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CHAPTER
ONE

INTRODUCTION

In the past few years, considerable interest has been devoted to the synthesis of new
materials to be used in spintronics.! This relatively new and very promising branch
in material science considers the spin as the main carrier of information. Its nature is
exploited to preferentially transport information on one spin over the other, depending on
the external magnetic field that is applied and the properties of the magnetic materials.

A new emerging field combines the molecular magnetism and spintronics.?® One of
its main goals is to quench the thirst for the increasing on daily basis needs of high-
density memory and data storage devices. Promising candidates for such applications
are the single-molecule magnets (SMMs).

The SMMs are a special class of molecules, which have a high ground spin state and
exhibit slow relaxation of the magnetization at low temperature.® Their bulk magnetic
properties are of pure molecular origin and are not due to interactions between the
clusters, therefore one molecule can be considered as one bit of information.

For practical use, it is important to establish the energy needed to reverse the sign
of the magnetization, which determines the magnetic memory effect. In the case of
SMMs, the energy potential is presented with the well-known potential well, where the
minima represent the two opposite directions of the magnetization (see Figure 1.1). In
first approximation, the barrier depends on the ground spin state S, and the easy-
axis anisotropy, characteristic for these compounds. The relaxation of the magnetization
follows thermally activated mechanism, where the relaxation time depends exponentially
on the inverse of the temperature. One of the most striking features of the SMMs
is the quantum tunnelling of the magnetization, which produces the steps observed in
the hysteresis of the SMMs. The application of external magnetic field preferentially
supports one spin state, blocking the other, which can be very useful in spintronics.

Figure 1.1: General scheme for the energy potential well of the SMMs.



1. Introduction

One of the actual challenges in molecular spintronics is to exploit the quantum spin
properties of single-molecule magnets (SMMs) when included in new class of spin valves
(SV), data storing, and other devices.>"™ The general class of SVs consists of two fer-
romagnetic layers with different characteristic coercive fields separated by an insulating
layer. They work in low and high resistivity modes through the application of external
field. Such materials are mainly known for their giant magnetoresistance and tunnelling
magnetoresistance, which permits their use for hard-drive devices.

A modern development of the SVs are the organic SVs (OSV), where the isolating layer
is substituted with organic semiconductors. Such systems are known to be more flexible
than their inorganic equivalents due, for instance, to their long spin diffusion length, '
properties needed for the spin-polarized injection and transport applications.'' A very
successful example developed by Xiong et al. is presented in Figure 1.2.

FM,

| Substrate

—»H

Figure 1.2: An example of spin valve presented by Xiong et al.?

The interface between the organic semi-conductor and the magnetic electrode is
known to be the origin of losses in the spin polarization of the current through the
device. The implementation of a thin layer of SMMs in the specific interface is expected
to tune the interaction, by acting as a spin filter. The spin filters inject spin of only one
direction from the substrate to the semiconducting layer, giving thus rise to spin waves.
Indeed, a theoretical study of the MnsNi SMM grafted between two Au leads proved the
suitability of the class for such applications. 3

The implementation of SMMs in such devices inevitably entails their interaction with
different kinds of surfaces. The flexibility of their molecular structure plays a major role.
The SMMs have a magnetic core, responsible for the magnetic behaviour, which usually
consists of a small number of paramagnetic ions, transition metals and/or rare-earth
ones, linked by organic bridges. The core is protected from the environment by organic
ligands, which can be tailored for adsorption on different surfaces or junctions, through
chemisorption or physisorption.

However, the passage from bulk crystalline phase to adsorbed one can have serious
consequences on the properties of such systems. While the SMMs exhibit magnetism
and stability in bulk phase, they are by no means guaranteed upon grafting. Indeed,
such big complexes can easily be too fragile for deposition on surfaces. Moreover, there
are examples of SMMs, such as bis(phthalocyaninato)terbium(III) (TbPcs), that lose
their magnetic properties upon sublimation on metallic surfaces.® Therefore, it is
necessary first to have a complete understanding of the behaviour of these complex
molecular systems in assembled hybrid structures.
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A reliable picture of the adsorption process is obtained by a variety of experimental
techniques. ¥ The structure of the surface and the adsorbed molecules are estimated by
time of flight second ion mass spectrometry (Tof-SIMS) and low-energy ion scattering
(LEIS). In addition, X-ray photoemission spectroscopy (XPS) is considered very helpful
for the determination of elements in the sample, however, its main drawback remains
that it cannot be used as a standalone tool. The scanning tunnelling microscopy (STM)
is also widely used to study molecules on the surfaces. It successfully determines the
topography of the surface and the way the adsorbate are positioned. It also permits to
observe the molecular states for certain energy window. Unfortunately, it is easier to
identify the observed object when working with flat and simple molecules, which is not
the case.

Important information about the interaction with the surface is obtained from the
density of states of the molecule. However, they are difficult to observe for monolay-
ers with ultra-violet photoemission spectroscopy (UPS) for instance, since they remain
partially or fully covered by those of the substrate. On the other hand, the STM-based
dI/dV mapping gives only local information of the sample.

Last but not least, the magnetic properties of the system are determined by X-ray
magnetic circular dichroism (XMCD). It gives information about the magnetic state of
the ions as well as their environment. However, this technique requires the use of a
syncrotron.

In order to fully understand the changes that occur upon adsorption the experimental
results need to be complemented with computational methods. The density functional
theory (DFT) is a powerful tool for characterization of various systems, reproducing
fairly well the experimental data. In the case of such hybrid systems it can provide in-
formation about the integrity and orientation of the molecule on the surface. In addition,
the electronic structure through the density of states and the simulated STM image can
be readily compared with the experimental data, confirming thus the electronic structure
of the cluster and the strength of interaction with the substrate. This is very important
for the development of a strategy to organize SMMs on surfaces. Moreover, a thor-
ough investigation and reproduction of the electronic and magnetic properties is also
mandatory. Such integrated approach has proved to be successful in several studies. 20-2°

The aim of this thesis is to elucidate and evaluate the microscopic interaction between
the deposited SMM and the underlying surface and to propose a reliable computational
protocol, able to reproduce their specific characteristic properties. Special attention will
be given to the changes that occur in the hybrid structures upon their formation, such
as discrepancies in their structural, electronic, and magnetic properties with respect to
the isolated form. In this way, the thesis confines itself to the study of the adsorption,
leaving for the future a thorough investigation of the spin transport, where methods
beyond the density functional theory are required.

The SMM of interest is part of the Fes family. Other members have already been
studied experimentally and theoretically and are known to retain their magnetic proper-
ties upon grafting on conducting surfaces.?® The special features of the SMM used in this
study is that it can be evaporated, which is crucial for its deposition on highly reactive
metals. Moreover, the chemistry of its ligands implies a physisorption on the substrates.

Three different surfaces have been considered - Au(111), Cu(100)c(2x2)N, and LSMO
(Laj_»SrzMnQOs3). The complexity of the surfaces studied passes from the relatively
simple and widely studied conducting one to ferromagnetic oxide surface. Moreover, in
the latter case, special attention is also needed to reproduce its magnetic properties. The
material is widely used in spintronics for the construction of SVs (see Figure 1.2) since

3



1. Introduction

it is known to exhibit colossal magnetoresistance effect. Indeed, the final goal is to be
able to predict the behaviour of the Fey clusters on LSMO and eventually to check their
suitability to act as spin filters.

The complexity and variety of the hybrid structures are an even greater challenge
for the computational protocol. It is also interesting to observe the different influence
that a conducting and ferromagnetic surface has on SMMs. The methodology acquired
assumes first the study of the SMM and surfaces separately, and once a good agreement
with the available experimental results has been achieved, the study can continue with
the investigation of the adsorbed systems.

The structure of the thesis is the following:

Chapter 2 briefly presents the computational methods that have been used throughout
the thesis and their reliability. Special attention is given on the mixed Gaussian plane-
wave DFT framework and the DFT+U approach. In addition, a brief review of the
evaluation of the magnetic properties at a theoretical level of such complex systems is
also presented.

Chapter 3 contains the results of the study of the SMM in the bulk phase. Two
SMM, Fe4(dpm)g and Fey(pta)s, are presented. A stress has been put on the difference
induced upon fluorination of the ligands as well as the reproduction of UPS spectra
and experimental magnetic data through two different approaches - hybrid functional
and DFT+U approach. Moreover, the procedure for the setting of the U parameter is
explained in detail.

Chapter 4 consists of three sections for the three different surfaces that have been
studied - Au(111), Cu(001) ¢(2x2)N and La;_,Sr,MnOs. Each models has been tested
for reproduction of the electronic, structural and where present, magnetic properties.

Chapter 5 covers the results of the study of the SMM deposited on the different
surfaces with thorough analysis and comparison with the experimental results.

The last chapter draws the general conclusion of the behaviour of the SMM on the
different surfaces as well as comments on the reliability of the presented computational
protocol.



CHAPTER
TWO

THEORY

In the recent years, the density functional theory (DFT) has established itself as a reliable
tool for the study of the properties of various range of systems. Its general performance
is generally satisfactory, which explains its wide use. It is reasonably fast and it gives
reliable geometries, which are among the advantages of the DFT scheme. However, the
good results strongly depend on the exchange-correlation (XC) functionals, since they
are approximate and while they succeed to describe certain systems, they fail for others.
Moreover, the dispersion interactions are not considered explicitly, so a correction is
needed to account for them. Last but not least, one of its most serious failures concerns
the treatment of strongly correlated systems. Therefore, the study of metal systems
needs special attention and the use of additional methods.

The following section presents the approaches and corrections to DFT used to study
the hybrid structures investigated in this thesis.

2.1 DFT

The electronic energy within the Kohn-Sham formulation is presented with the equation
2.1:

Ep] = E"[p] + B [p] + E™[p] + EX[o] (2.1)

where E”[p] is the kinetic energy, EV [p] is the electronic interaction with the ionic cores,
EHf[p] is the electronic Hartree energy, and EXC[p] is the exchange-correlation energy.
Within this method, the electronic density is described with a set of orbitals and their
corresponding occupation numbers (see equation 2.2). These Kohn-Sham orbitals are
linearly expanded in basis functions (see equation 2.3).

The choice of the basis set is of great importance. On one hand, there are the historical
Gaussian-based basis sets. They are localized, accurate, but also expensive and present
the basis set superposition error (BSSE). They are still preferred for the description
of molecules. On the other hand, the plane-wave (PW) basis sets are usually used for
periodic systems. They are used together with pseudopotentials, which eliminate the
core electrons and thus reduce the number of orbitals to be calculated. The PWs are
independent of the atomic position and do not lead to BSSE. In addition, they facilitate
the calculation of the Hartree potential and their accuracy is adjustable by varying
their cut-off. However, one of their drawbacks is the computational inefficiency for the
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2. Theory

description of molecules. The precision with which the atom-filled and empty regions
are treated is the same, so they are also very much memory-demanding,.

In 1997, Lippert et al. combined the advantages of both of the above-mentioned
basis sets and presented a DFT-based algorithm for periodic and non-periodic ab initio
calculations called Gaussian and plane waves method (GPW). The scheme uses pseu-
dopotentials in order to integrate out the core electrons from the problem. The valence
pseudo-wavefunctions are expanded in Gaussian-type orbitals and the density is repre-
sented in a plane-wave auxiliary basis. 2’

The density is defined as spin-restricted orbitals {W;} with their occupation numbers
fi (see equation 2.2). The former on their turn are expanded in a basis set of Gaussian-
based localized functions {¢,} (see equation 2.3). Since they are going to be used in
periodic conditions, the orbitals are turned into a periodic function (see equation 2.4).

p=Zf¢|\If¢\2 (2.2)
Wy(r) = Z Cuity, (r) (2.3)
on (1) = 3 ulr = i) (2.4)

In agreement with the PW scheme, pseudopotentials are used to describe the interac-
tion of the valence electrons with the nuclei and the core electrons by effective potentials.
The norm-conserving separable dual-space Goedecker, Teter, Hutter (GTH) pseudopo-
tentials are preferred, since they are based on Gaussians depending on small number of
parameters, and are characterized with accuracy and transferability. 2

The auxiliary basis sets, in this case the PWs, serve in the expansion of the electronic
density. For periodic system the density is expressed as:

o) = & 3 p(@) exp'®” (25)
G

where the sum is over all reciprocal lattice vectors, and € is the volume of the periodic
cell in real space. The expression in equation 2.5 can be truncated and limited to the
sum of the PWs, whose kinetic energy is smaller than the preassigned cut-off %G? This
is a density cut-off, different from the one usually referred in PW calculations, which is a
wavefunction cut-off. In order to get an equivalent value, the latter should be multiplied
by a factor of four. The accuracy of the calculation of the electronic density depends on
the PW cut-off and on the screeening parameter, €5, which determines the integration
range on the basis of overlap integral.

The GPW is a method suitable for the study of adsorbed systems for several reasons.
Firstly, the advantages of both Gaussian and PW basis sets are exploited, therefore
the vacuum space, which appears with the surface creation, is adequately described.
Secondly, large simulation cells are needed to host the molecules on the surfaces. The
study of large systems is the strong point of the GPW, since it scales almost linearly
with the system size, unlike the PW codes, typically scaling quadratically. Moreover,
the fact that the sampling of the Brillouin zone is covered by the T' point is accepted and
justified for large systems. Indeed, GPW and the k-point PW calculations give similar
results for the electronic and magnetic properties of transition metal surfaces and bulk,
both in good agreement with the experiment, when a sufficiently large number of atoms
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2.1. DFT

are used.?? Last but not least, even though the periodicity is implicitly included, it can
be evaded and isolated systems, needed for preliminary investigation on the adsorbed
molecule for instance, can be studied by correctly choosing the size of the simulation cell.
This proves that GPW is a valuable and accurate tool for the study of complex systems.

2.1.1 Exchange-Correlation Functionals

One of the main difficulties stemming from the way DFT is defined remains the choice
of the XC functional, which best describes the investigated systems. These functionals
are divided into three main groups - local density approximation (LDA), generalized
gradient approximation (GGA), and meta-GGA, depending on the way the density is
calculated at a certain point in space.

GGA functionals are known to improve the total energies, the atomization energies,
the energy barriers and the structural energy differences. In the recent years, the es-
tablished functional for solids is PBE.3? On the other hand, one of its revised versions,
revPBE,3! improves both the atomic total energies and the molecule atomization en-
ergies, making it more suitable for simulation of molecules. Another derivative is the
PBEsol functional, which is designed for the description of solids and their surfaces.3?

Problematic remains the choice of functional for the study of hybrid systems. In 2010,
Fabiano et al. proposed a functional designed for such systems - PBEint.33 Tested on
gold nanoparticles, it gives a well balanced description of atomization energies, structural
properties, energy differences between isomers, and bulk properties.?* Unfortunately,
PBEint has not been implemented yet in the Cp2k program, therefore the revPBE and
PBEsol functionals have been used for the hybrid systems studied in this thesis.

2.1.2 London Dispersion Correction DFT-D3

The standard DF'T does not account for the London dispersion interactions. However,
these are very important for the accurate description of physisorption processes and
of systems possessing hydrogen bonds. There are several methods in literature which
propose different ways to correct this shortage. In a recent review,3® Grimme discusses
four different approaches - (a) vdW-DF methods whereby a non-local dispersion term
is included explicitly in the functional, (b) parameterized functional which accounts
for some dispersion (like the M06-2x functional), (c) semiclassical corrections, labeled
typically as DFT-D, which add an atom-pair term that typically has an r ¢ form, and (d)
one-electron corrections. The third one, developed by the author, is proven to be robust
and suited for different kinds of systems, where intra- and intermolecular interactions
are of great importance, as well as for surface science and solid state chemistry.

In this work, the latest version of the Grimme’s method, DFT-D3,3% has been used as
implemented in Cp2k. The resulting total energy (Eppr—p3) is obtained by subtracting
the dispersion energy (Eg;s,) from the standard Kohn-Sham energy (Exs—prr) 2.6:

Eprr—p3 = Exs—prr — Eaisp (2.6)

The dispersion energy is described by the sum of the two-body correction energies
2.7, where the three-body ones have not been taken into consideration. It is the sum
over all atom pairs , where s,, are the scaling factors, truncated at n = 6,8; CAP are the
n-th order dispersion coefficients, and fg, are the dampling functions, which are used
to determine the range of the dispersion corrections (equation 2.8) and depend also on

7



2. Theory

the cut-off radius R{'P.

Edlsp = Z Z fdn TAB) (27)

AB n=6,8

fan(rap) = ! — (2.8)

146 (—AB—RAB )

The parameters ag and ag are adjusted manually and fixed to the values 14 and 16,
respectively. With s, g fixed to 1, the other parameters, sg, sg, s,.¢, are adjusted according
to the exchange-correlation functional used for the specific systems.

In the present work, the DFT-D3 method has been tested on a simpler model of
benzene dimers adsorbed on Au(111) surface. Satisfactory results in agreement with the
experiment have been obtained, therefore the method has been included in the calculation
of more complex systems, such as SMMs on surfaces.

2.2 DFTH+U

One of the major drawbacks of the DFT is its failure to describe properly correlated
materials, such as metals. Indeed, the theory tends to over-delocalize the valence elec-
trons and to stabilize metallic ground states. This is a consequence of the fact that the
charge distribution of an electron interacts with itself resulting in repulsion, called self-
interaction error (SIE). This error appears as a result of the approximation of the XC
functional. In fact, the SIE is introduced by the Coulomb term even in the Hartree-Fock
(HF) model, however, it is cancelled out by the exact exchange term. This is not possible
in DFT since the XC functional is not exact.

A way out of this problem is the use of hybrid functionals. In these cases, a portion of
the exact Hartree exchange term is added to the approximate functionals. The amount
varies from functional to functional and is determined semi-empirically. In the case of
PBEQO, for instance, only 25% of the E)Ig Fis included, which makes it a reliable functional
for a lot of properties and systems. The expression for its XC energy is the following:37

EYEEY = BGe! + 0.25(EYE — EGEY) (2.9)

However, the hybrid functionals are computationally expensive, since they scale as
O(N*). They are affordable for small compounds, such as isolated molecules, but become
cumbersome for large hybrid systems, as the ones in this study.

Another method, which corrects this shortcoming of the DFT, is the Hubbard-based
DFT+U method.?° The advantages of this method are its cheapness and easy im-
plementation, which makes it ideal for studies of isolated and adsorbed systems. The
idea is to describe in a special way only strongly correlated states, while the remaining
states are treated at DFT level. The general formula for the total energy is presented in
equation 2.10:

Eppryu(n.n) = Eppr(n) + Eu () — Ege(n) (2.10)

The Hubbard HF-like term FEy takes into account the on-site interactions. It is
added to the approximate energy FEppr, subtracting the double-counting (dc) term,
which treats the contributions from the localized orbitals in the Eppr term. n is the
operator for the number of electrons occupying a particular atomic site.

8



2.3. SIMULATION OF STM IMAGE

Dudarev et al. proposed a simplified and rotationally invariant DFT+ U method (see
equation 2.11).40 This version has been implemented in the Cp2k program package.

Eprriv = Eprr + (UT_j) Z[(Z ngnl,nn) - ( > e — ﬁgzg,mlﬂ (2.11)
s

mi,m2

In this approach, the spherically averaged matrix elements of the screened Coulomb,
U, and exchange, J, interactions are not treated separately, but an effective U parameter,
Uesy is used instead (referred to as U through the thesis). nf, is the operator for the
number of electrons occupying a particular site with a projection of the spin o. n?, is
the occupation number of the mth state.

The final version of the energy expression (equation 2.12) is invariant with respect to
a unitary transformation of orbitals. P denotes the density matrix of the electrons and
the last term represents the dc correction. It is important to stress out that the DET+U

is used to correct only states, for which the SIE is expected to be larger.

