial 

ligation that can pull the metal ion away from the plane of the molecule, introducing the so-

called spin-trans effect.52  
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2.4 Detecting out-of-plane mobility in molecular 

bilayers 

 

At an interface, there exist many dynamic phenomena occurring parallel to the surface plane, 

exemplified by the well-studied molecular diffusion.51,53–55 The effect of out-of-plane motion is, 

however, frequently neglected, since it is not nearly as easy to study and not as common. The 

following results show a convenient XMCD-based method of investigating the phenomenon of 

molecular inter-layer rearrangement. This effect could significantly alter the properties of 

organic layered structures and therefore would need to be taken into account in the design and 

fabrication of metal-organic systems, similarly to the case of atomic inter-layer mixing in, by 

design ultra-thin, delta-doped layers in semiconductor devices22 as well as layered oxide films.56  

In the Fig. 2.4.1 Mn and Fe L3,2 XAS and XMCD spectra of different molecular films on O/Co are 

shown: ~1.1 ML of FePc (a, b), the same sample after adding 1ML of MnPc (c, d) and after 

reversed order of molecular deposition. Before the deposition of MnPc, the single layer of FePc 

couples antiferromagnetically to the underlying substrate, as expected. After the deposition of 

the second molecular layer, however, the XMCD signal of Fe decreases significantly (i.e. ~5 

times) and is accompanied by the appearance of XMCD in Mn, suggesting that the MnPc 

molecules drive FePc away from the substrate with a yield of ~80%. Interestingly, no such effect 

is observed after a reversed order of deposition, i.e. first MnPc then FePc (c.f. Fig. 2.4.1e, f). It 

suggests that this effect is not solely caused by the kinetic energy of the molecules deposited in 

the second step, but rather is an outcome of their different adsorption energies. The reason of 

this difference is most likely two-fold: firstly, MnPc molecules have a higher spin state than 

FePc and therefore interact stronger with the magnetic field generated by the O/Co film and 

secondly, MnPc molecules undergo a charge transfer to the substrate changing the oxidation 

state from Mn(II)Pc to Mn(III)Pc.57 Therefore, the interaction of FePc is predominantly of 

physisorption type whereas for MnPc it is a mixture of physisorption and chemisorption, 
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according to the recently-proposed criteria on how to discriminate between these two 

phenomena for large π-conjugated organic molecules.58 

 

Figure 2.4.1 The Mn and Fe L3,2 XAS and XMCD spectra of different molecular films on O/Co: (a, b) 1 ML 

FePc, (c, d) after adding MnPc on top and (e, f) after reversed order of deposition, i.e. first MnPc and then 

FePc. After depositing MnPc on a full monolayer of FePc the XMCD/XAS ratio of Fe significantly decreases 

due to most of FePc being pushed away from the substrate (c.f. b vs d). No such phenomenon is observed 

after reversed order of deposition. The intensity of the XMCD spectrum in (d) has been multiplied by 5. 

The molecules in all cases were deposited on a substrate held at RT. All spectra were measured at 5 K.   
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In principle the presence of XMCD, i.e. of a magnetic moment on the central metal ion, 

measured on the molecules deposited in the second step could also be caused by 

intermolecular coupling of the 2nd layer to the substrate through the 1st layer, not due to inter-

layer mixing. In such a case of a different coupling mechanism, however, one would expect a 

different coupling energy of molecules adsorbed in the 1st and in the 2nd layer. In order to 

estimate the coupling energy and verify that the observed XMCD changes in Fig. 2.4.1 are due 

to layer rearrangement rather than intermolecular coupling, in the Fig. 2.4.2 T-dependent 

XMCD results are shown. The obtained fits indicate that the molecule-substrate magnetic 

coupling energy of MnPc in both single- and double-layer samples is the same within error 

margin; the same applies to FePc. It indicates that in both monolayer and bilayer cases the 

magnetic signal in molecules originates from the interaction with the substrate. 