Eprryv = Eppr + w DA (2.12)
l,j.o0

The results in this approach depend on the parameter U. In general, there are two
mainstreams to determine its value for a specific system. The strictly ab initio approaches
include many ways of evaluation among which are: 1) the U is computed as second
derivative of the energy with respect to the occupation of the orbitals, and 2) it is
evaluated by projecting unrestricted HF molecular orbitals onto atomic orbitals and
retaining only on-site (intra-atomic) terms from the HF interactions, averaged over the
states (of specific angular momentum) of the same atoms. 4l @nd references therein

The other mainstream includes the semi-empirical approach, where the parameter
is fitted to experimental data. When molecules are concerned, usually their density of
states is used to match the experimental ultra-violet photoemission spectra (UPS), or U
is chosen in agreement with an observed band gap. In solids, the lattice constants and
bulk modulus are considered as well.

The DFT-+U is cheap and to a certain extent transferable for similar systems, espe-
cially when molecules are considered, therefore its applicability to adsorbed systems is
tested in this thesis, in comparison with hybrid functionals where possible.

2.3 Simulation of STM image

The scanning tunnelling microscopy (STM) is a powerful tool for studying the structure
of surfaces and adsorbed molecules at atomic level. The experiment consists in scanning
a conducting surface with a metallic tip. By applying a voltage bias, electrons from
the tip tunnel to the surface (or vice versa) and thus scan its energy levels. STM
images give information about the electron density in a certain energy window and
about the geometry /roughness of the surface or adsorbed molecules. However, often it
is quite challenging to associate the observed objects with certain species. Therefore, it
is mandatory to support the experimental data with theoretical simulations.

There are two theoretical ways of simulation of STM images. The first is the Bardeen
approach,*? which is based on time dependent perturbation theory. It treats the system
and the tip first separately and then the current flow is calculated between the two at a
surface in the vacuum.
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The second approach is the Tersoff-Hamann.*? It shows that the current at the posi-
tion of the tip is proportional to the local density of states. Therefore, for a given energy
window, the projected charge density is computed as a sum of the states from the Fermi
level to the selected bias multiplied by their corresponding occupation numbers. It is
assumed that the wave function of the outermost tip atom is an atomic s-wave-function.
Tersoff-Hamann method is not dependent on the tip and is easy to calculate, for that
reason it is used in the majority of electronic calculation programs. However, it could
produce unreliable images, when more complex tips are used in the experiment.

In order to have reliable STM images to compare with the experimental ones, it is
important that the simulation is within the right energy window and thus the right states.
The DFT is a ground state calculation, therefore it is assumed that when the occupied
states are probed, they should correspond to the experimental bias used. However, when
probing the empty states the gap should be taken into consideration, since DF'T usually
underestimates it.*4

In this thesis, the Tersoff-Hamann approach has been used as implemented in Cp2k
program package.

2.4 Density of states

Investigation of the electronic structure of isolated molecules and surfaces is done using
the density of states (DOS). From a theoretical point of view, the DOS is the number of
states per interval of energy. The total DOS (TDOS) is computed according to equation
2.13. It does not discriminate with respect to element, molecular orbital or spatial
distribution.

n(E) = Z 8(ei — ) (2.13)

The projected DOS (PDOS), instead, provides the contributions from specific orbitals,
by projecting onto a given subset of basis set functions: %’

na(B) = 3" | S [Wilpa) 26(e; - E)

i a€d

=> [Z(sl/QPisl/Q)w] (2.14)

i a€ed

where S = [(¢a|pp)] is the overlap matrix and P' = [C;C,;] is the density matrix
associated with the ith state. Within the GPW method, the DOS covers only the
explicitly treated electrons, which are determined from the pseudopotential. Typically,
the DOS needs to be convoluted with Gaussians with width o in order to match the
experimental spectra.

The most frequently used experimental techniques for the study of the electronic
structure of molecules are the ultraviolet photoemission(UPS), variable energy photoe-
mission, resonant photoemission, and valence band X-ray photoemission (XPS) spec-
troscopies. They all study the occupied states of the system, which permits a direct
comparison with DFT results.

In the case of surfaces of solids, the angle-resolved photoemission spectroscopy (ARPES)
is used, since it produces the DOS with variation of the angle of measurement, thus giv-
ing prevalence of the surface over the bulk states. In addition, the STM is also used,
since it can measure the Local DOS (LDOS) of the surface in two manners. The dI/dV
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map shows the DOS for a certain bias energy as a function of the position, whereas the
dI/dV spectrum measures the LDOS as a function of the energy at a certain position.

2.5 Magnetism and DFT

Magnetism has been known since antiquity. Today, it is exploited in some of the most
modern technologies, and it pioneers the way of spintronics as most promising and leading
field for memory and data storage applications.

The orientation of the magnetic moments in materials gives rise to different kinds of
magnetic interaction. The paramagnetism has spin moments randomly oriented, which
strongly react with an external field. On the other hand ferromagnetic materials have
perfectly aligned spin moments and this behaviour does not depend on the external field.
There are also systems where the neighbouring spins have opposite direction. When the
total magnetic moment is zero, it is called antiferromagnetism, and when it is not, this
is ferrimagnetism.

The magnetic properties on molecular level are generally described by two types of
interaction between paramagnetic centres - trough-space and through-bond. The first is
characterized by a weak interaction resulting in magnetic coupling, while the second is
strong, electrostatic in origin, and it describes the chemical bond. The strength of the
molecular magnetic phenomenon is evaluated by determining the interaction. Exchange
interaction occurs directly between two paramagnetic centres, while the super-exchange
happens through a diamagnetic ligand.

In the following sections, the attention will be focused on the description of the spin
and the magnetic interactions in close relation to the single-molecule magnets. The
super-exchange mechanism will de discussed in Section 4.3 with respect to the LSMO
system, where it appears.

2.5.1 Spin and Spin Hamiltonian

The experiment of Stern and Gerlach (1922) led to the discovery of a new intrinsic
property of the particles with no classical equivalent. It has been described by Goudsmit
and Uhlenbeck in 1925 and later Pauli denoted this property as "spin". The spin is an
intrinsic characteristic of the electron and its value is % Its operator can be presented
as in equation 2.15, where o; are the Pauli matrices. Moreover, it can be decomposed
into three components with respect to the orientation in space (see equation 2.16).

h
§= 5(%,%,@? (2.15)
P =5 +5+35 (2.16)

In the case of many-electron systems, the sum of the spins of the individual electrons
gives the total spin operator S and its projection S, (see equations 2.17). In agreement
with the one-electron equivalents, they commute with the Hamiltonian of the system.*>
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2. Theory

N
S? =Y "&(sy) (2.17)
=1
N
S =) 8.(s) (2.18)
=1

The magnetic properties arise as a result of the presence of unpaired electrons in
atoms, which react to the presence of other unpaired electrons and/or to external mag-
netic field. In order to evaluate these interactions, a Spin Hamiltonian is needed. An
example for two magnetic centres is given in the equation 2.19.46

H = ZHi+Sl‘J12‘SQ (2.19)
1=1,2

The first term in equation 2.19 covers the contributions of the separate centres (see
equation 2.20). It is described by three contributions (equation 2.20). The first, so-
called Zeeman, term estimates the interaction of the spin with an external magnetic
field, which results in splitting of the spin levels. pp is the Bohr magneton, B is the
external magnetic field, and g is the g-factor, a tensor which connects the magnetic field
and the spin vectors. Second is the crystal field term, which describes zero-field splitting,
due to the environment of the magnetic center. In the case of atoms, it estimates their
anisotropy, where D determines the axial and E the rhombic anisotropy (see equation
2.21, the modified version of the term in equation 2.20). The last term describes the
hyperfine interaction between the magnetic center and magnetic nuclei, where I; is the
angular momentum operator of the nucleus constituting the magnetic centre 4, A; is the
tensor describing the interaction.

Hi=ppB-g-S+S-D-S+) S-A;-I (2.20)
J

Hep = DS+ E(S; - 57) (2.21)

The second term in equation 2.19 describes the spin interactions between the two mag-
netic centres (equation 2.22). These are composed of three contributions - isotropic or
Heisenberg (first term), anisotropic (second term) and antisymmetric or Dzyaloshinsky-
Moriya (third term) (see equation 2.22). The antisymmetric term exists only when there
is no center of symmetry.

Si-Ji12:-S2=J1281-S2+ 81 -Di2-Sy +di2-S1 xSy (2.22)

When the isotropic part is larger than the two other terms describing the spin-spin
interaction, J;; > D;;, the system is within the strong exchange limit. In such cases, the
total spin of an isolated pair of spins is considered a good quantum number. Exceptions
in this case are the rare earth metals, where the three terms have similar values.

2.5.2 Magnetic properties of SMMs

Interestingly enough, both experiment and theory do not evaluate the magnetic interac-
tions directly. The most widely used method for the extraction of the exchange constants
considers magnetic susceptibility measurements with variation of the temperature. The

12



2.5. MAGNETISM AND DFT

experimental curve is fitted with a predefined spin Hamiltonian for the specific system,
thus enabling the evaluation of the coupling parameters. Complex systems would need
more parameters to describe their magnetic states, theorefore help from other techniques
may be compulsory. 46:47

On the other hand, the most widely used approach in the theory to evaluate the ex-
change coupling constants is the broken symmetry (BS) approach, developed by Noodle-
man and Norman.*®? It is based on the Heisenberg-Dirac-van Vleck (HDVV)3%-52 gpin
Hamiltonian (equation 2.23) and in order to apply it, only the energies of two single
determinants are needed. The first one is the high spin (HS) state, where the spins on
the interacting magnetic centres are parallel or aligned ferromagnetically. The second
one is the broken symmetry (BS) determinant, where the spins are in opposite direction
or antiferromagnetically aligned. While the HS state can be correctly described by a
single determinant, this is not the case of the BS one, which is not an eigenstate of S2.

Hypvy = JS1- Sy (2.23)

The resulting dependence of the exchange coupling constant on the energies of the
HS and BS states for orthogonal magnetic orbitals is presented in equation 2.24. The
positive value means the systems prefers antiferromagnetic coupling, while the negative
value stands for ferromagnetic direction of the spins.

J_ E(HS) — E(BS)
N 25199
In the case of polynuclear complexes, where more than one coupling parameters are

to be considered, a different approach is required. Generally, the HDVV for such systems
takes the form:

(2.24)

Hppvy = > JiiSi - S; (2.25)
i<j

Bencini and Totti applied the BS-based approach to polynuclear complexes, where the
HS and a certain number of BS states must be computed. This approach has been suc-
cessfully applied for the J;; reproduction for different exchange coupling complexes, 354
as well as single-molecule magnets.?*% For this reason, it is also assumed for the de-
scription of the Fey molecules investigated in this study.

The common feature between the members of the Fey family is their magnetic core. It
consists of a central Fe(III) ion, which is antiferromagnetically coupled with three Fe(III)
ions. The interaction happens through oxygen bridges. There are two J constants to be
accounted for - the one of the nearest neighbour (J;) and the one of the next-nearest
neighbour (.J2) (see Figure 2.1). The Fe;, SMMs can be treated in the strong exchange
limit, therefore the sum of the spins on the Fe ions is considered to be good quantum
numbers (Sg. = %) An idealized trigonal symmetry best describes the system. The spin
Hamiltonian used to fit the experimental magnetic data is given in equation 2.26.56->7

H = Jl(Sl -S9+S1-S3+S7- S4) + JQ(SQ -S3+8S3-S4+8Sy- S4) (2.26)

The calculation of the J;; parameters has been done with the help of five determinants:
UUUU, DUUU, UDUU, UUDU, and UUUD (where U and D stay for up and down local
spins on the four iron ions). The resulting system of equations is presented in 2.27. The
nearest-neighbour parameter J; has been evaluated with respect to the three peripheral
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2. Theory

o Otri
° Odpm'/pta'

Figure 2.1: Schematic representation of the bonds and magnetic interactions in the Fe, core.
O atoms are in blue and the O%™/P*¢ are in red. The nearest neighbour exchange constants
J1 are depicted in green while the next-nearest neighbour exchange constants J» are in pink.

Fe ions, which provides more information about the different interactions with the central
ions. In order to compare with the experimental value, an average value is presented
(see equation 2.28).

Evuuu — Eduun 5152 5153 515, 0 J12
Evwuu = Eyduu | _ [ 5152 0 0 52534525, J13 (2.27)
Evvuww — Fuudu 0 S183 0 52535+ 539 J14 )
Euuuu - Euuud 0 0 5154 5254 + SSS4 J2

J = Ji2 + Jiz + Jia (2.98)

3

Once there is the scheme for the description of the magnetic properties, it remains to
determine the computational protocol. One of the main drawbacks of the DF'T when the
magnetic interactions are considered is their dependence on the (XC) functional. The
pure DFT method is not good since it over-delocalizes the orbitals and therefore over-
estimates the interaction, which is a consequence of the SIE. Good results are obtained
when hybrid functionals are used, as well as with the DF'T+ U method.

However, the correct description of the magnetic interactions comes at high compu-
tational cost. Therefore, in this thesis, the computational protocol consists of geometry
optimization of the Fey clusters with pure DFT XC functional in their ground spin state
S=5, where the spins on the Fe ions are kept in their high spin state. After that, self-
consistent field (SCF) calculations with higher precision have been carried out on the
optimized geometry for the different BS states at both hybrid and DFT+U levels of
theory. The results presented in the thesis prove the reliability of the chosen protocol.
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CHAPTER
THREE

ISOLATED MAGNETIC CLUSTERS

The first step in the study of adsorbed molecules is to find a computational protocol able
to reproduce their characteristic features in the bulk phase. It is extremely important
that the selected theoretical approach is also cheap and applicable to adsorbed systems,
since in that way it can give a clear picture of the changes that occur upon deposition
on surfaces.

This chapter is dedicated to the theoretical description of bulk single-molecule mag-
nets and to the importance of the structure of the ligands on the electronic and magnetic
properties. More precisely, it is focused on the study of two SMMs belonging to the
tetrairon(III) family, Fes, namely [Fes(L)2(dpm)g]®5-®® and [Fes(L)2(pta)g],?” (Hdpm =
dipivaloylmethane, Hpta = pivaloyltrifluoroacetone), labelled hereafter as Fe,(dpm)g and
Fey(pta)g, respectively (see Figure 3.1). These clusters possess a propeller-like molecular
structure, where two tripodal ligands (L3~ = Ph-C(CH20)2 37) connect the central iron
ion to the three peripheral ones through double bridging alkoxide oxygen atoms. The
three external Felll ions complete their coordination sphere by binding two S-diketonates
(dpm~ or pta~). Within the Fey family, these two clusters are the only ones to have
been successfully sublimated in ultra-high vacuum (UHV) conditions,?®>" preserving
their magnetic properties unaltered. This is a great advantage for adsorption on sur-
faces, since it is possible to prepare highly pure molecular films suited for in situ UHV
characterizations.

Fey(pta),

CH,

Hs

Figure 3.1: Side view of Fes(dpm)s (left) and Fes(pta)s (right). The tripodal ligands are in
purple, the dpm™ in grey and the pta™ in green, with F atoms highlighted in dark green.
Hydrogen atoms are omitted for a clearer view. A sketch of the p-diketone ligands is also
displayed next to the corresponding clusters.
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3. Isolated Magnetic Clusters

The proper description of the electronic and magnetic structures from a theoretical
point of view using density functional theory for different classes of materials and in
strongly correlated systems is achieved with the use of hybrid functionals, where the ex-
act Hartree-Fock (HF) exchange is introduced.?5%6% There are few DFT studies on Fey
propeller-like clusters already present in literature.51-64 However, there are no calcula-
tions of Fey molecules where the pseudopotential Gaussian Plane-Wave (GPW) approach
has been used together with a hybrid functional. The latter is mandatory for the isolated
molecular systems, but their application to complex magnetic systems within periodic
boundary conditions, as SMMs on surfaces, becomes very cumbersome and therefore
practically unusable.

For this reason, the alternative parameterized method, DFT+ U,3839 is introduced,
where a HF-like potential describes the interaction between electrons localized on the
same centre (on-site interactions) (see Chapter 2). This approach, already tested on other
SMMs like Mng%® and Mnj,%676® is here applied to Fey(dpm)s and Fey(pta)s. Through
the DFT+U the different element /orbital contributions can be selectively discerned, once
the approach has been tuned to a reliable “parameter-free” (hybrid functional) approach
and/or to experimental observables. Moreover, a well-defined set of U values could
allow a reliable calculation of the evolution of SMM electronic and magnetic properties
from bulk to the adsorbed phase, within the approximation of a low deformation of the
magnetic core upon adsorption.

The study on the two SMMs is directed in two ways: firstly, the electronic differences
induced by the substitution of the dpm™ ligand with the fluorinated one, pta™, are inves-
tigated through an integrated UPS-DF'T approach, using the hybrid functional PBEO;
then, a computational protocol using DFT+U based on the experimental UPS/PBEQ
data is set up. It is to be used for the bulk phase but it is also suitable for the description
of adsorbed species in direct contact with surfaces.

3.1 Computational protocol

All calculations were performed with the Cp2k program package® within the DFT frame-
work, and the Grimme’s D3 parameterization approach3® was used to introduce the
dispersion correction term. Norm-conserving Goedecker-Teter-Hutter (GTH) pseudopo-
tentials %70 have been used together with GTH double-¢ polarized molecularly optimized
basis sets for all atomic species.”t An energy cut-off of 400 Ry has been applied to the
plane-wave basis sets.

In order to perform plane-wave calculations, the Fey molecules have been put in a
full periodic cubic simulation cell with 25 A side lengths. The shortest distances between
the clusters in adjacent simulation cells are about 9.6 and 10.0 A for Fey(dpm)gs and
Fey(pta)g, respectively. The choice of using a full periodic approach is in the perspective
of computing the adsorption process on different surfaces later on.

Both Fey systems were considered in their ground magnetic state (S=5), where the
central iron ion, Fe‘ is antiferromagnetically coupled with the peripheral ones, Fe?,
and all ions are kept in their high spin state. The revPBE functional®! has been cho-
sen for the geometry optimization, where the convergence criteria have been fixed at
1x10~ % Hartree for the SCF energy and 1x10~3 HartreeBohr ! for the atomic forces.
Single point calculations on optimized geometries were also performed at PBE037 and
revPBE+ U levels with a tighter SCF convergence criterion (5x10~7 Hartree) in order
to obtain the DOS.

16



3.1. COMPUTATIONAL PROTOCOL

In order to account for the experimental resolution and broadening effects, the the-
oretical TDOS were convoluted with Gaussian functions with a FWHM (o) of 0.6 and
0.5eV for Fey(dpm)g and Fes(pta)g, respectively. TDOS with Gaussian width of 0.35eV
are also reported for both molecules when explicitly stated. The PDOS are also reported
with Gaussian width of 0.35€V, which allows to better distinguish the different atomic
contributions to the TDOS.

As stated in a previous study by Rigamonti et al.,%” it was not possible to obtain
crystals suitable for X-ray diffraction of Fes(pta)s. Therefore, three of the possible geo-
metrical isomers, differing in the arrangement of the CF3 and ¢Bu groups of the ligands
(see Figure 3.2), have been chosen in order to reproduce the experimental structure. Two
of them have the symmetry of the molecule (formal D3, neglecting the phenyl groups).
The third one has a lower symmetry with mixed arrangement of the pta™ substituents.
For this study, when presenting results about Fe4(pta)g, it would be more correct to take
into account a weighted contribution of the three isomers, in order to account for the
experimental sample. However, as one can see in Figure 3.3, the TDOS for the three
structures are quite similar. Therefore, it has been assumed throughout the study the
isomer with the lowest energy as the most representative of the Fey(pta)g cluster.

isol 1502

Figure 3.2: Top view of the three possible geometrical isomers of the Fey(pta)s cluster, where
Isol is the most stable one. Fluorine atoms are in green, carbon atoms - in brown, oxygen atoms
- in red, iron atoms - in gold

Fe4(pta)s
| isoil
— 502
— 503

— Exp-UPS

TDOS [arb.un.]

-15 -10 -5 0
E-E; [eV]

Figure 3.3: TDOS corresponding to the three isomers of the Fey(pta)g cluster
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3. Isolated Magnetic Clusters

3.2 Geometry

The geometry optimization of the cluster is needed for several reasons. First, it is
interesting to evaluate the changes that occur when the cluster is no more in the crystal
lattice and it does not feel the interactions with the neighbouring molecules. In addition,
the distortions introduced by the theory into the bulk structure must be estimated. This
is a way to facilitate the comparison with the geometry of the adsorbed cluster, which
can only be hinted by experiments.

The geometry optimization of both clusters tends to elongate the bonds between
the iron ions, which is a direct consequence of the use of revPBE functional, known to
worsen bond lengths. The Cs axis passing from Fej-Fes is retained also in the optimized
structure of Fey(dpm)g, as well as in isol and iso3 of Fey(pta)s (see Table 3.1). However,
the axis is shifted to Fej-Fes in is02. In all models, the Fe ions are co-planar, in agreement
with the experimental structure.

An important structural parameter is the angle between the Fe® and FeP, (Fe-O-Fe).
The wider the angle, the larger the J; exchange coupling constants are.’® Its small
deviation in the optimized structures from the X-ray value is a sign of similar strength
of the magnetic interaction.

The three isomers of Fey(pta)s show significant differences in all important geometry
parameters, such as bond lengths and (Fe-O-Fe) angles. This implies that the disposition
of fluorinated ligands considerably affects the geometry of the molecules, due to electronic
steric effects, and therefore would strongly influence the electronic properties, through
charge distribution.

The resultant optimized structures are very similar, from a geometrical point of view,
to the initial X-ray structure. They maintain their integrity and the error with respect
to the experimental values is of about 1%. In order to further test the reliability of these
structures, studies on their electronic and magnetic properties are necessary.

3.3 Electronic properties

The electronic properties of both clusters have been first studied at PBEO level of ap-
proximation. To check their agreement with the experiment, their TDOS have been
compared with the corresponding UPS spectra of thick films. Moreover, in order to gain
a deeper insight into the electronic structure of the Fey clusters and to estimate possible
differences between them, the DOS projected on the different elements have also been
considered (see Figure 3.4).

To facilitate the analysis of Figure 3.4, the experimental curves have been shifted
in order to match the barycentre of the first band in region (i) with the corresponding
theoretical one. Starting with the comparison between the experimental UPS spectra
and the TDOS, the overall good correspondence is clearly appreciable. The first bands
(1-4) of the experimental curves match very nicely the computed intensities and energies.
However, the energy matching is lost with the fifth band due to the contraction of the
theoretical energy scale. This effect strongly depends on the way non-local exchange
and correlation effects are included. Indeed, this becomes evident comparing the results
computed with a pure DFT functional versus a hybrid one: the use of pure DFT-PBE
functional yields much more evident energy shrink than observed in the case of the PBEO
(see below). Moreover, the intensity ratio between the theoretical peaks of region (ii)
does not fully reproduce the experimental one for both clusters. Such deviation can be
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3.3. ELECTRONIC PROPERTIES

Table 3.1: Bond lengths and angles of the isolated Fey(dpm)s and Fey(pta)g

X-ray  Fes(dpm)g Fea(pta)s

isol iso2 iso3

Bonds (A)
Fel-Fe2 3.0780(8) 3.139 3.117  3.064 3.136
Fel-Fe3 3.0726(6) 3.161 3.112  3.096  3.152
Fel-Fed 3.0726(6) 3.160 3.110  3.063  3.153
Fe2-Fe3 5.2925(7) 5.402 5.360 5.302  5.392
Fe3-Fe4 5.3880(1) 5.579 5453 5396  5.564
Fe2-Fed 5.2925(7) 5.399 5.360  5.276  5.390
Fel-O1 1.9801(19) 2.011 2.019 1.999 2.016
Fel-02 1.9650(18) 2.005 2.001 1.998  2.002
Fel-O3 1.9813(19) 2.019 2.002 1.995 2.029
Fel-010 1.9801(19) 2.020 2.015 1.999 2.025
Fel-O11 1.9650(18) 2.004 2.003 1.996 2.001
Fel-012 1.9813(19) 2.018 2.004 2.010 2.017
Fe2-O1 1.9718(9) 2.006 1.997 1987 1.988
Fe2-04 1.995(2) 2.039 2.047  2.048 2.075
Fe2-Ob5 2.0321(19) 2.089 2112 2109  2.086
Fe2-010 1.9718(9) 2.009 2.000 1.986 1.997
Fe2-013 1.995(2) 2.039 2.047  2.062  2.069
Fe2-014 2.0321(19) 2.090 2,115 2.105  2.083
Fe3-02 1.9784(19) 2.020 1999 1992  2.021
Fe3-O6 1.9853(19) 2.056 2.082  2.079 2.060
Fe3-07 2.004(2) 2.059 2.072  2.060 2.063
Fe3-0O8 1.993(2) 2.036 2.060 2.063 2.056
Fe3-09 1.9909(19) 2.071 2.079  2.071  2.070
Fe3-012 1.9718(18) 2.022 1.997 1.993 2.002
Fe4-O3 1.9718(18) 2.018 1.996 1.990 2.003
Fe4-O11 1.9784(19) 2.034 2.002 1979 2.017
Fe4-015 1.9853(19) 2.052 2.081  2.073  2.058
Fe4-016 2.004(2) 2.058 2.065 2.061 2.060
Fed-017 1.993(2) 2.035 2.083  2.054 2.045
Fe4-0O18 1.9909(19) 2.085 2.063 2.085 2.091

Angles (°)
Fe2-Fel-Fe3 118.74(1) 118.09 118.77 118.76 118.08
Fe2-Fel-Fed 118.74(1) 117.98 118.82 118.89 118.00
Fe3-Fel-Fe4 122.51(2) 123.93 122.42  122.34 123.92
(Fe-O-Fe)  102.23(17)  102.93  101.98 100.89 103.03
Fe3-Fel-Fe2-Fe4 180.00 179.90 179.79 179.72  179.80
¥ 68.80 70.60 69.4 67.8 71.0
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Figure 3.4: Thick film UPS spectra vs theoretical TDOS and PDOS for Fe,(dpm)s (a) and
Fes(pta)s (b). The PDOS are plotted on a different ordinate axis scale with respect to the
TDOS in order to better appreciate the small contribution of Fe PDOS.

ascribed to the photoionization cross section which affects differently each element (H,
C, O, F, Fe) and state (1s, 2s, 2p, 3d) in UPS spectra. "

In order to disentangle the contribution of each element to the TDOS, the PDOS
have been reported in the bottom part of each graph. In both cases the first band of
region (i) is mainly due to states localized on carbon and oxygen atoms. Region (i)
represents the case in which the TDOS with a smaller Gaussian width (o) reproduces
better the experimental spectrum. This is particularly evident for Fes(dpm)g where the
double structure of the first band is clearly visible in TDOS with ¢ <0.35¢eV. On the
other hand, the TDOS reported with higher o value already hints the asymmetric shape
of the first band of Fes(pta)s.

The assignment of the features belonging to region (ii) is more challenging because of
the many overlapping states and the aforementioned energy shrink. However a coherent
(but arbitrary) numeration of the bands can be attempted for both molecules. Bands
indicated with hash marks (#) have not been considered for numeration because of the
not clear correspondence with the theoretical ones. In the case of Fes(dpm)g, bands
3-6 are mainly due to the carbon and hydrogen states with a non-negligible oxygen
contribution. In the same region the iron states are marginally involved compared to the
carbon and hydrogen ones. On the other hand, the small band labelled as 2 (see exp.
and TDOS 0=0.35¢€V) arises mainly from oxygen states with a small contribution from
the carbon ones. Region (ii) of Fes(pta)s shows, instead, that the carbon and hydrogen
PDOS are significantly reduced due to the substitution of three methyl groups with as
many fluorine atoms on each pta™ ligand. At the same time, a new band due to F atoms
overlaps with the states wrapping around the peak previously labelled as 5. The new
band, consisting of two peaks, is now indicated as 5* and 5’* in order to mark the fluorine
contribution. A slighter difference can be also observed in the first part of region (ii):
the peak previously labelled as 2 and mainly due to oxygen states is now overlapping
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3.3. ELECTRONIC PROPERTIES

with the carbon and hydrogen states which were responsible, in Fes(dpm)g, for peak 3.

The fluorine states strongly affect also the last part of region (iii) of the TDOS. Peak
7 of Fey(dpm)g is not very intense because it arises, almost entirely, from the carbon
PDOS. In the fluorinated cluster, the same carbon states are energetically equivalent
with the fluorine band, which is responsible for the gained intensity of peak 7*. At
the same time the intensity of peaks 9 and 8 of Fey(pta)s decreases making difficult to
discriminate them in the experimental curve.

The analysis of region (i) deserves particular attention. As a consequence of the
high electronegativity of F atoms, the valence band of Fey(pta)g is shifted towards more
negative values as compared to the Fey(dpm)g one. Deconvolution of the experimental
curves allows to estimate an energy shift of about 0.8eV in good accordance with the
theoretical value of 1.0eV (see Figure 3.5). Much more interesting is the shape of the
first band, which is quite peculiar for each molecule. For both clusters, the fitting of
the experimental curves reveals the presence of two components (1 and 1’), separated
by the same amount of energy (0.7 - 0.8€V). On the other hand, the two peaks show
an opposite intensity ratio, responsible for the different shape of the corresponding first
band. In the case of Fey(dpm)g the two peaks are clearly resolved, while in Fey(pta)g
they result in a slightly asymmetric band. Indeed, in the first case the intensity ratio
is unbalanced in favour of one of the two components (0.7 vs 0.5). The corresponding
region of theoretical TDOS fairly reproduces the fine details found in the experimental
curves. The DOS projected on carbon and oxygen atoms allow to understand that the
different intensity ratio between peaks 1 and 1’ is essentially due to the carbon PDOS,
while the oxygen ones remain practically the same for both molecules.
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Figure 3.5: Enlarged view of region (i) of Fe,(dpm)s and Fes(pta)s for both experimental (a)
and theoretical (b) curves. Both curves are displayed with respect to their own energy scale. The
experimental data (open circles) are reported along with the fitting curves (bold solid lines) and
the corresponding main components (solid and dashed lines). The TDOS are reported together
with the carbon and oxygen PDOS.

To have a better understanding, the contributions of the carbon PDOS for the differ-
ent ligands are presented (see Figure 3.6). With reference to the first peak, we observe
that the pta™ PDOS are shifted to lower energies of about 1.0eV with respect to the
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Figure 3.6: a) Carbon PDOS and relative ligand contribution. b) Enlarged view of the energy
Fermi region with Er set to 0 eV.

dpm™ ones. Since the states arising from F atoms are low-lying in energy, the DOS shape
close to the Fermi energy is unchanged (see Figure 3.6b, where the DOS have been re-
ported subtracting the molecule Fermi energy, Er). The contribution of the tripodal
ligand can be separated in two components — one coming from the phenyl ring and an-
other one coming from the other carbon atoms, which is called tripod from now on. The
latter maintains a shift similar to the PDOS of the dpm™ /pta” one, while the former
moves down in energy by only 0.4 €V. Therefore, the difference in the Fermi region can
be ascribed mainly to the energy shift observed for the phenyl ring.

In the case of Fey(dpm)g, the first band arising from C-phenyl overlaps with the C-
tripod but not with the C-dpm™~ one, while in Fe4(pta)g, the C-phenyl first band overlaps
with the C-pta™ but not with the C-tripod one. Therefore, in both cases the peak with
the highest intensity rises from the different energy position of the C-phenyl first band.

The overall effect of such relative energy shifts can be observed in the different electron
density distribution for one molecular orbital, which is representative of peak 1 of each
cluster. In Fey(dpm)g the molecular orbital is mainly localized on the dpm~ ligands,
while in the Fey(pta)g it also involves the phenyl rings as it can be seen in Figure 3.7.
The presence of phenyl orbitals close to the Fermi level of the molecule makes them ready
for a bonding interaction with surfaces, suggesting that the Fes(pta)s could undergo a
stronger adsorption process than Fes(dpm)g. From Figure 3.7 the contribution of the d
orbitals of Fe” is also evident for both systems. Since one of the most appealing aspects
of SMMs is the exploitation of their magnetic properties as quantum electronic devices,
the possibility to modulate the easy-axis anisotropy (through gate or bias voltage) is,
therefore, mandatory. In this regard, the combination of the phenyl and Fe® d orbitals
in peak 1 makes Fey(pta)s a more suitable spintronic candidate.™

In order to give further details about the electronic analysis of the Fey systems we
have also focused our attention on the most important electronic part of the clusters:
the Fe 3d bands (Figure 3.8). As reported before, the substitution of the methyl groups
with F atoms downshifts also the 3d band associated with the iron ions. However, this
shift is not equivalent for the central iron ion and the peripheral ones. This difference is
more evident if we plot the 3d bands shifted to the respective molecular Fermi energy.
From this picture it comes out that the 3d bands of Fe® in Feys(dpm)g result at lower
energies than their corresponding ones in Fey(pta)s. The opposite trend is observed
for Fe?, clearly showing the fluorination effect. The effect is small, as indeed expected,
because of the indirect participation of F atoms in the metal-ligand bond. On the other
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Fe,(dpm), Fe (pta),

Figure 3.7: Representative molecular orbital for peak 1 of Fey(dpm)s and Fey(pta)s calculated
at PBEO level and visualized with VESTA,™ contour cut-off 0.01.
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Figure 3.8: Spin-resolved PDOS of the core of the cluster. 3d-orbital contributions for the Fe®
and Fef (top graph) and oxygen 2p states in the different ligands (bottom graph)

hand, the upshift observed for Fe® in Fey(pta)s can be explained by taking into account
the lower steric hindrance with respect to the dpm™ ones. For this reason, the tripodal
ligands can interact slightly stronger with Fe®, shifting the 3d orbitals to higher energies.
The lower steric hindrance of pta™ directly correlates with the smaller computed helical
pitch angle, which stands for the average angle between the mean plane the four iron ions
and the Fe;O5 planes involving the bridging alkoxides®® (71.1° for Fes(dpm)g, 69.3° for
Fey(pta)s): indeed, the Fey(pta)s shows a smaller easy axis anisotropy®’ as expected at
both experimental®® and computational levels.?

Few more words can be spent to describe the different band shape observed for Fe¢
and FeP. First of all, it is worth mentioning that both complexes present the same energy
PDOS profiles for the two kinds of iron ions. Their local coordination geometries can
be considered as a distorted octahedron. In this framework, a t2,—e, band splitting is
more evident for Fe® than for FeP. Indeed, for the latter the picture is less clear due to
the stronger distortions in the local octahedral environment, which lead to the removal
of the degeneracy of nominal ty, and e, orbitals.

To be also stressed is the presence of minority spin states for both kinds of Fe in both
systems due to spin delocalization effects through super-exchange interactions via O 2p
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orbitals. Indeed, as a result of the mixing with the Fe 3d, spin polarized asymmetric
O 2p PDOS are observed and reported in the bottom panel of Figure 3.8. Moreover,
a spin density reduction from the theoretical value of 5 for five unpaired electrons is
observed: 4.37 for Fe® in both clusters, and average values of 4.39 [Fe,(dpm)s] vs. 4.38
[Fes(pta)g| for Fe. A larger spin delocalization towards the tripod oxygen atoms in the
fluorinated version of the cluster is also observed (0.016 vs 0.029 e~). The opposite trend
is observed for the oxygen atoms in the dpm™~ /pta” ligands, where the value goes from
0.080 [Fes(dpm)s| to 0.075 [Fes(pta)s]. Such results can be also considered as a further
support to the d-band analysis proposed above.

The thorough analysis of the electronic properties of Fes(dpm)g and Fey(pta)s con-
firms the reliability of the hybrid functional approach. However, its inapplicability on
adsorbed systems encourages the use of the Hubbard-based approach - DFTHU.

3.4 Determination of the U parameter and DFT+ U results

The DFT+U approach has been tested on both Fes(dpm)s and Fey(pta)g clusters. The
U parameter stands for the difference between the on-site Coulomb and exchange interac-
tion terms (see Section 2.2). It has been chosen to match the experimental photoemission
spectra for the optimized revPBE structures of both clusters. The values for the differ-
ent elements have been found by choosing selectively one or more characteristic bands
related to their sets of orbitals.

In addition, good agreement with the magnetic properties is also required. The main
exchange parameters have been estimated for the different U sets using the approach
presented in section 2.5.2). An idealized trigonal symmetry was assumed to employ the
same spin Hamiltonian used to fit the experimental magnetic data. %657

Initially, the U parameter has been fitted on Fey(dpm)g. First, the unpaired electron
carriers, the Fe ions, have been considered. A value of 4.1eV on the iron 3d orbitals is
widely used for other iron-containing compounds.®”"® Unfortunately, this U value does
not give satisfactory results for the system. Unlike the Fe PDOS, which are very close
in energy with respect to the Fermi level and in shape to the one calculated using the
hybrid functional (Figure 3.9), the TDOS (Figure 3.10) does not reproduce well region
(i). This region has significant contribution coming from the oxygen atoms, so the U
parameter has been tuned on the O 2p states, keeping the U(Fe) equal to 4.1eV. The
more the U(O) value goes up, the better the agreement with experimental TDOS is. The
best agreement has been achieved for U(O)=3.0eV, where the two peaks in (i) region of
the UPS spectrum are hinted.

On the other hand, the poor energy matching obtained with the experimental find-
ings for region (iii) is to be ascribed to the orbital dependence of the on-site Coulomb
corrections. Indeed, the region (iii) is mainly characterized by the presence of the C
2s states (see Figure 3.11). The application of U also on the C atoms (2p), which do
not contribute directly to the magnetic interactions, brings along only some small im-
provements in the TDOS. Therefore, it has not been taken into consideration in the
subsequent calculations.

As for Fey(pta)s, the same U parameters on Fe and O have led to a fair reproduction
of region (i) while region (i) has been more problematic. There are states at about
-3.5 eV with higher intensities which deteriorate the TDOS shape (see Figure 3.12). At
those energies there are the fluorine 2p states, which are also affected by the U applied
on the Fe (Figure 3.13). The tuning of the on-site parameter on the F 2p state results
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Figure 3.9: Fe-PDOS calculated at different levels of theory for Feys(dpm)g (left panel) Feq(pta)s
(right panel).
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Figure 3.10: TDOS of the Fe,(dpm)g cluster calculated with different U values
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Figure 3.11: PDOS of the O (left) and C (right) for Fes(dpm)¢ cluster
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Figure 3.12: TDOS of the Fes(pta)s cluster calculated with different U values
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Figure 3.13: F-PDOS calculated at different levels of theory

in achieving the right intensity ratio of the first band and a TDOS very close to the
experimental UPS spectrum with best agreement for U(F)=2.5¢€V.

The revPBE+U approach shifts the filled spin states down to lower energies, while
the opposite trend is observed for the empty spin states.%4! The shift is larger, as
expected, for the d bands (see Figure 3.9). Therefore, since the first empty bands have
a strong d character, this effect becomes also evident looking at the gaps (see Tables
3.2 and 3.3, and Figure 3.9). Dealing with high-spin d° ions, a small band gap even
at revPBE level is observed. Instead, the calculated revPBE+U gap is closer to the
much larger (and overestimated) PBEO gap values.”® The overall agreement between
the revPBE+U approach and experimental UPS spectra is very satisfactory. A high
reliability is, therefore, expected for this approach in the description of the Fe, SMM
family electronic structure.