 

Figure 2.4.2 Temperature-dependent XMCD/XAS ratio from Mn (left) and Fe (right) L3 edges. The same, 

within uncertainty margin, values of exchange energy obtained on single- and bi-layer samples indicate 

that the observed XMCD in bilayers is due to molecule-substrate coupling rather than intermolecular 

interactions. 

It is important to note that in the presented experiments, the molecules were deposited on a 

substrate kept at room temperature. The molecular rearrangement was, therefore, occurring in 

a non-equilibrium state as the molecules deposited in the second step arrived with a high 
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kinetic energy (due to the sublimation temperature of ~300oC). It would be also interesting to 

study how this effect would proceed under close to equilibrium conditions, i.e. by depositing 

the molecules at a very low substrate temperature and then slowly warming up the sample. It 

would allow for the deduction of the energy barrier involved in the inter-layer mixing, also as a 

function of thickness of the bottom molecular film. Notably, this use of XMCD technique to 

study mixing of phthalocyanine layers could be extended to other systems of molecular bi-

/multilayers, e.g. mixtures of phthalocyanines and TCNQ.59 It is also possible to use this method 

for non-magnetic substrates as the XAS line shape is affected by the adsorption site as can be 

seen in the Fig. 2.4.1: b vs. d. 
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2.5 Two-dimensional supramolecular spin arrays 

 

2.5.1 Molecules assembled in a chessboard 

 

Since the seminal work of Scheybal et al.60 it is known that the magnetic moment of 

paramagnetic organic molecules, like porphyrins and phthalocyanines, can be exchange 

coupled to a ferromagnetic substrate.60 Afterwards many similar systems were studied and it 

was also shown that the magnetic moment of molecules can be controlled by gas dosing.20,61 

This lead to the idea of creating a selectively-addressable spin array. One of the main goals of 

this thesis was to prepare and characterize 2D supramolecular layers built from two 

phthalocyanines with different metal centres self-assembled alternatively, i.e. in a chessboard-

like structure, in order to use them in novel magnetic systems. A chessboard-like 

supramolecular array has already been obtained for mixed porphyrin-phthalocyanine systems 

on Au(111);62,63 however, it was not certain that it would apply to a mixture of two fully planar 

phthalocyanines. It was debated that a non-planar interaction, like in the case of 

phenyl/pentafluorophenyl assembly,64 might be necessary. Such a chessboard-like 

supramolecular structure has also never been achieved before on reactive, ferromagnetic 

substrates, which normally do not allow for molecular diffusion. Molecular self-assembly on a 

ferromagnetic substrate can, however, be achieved if the substrate is covered with an 

atomically thin layer of oxygen.51 

The molecules chosen for this study were commercially available MnPc as well as FeFPc 

synthesized by our collaborators from University of Bern (from the group of Prof. S. Decurtins). 

These two molecular species were co-evaporated onto the substrate of choice, i.e. O/Co, 

Au(111) or Ag(111), held at RT. The evaporation rate of molecules was controlled 

independently using a QCMB; to investigate the deposition rate for one molecule, the crucible 

with the other species was kept under a shutter. Due to a significantly higher molecular weight 

of FeFPc than MnPc, a higher mass of the former had to be deposited in order to obtain the 
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desired 1:1 ratio, which was extremely important for the planned magnetic investigations. Once 

the desired and stable rate of both molecules was confirmed, ~1 ML in total of both species was 

deposited simultaneously.  

Before using the sample for synchrotron-based measurements, its quality was investigated 

using lab-based techniques. Most importantly, XPS was measured on every prepared sample 

with special attention given to C1s, F1s and N1s signatures. In the Fig. 2.5.1 typical XPS spectra 

for the co-assembled MnPc and FeFPc are shown. A quantitative analysis of these spectra gives 

a lot of information about the prepared sample: (i) the intensity of the C1s peak confirms the 

~1ML molecular coverage (ii) the ratio of C1s to N1s provides evidence that molecules are still 

intact and that there are no C-based impurities and (iii) a comparison of C1s to F1s intensities 

provides information about the ratio between the molecular species. Since a phthalocyanine 

consists of 32 C atoms and a perfluorinated phthalocyanine is additionally made up from 16 F 

atoms, an ideal C1s:F1s proportion is 4:1, indicating a perfect 1:1 ratio of MnPc and FeFPc. 

Samples consisting of up to 60% of one molecular species were used for synchrotron 

investigations. 

 

 

Figure 2.5.3: Typical XP spectra of ~1ML of MnPc-FeFPc co-assembly deposited on Au(111). The 

quantified ratios between elements are: C/N = 3.8 (ideal = 4.0) and C/F = 3.6 (ideal 4.0), suggesting that 

the sample consists of 55% MnPc and 45% FeFPc. 
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After obtaining satisfactory XPS results, STM measurements were performed to confirm the 

chessboard-like structure of the molecular layer. The MnPc-FeFPc co-assembly was extensively 

studied on three different substrates: O/Co, Au(111) and Ag(111). In the Fig. 2.5.2 STM 

micrographs of co-assemblies on these surfaces are shown. In all three cases the molecular 

species are easily distinguishable; the smaller and brighter species are MnPc, while FeFPc are 

imaged as larger and darker. 

 

Figure 2.5.4: STM micrographs of MnPc + FeFPc co-assembly deposited on a (a) O/Co, (b) Ag(111) and (c) 

Au(111) substrate. (d) Model of the chessboard shown in the inset of (c). The distance between nearest 

neighbours in the co-assembly does not vary significantly between the different substrates and is equal 

to ~1.4 nm.  All of the presented micrographs were measured at Vs=2 V and It=10 pA; images (a) and (b) 

were measured at RT, while image (c) was measured at 4.2 K.   
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Self-assembly occurs through a balance of repulsive and attractive interactions.65 Since we 

observe the supramolecular chessboard, the interactions between MnPc and FeFPc are 

favourable compared to MnPc-MnPc or FeFPc-FeFPc interactions. To know why, it is required to 

discuss the involved forces between (a) C-H···H-C, (b) C-F···H-C and (c) C-F···F-C. In all three 

cases there will be an attractive dispersion force involved,66 which is also the dominant one in 

(a) due to the weakly polar nature of a C-H bond.47 As a result of a much higher 

electronegativity of F on comparison to C, (c) interactions will also involve a strong electrostatic 

repulsion of negatively-charged F atoms.66 The situation is much more favourable in the case of 

C-F···H-C interactions, in which the weak C-H and stronger F-C dipole attract each other, 

creating H-bond type interaction. Two other forces that allow for the system to reach the 

balance of repulsive and attractive interactions are the Pauli repulsion that prevents the 

molecules and therefore the supramolecular assembly from collapsing, as well as the 2D 

analogue of pressure caused by mobile molecules. The molecules that are constantly diffusing 

can be seen as noise in the top-right corners of Fig. 2.5.2a,b. 

In order to achieve a molecular chessboard, the surface has to be well prepared and exhibit 

wide (i.e. > 100 nm) terraces: they are necessary since any steps and defects will act as 

adsorption sites. Low adsorption energy of molecules is also required, as it allows for a high 

diffusion coefficient and therefore large diffusion length, which is necessary to create such an 

extended supramolecular structure. Notably, the smaller the diffusion length, the slower the 

layer should be deposited: it enables the molecules to create the most favourable structure 

before random assembly occurs.  
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2.5.2 Influence of the substrate on the magnetic properties 

of 2D supramolecular chessboard-like assemblies 

 