As far as magnetic properties are concerned, the computed exchange coupling con-
stants with revPBE+ U for both systems are reported in Tables 3.4 and 3.5, together
with the PBEO and experimental ones. In the case of Fey(dpm)g, values for the exchange
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Table 3.2: LUMO-HOMO gaps calculated upon variation of U for the Fes(dpm)g cluster

U(Fe) (eV) U(O)(eV) U(C)(eV) Gap(eV)

9.8 - - 3.06
- - 2.28

0.5 - 2.30

1.0 - 2.31

1.5 - 2.33

2.0 - 2.35

4.1 2.5 - 2.36
3.0 - 2.38

3.5 - 240

3.0 1.0 2.39

3.0 3.0 2.42

- 3.0 2.31

PBEO 3.75

revPBE 0.99

Table 3.3: LUMO-HOMO gaps calculated upon variation of U for the Fey(pta)s cluster

U(Fe) (eV) U(O)(eV) U(F)(eV) Gap(eV)

2.26
1.0 2.26
4.1 3.0 2.0 2.25
2.5 2.24
3.0 2.24
PBEO 3.75
revPBE 0.89
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Table 3.4: Results for the exchange coupling constants calculated by revPBE + U for different
values of the U parameter on the X-ray and optimized structure of the Fe,(dpm)s cluster

U(Fe) (V) U(O) (V) U(C)(ev) Jilem™) Jo(em™) Ji(em) Jo(em™')

Optimized X-ray

9.8 - - 17.66 - - -

- - 31.68 - 32.59 -

0.5 - 28.86 - - -

1.0 - 26.18 - - -

1.5 - 23.62 - - -

2.0 - 21.20 - - -

4.1 2.5 - 18.89 - - -
3.0 - 16.70 0.25 16.95 0.38

3.5 - 14.63 - 14.79 -

3.0 1.0 16.59 - - -

3.0 3.0 16.37 - - -

- 3.0 31.26 - - -
PBEO 13.83 0.16 14.43 0.27

Experimental 56 16.37(12) 0.29(11)

Table 3.5: Results for the exchange coupling constants calculated by revPBE + U for different
values of the U parameter on the X-ray and optimized structure of the Fey(pta)s cluster

U(Fe) (eV) U(O) (eV) U(F) (eV) J1 (cmfl) I (Cmfl)

Optimized

- 15.18 -

1.0 15.20 -

4.1 3.0 2.0 15.24 -
2.5 15.28 0.34

3.0 15.30 -
PBEO 13.39 1.58

Experimental > 16.20(6) 0.53(4)

constants calculated on the basis of the X-ray structure®® are reported as well, in order
to evaluate the changes induced upon structural optimization. Such a comparison is not
possible for Fey(pta)s due to the lack of X-ray experimental structure. The overall very
good agreement between the experimental and computed revPBE+ U results, however,
could not be taken for granted a priori. Indeed, the agreement comes from the ad hoc
choice of the U values for the different elements made on the basis of the photoemis-
sion spectra. This result is, therefore, a confirmation that in SMM-like systems, where
the magnetic interactions mainly propagate through super-exchange interactions involv-
ing the ligands, a properly tuned set of U values for all the atoms involved into the
super-exchange mechanism is needed.””"® In this framework, the inclusion of the U(O)
for a correct description of the electronic and, above all, of the magnetic properties of
the systems under study finds its justification in the necessity to accurately tune the
amount of delocalization of the electronic densities of the bridging ligands involved in
the super-exchange paths. This proves that the doubling of the U on Fe to 9.8 eV gives
good results for the magnetic interaction but for the wrong reasons.
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It is worthy of notice that the nearest-neighbour exchange coupling constants, U,
computed at revPBE+ U level, are in better agreement with the experimental ones than
those obtained with PBE(Q. The trend of having a stronger antiferromagnetic interac-
tion in the X-ray structure with respect to the optimized Fes(dpm)g is maintained both
at PBEO and revPBE+U level of theory. In the case of Fes(pta)g, the J1 values ob-
tained with U are both lower than the experimental ones. Regarding the Jo values,
the computed revPBE+U ones are in good agreement with the experiment and, for
Fey(pta)s, the improvement with respect to the PBEQ values is significant. Larger J;
and Jo values for Fey(dpm)g than Fey(pta)s have been properly reproduced, indicating
that the revPBE+ U approach is sensitive enough to slight differences in the Fey SMM
core region. Moreover, the reliability of reproducing the electronic and magnetic features
for both systems here studied makes the well-tuned revPBE+U approach suitable for a
characterization in silico of adsorbed Fe4 species on surfaces. It should be stressed out
that such approach can be used in adsorbed scenarios only in the presence of slight de-
formations of the Fe4 core at least as small as the ones observed passing from Fe4(dpm)g
to Fey(pta)s.

Table 3.6: Spin densities for the four Fe-ions, calculated with the different methods on Fe4(dpm)g
and Fey(pta)s.

Fe,(dpm)s Fe,(pta)s
PBEO revPBE+U Atoms PBEO revPBE+U
-4.37 -4.36 Fec -4.37 -4.37
4.39 4.38 FeP 4.38 -4.37
0.016 0.016 ot 0.029 0.029
0.080 0.080 Qdpm™/pta™ 0.075 0.074

In conclusion, the properties of Fe4(dpm)g and Fes(pta)g have been studied at two lev-
els of theory. An overall good agreement has been obtained between the computed PBEO
DOS and the experimental data. The same, since one of the most striking and appealing
applications of SMMs is the possibility of adsorbing them on surfaces, a revPBE+U pa-
rameterization has also been performed. The correct trend in magnetic interactions and
the reproduction of the peculiar features of electronic spectra for both systems has been
achieved with a set of U parameters on Fe 3d, O 2p and F 2p, fitted on the electronic and
magnetic properties of both clusters. The theoretical approach presented here represents
a striking advantage in the overall characterization of such complex systems, allowing
the reliable description of their structural and electronic/magnetic properties both in the
bulk and when deposited on surfaces.
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CHAPTER
FOUR

SURFACES

Surfaces are very important in various fields, such as catalysis and materials science.
Lately, they have been used in electronics and spintronics as electrodes in nanojunctions
and also for adsorption studies of different molecules. In order to study such systems at
a theoretical level, a reliable reproduction of the properties of the surfaces is needed.

Modelling and simulating surfaces can be a tricky and challenging experience, as
there are many things to be taken into consideration beforehand, such as periodicity,
slab thickness, termination layer etc. One of the reasons to study surfaces is their use
in investigation of adsorption processes. There are two theoretical models that describe
adsorbed systems - the cluster and the slab model. The cluster model consists of a
surface with a limited number of atoms, no periodicity, and it relies on the idea that the
surface atoms farther from the adsorbate are not important. Another way to describe
surfaces is by using a slab with a certain periodicity. When working with plane-wave
basis sets, the slab is placed in a simulation cell where the periodicity is imposed in
the three directions. Usually, in the case of a full periodic simulation cell along x, v,
z, a sufficiently big vacuum space is introduced in the direction perpendicular to the
slab, which serves as a decoupling layer from the periodic image of the surface along
that direction. If periodicity is not wanted in one direction, a decoupling along that
direction could be introduced with different computational schemes (such as Martyna-
Tuckerman, ™ wavelet3081), for which, however, a very big vacuum region is required. In
this study, slabs in full periodic simulations cells are used, since these models are needed
for subsequent adsorption studies.

Another important issue when modelling a surface is the thickness of the slab. The
ideal case would be a slab where the bottom layers reproduce the bulk properties, while
the topmost ones - the ones of the surface. Usually, when working with rather large
slabs, a compromise between computational cost and accuracy is required.

Last but not least comes the problem with the termination layer. It arises for complex
unit cells, in oxide surfaces for instance, where there are more than one possible termina-
tion layers. There are two ways to deal with such a surface 1) to use an asymmetric slab
and 2) to use a symmetric slab (see Figure 4.1). If the different layers are not charged
equally, the first case would be ideal as it guarantees electro-neutrality. However, in
the same time such choice would make it more difficult to calculate the surface energy
and work function of the system, since both terminations are presented. Moreover, it
would create an artificial surface dipole through the slab, which would need a further
correction®? (see Surface dipole and dipole correction section below). While these prob-
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Figure 4.1: The two possible types of slabs are presented - a) asymmetrical, b) symmetrical

lems are not present in the second case, the disadvantage of using a symmetric slab is
that the system would be charged. In order to avoid this, defects and/or vacancies are
introduced.

There are several ways to estimate the stability of a surface and whether it reproduces
the experimental results. One way is by comparison of the DOS with the electronic states
obtained by angle-resolved photoemission spectroscopy and STM, which guarantees the
probing of surface states only. Other ways are to check the surface energies and work
functions of the models. These two approaches will be discussed separately and in a
more detailed way below.

Surface energy

The surface energy, is the energy necessary to create a surface per unit area. It is an
indicator of the stability of the surfaces. Experimentally, the surface energy is obtained
by surface tension measurements made in the liquid phase and extrapolated to zero
temperature.®3 Since the experimental values are difficult to get, an accurate theoretical
method for the estimation of the surface energy is indispensable. The standard formula
is the following:

1 (Esiap — N Epuii)
Bour = = .
surf 9 Asurf (4 1)

where E ., is the energy of the slab, Ej, is the energy of the bulk model, and Ay,
1

is the surface area. The parameter 5 stands for the fact that when working with slabs
separated from each other by vacuum, inevitably two equivalent layers of surface are
created.

This formula, however, is strongly dependent on the way the bulk energy is cal-
culated and the number of layers used. Boettger states that when Fj,; is obtained
independently, the calculated surface energy deteriorates with increasing the thickness
of the slab.®* He proposes to determine the surface energy only by considering slabs

calculations:

N
(Egap — NAEN)
Asurf

1

Egirf = 3 (4.2)

where AEy = EN , — EN .1 avoids the separate calculation of bulk energies and, thus,
there are no divergence problems.

Another method is presented with equation 4.3. The FEjp, . is obtained from a cal-

culation where the supercell contains the slab and the vacuum is filled with layers. In
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order to take account for the different number of atoms, the factor ﬁ;ﬂh is introduced.®>
This method, however, is not practical for very big slabs, where a large vacuum region
is considered, due to the computational cost.

N N Ne a
1 (Eslab Ebu]lBk Nbibzz ) (4 3)

2 Agurs

Fiorentini and Methfessel suggest to plot the total energies for slabs with different
thickness vs. the number of layers and to extract Epy, from the slope.®® In comparison
with all methods stated above, the last one results in faster convergence to the correct
surface energy. The drawback is that thin slabs are to be avoided, if an accurate value
is required.

Esurf =

Work function

Another important characteristic in the surface science is the work function of the
surface, which measures the work needed to move an electron from the surface to the
vacuum at 0 K. It is calculated according to the following equation:

® = V(co) — Ep (4.4)

where the V' (00) is the electrostatic potential in the vacuum region and Ep is the Fermi
level of the material. For temperatures of 0 K, the work function is the chemical potential,
p- The work function is very useful when studying adsorption. The adsorbed molecules
alter the work function of the surface, thus giving important information about the
bonding, charge transfer, etc. The electronegative adsorbates increase the work function
of the surface, rendering A® positive.

Surface dipole and dipole correction

When working with asymmetric slabs, the periodic boundary conditions give rise to an
artificial surface dipole in the simulation cell. It is measured as the difference between
the electrostatic potential near the surface, which is the result of the different surface
terminations. Bengstson has derived a correction for the dipole field that corrects the
potential and the total energy of the system.®? The dipole correction term introduces a
jump in the Hartree potential of the simulation cell, where the discontinuity is placed
within the vacuum region. In this way, it is easier to identify the vacuum levels and
thus determine the work function of the surface. Such a correction also affects the total
energy of the system.

In the present thesis, three surfaces have been studied. The first one is the conducting
Au(111). It is well-known and widely used for different deposition processes. The second
one is CuN - where above the conducting Cu(100), there is an insulating layer of N atoms
at (2x2) positions. It is highly used when a decoupling from the conducting surface is
needed in order to study the properties of the molecule itself upon deposition. The last
surface to be studied is the Laj_,Sr,MnO3 (LSMO) - a magnetic doped oxide surface.
Due to a variety of physical properties, it is highly used in spintronics for different
magnetic devices. 11287

The aim of the surface studies is to present models for all three surfaces, able to
reproduce the characteristic structural, electronic, and magnetic (where present) prop-
erties of each system. Later, these substrates will be used to study the behaviour and
properties of the Fey(dpm)g cluster on each of them. In addition, these models will test
the used computational protocol.
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Figure 4.2: On the left are presented the TDOS of the bulk compared with those of the surface;
both have been aligned to their own Fermi level; the Gaussian width, o, is 0.2eV. On the right,
the electrostatic potential of the surface.

4.1 Au(111)

The Au(111) surface is widely used due to its conducting properties (for instance STM,
nanojunctions, electrodes).”>#89 In this work it is to be used for studies on the ad-
sorption of one Fey-cluster. Therefore, the dimensions of the slab have been chosen
correspondingly. The dimensions of the surface simulation cell are (23.09 x 24.98 x
40.00) A3. The xy plane is considered large enough to host one Feg-cluster, leaving
enough space (ca. 10 A) between the molecule and its periodic image. The vacuum zone
along z is about 35 A, which would guarantee the decoupling with its periodic image.

The model slab consists of three layers of 80 atoms each, for a total of 240 gold atoms.
Several other studies have used the same thickness of Au(111) slabs for adsorption. 24201
Indeed, Rajaraman et al. used a three-layer model for their study of thiols on gold
surface.”t They calculated the enthalpy of formation of an adatom and a vacancy on
the surface (effects which increase the stability between the surface and the adsorbed
molecules) on multiple layer slabs. The errors coming from the three-layer model with
respect to the five-layer one were considered modest, so the authors concluded that there
was more computational gain in the former case.

The distance Au-Au has been chosen to be the experimental one 2.885A. During
the geometry optimization, the atomic positions of the bottom atomic layer were kept
fixed to the experimental distances in order to reproduce a bulk-like behaviour, whereas
the other two layers have been left to relax. The characteristic herringbone structure
of the Au(111) surface, which appears with a periodicity of 63 A,92 has not been taken
into consideration since the size of the simulation cell is not large enough to reproduce
it properly. However, the properties of the adsorbed molecules are still expected to be
reproduced in a proper way.

All calculations have been performed with the revPBE functional.3! The Norm-
conserving Goedecker-Teter-Hutter (GTH) pseudopotential, ?7 which considers explic-
itly 11 valence electrons, has been used together with a GTH double-{ polarized molec-
ularly optimized basis set.”t An energy cut-off of 400 Ry has been applied to the plane-
wave basis set.

The convergence criteria have been fixed at 1x10 ¢ Hartree for the SCF energy and
1x10~3 HartreeBohr ! for the atomic forces during the geometry optimization. Working
with a metallic surface necessitates the smearing of the occupational numbers around the
Fermi level. The Fermi-Dirac distribution has been used with a broadening (electronic
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Table 4.1: Interlayer separation along z of the Au(111) surface

A z(layers) (A)  Au(111)

(top-middle) 2.624
(middle-bottom)  2.623
Experimental 2.350

temperature) of 1500 K.

The optimization of the surface structure has led to an increase in the interlayer sepa-
ration along z of about 11% (see Table 4.1). Such high value is a result of the relaxation
of the surface geometry. It compensates for the bond breaking and redistribution of
charges in the slab with respect to the bulk phase.

The TDOS for the surface and bulk are presented in Figure 4.2 (left). There is a
noticeable shift of the low-lying states until -3eV due to a contraction of the surface
states. The overall shape is maintained, however, the intensity ratio between some of
the peaks is changed. At the Fermi level region, the density is strongly reduced.

In order to test the reliability of the model, the work function for this Au surface
is calculated (see Figure 4.2 (right)). The value of 5.27€V that has been found is in
agreement with the experimental values of 5.26+0.04eV% and 5.35¢€V.%

Having these results in mind, it can be concluded that the three-layer Au(111) slab
is a reliable model for a gold surface.
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4.2 CulN

When a molecule is deposited directly on a conducting surface, changes inevitably occur,
such as coupling with the underlying surface electronic states. However, adsorption on
an insulating layer above the conducting surface reduces these changes, permitting thus
to see the molecular states, similar to the free molecule.® Such technique is very useful
in case of doubts about the integrity of the molecules after deposition. One surface of
this type is CuN, a Cu(100) surface on which lies a monoatomic layer of N atoms.

The atomic structure of the CuN surface has been widely discussed in literature. One
of the first Low-Energy Electron Diffraction (LEED) studies shows that the nitrogen
atoms adsorb at the fourfold hollow sites of the Cu surface ¢(2x2).9%97 The adsorbed N
atoms form islands with roughly square shape with dimensions 5x5 nm?, separated from
one another by patches of clean Cu(100) surface at submonolayer coverages.”® When a,
full monolayer of N atoms is deposited, the islands merge and Cu trenches appear. This
is considered a way to release the stress, accumulated upon the formation of the CusgN,
due to the mismatch with the copper lattice constant.” Indeed, in an STM-based study
Choi et al.'% confirm that the lattice constant of CusN, 3.72+0.01A, is smaller than the
correspondent bulk CusN (3.81A) and yet bigger than the one for the Cu lattice (3.61A).

A lot of attention has been given also to the STM images obtained for the CuN
surface. All studies confirm the presence of protrusions, but their origin has divided the
opinions. Leibsle et al.% consider them to be N-atoms, Driver and Woodruff'®! suggest
they are Cu atoms, and Hirjibehedin et al.'9? believe them to be the hollow sites in the
last copper layer. Choi et al.'% reconciles all views by stating that the origin of the
protrusions depends on the bias applied for the STM experiment. The depressions at
positive voltages are assigned to the N atoms, which become protrusions at negative bias.
The latter result is reproduced by theoretical calculations. 103104 However, the N-atoms
seen as depression is not confirmed by the theory.

Many efforts have been put in the atomic reconstruction of the surface. Generally,
it is believed that the nitrogen atoms are almost coplanar to the topmost copper layer.
However, there are also several other models based on experimental studies, which have
been tested theoretically. One of them is the rumpled structure, proposed as a result of
photoelectron diffraction measurements'® and STM experiments. 0! It is a symmetry-
lowering rumpling of 0.34 A of the outermost Cu layer, where one of the Cu atoms in the
¢(2%2) unit cell moves upwards, and the other one - downwards. This model has been
tested by Yoshimoto and Tsuneyuki, 3 Hong et al.,'% Tao et al.,'%7 and in all cases,
after optimization, the structure returns to the unrumpled case. Another model is the
clock reconstruction model, based on LEED experiments, 198 where the Cu atoms of the
topmost layer shift clockwise or counter-clockwise, while the N atoms remain in ¢(2x2)
positions. The simulated model has resulted unstable and after optimization has again
returned to the undistorted structure.'%® Tao et al.'97 have tested also a structure where
the N atoms are adsorbed at the atop site, which is, however, a very implausible solution
due to lack of dynamical stability. All theoretical studies confirm as most stable one the
case where the nitrogen atoms lie slightly above the top copper layer, therefore, this is
also the model studied in this thesis.

In the present work, the CuN surface is studied using two functionals - revPBE3! and
PBEsol.3? The parameters for the D3 correction are revPBE and PBE (due to the lack
of parameters for PBEsol), respectively. Also for this system, norm-conserving GTH
pseudopotentials are used,?%™ where 5 and 11 electrons are assumed for N and Cu,
respectively. The basis sets are double- polarized and molecularly optimized for both
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Figure 4.3: Minimum for the lattice constant of Cu bulk, obtained with revPBE (left) and
PBEsol (right)

Table 4.2: Lattice constants for the CuN surface, optimized on bulk of Cu(100).