As shown before, the supramolecular 2D arrangement of molecules had been prepared on all 

studied substrates. Therefore, we found it conceptually interesting to investigate how the 

underlying substrate influences the magnetic properties of the MnPc-FeFPc co-assembly. The 

first clear difference between different substrates is the relative strength as well as the nature 

of the interactions. While on ferromagnetic supports the magnetic exchange interaction is the 

dominant interaction with the substrate, choosing a diamagnetic surface allows for other 

phenomena to be observed. Specifically, the interactions via and with the conduction electrons 

of the substrate can be investigated. Interaction via conduction electrons implies the so-called 

Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling, i.e. the interaction mediated by propagating 

spin density waves. The RKKY coupling is commonly known for its effect on magnetic layers 

separated by a diamagnetic conductor, where depending on the thickness of the spacer layer 

the coupling between the magnetic films can be either ferromagnetic or antiferromagnetic.67,68 

This effect, however, occurs also in the case of surface-supported molecular monolayers and it 

can result in intermolecular coupling.69 The interaction with conduction electrons on the other 

hand is expected to result in the Kondo effect, i.e. in the screening of magnetic moment. It has 

been first observed as a resistance minimum in dilute magnetic alloys,70 whereas at present it is 

extensively studied in surface-supported atoms, molecules and quantum dots by means of 

STS.71–73  

Figure 2.5.3 shows XMCD results obtained for the MnPc-FeFPc co-assembly adsorbed on 

O/Co.57 On this ferromagnetic substrate, the magnetic coupling of the molecules to the 

underlying substrate is dominating and any realistic intermolecular coupling mechanism is too 

weak to be investigated, since the large size of organic molecules do not allow for the 

hybridisation of neighbouring metal centres. However, this strong interaction can be modified 

by ligation, which causes a change in the spin state of the molecules. For example, the spin 
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state of surface-adsorbed CoTPP molecules could be reversibly changed from S=1/2 to S=0 by 

NO (S=1/2) ligation and subsequent annealing.20 The inspiration of spin switching originates 

from the nature: when O2 is transported by blood in the human body, it binds to Fe from the 

haem molecule and changes its spin state from S=2 to S=0.74 In the here shown example of 

control over the supramolecular assembly, we were able to switch the initial ON/ON state (Fig. 

2.5.3a,b) to the ON’/OFF state (Fig 2.5.3c,d) by simple ligation of both molecules with NH3. The 

NH3 changes the spin state of both building blocks; however, MnPc remains paramagnetic 

whereas FeFPc becomes diamagnetic, as evidenced by the lack of XMCD signal (Fig.  2.5.3c). 

Interestingly, NH3 can change the spin state of metal-organic molecules even though it is a 

compound with S=0. This change is possible because NH3 ligation causes a rearrangement of 3d 

orbital energy levels of the porphyrin metal centre; specifically, the interaction of NH3 via its 

lone-pair increases the energy of the 3dz2 orbital, and in turn changes the electronic 

configuration and the spin state of the porphyrin molecules. 
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Figure 2.5.5 Mn and Fe L-edge XAS and XMCD measured on the MnPc-FeFPc co-assembly adsorbed on 

the O/ Co substrate. Fe (a) and Mn (b) L3,2 spectra showing that both molecules couple to the underlying 

substrate. Fe (c) and Mn (d) L3,2 spectra after exposure to 100 L of NH3 onto the sample held at 70 K. 

Ligation caused a change of the spin state of both molecules, resulting in a ON/ON to ON/OFF switch. 

This effect is fully reversible by thermal desorption of NH3 after annealing of the sample to 300 K. Graphs 

adapted from Ref. [57]. 
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The interaction of paramagnetic molecules with an underlying ferromagnetic substrate 

conceals any weaker, intermolecular effects, which we were interested to study. Therefore, we 

decided to investigate the co-assembly prepared on (111)-cut noble, diamagnetic substrates. At 

the beginning we used a Ag(111) substrate, and the results are shown in Fig. 2.5.4. It can be 

seen that the molecular layer behaves like a paramagnet, with both molecules aligning their 

magnetic moment with the external magnetic field (green curves), but exhibiting no net 

magnetisation when the magnetic field is switched off (red curves).  