Functional Lattice constant (A)

revPBE 3.537
PBEsol 3.527
Experimental 110 3.615

atomic kinds.”! In agreement with the study of Gomez Diaz et al.,'% the plane-wave
cut-off is set to 500 Ry. In all optimizations of the geometry, the convergence criteria
for the SCF energy has been fixed at 1x10~ ¢ Hartree and 1x10~* HartreeBohr ! for the
atomic forces. The electronic temperature for the Fermi-Dirac ditribution has been set
to 300 K.

First, the lattice constant of the bulk copper for both exchange-correlation functionals
needs to be determined. Single-point calculations have been performed over different
values of the lattice constant. The model that is used for the bulk phase consists of
3x3x3 the Cu(100) unit cell. The results are presented in Figure 4.3 and Table 4.2. The
two functionals give relatively close lattice constants and both values are lower than the
experimental one by about 2%. As it can be seen in Gomez Diaz et al.,'% a possible
explanation can be sought in the use of the D3 parametrization. Their study on the
bulk of Cu(100) with revPBE functional showed that the inclusion of the D, and D2
dispersion corrections leads to smaller lattice constants.

In the next step, Cu and CuN surfaces are constructed with the optimum lattice
constants for the two functionals found from the Cu(100) bulk calculations. The slabs
consist of 8x8x2 unit cells of copper (100) or a total of 512 atoms distributed in 4
atomic layers of Cu. In the case of the CulN, the nitrogen atoms are positioned according
to the ¢(2x2) pattern, for total of 64 N atoms. The geometry optimization of both
Cu and CuN surfaces has been started from the bulk positions of the Cu atoms. Ini-
tially, the nitrogen atoms are at 0.3 A above the plane of the topmost copper layer in
agreement with the experimental findings. The simulation cells are with the following di-
mensions: (28.296x28.296x60.000) A3 for the revPBE and (28.216x28.216x60.000) A®
for the PBEsol. Like in the case of the Au surface, the size of the cell in the xy directions
is chosen with the idea to fit an Fey(dpm)g in it and the vacuum region is large enough
to decouple the periodic image of the slab along z. In all cases, the bottom two atomic
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Figure 4.4: A schematic representation of the distances presented in Tables 4.3 and 4.4. The
white atoms are nitrogens, the light grey are copper atoms left to relax, and the deep grey are
the Cu atoms that are kept fixed to the bulk bond distances.

Table 4.3: Change in the interlayer distances in % for the optimized Cu surface obtained via
different functionals.

Functional A12 (%)a Agg (%)

revPBE 3.49 3.30
PBEsol —0.50 2.13

Cu surface

@ A;; are computed as the difference between the height of layers 7 and j with respect
to the bulk value, divided by the latter.

layers of Cu has been kept fixed to the bulk position during the geometry optimization.

The geometry optimization has led to several changes on the surfaces, which are
measured according to the parameters in Figure 4.4.

In agreement with the study of the Au(111), the interlayer distances between the top
three layers has increased slightly for the revPBE, although not so significantly as for the
gold surface. Such difference could be ascribed to the different packing of the two slabs
or the different D3 correction that has been used. The results with PBEsol, however,
differ from those of revPBE. The Cu’®~! layer has separated more from its underlying
layer than the topmost, Cu®P, which is closer to the bulk value.

The situation with the interlayer distances changes when the N atoms are deposited.
The topmost layer for both functionals tend to separate from the underlying one (see Ta~
ble 4.4). However, the nitrogen atoms have different behaviour for revPBE and PBEsol.
While the average values for the displacement of the N atoms are in good agreement
with other theoretical and experimental studies, a close look reveals different behaviour.
For the revPBE, the N atoms tend to be in a wave-like positions, where one nitrogen
moves in between the adjacent Cu atoms, and the neighbouring N atoms are pushed up.
This can be clearly seen in Table 4.5 which presents the average position along z with its
standard deviation. Such behaviour has not been observed in other theoretical studies
and it is not reproduced by the PBEsol, where the N atoms are at almost the same
height and slightly above the topmost layer of copper atoms. A possible explanation is
that for the revPBE the mismatch between the lattice constants of Cu and CusN plays
a major role and leads to such geometrical solution in order to release the surface stress.

The PBEsol, however, does not reproduce correctly the charges distribution. The
average Mulliken charge on the nitrogen atoms is positive, unlike the revPBE results
and other theoretical studies obtained with Bader analysis. 15116

The differences in the DOS between the Cu and CuN surfaces are mainly reproduced
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Table 4.4: Geometry of the CuN surface obtained with different methods.

Method AN1(A) A (%) A (%)
SEXAFS¢ 1 0.40 4.7 0.3
Excberiment Helium-ion channelling 12 - 15.0 3.0
P X-ray diffraction and molecular dynamics!!3 - 14.0 1.5
Grazing incidence X-ray diffraction !4 0.15 14.0 1\5
GGA(PBE)103 0.21 7.7 0.5
Theory GGA(PBE) %7 0.20 9.1 0.9
GGA(PBE) 106 0.17 7.8 0.2
. revPBE 0.34 10.9 1.2
This study PBEsol 0.36 7.5 1.7

¢ Surface extended X-ray absorption fine structure

Table 4.5: Average shift of the corresponding atoms along z (A) with the error for the optimized
Cu(100) and CuN surfaces for the different functionals.

surface Atomic layer revPBE PBEsol

Cu Culor 5.427£0.025  5.319+£0.000
Cutor—! 3.596+£0.002 3.565+0.019

N 5.864+0.295 5.810+£0.000

CuN Cu'op 5.021£0.009  5.452+0.000

Cutor—! 3.560+0.037  3.556+0.019

Table 4.6: Mulliken charges for CulN surfaces with the two functionals

Atomic layer revPBE PBEsol

N —0.093 0.011
Cutop 0.017  —0.029
Cutor—1 0.024 0.019
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Figure 4.5: Comparison between the PDOS calculated with the two functionals. The N PDOS
have been multiplied by 5, in order to be visible; the used Gaussian width, o, is 0.2eV.

with the two functionals (see Figure 4.5a and 4.5b). Even though the shape of the DOS
in the region -5 + -1€V is maintained, in the case of CuN, the peaks are with reduced
intensity. Moreover, the peak at -3eV disappears and a shoulder at -2eV appears. As
a result of the N presence, two major changes occur. A peak appears at -1V, clearly
seen for both functionals. The second one with higher intensity is in the region -8 +
-5eV and there is the main discrepancy between the functionals as shown in Figure 4.5d.
The nitrogen PDOS for 2p, and 2p, are identical and the only difference comes from a
shift of the PBSsol ones of 0.3€eV to lower energies. On the other hand, the 2p, remain
at the same energies, but with different intensities. Since the nitrogen atoms are not
positioned in the same way in the two CulN surfaces, they couple differently with the Cu
states. Similar DOS for the CulN surfaces have been obtained also by other theoretical
studies. 107117

Major differences between the two functionals are observed also in the simulated STM
images. In the case of PBEsol, all Cu atoms appear to be protrusions, while the N ones
remain mainly as depressions at both biases, which is at odds with other theoretical
studies, where the nitrogen atoms are observed as protrusions.!%® On the other hand,
in the case of revPBE, the STM image is more irregular. Some of the N are seen as
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Figure 4.6: Simulated STM images for the PBEsol (top row) and revPBE (bottom row) for
occupied states (left column) and empty states (right column); the N atoms are in blue and the
Cu ones - in red.

depressions, while others - as protrusions. Such discrepancy is due to their different
height with respect to the copper layer.

In order to test the validity of our model, the work functions for both Cu and CuN
have been estimated. In the former case the values are 4.76 eV for PBEsol and 4.36eV
for revPBE. The experimental one ranges from 4.59 to 4.83eV.!'®119 When the N atoms
are added, the shape of the potential changes and a surface dipole appears, due to the
different termination layers in the slab.(see Figure 4.7) After an applied correction for
the surface dipole, the values for the A® are 0.41 eV for PBEsol and 0.55 ¢V for revPBE.
Both values are lower than the experimental one of 0.9 eV.120

In conclusion, revPBE functional fails to reproduce the geometry of the surface, while
PBEsol does not give satisfactory results regarding the charges. Different STM images
with respect to the experimental ones are obtained with both functional. However, the
work function is reproduced in the two cases. In order to be in agreement with the
experiment, the geometry obtained with the PBEsol is used for the adsorption studies.
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Figure 4.8: The pseudocubic unit cell of the not doped perovskites crystals (a) and the one of
Lay.67Sr0.33MnO3 (b).

4.3 LSMO

Another material that has been extensively studied at theoretical and experimental level
are the doped perovskite manganites. They are known for the variety of properties they
possess such as spin polarization at Fermi level, electron transport, colossal magneto-
resistance, and ferromagnetic phase transitions, which make them perfect for current
injection in spintronic devices,! such as magnetic tunneling junctions. 2!

The perovskites represent a group of compounds with a general formula ABOs, which
have similar lattice structure based on double mixed oxides (see Figure 4.8). The unit
cell contains two types of metal ions. The A metals are positioned at the edges of the
unit cell and they are rare-earth or alkaline earth metals. The metal B is body-centered
and it is a transition metal. The oxygen ions are face-centered and they form bonds with
B, giving thus rise to an octahedral environment. In the perfect perovskite crystal the
radius of A-type is larger than the radius of the B-type metal r4 > rp. Moreover, the
B-O-B angle is 180° and the B-O bonds are equally long.

When the B metal is Mn, the compounds are called perovskite manganites. An
example of a manganite is LaMnOs (LMO). The Mn have a non-zero magnetic moment
and the LMO is found to be an antiferromagnetic insulator. When the LMO crystal is
hole-doped, i.e. some of the La cations are substituted with bivalent cations, insulator-
metal transition takes place.'?? One of the most famous compounds with such structure is
the La;_;Sr,MnOj3 (LSMO), where x indicates the doping level. The doping introduces
Mn*t, which plays an important role in the magnetic interactions ad gives rise to a
variety of physical properties.

Urushibara et al.'?3 have studied LSMO for doping levels between 0 and 0.6 (see
Figure 4.9). At low temperatures and low x, the LSMO is an insulator. However, by
increasing the doping level, the Curie temperature (T¢) rises and reaches its maximum
at about 370 K for x=0.33. The transition from ferromagnetic to paramagnetic material
is accompanied by a large drop in resistivity, while maintaining the overall metallic
temperature dependence. (see Figure 4.10)

Chmaissem et al.'?* present the electronic phase diagram of LSMO for doping lev-
els up until x=1. They identify four magnetic phases - one ferromagnetic and three
antiferromagnetic (see Figure 4.11). The A-type antiferromagnetic phase demonstrates
in-plane ferromagnetism and out-of-plane antiferromagnetism; C-type shows out-of-plane
ferromagnetism and in-plane antiferromagnetism; G-type represents in-plane and out-of-
plane antiferromagnetism. There is a strong competition between the ferromagnetic and
A-type states for x~0.5, and between the C- and G-type states for x~0.95.

The manganites have been given special attention also because of the colossal mag-
netoresistance (CMR) they exhibit. This phenomenon consists in a huge resistivity re-
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Figure 4.11: The types of magnetism in for the manganite crystal are shown. The A-type
demonstrates in-plane ferromagnetism and out-of-plane antiferromagnetism; C-type shows out-
of-plane ferromagnetism and in-plane antiferromagnetism; G-type represents in-plane and out-
of-plane antiferromagnetism.

duction induced by a magnetic field. The CMR effect is exhibited at room temperature,
while the tunnelling magnetoresistance vanishes at much lower temperatures. A magne-
toresistance ratio of 1800% in LSMO/STO/LSMO junctions has been attributed to the
half-metallicity of the manganites at the interface.'?> Dynamical Jahn-Teller effects or
local lattice distortions are also thought to play an important role in CMR. 126:127

When one material is half-metallic, it means that at Fermi level there are states in
the majority spin channel and there are none in the minority, making it thus metallic
in spin-up and insulator in spin-down. In this way, the current is conducted only by
one channel, so it is 100% spin polarized. However, the opinions regarding the half-
metallicity of LSMO are divided. Some recent experiments claim that the LSMO is
not a conventional half-metal and that is does have minority spin states at the Fermi
level, but it is rather a transport half-metal. This means that the spin polarization of
the current in this material is approaching 100% in the high resistivity limit, which is
mostly due to the different mobility of the spin-up and spin-down electrons.®® On the
other hand, other studies support the true half-metallicity of LSMO,2%130 for which
Nadgorny blames the different results on the various possible values of spin polarization
that depend on the technique that is used.

The ferromagnetic phase of LSMO is explained with the double exchange mechanism,
proposed by Zener. 3! The magnetism of LSMO is based on the magnetic properties of
the Mn ions. In the LMO, all manganese ions are Mn®t. When Sr ions are introduced,
this gives rise to holes or Mn** in order to maintain the electroneutrality. Therefore,
the ratio La3™ /Sr?* is equivalent to Mn3T/Mn**. In the octahedral environment, the
d levels of the Mn split and give rise to triply degenerate to, and doubly degenerate e,
levels. The orbitals are filled according to the Hund’s rule, so the spins of the electrons
are parallel. Mn** has all electrons on tog orbitals, while Mn3* has one more electron
on e,. This extra electron hops from the Mn3* to the adjacent fully filled O 2p orbital
and simultaneously an electron from that orbital goes to the Mn**. Anderson and
Hasegawa 132 have shown that the electron transfer (t;;) between the neighbouring sites
depends on the relative angle (©) between the core spins, or ¢;; = tocos(©/2). The
maximum value for the transfer is when the spins are parallel (© = 0), thus resulting in
ferromagnetic interaction.

Indeed, any structural distortions play an important role in the physical properties
of the manganites, since they can change the Mn-O-Mn angle. Therefore the radius
of the doped cations should be also taken into consideration. Hwang et al.'33 have
demonstrated that by decreasing the radius of the A cations, <r>, magnetic order
and significant magnetoresistance occur at lower temperatures with increasing thermal
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Figure 4.12: A schematic representation of the double exchange mechanism.

hysteresis, and the magnitude of the magnetoresistance increases dramatically. Other
distortions come from the fact that the LMO has a distorted structure due to the Mn3+
which suffer Jahn-Teller distortions, ** while the SrMnO3 (SMO) has a cubic structure.

However, the double-exchange model alone cannot account on the CMR effect. Millis
et al.127 extended the double-exchange model and proposed that, in addition to double-
exchange physics, a strong electron-phonon interaction arising from the Jahn—Teller split-
ting of the outer Mn d level plays a crucial role.

Theoretically, it is difficult to reproduce the experimental results, since the exper-
iments are carried out at finite temperature, whereas the theoretical experiments are
at 0 K. However, there are various factors that influence the half-metallicity and even
though it has been generously claimed in the literature, few studies actually present a
100% spin polarization at the Fermi level. One factor is the functional. The LSMO
bulk has been investigated at different levels of theory - LDA and GGA. The former has
some limitations for magnetic systems and band gaps. Moreover, it gives different re-
sults with respect to the lattice constant that is used. For the pseudocubic experimental
value, the approximation reproduces the half-metallicity, however, when an optimized
one is used, this property of LSMO is lost. 2336 On the other hand, GGA calculations
for both optimized and experimental cases result in half-metallic LSMO. 136 This would
imply that GGA describes better the geometrical structure and resulting properties for
LSMO. Indeed, Ferrari et al. have shown that the half-metallicity is strongly related to
the lattice constant, so for smaller values it is lost.

Another factor is the construction of the bulk phase. A layered model leads to non
half-metallic behaviour, while the homogeneously distribution of the Sr atoms gives rise
to half-metallicity. 37 Moreover, the relaxation of the structure increases the spin polar-
ization, 37 which is also favoured when the parameter U for on-site Coulomb interactions
is added. 138139

In this study, the final goal is to be able to model LSMO surface(s) which reproduce
the experimental results and in order to be used as a support for Fes(dpm)g adsorption.
First, the phase bulk is studied. Then models for the surface are proposed, simulated
and checked for reproduction of the experimental data of their structural, magnetic and
electronic properties.

4.3.1 Bulk

In this study, the LSMO bulk have been studied on a GGA level of theory with dispersion
corrections D3.36 The functional that has been used is revPBE.3! Double-¢ molecularly
optimized and polarized basis sets 7140 have been used for all elements together with
GTH norm-conserving pseudopotentials. 2870 For the oxygen atoms, the 2s and 2p elec-
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Figure 4.13: The lattice constant with minimum energy for LSMO has been estimated, using a
polynominal fit.

trons have been considered explicitly. In the case of Mn the outer 15 electrons (3s,
3p, 4s, 3d), for the Sr the outer 10 (4s, 4p, 5s) and for the La the last 11 (5s, 5p, 5d,
6s). The plane-wave cut-off has been set to 400 Ry in agreement with other theoret-
ical studies.'! The criteria for SCF convergence and forces are 1 x 1075 Hartree and
1 x 1073 HartreeBohr™!, respectively.

The doping level x that has been used throughout the study is 0.33. Therefore, 33%
of the total number of A sites has been substituted with Sr atoms and the same amount
of B sites have been replaced with Mn** ions. The electroneutrality of the system has
been therefore guaranteed. Both Sr and Mn*t have been distributed in a homogeneous
random manner in the bulk phase.

In agreement with the experiment at this doping level,'?? the bulk phase has been
studied in its ferromagnetic state. Therefore, all manganese ions have been considered
in their high spin state.

Several models have been considered for the study of the LSMO bulk. A smaller
one, which consists of a simulation cell where the unit cell is repeated 3 times in x, y
and z directions, has been used to determine the lattice constant for the bulk LSMO
at this level of theory. The cubic cell has been adopted. Five values have been chosen
around the experimental one and for each of them the bulk phase has been subjected to
geometry optimization. The resultant equilibrium lattice constant for this computational
protocol is found to be 3.875 A (see Figure 4.13) and it reproduces well the experimental
one (3.873A).1#2 Other GGA studies show even worse results for the lattice constant
(3.91 A136),

Once the lattice constant has been determined, a larger simulation cell (7x7x3)
has been modelled in order to study the geometry and the electronic properties. The
dimensions of such cell are (27.125%27.125x11.625) A? and they have been chosen in
order to match the size of the surface slab (see the next subsection Surfaces).

Geometry

The optimization of the geometry hardly leads to any changes in the positions of the
metallic ions. As expected, the largest displacements concern the La-Sr atoms, due to
their different size. At the same time, the oxygen atoms in the two planes, (LaSrO) and
(MnQOz), behave in a different way. In the former case, they seem to be less mobile with
a maximum difference between their positions of 0.02 A. In the latter, it is estimated to
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Figure 4.14: The TDOS and PDOS of LSMO bulk for the 7x7x3; the used o is 0.3¢eV.

be about 0.20 A, even though on average the O atoms remain in the plane of the Mn
ions. For these reasons, the Mn-O distance in the direction across the (LaSrO) layer of
the slab maintain the bulk value of 1.938, while those in the xy planes fluctuate much
more around the average value (from 1.93 to 1.97 A). The average angle Mn-O-Mn in
the (MnOs) is estimated to be 171.1°. Being lower than 180 °, a negative effect on the
double exchange interactions is therefore expected.

FElectromic properties

The density of states for the bulk phase shows that the states in the Fermi region are
mainly due to the hybridization between the O 2p and Mn 3d, while the Sr and La states
remain low-lying. The TDOS for the bulk LSMO are in good agreement with several
other theoretical studies, 6138 as well as the Mn 3d PDOS.'43 Moreover, the majority
spin levels are occupied at the Fermi level, while the minority are not, giving thus rise to
a spin polarization of the bulk estimated to be 99% at (0K). This result is in agreement
with the experimental value of 95% (at 4K).'?> Considering that the low lying minority
spin excited bands lie very close to the Fermi energy, the fully half-metallic character for
the bulk would be lost at room temperature.

The gap in minority spin channel is evaluated to be 2.21 €V, which is higher than the
experimental one of 1.2eV,'?? but in line with previous results. 38

The average magnetic moment of the manganese ions in the bulk phase has been
estimated to be 3.56 up, which is in good agreement with the experimental value of
3.7 pp. 1

4.3.2 Surfaces

Studies on the properties of LSMO surfaces are of high importance, since most of the
spintronic devices include LSMO thin films or interfaces. Therefore, such systems have
been extensively studied at experimental level, but less at the theoretical one. The
structure of the LSMO surface strongly depends on the experimental techniques that
have been used and its slab thickness is crucial for its physical properties.

When a thin film of LSMO is grown on a substrate (usually Sr'TiO3 (STO), NdGaOs3
(NGO), LaAlO3 (LAO)) strain effects appear due to the different lattice constants. For
instance the mismatch between STO and LSMO is of 0.035 A. This leads to distortions in
MnOg, 4% which could be crucial for the magnetic properties of the system. For instance,
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the presence of an electrical "dead layer" at the substrate-film interface boundary is well-
known. Its thickness is between 30 and 50 A for both LSMO on STO and LSMO on NGO
and slightly thicker for LSMO on LAO (between 50 and 80 A). 46 Nonetheless, these films
still exhibit magnetoresistive behaviour. 147

In addition to these problems, there has been discussion over the chemistry of the top
layer. It is proven that it depends on the cleaning procedure '#® and on the substrate the
LSMO films are grown.'#® There are several studies which suggest the presence of the
(MnO3) termination layer.®%!21 Theoretically, Piskunov et al. demonstrated that in
pure LMO, only (MnQ3) is thermodynamically favourable, whereas the Sr doping makes
the (LaSrO) termination layer more favourable (x=1/8) for high temperatures (at room
T both terminations are stable).!??

Other more recent experimental studies have proven that the topmost layer is mainly
composed of SrO, due to the segregation process of the Sr atoms from the bulk to the sur-
face.'*” The Sr-segregation has been studied at various experimental conditions 41153155
and it has been observed with x-ray electron spectroscopy techniques for various stoi-
chiometry ratios'®*1%® The reason for the Sr-segregation is due to the size of the Sr-ion
with respect to the La one. It is also considered that it is a result of the formation of
Ruddlesden Popper phase, i.e. (La,Sr),41Mn,0Ogz,+1 with n=1, or for the formation of
a uniform strontium oxide (SrO) monolayer. 159160

This study aims at presenting a reliable model for the LSMO surface in agreement
with the experimental findings. For this reason, the possible composition of the topmost
layer is studied through Sr segregation for different model systems. Then, the changes
in their electronic structure are investigated. Finally, the most stable surfaces are tested
for their magnetic properties.

The same computational protocol for the bulk phase is also used for the surfaces.
A slab of 7x7x3 times the unit cell in the three dimensions has been chosen so that
the surface can host one Fes(dpm)g cluster and in the same time guarantee enough
separation from its periodic images along x, y and z. Another reference slab, 5x5x5,
has also been modelled in order to verify the reliability of the thinner model. Similar
thickness of the slabs have been used in other theoretical simulations. 141:143:152,161 The
use of the bulk lattice constant can be considered a good approximation since the strain
effects have minor influence on the half-metallic gap and magnetic moments. 38 In order
to reduce significantly the surface dipole generated by the asymmetric slabs, an empty
space of about 50 A was used. The simulation cells are (19.375x19.375x60.000) A% and
(27.125%27.125x60.000) A3 for the 5x5x5 and 7x7x3, respectively.

A difficulty in the LSMO models is that each layer is formally charged. In order to
avoid the problem of charged systems in periodic approximations, extra approximations
should be introduced such as Mn3*+ /Mn** ratio and/or oxygen vacancies. However, the
oxygen vacancies are unwanted, since they break the stoichiometry of the systems and the
essential for the conductivity bridges between the Mn ions. In addition to that, they go in
hand with the presence of Mn?* ions. 62163 Since they are strongly localized in character,
they do not contribute directly to the charge injection across the interface.5? Picozzi et
al. have pointed out that oxygen vacancies destroy half-metallicity, leading to possible
consequences on the LSMO spin injection efficiency. ** To avoid such spurious choices,
asymmetric simulation cells have been used, unlike previous theoretical studies. 41,152
However, apart from the appearance of a surface dipole, both symmetric and asymmetric
slabs give similar geometrical and electronic results. 6!

The surface models take into consideration both [MnOg| and |LaSrO]| termination
layers (see Figure 4.15), where the use of square brackets indicates the topmost layer.
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top layer |
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Figure 4.15: The 5x5x5 Lag g7Srg.33Mn0O3 models presenting the two termination layers are
pictured.

During all geometry optimizations, the bottom atomic layer has been kept to the bulk
positions. In that way a bulk-like behaviour is induced on the bottom layers and surface-
like for the top ones, which could enable in a way discern the two termination layers.

The Sr ion concentration has been chosen to be 33% (experimental). The 7x7x3
model has a total of 49 Sr ions and 98 La ions, which would mean formally 49 Mn**t
and 98 Mn37, in agreement with the doping level and charges neutrality conditions. In
comparison, 5x5x5 has 125 Mn-ions, 41 of which are Mn** and 84 are Mn?*. Various
distributions of the strontium atoms have been assumed in order to take into account
the Sr segregation and they are discussed in the next section.

Surface segreqation and surface energy

In literature, there are several theoretical studies on the Sr segregation, however, none of
them treats explicitly the way that the Sr atoms are distributed in the slab. 45152 In this
work, different models have been examined (see Figure 4.16). The bulk-like distribution
is represented by the homogeneous models, [LaSrO-hg|, both 5x5x5 and 7x7x3 slabs.
Due to the greater thickness of 5x5x5 surface, it has been possible to distribute the Sr
ions in more different ways. The first is the gradient one, where at the top layer the Sr/La
is inverted with respect to the bulk (1:2) and gradually the quantity of Sr diminishes
until reaching 16% for 5x5x5. Next, three similar models have been adopted, where
the gradient distribution is present for four layers, while the bottom one is kept at the
bulk La/Sr ratio. Moreover, the percentage of Sr in the topmost layer increases from
distribution 1 (distrl) to distribution 3 (distr3). In this way, it can be evaluated whether
it is more important to have more Sr at the surface or also their distribution in the
underlying layers. Similar, yet more limited models have been prepared for the thinner
slab 7x7x3. The [LaSrO-grad] is assumed to have a similar behaviour to the [LaSrO-
grad| in 5x5x5, since the Sr are distributed in a gradient manner. In addition, they
both have 67% of Sr at the top layer, even though the percentages are not exact for the
underlying layers (12% vs. 16% for the bottom). However, the allocation of [LaSrO-
nograd| to some of the 5x5x5 models in not easy. It tries to mimic the segregation as a
massive Sr migration from the middle layers to the topmost one, keeping the bottom one
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Figure 4.16: Distribution of the Sr atoms according to the layer they are in for the different
models and slabs - 5x5x5 (left), 7x7x3 (right)of Lag ¢7Srg.33MnO3.

close to the bulk La/Sr ratio. Similar pattern is found in [LaSrO-distr3|, where however,
the ratio of Sr atoms in the topmost layer is higher.

The so called surface energy, Fp,ii, has been used as a criterion to give an estimation of
the surface stability between the different termination layers and Sr segregation models.
In this study, the surface energies have been computed for all the different surface models
according to a modified version of equation 4.1:

(Esiab — Epuir)

4.
145urf ( 5)

Equr f=
where Agy,s is the surface area and for Ep. we considered the energy computed for
a homogeneous Sr bulk distribution in a 7x7x3 periodic supercell. It is evident that
such definition of Ej,,s takes with it the composition issues coming from the asymmetry
of the surface models. Indeed, both top and bottom layer energy contributions are
present in the Eg,,; term. However, even if a direct comparison between [MnOs| and
[LaSrO| energy surfaces is not possible for the reasons mentioned before, a qualitative
indication which suggests the [LaSrO] surfaces to be more stable than the [MnO;| can
be extrapolated. On the other hand, the direct and quantitative comparison among the
[LaSrO] models is possible. The results for surface energy are presented in tables 4.7
and 4.9.

In the case of 5x5x5, two more models with 50 and 67% of Sr have been simulated
in order to evaluate the effect on the stability of the presence of more Sr atoms in
the bulk. For both, gradient and homogeneous distributions have been considered. A
corresponding bulk with the same slab size has been optimized in order to obtain the
Epu for the calculation of Eg,,r. The displacement of the Sr ions towards the surface
lowers the Eg,,; term for all models. This is clearly seen for the three distributions -
[LaSrO-distrl|, [LaSrO-distr2| and [LaSrO-distr3], where the surface energy gradually
decreases when passing from 52% to 80% Sr at the topmost layer.

The rise in the doping level confirms that the more Sr there is in the bulk, the less
stable the surface is. However, there is no linear effect on the surface energy. While at
50% Egur¢ increases drastically, the 67% value is lower, yet higher than the 33% one.

As it has been discussed before, this calculation of the surface energies has its limita-
tions. The simulation cell of the bulk has not been the same as for the slab. Therefore,
in order to get the right surface energy, geometry optimization of surfaces with different
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Table 4.7: Surface energies , Esy, ¢, for the LSMO 5x5x5 surfaces.

x(Sr) in % Surface model Distribution Eg,, s (Jm™2)

[MnOg| homogeneous 2.548
[LaSrO-hg]| homogeneous 2.390
33 [LaSrO-grad] gradient 1.992
[LaSrO-distrl] mixed 2.160
5 ExE [LaSrO-distr2] mixed 2.064
|LaSrO-distr3| mixed 1.986
50 |LaSrO] homogeneous 2.723
[LaSrO] gradient 2.443
67 [LaSrO] homogeneous 2.530
[LaSr| gradient 2.248
-10 AT T | Tl
— Linear fit
Intercept 3.0691 + 0.0393
15 Slope  -4597.20925 + 0.00756
g -20
g: -25
w
230 4
-35x10° -1 I I I I I 1

2 3 4 5 6 7 8
number of unit cells along z

Figure 4.17: The energy versus the number of layers gives as slope the bulk energy for the system
homogeneous distribution of the Sr atoms.

number of layers should be performed. The reformulation of equation 4.1 gives equation
4.6, from the slope of which the new Ey,;, is extracted.86

EJqy ~ 20 + N Epu (4.6)

Geometry optimizations of five 5x5 surfaces have been performed with doping level
of 33%, where the number of unit cells along z goes from 3 to 7. All atoms have
been relaxed in agreement with other theoretical calculations.®® The resultant Ep.;, is
obtained according to Figure 4.17 and the new surface energies are presented in Table 4.8.
They are significantly higher than the ones obtained with a separate bulk calculation.
However, this approach is too expensive from a computational point of view for such big
systems. Since the surface energy serves to discern the stability of the different models,
the equation 4.5 will be used for the larger slab models.

Once the tendencies for the Sr distributions in 5x5x5 have been obtained, similar
models have been used also for the thinner slab 7x7x3 in order to check the reliability
of the model (see Figures 4.16 and 4.18 and Tables 4.7 and 4.9). Even if the limited
thickness of this slab model does not allow for an almost total concentration of Sr ions
on the outermost layer, as suggested by LEIS experiments,® the reported computed
energy undoubtedly reproduces the observed experimental trend and also in this case,
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Table 4.8: Surface energies , sy, ¢, for the LSMO 5x5x5 surfaces with the new bulk energy

x(Sr) in % Surface model Distribution Eg,, s (Jm™2)

[MnOg| homogeneous 3.829

[LaSrO-hg]| homogeneous 3.671

LaSrO-grad radient 3.273

5x5x5 33 [ grad] st

[LaSrO-distrl] mixed 3.442

[LaSrO-distr2] mixed 3.345

|LaSrO-distr3| mixed 3.267

[LaSrO- [LaSrO
[LasrO] nograd] -grad]
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Figure 4.18: Distribution of the Sr atoms in the [LaSrO] surfaces. The total ratio between Sr:La
is 1:2 for all surfaces, even though the ration changes for the different layers.The Sr-ions are in
light grey, and the La-ions in black.

the segregated surfaces are more stable. However, compared with the 5x5x5, the lowest
surface energy is for the gradient distribution, [LaSrO-grad|, and not for the [LaSrO-
nograd|, which is supposed to mimic the [LaSrO-distr3]. As a whole, the E,; values
for the similar models are lower for the thicker model than for the 7x7x3. This could
be assigned to the larger surfaces that are being created and to the thinness of the slabs.

Working with asymmetric slabs gives rise to surface dipole in the vacuum layer due
to the differently charged termination layer. In order to estimate its effect, single point
dipole corrected®? runs on non-corrected optimized structures have been performed. A
comparison of the electrostatic potentials along z (corrected, non-corrected) are reported
in Figure 4.19. Noteworthy, the small and practically constant bias, about -0.01 J/m2,
introduced by non-considering the surface dipole corrections along z, confirms the sound-
ness of the cell dimension adopted in our computations. Moreover, the electric fields
inside the slab has been calculated using the following formula:

EdBPOZ = _5(AVCS)/Zsimulationcell (47)
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Table 4.9: Surface energies , Esy, ¢, for the LSMO 7x7x3 surfaces

x(Sr) in % Surface model Distribution E;,.; (Jm 2)* Eg,.f (Jm=2)?

[MnOs)] homogeneous 2.853 2.861
33 [LaSrO] homogeneous 2.633 2.644
[LaSrO-nograd] mixed 2.369 2.379
[LaSrO-grad] gradient 2.334 2.344
TXTx3 37 [LaSrO] homogeneous 2.723 -
[LaSrO] gradient 2.443 -
Al [LaSrO] homogeneous 2.530 -
[LaSrO] gradient 2.248 -
A5 [LaSrO] homogeneous 2.530 -
[LaSrO] gradient 2.248 -

¢ computed without surface dipole correction
b computed with surface dipole correction

where d(AVLs) is the surface dipole that appear as a result of the asymmetric slab. The
low values are in agreement with values for other perovskite structures'6® and confirm
that the reliability of the geometries obtained for the asymmetric slabs.

In conclusion, both slab models confirm that the Sr segregation is more favourable for
the [LaSrO] termination layer where the Sr atoms are distributed in a gradient manner.
Moreover, both [MnOsz] slabs exhibit surface energy higher than the [LaSrO] ones in
agreement with the experimental findings.

Electronic properties

The validity of the 7x7x3 models at 33% has been tested by studying their density of
states. (see Figure 4.20 and 4.21). The most stable models of the two kinds of slab for
the [LaSrO] termination layer have been compared in Figure 4.20a. Since the number of
atoms in the simulation cells differ, the TDOS for the 5x5x5 have been multiplied by a
factor in order to match those of 7x7x3. The general shape of the TDOS is maintained,
even though a slight shift to lower energies of the 5x5x5 states in the region -3 + -6 eV
is observed. Moreover, the same slab shows a reduced density of states at the Fermi
level. Similar comparison has been made also for the [MnOs]| termination layer, where
no major differences have been found between the two slabs.

The segregation does not induce significant changes in the TDOS (see Figure 4.20b
and d). For the segregated 5x5x5 model, a subtle shift of the peak at -2€V in the top
layer 3d Mn PDOS is observed with respect to the homogeneous distribution, which is
not present for the 7x7x3 slab. This could be due to the different spin densities on the
top Mn ions that appear with the Sr-segregation. Indeed, in the 5x5x5 slab difference
between the values in [LaSrO-distr3| e [LaSrO-hg| is 0.22, while for the 7x7x3 slab it
is 0.08 (see Tables 4.10 and 4.11). This would mean slightly more Mn** and therefore,
the more high-lying e, orbitals are filled, giving rise to the shift.

Useful information about the changes that occur on the Mn ions in the surface slab
can be extracted from the 3d PDOS per layer (see Figure 4.22 and 4.23). The two slabs
have been compared by termination layer in order to study the differences induced by
the thickness. In the case of [LaSrO], all layers tend to have the form of the bulk PDOS,
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Figure 4.19: The electrostatic potential along the z axis is plotted for the four 7x7x3 surfaces
with 33% Sr with (grey) and without (black) correction of the surface dipole.

except for the bottom one, which is totally different. This is ascribed to the fact that in
all previous cases, the Mn ions are in octahedral environment, while in the bottom layer
the Mn ions are penta-coordinated. This seriously affects surface states. Indeed, [MnOq|
slabs, in the top layer, the peak at about -2eV transforms into a group of peaks. Similar
PDOS for [MnOs]-terminating surfaces have been also observed with other theoretical
calculations. 143

Moreover, the characteristic peak at about -2 eV shift towards the Fermi level going
from bottom to top layer for both [MnO3| slabs, while the opposite behaviour is observed
for [LaSrO] ones. Such energy shift was also found for [MnO.] in the recent literature. '3

In addition, a comparison with the bulk PDOS confirms the middle layers have a
bulk-like behaviour for both slab thicknesses. The general shape is maintained, even
though in the case of 5x5x5 [MnQOs]|, the peaks at -6 eV are inverted with respect to the
bulk ones. This confirms the validity of both 5x5x5 and 7x7x3 slabs.

The distribution of spin densities is clearly different for the two termination layers. In
the case of [MnOs], the top layer is mainly occupied by Mn3* ions. A penta-coordination
is more favourable in the case of d*, due to the presence of one electron on the ey orbitals,
which in this case are lowered in energy. Indeed, the values are practically identical for
both slabs. Such results are in agreement with some theoretical studies (Pruneda et
al. find 3.66 spin density for [MnOsl-termination layer, with respect to 3.53 for the
corresponding bulk!#3), and at odds with others, where it is thought that the top layer
brings contamination of the spin polarization, the magnetic moments are reduced near
the surface to 3.4.136

As a compensation, the underlying layers show more presence of Mn** and the bottom
layers are more similar to the bulk value, even though they do not reproduce it perfectly.
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Figure 4.20: Density of states for the different models of [LaSrO]-terminating layers; a) com-
parison between the most stable models for 5x5x5 and 7x7x3 slabs, where the TDOS of the
former has been scaled with respect to the ones of the latter; b) TDOS for all models of the
5x5x5 slab; ¢) TDOS for all models of the 7x7x3 slab; d) and e) present the DOS projected
on the Mn 3d of the top layer for model of 5x5x5 and 7x7x3 slabs, respectively. The o in all
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slab, the TDOS of the former has been scaled with respect to the ones of the latter. The o is
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In the case of 5x5x5, a fluctuation between high and low values is present until the
bulk one is reproduced. It is due to the redistribution of the spin densities within the
slab as result of the imbalance induced from the topmost layers. Such fluctuation is not
observed in the 7x7x3 slabs due to their limited thickness.

The |[LaSrO|-termination induces different rearrangement of the spin densities, even
though the general trend of having similar values in reversed order is maintained. The
fixed bottom layer is a not-relaxed penta-coordinated and, therefore, in agreement with
the results for the top [MnO2] more Mn3* spin density is observed. Quite interestingly,
there is no sharply pronounced presence of Mn** in the top layer of both segregated
models as expected, due to the higher Sr concentration. The spin density is decreased
with respect to the homogeneous slabs in a more pronounced way in the case of 5x5x5.

Contrary to the bulk, it is accepted to think that the LSMO surfaces are indeed
half-metallic. ¢ To check this, the spin polarization for the different models has been
calculated according to the equation:

(-Zvup - Ndown)

P (Vo + Nagwn) 100 (4.8)
and presented in Table 4.12. The decrease in the spin polarisation for [MnOs;| is in agree-
ment previous DFT studies. !3¢ On the other hand, for all [LaSrO] terminating surfaces,
the values are very close to the bulk ones, with almost no differences between them.
There are no significant differences between the differently segregated and homogeneous
surfaces.