 

Figure 2.5.6 The XAS and XMCD of Fe (a) and Mn (b) L3,2 edges measured on MnPc-FeFPc co-assembly 

adsorbed on Ag(111). On this substrate the molecules exhibit paramagnetic properties, i.e. they align 

their spin in the magnetic field, but show no magnetic remanence. The apparently large Mn L2 edge is 

due to an overlap with M absorption edges of Ag. The spectra were measured at 2.5 K in normal 

incidence. 

One could expect a similar paramagnetic behaviour of co-assembly fabricated on Au(111). 

However, as can be seen in the Figure 2.5.5, this is not the case. Surprisingly, the MnPc-FeFPc 

supramolecular arrangement on Au(111) shows XMCD even without the external magnetic field 

(red curves in Fig 2.5.5a,b). Moreover, the FeFPc molecules flip their magnetization direction 

when compared to the data measured in the magnetic field. This indicates that there is AFM 

coupling between the two molecular species. As the magnetic moment of the two metal 

centres is different, the molecular layer is a 2D ferrimagnet. To the best of our knowledge this 
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system provides the first example of such a structure. Moreover, this is the first example of an 

on-surface organometallic layer exhibiting properties of a permanent magnet, as the only 

similar 2D system with permanent magnetic moment was presented recently in a fully organic 

layer of TCNQ on graphene, where the coupling between molecules was found to be 

ferromagnetic.75 

 

Figure 2.5.7 The XAS and XMCD of Fe (a) and Mn (b) L3,2 edges as well as the magnetisation curves (c) 

measured on MnPc-FeFPc co-assembly adsorbed on Au(111). Interestingly, molecules exhibit a magnetic 

moment not only in the external magnetic field, but also without it. In remanence the molecules couple 

antiferromagnetically to each other, as evidenced by the opposite signs of XMCD spectra (c.f. red curves 

of (a) and (b)). Both of the molecules exhibit a large orbital moment, as indicated by both XMCD edges 

pointing in the same direction. The magnetisation curve (c) shows that the intermolecular coupling is 
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overcome by an external magnetic field higher than ~2.5 T (c.f. the red curve crossing zero 

magnetisation). In the Mn data a small opening of the hysteresis curve is observed between -2.5 T and 

+2.5 T (green curve).  The data was measured at 2.5 K in normal incidence. 

The magnetic curve of Fe crossing zero at B0=2.5 T means that at this point the intermolecular 

coupling mediated by the substrate is equal in strength but reverse in sign to the interaction 

with the external magnetic field; this allows for the estimation of the intermolecular coupling 

energy. Assuming a magnetic moment of FeFPc equal to mFe=2 μB and taking into account that 

the spin-orbit splitting energy is equal to Esplit=58 μeV per T,29 the intermolecular magnetic 

coupling strength can be estimated as E=B0·mFe·Esplit≈0.3 meV. This result is more than two 

orders of magnitude smaller than that for the molecule-surface interaction strength on a 

ferromagnetic substrate, accentuating that any such interactions, even if present, would be 

virtually impossible to detect on ferromagnetic surfaces. 

The fact that such a 2D ferrimagnetic structure exists becomes even more interesting, when 

considering the fact that the RKKY coupling is not the only physical effect induced by gold. The 

interaction with conduction electrons from gold causes also the so-called Kondo effect which 

results in screening of the magnetic moment. Figure 2.5.6 presents temperature-dependent STS 

data measured with the STM tip positioned above the centre of FeFPc (top) and MnPc (bottom) 

molecules. The zero bias feature is a dip in the case of FeFPc and a step for MnPc, in agreement 

with literature data for homo-molecular layers on Au(111) substrate.69,76  
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Figure 2.5.8 Temperature-dependent STS spectra measured above the centre of FeFPc (top) and MnPc 