The minority-spin band gaps computed between the occupied O 2p orbitals and the
unoccupied Mn 3d are reported in Table 4.13. Even though the values for the 7x7x3
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Table 4.10: Distribution of the Mn spin densities for the different models of 5x5x5 (see Figure
4.16).

[MnO;] Layer [LaSrO] [LaSrO-distr3]

3.89 Top 3.68 3.46
3.33 3.64 3.70
3.40 Middle 3.41 3.51
3.64 3.46 3.48
3.55 Bottom 3.69 3.75
3.56 Average 3.58 3.58
Bulk 3.56

Table 4.11: Distribution of the Mn spin densities for the different models of 7x7x3 (see Figure
4.16).

[MnO:] Layer [LaSrO] [LaSrO-grad]

3.88 Top 3.53 3.48
3.32 Middle 3.47 3.49
3.44 Bottom 3.73 3.77
3.54 Average 3.58 3.58
Bulk 3.56

Table 4.12: Spin polarization in% for all models considered, calculated as the difference between
the density at Fermi level in the majority and minority spin channels divided by their sum.

x(Sr) in % Surface model Distribution Spin polarization (%)

[MnOq| homogeneous 87.8

[LaSrO-hg]| homogeneous 94.4

|LaSrO-grad]| gradient 92.8

5x5x5 33 [LaSrO-distr1] mixed 02.8
[LaSrO-distr2| mixed 92.4

[LaSrO-distr3| mixed 93.0

bulk 59.1

[MnO-| homogeneous 98.3

[LaSrO] homogeneous 99.3

TxTx3 33 [LaSrO-nograd]| mixed 99.1
[LaSrO-grad]| gradient 99.1

bulk 99.1
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Table 4.13: Gap in the minority spin channel for all models of LSMO considered in this study.

x(Sr) in % Surface model Distribution Gap (eV)

[MnOq] homogeneous 0.65

[LaSrO-hg]| homogeneous 0.71

[LaSrO-grad] gradient 1.06

Bx5x5 33 [LaSrO-distrl] mixed 0.77
[LaSrO-distr2| mixed 0.79

[LaSrO-distr3| mixed 0.82

bulk 2.14

[MnOq] homogeneous 0.82

[LaSrO] homogeneous 0.96

TXTx3 33 [LaSrO-nograd] mixed 1.15
[LaSrO-grad] gradient 1.20

bulk 2.21

Table 4.14: Rumpling parameters 1 for the most stable surfaces, calculated as r = z(O) —z(Mn)

5x5x5  [MnO;] [LaSrO-hg] [LaSrO-distr3]

rop (A)  —0.18 0.04 —0.09

~0.15 0.06 ~0.01

I'midgdie (A)  —0.08 0.08 0.04

—0.06 0.13 —0.14

Toottom (A)  —0.06 0.00 —0.01
TxX7x3 [MnOs] [LaSrO-hg] [LaSrO-grad]

rop (A) =017 0.05 —0.05

I'middle (A)  —0.14 0.12 0.06

Toottom (A)  —0.08 0.00 0.00

slabs are slightly higher than those of 5x5x5, the same tendencies are reproduced by both
of them. For all the surface models a narrowed band gap is observed with respect to value
computed for the corresponding bulk. Therefore, the striking property of LSMOs, i.e. the
half-metallic character, is shown to be maintained for all surface models, independently
from the termination layer. However, slightly larger minority-spin band gaps have been
found for the [LaSrO]-like termination surface unit cells. Moreover, the gap tends to open
with a more pronounced Sr-segregation, which could mean the half-metallicity would be
maintained to higher temperatures.

Geometry

The electron-lattice interactions play an important role in the electronic properties of
LSMO. 167 Therefore, finding the right geometry of the system is mandatory.

Several parameters have been checked for the [MnO3| and [LaSrO] termination layers.
The effects induced upon segregation have also been accounted for. Since the Mn-O
distances are very important for the magnetic properties, special attention has been
dedicated to them.
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4.3. LSMO

Table 4.15: Average interlayer separation in A, calculated as the average between the planes of
the Mn atoms and that of the axial oxygen atoms in the successive [LaSrO]-planes.

5x5x5 [MnOg] [LaSrO-hg] [LaSrO-distr3]
Anmms_os 2200 Aos aims 2.122 1.965
Ao5— M4 1.842 Arrns—04 1.982 2.016
ANna—03 2.074 AO4—Mna 2.055 2.026
Ao3—Mn2 1.904 Apma—03 1.979 2.023
ApNn3—03 1.992 Ao3—Nn3 1.997 1.980
Aos ame 1975 Az oo 1.900 1.945
Anmo—02  2.050 Apo—mne2 2.069 2.066
Aoo— M1 1.931 Ayrno—o1 1.879 1.880
Arni_o1 1.940 Ao1-Mn1 2.011 2.046

TX7x3  [MnOgq] [LaSrO-hg] [LaSrO-grad]
Anrin3—03 2.174 Ao3—Mn3 2.064 1.974
Aosz—um2  1.838  Anmz_o2 1.933 1.998
Arrn2—_02 2.064 Ao2—Nn2 2.088 2.028
Ao2—Mn1 1.908 Arn2-01 1.884 1.915
Aprni—o1 1.907 Ao1—Mn1 2.018 2.029

The first parameter to be checked is the rumpling of the oxygen atoms with respect to
the Mn ones (see Table 4.14). The metal ions relax more than the oxygen ones, and this
leads to the rumpling. In the case of [MnO2| termination, the O stay below the plane
formed by the Mn atoms. Such behaviour is observed also by Pruneda et al.'*3 As they
also point out, it is triggered by the surface chemistry, and it later propagates to the
bulk phase, where it is not observed. The origin is suggested to be a polar, ferroelastic
instability. 143and references therein Gych effect leads to significant distortion of the Mn-
O-Mn angle in the top atomic layer (the average value for 7x7x3 is ten degrees lower
than the ideal 180 °). Similar value is observed also for the underlying layer, while the
bottom layers show significantly lower rumpling.

The opposite trend and in reversed order is noticed for the homogeneous [LaSrO] sur-
face, where the oxygen atoms are directed inward the bulk phase. This is not surprising,
since the structure of this model is the one of [MnO2] turned upside down, where, how-
ever, the bottom (MnO2) plane is kept fixed. Interestingly enough, this changes when
the Sr segregation is introduced. The oxygen atoms remain in the Mn plane with very
small changes in their position along z.

The in-plane Mn-O bonds remain slightly changed (i.e. 1.946=0.017 A for [LaSrO-
grad|), unlike the out-of-plane ones (see Table 4.15). The reason for such discrepancies
is to be searched in the distribution of the spin densities in the surface layers. Indeed,
for the case of interfaces, it has been found that the elongation of the out-of-plane is not
due only to the strain, but also to the presence of ions in lower oxidation states. 4"

The geometry changes in 5x5x5 and 7x7x3 are consistent between each other.

Magnetic properties

Generally, there are two approaches that can be followed for studying the magnetic
properties of surface slabs (such as LSMO) - the cluster and the periodic approaches.
In the former, the magnetic interactions between neighbouring Mn ions are evaluated
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Figure 4.24: a) model for the top-layer dimers, the Mn-O bonds in the xy-plane ana perpendicular
to the Mn-Mn axis are kept 1.950 A; b) model for the middle-layer dimers, the Mn-O bonds in
the xy-plane are kept 1.945 A; ¢) model for the interlayer interaction (top and middle), the Mn-O
bonds in the xy-plane are kept 1.950 A.

through manganese dimers, where only the Mn ions and the oxygen atoms with which
it forms bonds are taken into consideration. The geometry is maintained as the one
obtained after optimization and the oxygen atoms are saturated to OH™ groups. Such
approach can give a detailed picture of how the different geometry values affect the
exchange between the Mn ions. On the other hand, the periodic approach takes into
consideration the magnetic interactions in the crystal phase.'68 It is useful to determine
the magnetic state of the surface phase as a whole. In this work, only the [MnOs| 7x7x3
has been studied by means of simplified dimer models according to the cluster approach
and the results are presented in the following section.

In order to verify the superexchange magnetic contributions arising from the different
Mn"™" /Mn™" couples in the [MnOs] 7x7x3 surface model where there is a sort of Mn3*+
segregation in the top layer with a correspondent Mn?* accumulation in the layer below,
several Mn dimers structures have been extrapolated and for them the Js have been
computed through the Broken Symmetry approach. The basis sets and functional are
the same used for the surface models. A more precise SCF convergence criterion of
1x10~ " Hartree has been used. The considered dimers are taken to mimic both intra-
and inter-layers exchange interactions (top and middle). In the former case, there are
essentially three dimers for the top layer and two — for the middle layer, where the
two Mn ions are penta-coordinated (hexa-coordinated) by one bridging O?~ and 8 OH~
groups (one bridging O?~ and 10 OH ), for the top and middle layers, respectively.
These models differ in the lengths of the Mn-O bonds marked as a and b, whose values
are reported in Table 4.16 and Table 4.17. To mimic the exchange interactions in the
interlayer, a dimer geometry has been adopted as well, where one Mn ion, belonging to
the top layer, is penta-coordinated while the other (inner layer) is hexa-coordinated. The
Mn-O-Mn angle has been considered to be 180°. The real ones for this model surface
are 169.7° for the top layer, 171.0 ° for the middle one, and 177.4 ° between the top and
bottom Mn planes.

The J values obtained (see Tables 4.16, 4.17 and 4.18), computed with a pure density
functional with no addition Hartee-Fock exchange correction, are overestimated but all
are antiferromagnetic. Positive J values stand for antiferromagnetic interaction, while
negative — for ferromagnetic one.

Taking into consideration the results obtained for the exchange interactions in the top
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4.3. LSMO

Table 4.16: Values for the exchange interaction J (cm™?) for the dimers of the top layer of the
optimized [MnO-]-surface

a(A) b(A) Mn**-Mn?*" Mn?*t-Mn*t Mn*'-Mn*"

1.950  1.950 107 —269 —139
1.940 1.960 107 —257 —139
1.930 1.970 107 —182 —136

Table 4.17: Values for the exchange interaction J (cm~') for the dimers of the middle layer of
the optimized [MnO-]-surface

a(A) b(A) Mn**-Mn?* Mn*t-Mn?+t Mn?*-Mn*t Mn**-Mn**

1.950 1.950 —370 —361 —346 142
1.925 1.935 -301 —296 =277 159

Table 4.18: Values for the exchange interaction J (cm 1) for the dimers, measuring the exchange
interaction between the top and the middle layers of the optimized [MnOs]-surface

Mn1-Mn2 J (cm 1)

Mn3+-Mn3+ 226
Mn*+*-Mn3t  —138
Mn3t-Mnt —1277
Mn*t-Mn%t  —796

and middle layer and the calculated spin densities, we can expect that, there will be a
prevailing intralayer antiferromagnetic behavior in both layers. This is due to the larger
concentration of Mn?T-Mn?** (Mn**-Mn**) possible interactions in the top (middle)
layer. The predominant interlayer interaction, however, is expected to be ferromagnetic,
as the dimers Mn**-Mn3* would be much more than the Mn3+t-Mn3* ones.

4.3.3 Studies of possible contaminants of the surface

When LSMO surfaces are grown experimentally, they are subjected to an annealing or
chemical cleaning procedure. The goal is to dispose of any possible contaminations.
However, even after these procedures, some residual contaminants could remain. For
this reason, several model structures for contaminants on the LSMO surfaces have been
tested with the idea to construct surfaces afterwards and to evaluate their eventual
influence on the properties of the surfaces.

Several other studies have been also dedicated to different kind of contamination. The
most favourable sites for the (MnOz)-termination layer are found to be atop the Mn ions
for oxygen %9170 and the surface oxygen for CO» adsorption.!'”! However, Hammami et
al. suggest that this termination layer is more stable, due to the larger rumpling and thus
it is less reactive.!”! Indeed, they suggest that the COj is more strongly adsorbed on the
(LaO) termination layer, since it is more basic. This is supported by infrared studies on
LaMnOs3 showing bands, corresponding to free carbonate ions and bidentate carbonate
weakly bonded to the surface, which also ascribe the strong interaction of LaMnQO3 with
COs to the high basicity of La?*.172 In addition, in the (LaSrQO) termination layer, the
best sites for oxygen adsorption are found to be the hollow cites!™ and also the bridge
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site between two La atoms. 169

Adsorption studies on SrTiO3 can be useful to predict the behaviour of contaminants
on a Sr-segregated surface. It is shown that the SrO in reaction with the air forms
SrCO3.173 Indeed, for low coverages (below 0.2), the CO2 bonds strongly to the (SrO)
layer.'™ However, Baniecki et al. claim that the resulting structure is more similar
to that of CO, in Cy, symmetry, than the CO}Z[ one in Ds;,.1™ Also a weakly bond
structure is present where the COs molecule binds two Sr atoms.!™ Alexandrov et al.
suggest the adsorption of an oxygen adatom in bridge position between surface oxygen
ions and adjacent metallic one. This strong chemisorption is caused by the formation
of a surface molecular peroxide ion. They also claim a weak adsorption on a defect-free
case. 1™

In this theoretical study, more attention is given to the adsorption of different contam-
inants with respect to the spin density of the underlying Mn ions. The two termination
layers have been studied separately.

In the case of [LaSrO] termination layer, only the possibility of COg adsorption on
the surface oxygen has been evaluated. A 3x3x3 [LaSrO] slabs have been studied in
agreement with the computational protocol for the surfaces. First, it has been worked
with a homogeneous distribution of the Sr atoms, and then with segregated slabs.

The most stable structures are found to be at low coverage. In the case of 0.3 (see
Figure 4.25a)), the CO2 forms a Cog_-like group, where the surface oxygen has been
extracted from the (LaSrO) layer. In order to discriminate between the different models,
the energy of formation for each one has been calculated according to equation 4.9.
This structure is very favourable since it shows an energy gain of 54.3kcal/mol per
CO2 molecule. Such geometry is not stable for a full coverage, so in that case some of
the CO4 molecules disorb from the surface, leaving others chemisorbed. However, the
star-like shape is hinted, but the surface oxygen does not leave the (LaSrO) layer (see
Figure 4.25b)). When such "middle shape" is tried on full coverage, no disorption takes
place, but the formation energy per molecule remains low - 8.97 kcal/mol. On the other
hand, the 0.7 coverage, results in more stability since the energy gain goes to 24.4 and
29.3 kcal/mol for the structures in Figure 4.25 d) and e).

(Eads - Eslab - NCOQ * ECOQ)
Nco,

E form — (49)

The segregated surface gives similar results, where at the adsorption of only 3 molecules
is more energetically favourable (formation energy 62.5kcal/mol) that the full coverage
(formation energy 24.3kcal/mol). Moreover, the latter does not guarantee the lack of
disorption, as it can be observed in Figure 4.26.

At this moment of the study, no definite model has been proposed and investigated
for a contaminated [LaSrO] and [LaSrO-grad].

For the study of [MnOz]-termination, in agreement with previous studies, two atop
sites for adsorption are considered - the Mn and O ions. The surfaces slab has been
approximated to simple model monomers and dimers, respectively (see Figure 4.27),
where the Mn-O bond lengths have been fixed to the average ones, found in the [MnOq|
surface, or 1.950 A for the equatorial ones and 2.190 A for the axial one.

Since the presence of carbon is expected to be found, the main contaminants studied
comprise CO and COy molecules adsorbed on the Mn ions. In the latter, the C-atom is
on the metal ion, while the COs» is positioned vertically with an oxygen atom atop the Mn
ion. In addition, the possibility of adsorbing a HoO molecule or O atom have also been
considered. All possible oxidation numbers have been taken into consideration, since on
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Figure 4.25: (LaSrO)-termination slabs with different levels of contamination with COy with
the following Efopm: a) 54.3 kcal/mol; b) 20.7 kcal /mol; ¢) 8.97kcal/mol; d) 24.4kcal /mol, and
e) 29.3kcal /mol; the legend of the colours is the following - Sr (yellow), La (green), O (red), C

(grey).
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Figure 4.26: Sr segregated (LaSrO)-termination slabs with different levels of contamination with
CO with the following Eorm: a) 62.5kcal/mol; b) 24.3 kcal/mol; the legend of the colours is
the following - Sr (vellow), La (green), O (red), C (grey).
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Figure 4.27: Initial geometry for the monomers with a) H,O, b) CO, and ¢) COy adsorbed on

the Mn ions; d) The dimer with CO2 adsorbed on the oxygen of the (MnO,) layer after the
geometry optimization.

o

the top layer are present both Mn?** and Mn**. The Mn?** and Mn** are in their high
spin state. The presence of Mn?* on the surface has been proven experimentally, 62:163
so the effect on the contaminants of having it is something not to underestimate. There-
fore, also the presence of Mn?*, both in low and high spin state, in the top layer has
been considered. The model monomers and dimers have been subjected to geometry
optimization, where all atoms have been kept fixed apart, from the contaminant ones.

The results regarding the monomers reveal that only the CO molecule remains at-
tached to the majority of the Mn ions, while all the other dissociate (see Table 4.19).
The oxygen atom on the Mn ion has been studied only for the case of Mn**.

On the other hand, the CO3 is also adsorbed on the surface oxygen in a dimer. The
initial structure of linear molecule fast transforms into a COg_—like group, in agreement
with other studies and irrespective of the oxidation state of the Mn ions.

Transferring this result on a slab, a 7x7x3 [MnOs| surface has been modelled and
optimized geometrically with 24 CO2 molecules attached by the C-atoms to the oxygen
in the top layer, in a similar manner as the test dimer. The optimization of the geometry
follows the same computational protocol as the one without any contamination. In the
resultant structure, the rumpling of the oxygen atoms is even more highlighted with
the adding of the CO2 molecules (see Table 4.20), which leads to even lower Mn-O-Mn
angle, the average value is 162.9 ° (with variations between 147 to 179 °) against 169.7°.
Slight changes are also noticed in the out-of-plane Mn-O distances (see Table 4.21). The
average C-O bond with the oxygen atom of the (MnOs) layer is found to be 1.38 A,
in agreement with the theoretical 1.41 A1 and the experimental one, 1.29 A, for the
CO3™-group.

4.3.4 Conclusion

In conclusion, the theoretical protocol gives satisfactory results regarding the properties
of the LSMO surface independently from the slab thickness. Therefore, it is acceptable
to assume that the 7x7x3 slab is a reliable model for the study of Fe,(dpm)g adsorption.
At this level of study, the surfaces will be considered as clean with no contaminations.
Studies on the influence of the contaminations on the adsorption properties of SMM
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Table 4.19: The different contaminants that have been presented with respect to the oxidation
number of the Mn ions. The + sign means that after the geometry optimization, the correspon-
dent group has remained attached, while the — sign means it has not.

Monomers
Mnspin O OH H;O CO COq;
5/2 — — — -
24
Mn 1/2 - -+ -
Mn3+ 4/2 — - + -
Mn*+ 3/2 + + -
Dimers
Mn spin CO,
5/2
24 N2+
Mn“*-Mn 1/2

Mn?+-Mn3+ 4/2
Mn*t-Mn**+ 3/2

+ 4+

Table 4.20: Rumpling parameters r, calculated as r = z(0) — z(Mn).

[MnO;2] [MnO2-COs]

rop (A)  —0.17 —0.27
Tmiddle (A) -0.14 —0.1
Thottom (A)  —0.08 07

Table 4.21: Average interlayer separation in A, calculated as the average between the planes of
the Mn atoms and that of the axial oxygen atoms in the successive [LaSr]|-planes.

[MnOQ] [MHOQ-COQ]

Apins—03 2.174 2.218
AO3_Mn2 1.838 1.866
Apn2—02 2.064 2.055
Aoo—pMn1 1.908 1.924
Apmi—o1 1.907 1.921

Table 4.22: Distribution of the Mn spin densities for the [MnOgz] 7x7x3 slabs with and without
COo.