(bottom) co-assembled on Au(111). The data in both cases shows a zero-bias feature that is broadening 

with increasing temperature due to the Kondo effect. The data points for all temperatures are plotted in 

grey, while the coloured lines represent fits at the respective temperatures. The data for different 

temperatures have been vertically translated for clarity. The STM image on the right shows the 

molecules STS was measured above.  All of the data had to be measured on the same molecules, as the 

intensity of the Kondo resonance was highly varying between molecules due to the inhomogeneous 

nature of the underlying herring-bone reconstruction of Au(111). 

 

In order to unambiguously prove that these features are due to the Kondo effect, the measured 

data has been fitted with a phenomenological Frota line shape in the following form:77 
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𝑑𝐼

𝑑𝑉
∽ 𝑎 ⋅ 𝐼𝑚 [−𝑖𝑒𝑖𝜙√

𝑖Γ

𝑒𝑉 − 𝑒0 + 𝑖Γ
] + 𝑏 ⋅ 𝑉 + 𝑐 

where φ is the phase factor that determines the shape of the Kondo resonance, Γ is the 

resonance width, e0 defines the centre of the resonance while a, b and c are dimensionless 

factors. The change of Γ with temperature allows in turn for the determination of the Kondo 

temperature defining the energy scale that limits the validity of Kondo results. Thus, the Γ  

parameter depends on the interaction strength between the conduction electrons and the 

magnetic impurity.78 Interestingly, the extracted Kondo temperature TK of both molecules is 

very similar and equal to TK=10.5 ± 1.2 K for FeFPc and TK=12.8 ± 1.0 K for MnPc. These results 

fall in between the values obtained for single FePc (TK=2.6 K)69 and MnPc (TK=36 K)76, 

confirming the electronic coupling between the molecules and the creation of a 2D Kondo 

lattice. 

To understand why the coupling between MnPc and FeFPc molecules is possible, even though 

the spin moments of molecules are partially screened by the Kondo effect, as well as why it 

occurs only on Au(111) and not on Ag(111), we have to consider the nature of the electronic 

states interacting with the molecular adlayer. The first factor to consider is the Fermi wave 

vector kF of the surface-state electrons. On Au(111) due to Rashba splitting there are two 

different wave vectors for opposite spins: kF=1.62 nm-1 and kF=1.85 nm-1,79 while on Ag(111) 

there is one wave vector of kF=0.8 nm-1.79 It would be sensible to consider whether bulk 

electrons also contribute to this coupling; the spin density waves of bulk electrons in Au and Ag, 

however, have an order of magnitude shorter wavelength, therefore decay much faster and 

their contribution to the coupling is negligible.69,80 Taking all this into account, the RKKY 

coupling mediated by the surface-state electrons can be calculated using the equation:81 

𝐽 = 𝐽0
sin(2𝑘𝐹𝑟)

(2𝑘𝐹𝑟)2
 

where J0 is a constant and r is the distance between two magnetic atoms. The results obtained 

from this equation for both Ag(111) and Au(111) are shown in the Fig. 2.5.7. It explains why 
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Au(111) is the ideal substrate to mediate antiferromagnetic coupling within the studied 

supramolecular chessboard. The distance between the nearest neighbours, i.e. 1.4 nm between 

MnPc and FeFPc, lies almost at the maximum of AFM coupling while the distance between 

next-nearest neighbours (1.98 nm between two FeFPc or two MnPc molecules) lies in the FM 

coupling range. 

Looking at only the Fig. 2.5.7 one might then expect a ferromagnetic coupling between the 

MnPc and FeFPc molecules in the supramolecular assembly on Ag(111), as the nearest 

neighbour distance lies in the strong FM coupling range. It is, however, also important to realise 

that the right wavelength is not the only prerequisite to intermolecular coupling. The spin 

density waves also have to interact strongly with the surface-supported spin impurity (i.e. the 

molecular metal centre). The interaction between the molecules and the surface electrons 

depends on many factors including the adsorption site of the metal centre, its chemical 

environment, distance between the metal centre and the surface, symmetry of the system and 

the available local density of states of the surface electrons; it has been shown for example, 

that the Kondo effect can be switched on and off by ligation, by introducing intermolecular 

interactions or by dehydrogenating and therefore bending the molecule.82–84 Interestingly, the 

Kondo effect and the RKKY coupling are closely related as they both arise from the interaction 

of unpaired magnetic moments and conduction electrons of the underlying substrate. 

Therefore, counter-intuitively, the observation of Kondo resonance might be necessary for the 

long-range order. In the case of Ag(111), however, no Kondo resonance was observed for MnPc 

molecules,85 suggesting weak interaction between the molecules and the conduction electrons 

of Ag(111) and hence explaining the lack of intermolecular coupling in the MnPc-FeFPc 

chessboard-like arrangement on this substrate. 
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Figure 2.5.9 Simulated RKKY coupling strength between two spins vs. distance on Ag(111) and Au(111) 

substrates. There are two curves for Au(111) because this substrate exhibits two Rashba-split surface 

states. The black vertical lines indicate that the spin density waves on Au(111) have a virtually ideal 

wavelength to mediate AFM coupling between nearest neighbours (1.4 nm apart) and FM coupling 

between next-nearest neighbours (1.98 nm apart).  

Importantly, such a 2D ferrimagnet is highly unexpected, because theory of magnetism predicts 

that stabilisation of magnetic moments is not possible in low dimensional systems (d≤2) even at 

T=0 K.86 The only reason we can observe this effect is due to the influence of the substrate, not 

only in the form of the coupling mediated by the surface state, but also due to the magnetic 

anisotropy imposed on the molecules. 
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3 Summary and outlook 
 

During my studies I explored fascinating systems exhibiting multidimensional tunability 

combining the advantages of two different, organic and inorganic, worlds. This tunability was 

provided by the extensive selection of possible molecular substituents (organic chemistry), the 

ability to create the intended organic species directly on the surface (metalation), together with 

the possibility to choose and design the properties of the metallic support (surface 

modification). The presented examples show the differences and similarities between the 

phenomena of magnetism and chemical reactions and how they can influence each other.  

By studying porphyrin metalation I have observed that simple, atomically thin surface 

modifications can change the intermolecular interactions and the assembly of molecules, as 

well as the activation energy, the pathway and the products of a chemical reaction. 

Interestingly, metalation involves removing a metal atom from the surface and inserting it in an 

organic molecule, where its properties resemble more those of single atoms. This provides an 

example of how a chemical reaction can influence magnetic properties of a system and 

accentuates the difference between the properties of bulk, surface and single Cu atoms, since 

only the last exhibit paramagnetic properties.87,88 

A reaction involving the insertion of a metal into an organic molecule is, however, not the only 

way to tune magnetic properties of atoms. Also by mere adsorption on a well-chosen surface, 

the magnetic properties of an atom may significantly change. The large out-of-plane magnetic 

anisotropy, as here observed in Fe and Cr single atoms adsorbed on a Bi(111) substrate, 

provides an interesting example of a tunable magnetic property that is important in order to 

decrease the size or magnetic information bits. 

 

The surface-adsorbed metal atoms can be further modified by inserting them in an organic 

molecule – either directly on the surface as exemplified by the self-metalation reaction, or via 
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organic chemistry. The latter approach was chosen in the here presented study showing the 

influence of molecular substituents on the magnetic exchange coupling energy. I was able to 

tune it by a factor of three by modifying the substrate and using molecules with different 

substituents.    

This interaction of metal-organic molecules and their ferromagnetic support lead to a 

phenomenon of inter-layer molecular rearrangement, caused by higher adsorption energy of 

MnPc when compared to FePc. I was able to study this effect using XMCD, as the magnetic 

response of paramagnetic molecules depends on whether or not it is in direct contact with the 

ferromagnetic substrate.  

Interestingly, changing the substrate does not only modify the molecule-substrate interactions, 

but can additionally enable and tune the intermolecular coupling. I have shown that a MnPc-

FeFPc chessboard-like supramolecular arrangement can be prepared on both diamagnetic 

(Ag(111) or Au(111)) and ferromagnetic (O/Co) substrates, exhibiting drastically different 

behaviour on different surfaces. On O/Co it behaved as a reversible switch, on Ag(111) it 

exhibited properties of a purely paramagnetic layer, while the intermolecular coupling through 

the Au(111) substrate enabled the molecular chessboard to become the first, to the best of my 

knowledge, observed 2D ferrimagnet.  

These results may, in the future, help in modifying the properties of magnetic/spintronic 

devices or in surface catalytic applications, in both their design and realisation. A better, 

mechanistic understanding of the role of adatoms in chemical reactions, for example, could 

allow increasing their efficiency. Decreasing the energy required to obtain NH3 would be of 

great interest from both the economic and ecological standpoints, as the currently-used Haber-

Bosch process is inefficient and utilised in an almost-unchanged way since a hundred years. 

Modifying the magnetic properties of surface-supported atoms and molecules on the other 

hand could not only increase the storage density of magnetic hard drives, but also make new 

applications possible, like a 2D organic spin-valve controllable by e.g. ligation. The ability to 

selectively address only a part of the supramolecular layer or even just single molecules by 

STS/STM, as shown by my co-workers and me, extends the possibilities even further.57 
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Naturally, there are many technical difficulties to overcome before we will be able to build a 

device using, for example, a 2D ferrimagnet. First of all, it would need to be protected from the 

influence of ambient pressure and room temperature. These tasks might look extremely 

difficult, but I believe they are not impossible. Coating the molecular layer with a protective 

layer and using ligation or surface modifications in order to increase the magnetic ordering 

temperature could solve these issues. There is also a lot of work required before surface 

superstructures could be used in industrial-scale chemical reactors. 

Possible applications, however, are not the only reason to do research and we would all like to 

know more about the laws of nature. At the time of submission of this thesis, I was not able to 

answer all of the fundamental questions I asked, and there are many more that I did not even 

think of asking. I would like to understand the delicate balance of intermolecular interactions 

that causes 2HTPP molecules to assemble in clusters that do not follow the Poisson distribution. 

I would be very interested to better understand why MnPc molecules push FePc away from the 

O/Co substrate – whether the nature of this effect is more chemical or magnetic, or maybe 

there are other effects that I did not take into account. What I also consider worth pursuing in 

the future is extending the limit of attainable magnetic coupling energies between surface-

adsorbed molecules and ferromagnetic substrates – by e.g. utilising different substrate 

modifications, using even bigger molecular substituents or by ligation that can pull the metal 

atom away from the substrate. Moreover, a phenomenological dependency of the magnetic 

coupling energy on the molecule-substrate separation is still missing.  

I am curious how the idea of the 2D supramolecular chessboard and the 2D ferrimagnet can be 

expanded further, as I can imagine many different ways of modifying its properties. Apart from 

investigating the effects of ligation in more detail, one could use, for example use different 

metal centres and study the relative importance of different molecular orbitals. By using larger 

or smaller organic molecules as well as different substrates, the intermolecular coupling energy 

and possibly also the direction of the magnetic anisotropy would be modified. This opens the 

door to create other magnetic 2D structures, not only a ferrimagnet. It is also interesting to 

think of changing the dimensionality of the chessboard arrangement – to 1D, where they could 
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serve as molecular, spintronic wires or even to 3D where the interaction between molecular 

layers could also be investigated. 

I hope these questions will be answered in the future, some of them maybe by the next PhD 

student.  
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