Layer [MHOQ] [MDOQ-COQ]

Top 3.88 3.76
Middle 3.32 3.41
Bottom 3.44 3.52
Average 3.54 3.56

Bulk 3.56
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cluster will be considered in future plans.
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CHAPTER
FIVE

MAGNETIC MOLECULES ON SURFACES

In the perspective to check if they are suited for building blocks in spintronic devices,
it is very important to understand the SMM behaviour on substrates. For this reason,
a reliable computational approach for the study of hybrid systems, such as molecules
on surfaces, is of great importance. However, it is not straightforward, since the re-
production of the properties of both structures is required. In the previous chapters, it
has been shown that good agreement is achieved between the theoretical results and the
experimental data both for isolated magnetic clusters and different kind of surfaces. In
this chapter will be shown the results obtained by applying the computational protocols
presented in the previous part of this thesis on hybrid systems.

The simulation of an adsorbed system has also its own further challenges, so there are
some things to be considered beforehand. First, the way the molecules are deposited on
the surface should be considered. For atoms and small molecules, the site preference is
of great importance. This is not the case for larger clusters, where a preferred adsorption
site can be hardly identified if present. The major factor is the way the cluster leans on
the surface and whether the hydrogen atoms and w-systems can at their best efficiently
interact with the surface. Moreover, working with smaller adsorbates permits to vary
the coverage percentage, since it is not excessively expensive to simulate such systems.
The SMM clusters are usually too big, so a simulation of more than one molecule would
be computationally unaffordable at DFT level. Therefore, the coverage of the surface
can be dealt with by varying the size of the slab, where the smaller the slab, the closer
the adsorbed molecule is to its periodic image.

In addition, a consistent method of comparison between the isolated and adsorbed
structures is necessary in order to take into account the differences that occur upon
adsorption. The geometry changes in the structure on the surface are considered through
the so-called extrapolated cluster. It stands for the optimized adsorbed system, treated
as isolated, i.e. without the underlying surface. In order to evaluate the electronic
effects that arise from the substrate, a direct comparison between the bulk and adsorbed
system is needed. In such cases, the DFT+ U method is necessary, due to its accuracy
and transferability, as verified and discussed in the previous chapters.

Few papers are appeared so far about the characterization both at experimental
and theoretical level of different single-molecule magnets deposited on non-magnetic
surfaces.20:21:24176-179 For instance, Barraza-Lopez et al. have studied the adsorption of
Mnja SMM on Au(111) surface at two levels of theory - DET ¥ and DFT+ U. ! In both
cases, they have found that the molecule weakly couples with the surface and the charge
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transfer occurs from the surface to the molecule mainly through linker molecules.

There are also studies of SMMs on magnetic surfaces.®? For instance Park studied
the Mnj2 on Ni(111) at DFT and DFT+ U level and found that the molecule prefers anti-
ferromagnetic coupling with the surface.!”® In a recent experimental study '® of a double-
decker molecule (TbPcy) on a ferromagnetic surface, it is suggested that the magnetic
exchange coupling parameters describing the molecule-substrate magnetic interaction
can vary depending on the amount of charge density transferred at the molecule-surface
interface.

However, the few theoretical studies appeared up to now of adsorbed SMM confine
themselves to relatively easy cases of metallic surface models.

This work is concentrated on the study of Fes(dpm)g on three different surfaces -
two non-magnetic Au(111) and CuN; and one magnetic LSMO, where two termination
layers are considered. There are two aims set - the first one is to confirm the reliability of
computational protocol for the description of SMMs on various surfaces, and the second
is to discriminate any different behaviour and dependencies on the substrate.

5.1 Fey(dpm)s@Au(111)

The theoretical model used for the simulation consists of one Fes(dpm)g cluster deposited
on Au(111) surface (see Figure 5.1). An orthorhombic periodic simulation cell with
dimensions (23.09x24.98x40.00) A? has been chosen, guaranteeing a distance between
the periodic replica of the cluster along x and y of about 7 and 9 A, respectively. In
order to avoid any possible interaction with the periodic image along the z direction, an
empty space of about 20 A has been introduced.

The same computational protocol for the geometry optimization and study of the
properties of the two systems, when investigated separately, has been followed (see
Chaprter 3 and 4). For this hybrid system, smearing of the occupational numbers
around the Fermi level by the Fermi-Dirac distribution has been used with a broad-
ening (electronic temperature) of 1500K to account for the metallicity of the surface
and to significantly improve the convergence.

The optimized geometries have been assembled together and let further relax. A crit-
ical point remains the disposition of the cluster upon adsorption. One of the presumably
most stable geometries as a starting point for the optimization has been chosen. In de-
tails, the cluster leans on the surface with one of its benzene rings and two ¢Bu-groups
coming from two dpm™ ligands, thus providing a large number of interactions between
the hydrogen atoms of the ligands with the underlying gold atoms.

The changes in geometry, magnetic and electronic properties will be discussed in the
following subsections.

Geometry

The geometry optimization has led to very small changes in the structure of the Au
surface, which include only slight increase in the inter-plane separation (see Table 5.1).
Similarly, the molecule has revealed to be rigid enough to keep its core geometry almost
unchanged (see Table 5.2). Upon deposition and after optimization, the Fes(dpm)g
maintains its integrity and does not exhibit severe distortions at this level of theory. Its
optimized structure on Au(111) is reported in Figure 5.1.

In detail, the symmetry of the cluster is maintained to a great extent, as it could be
noted from the Fel-Fe3 and Fel-Fe4 distances. The average (Fe-O-Fe) bridging angle
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Figure 5.1: A side view of the simulation model Fey(dpm)s on Au(111).

Table 5.1: Interlayer separation along z of the Au(111) surface.

Az(layers) (A)  Au(111) Fey(dpm)s@Au(111)

(top-middle) 2.624 2.627
(middle-bottom)  2.623 2.624

also remains almost unchanged, which is an indicator for similar magnetic properties
with respect to the isolated Fes(dpm)g. 5

The easy axis of the magnetization, taken as the normal to the plane containing the
four iron ions, has been evaluated to form an angle of 34.4° with the normal to the
surface. This value is close to the one found for a thioacetyl functionalized analogue,
chemically grafted to the Au(111) surface?” and is strongly due to the structure of the
cluster.

The physisorption energy of Fey(dpm)e (—40.3kcalmol 1), where distance between
the molecules and the slab is 2.475 A, is due mainly to the large number of favourable
Au-H and 7 interactions of one phenyl group, whose contribution is however expected
to be overestimated by the employed D3 energy dispersion corrections. 36

Magnetic properties

The evaluation of the changes in the Fes(dpm)g magnetic structure upon adsorption have
been performed using the Broken Symmetry (BS) formalism (see Chapter 2) in agreement
with the studies of the isolated cluster. Again, threefold symmetry is assumed, where
the J1 and Jo account for nearest-neighbour and next-nearest neighbour interactions,
respectively (see equation 2.26).

Two approaches have been used to evaluate the exchange coupling constants. The
first one is by using a hybrid functional. It is well known that the inclusion of HF
exchange is necessary to accurately evaluate magnetic interactions, so PBEO functional®”
has been applied to the optimized with revPBE geometries of Fes(dpm)g structures in
the gas phase and adsorbed on gold. However, in the latter case the entire system
is computationally too demanding at this level of approach. The exchange coupling
constants for the adsorbed scenario have been thus computed only on the geometry of
the cluster already optimized on the gold surface at the revPBE level on the extrapolated
geometry, i.e. removing the gold surface without any further relaxation.

The second approach includes the use of the DFT+ U. As already stated in Chapter

71



5. Magnetic Molecules on Surfaces

Table 5.2: Bond lengths and angles of the isolated Fey4(dpm)g and the one deposited on Au(111).

X-ray  Feys(dpm)s Fes(dpm)s@Au(111)

Bonds (A)
Fel-Fe2 3.0780(8) 3.139 3.134
Fel-Fe3 3.0726(6) 3.161 3.171
Fel-Fed 3.0726(6) 3.160 3.172
Fe2-Fe3 5.2925(7) 5.402 5.399
Fe3-Fe4 5.3880(1) 5.579 5.591
Fe2-Fed 5.2925(7) 5.399 5.420
Fel-O1’ 1.9801(19) 2.011 1.994
Fel-02’ 1.9650(18) 2.005 1.979
Fel-03’ 1.9813(19) 2.019 2.014
Fel-O1 1.9801(19) 2.020 2.017
Fel-O3 1.9650(18) 2.004 1.982
Fel-O2 1.9813(19) 2.018 2.024
Fe2-01’ 1.9718(9) 2.006 2.039
Fe2-04 1.995(2) 2.039 2.031
Fe2-04’ 2.0321(19)  2.089 2.070
Fe2-0O1 1.9718(9) 2.009 2.002
Fe2-05’ 1.995(2) 2.039 2.045
Fe2-05 2.0321(19) 2.090 2.073
Fe3-02’ 1.9784(19)  2.020 2.048
Fe3-06 1.9853(19) 2.056 2.025
Fe3-06’ 2.004(2) 2.059 2.060
Fe3-O7 1.993(2) 2.036 2.002
Fe3-O7 1.9909(19) 2.071 2.073
Fe3-02 1.9718(18)  2.022 2.027
Fe4-O3’ 1.9718(18) 2.018 2.035
Fed-03 1.9784(19)  2.034 2.055
Fed-09’ 1.9853(19)  2.052 2.031
Fe4-09 2.004(2) 2.058 2.058
Fed-08’ 1.993(2) 2.035 2.022
Fe4-O8 1.9909(19) 2.085 2.062

Angles (°)
Fe2-Fel-Fe3  118.74(1)  118.09 117.83
Fe2-Fel-Fe4 118.74(1) 117.98 118.52
Fe3-Fel-Fe4 122.51(2) 123.93 123.64
(Fe-O-Fe)  102.23(17)  102.93 103.02
Fe3-Fel-Fe2-Fed 180.00 179.90 178.57
¥ 68.80 70.60 69.80

72



5.1. FE4(DPM)s@AU(111)

(a)

Figure 5.2: A visual representation of the bonds presented in Table 5.2.

2, it is less demanding, maintains the accuracy of the hybrid approach and allows the
investigation of the whole molecule-plus-substrate system. However, being a paramet-
ric approach, the choice of the U parameters is critical for a correct description of the
electronic structure. The best set of values have been found to be U(Fe)=4.1eV and
U(0)=3.0eV (see Chapter 3). In addition and in agreement with previous studies, '8!
the U parameter has been also used for gold atoms (5d orbitals). It has been varied
in order to get the best agreement between the computed TDOS for the gold slab and
the clean gold surface UPS (HelI)'®3 experimental spectrum (see Figure 5.3). The com-
puted spectra from 0.2 up to 0.6eV are substantially equivalent and are in a relatively
good agreement with the experiment. For this reason they have been considered in the
calculations of the magnetic properties.

The exchange coupling constants evaluated with the two approaches are presented
in Table 5.3. As already evident from the geometrical data, the J values support the
evidences of a strong rigidity of the magnetic core upon adsorption at both levels of
theory.

As far as the cluster on the surface is concerned, the revPBE+ U results confirm that
the overall scenario of a dominant antiferromagnetic J1 interaction is preserved, with a
spin ground state S=5 separated by 35356 cm™! from the excited S=4 states, depend-
ing on the chosen U(Au) parameter. Such results for the complex Fes(dpm)s@Au(111)
system indicate only minor effects induced by the interaction with the substrate. Inter-
estingly, both approaches employed here (the extrapolated molecule from the surface and
the full system treated at DFT-+U level) confirm substantial conservation of intramolec-
ular antiferromagnetic coupling upon grafting. In details, a slight increase of the AE is
expected when larger U(Au) values are considered. These results are in agreement with
the experimental findings, which testify of maintenance of the magnetic properties upon
deposition. 184

The magnetic anisotropy, not included in this treatment, is also not expected to vary
significantly due to the minor geometrical modifications and almost negligible electronic
effects arising from the proximity of the metallic substrate.

In addition, no significant changes are observed in the spin densities on the four Fe
ions, when they are in the isolated cluster, as well as in the adsorbed one on Au(111),
which once more confirm the weak interaction with the Au(111) surface (see Table 5.4).
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T ! I I I T

— Exp He(ii)

U(Au)=1.0eV
U(Au)=0.8eV
U(Au)=0.6eV
U(Au)=0.4eV
U(Au)=0.2eV
U(Au)=0.1eV

DOS [arb.un.]

Figure 5.3: Experimental UPS spectrum of Au(111) compared with the computed TDOS of the
gold slab with several U values

Table 5.3: Exchange coupling constants (reported in cm™!) for the Fes(dpm)g on the Au(111)
surface. The U parameters are in eV.

PBEO Ji J> AE5 ¥
X-ray 144 0.3 34
Optimized 13.8 0.2 33
Extrapolated 14.7 0.1 36

U(Fe) U(O) U(Au)

X-ray 4.1 3.0 - 17.0 0.4 40
Optimized 4.1 3.0 - 16.7 0.3 40
Extrapolated 4.1 3.0 - 17.9 0.2 43
Experiment 16.37(12)  0.29(11) 42
4.1 3.0 - 15.0 0.4 35
4.1 3.0 0.2 15.3 0.3 36
QAU 4y 30 04 15.5 0.4 36
4.1 3.0 0.6 18.7 -1.2 56

* Energy gap between the ground S=5 and the two first excited states S—4 states.
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Table 5.4: Spin densities for the four Fe-ions in Fes(dpm)g on the Au(111) surface, calculated
with revPBE+ U method. The U parameters are in V.

Fes(dpm)s U(Fe) U(O) U(Au) Fel Fe2 Fe3 Fed

X-ray 4.1 3.0 - -4.35 437 438 4.38
Optimized 4.1 3.0 - -4.36 438 438 4.38
Extrapolated 4.1 3.0 - -4.36 438 4.38 4.38
4.1 3.0 - -4.36 438 438 4.38

@Au(111) 4.1 3.0 0.2 -4.36 438 438 4.38

4.1 3.0 0.4 -4.36 4.38 4.38 4.38
4.1 3.0 0.6 -4.36  4.38 4.38 4.38

Electronic properties and STM images

The DOS of the isolated and extrapolated clusters present the same contour lines both
at PBEO and revPBE+U levels of theory in agreement with the small changes that
occur upon optimization of the SMM on Au(111) surface (see Figure 5.4). The PDOS
maintain the characteristic shape even on the surface. An insignificant rigid TDOS shift
of 0.06 eV of the extrapolated cluster with respect to the one that accounts for the surface
as well is observed, which can be considered as the fingerprint for weak adsorption and
evidence for the interaction with the Au states (see Figure 5.5 (right)). The addition
of U parameter on the Au atoms does not change the shape of the TDOS, although a
further shift of 0.06 €V to the lower-lying energies with respect to U(Au)=0eV is present
due to the inclusion of the on-site correction (see Figure 5.5).

On the basis of the optimized structure it has been possible to simulate an STM
image of the Fes(dpm)g molecule on Au(111). Due to the low conductivity of the lig-
and shell a quasi-spherical multi-lobed structure is visible in line with the experiment,
though the sub-molecular resolution is much poorer than for flat and/or with more
symmetry elements molecules like TbPcy. An average diameter of ca. 1.9nm can be es-
timated from the computed image, in agreement with the experimental STM values. 184
However, along with spherical objects, the sample shows domains with rather different
appearance whose internal structure could not be resolved (see Figure 5.6). Their height
(0.30+0.05 nm) suggests that they cannot be associated with Fes(dpm)s molecules but
rather with smaller units, either contaminants or fragments. A partial decomposition
of the cluster during the sublimation process cannot be ruled out. Possible hints about
the structure of these fragments will be investigated through a study of Fe(dpm)s evap-
orated on Au(111). Indeed, this molecule is suggested to be contaminant in thin films
of Fey(dpm)g,®® therefore, its deposition will be investigated in the next subsection.

5.1.1 Contaminants

The Fe(dpm)s has been evaporated on Au(111) experimentally. The STM images along
with spherical objects similar to the molecule, confirm the presence of contaminants also
in this system, which seem to be similar to those observed in the case of Fey(dpm)g. These
objects are highly symmetric building-blocks, characterized by a four-fold symmetry (see
Figure 5.7 (right)). Moreover, both islands and isolated objects are 0.29+0.02 nm high,
therefore confirming the common nature of their building-blocks.

First, the Fe(dpm)s has been simulated on Au(111) in a (17.3x15.0x40.0) A3 simula-
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Fe,(dpm),
m isolated
— extrapolated

TDOS [arb.un.]

revPBE+U

-5 0
E-E; [eV]

-15 -10

Figure 5.4: Comparison between the density of states of the isolated cluster and the extrapolated
one at PBEQ (top) and revPBE+ U (bottom) levels of theory. The Gaussian width, o, is 0.35€V.

T T T
Fe,(dpm),

= @Au(111) revPBE+U(Fe,0,Au)

= @Au(111) revPBE+U(Fe,0)

m  Extrapolated revPBE+U(Fe,0)

Fe,(dpm),@Au(111)
m revPBE+U (Fe,0)
—— revPBE+U (Fe,0,Au)

PDOS [arb.un.]
PDOS [arb.un.]

E-Eg [eV]

E-Eg [eV]

Figure 5.5: TDOS of the Fey(dpm)s@Au(111) calculated with U(Au)=0.66V and without U
parameter on Au (left), the o is 0.2 eV; comparison between the PDOS of Fes(dpm)g on Au(111)

and the extrapolated one (right), the o is 0.35€V.
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Figure 5.6: STM images acquired at 30 K for Fey(dpm)g sublimated on Au(111) single crystal.
(a) Large scale image of the 0.2 ML sample (135x135)nm?, 3pA, 2.5V). (b) Same sample
investigated at higher magnification (80x80nm?, 10pA, 2.0V). (c) Calculated STM image of
Fey(dpm)s adsorbed on Au(111) with a 2V bias (occupied states). The Fes(dpm)s has been
superimposed to be more informative on the different shiny parts of the image. 18

Figure 5.7: STM image of Au(111) surface after exposure to Fe(dpm)s: (a)Size — 45x45nm?,
Bias=1.5V (occupied states), I=10pA. (b) Size=34x34nm?, Bias—2V (empty states),
I=5pA.185
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Figure 5.8: STM images of the simulated models for contaminants at the experimental biases:
a) Fe(dpm)s; b) FeOH(dpm)s, ¢) Fe(dpm)s, d) (Hdpm)2, and €) (dpm)3 .

T T T T T T

m Fe(dpm),
—— ligands
— Fe

b) p FeOH(dpm),
— Fe

2 C) m Fe(dpm),

;‘ — ligands

8 Fe
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[ I W L~
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' . = (Hdpm),
-

e)
/\//\ \// v\ m (dpm)zz_
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14 12 10 8 6 -4 2 0 2

E-E; [eV]

Figure 5.9: PDOS of the different fragments on Au(111): a) Fe(dpm)s; b) FeOH(dpm)s, c)
Fe(dpm)s, d) (Hdpm), and e) (dpm)3 . The o is 0.3€V.
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tion cell. The same computational protocol as for Fes(dpm)g has been used with different
functional (PBEsol) due to convergence problems. The comparison of the experimental
topography with DF T-simulated STM images of the pristine Fe(dpm)s complex suggest
some resemblance with the spherical spots visible in Figure fig:STM-Fe-dpm3. As for
the tetra-lobed features (and probably the flat domains), these are not compatible with
the calculated aspect for intact Fe(dpm)s molecules, suggesting that major structural
changes occur on the gold substrate, i. e. decomposition.

To shed light on the unknown features, several molecular fragments have been theo-
retically investigated as possible intermediate or end products in the Fe(dpm)s decom-
position process in the same simulation cell (14.4x15.0x40.0) A%): (Hdpm)s, (dpm)3~,
FeOH(dpm),@Au(111), and Fe(dpm);@Au(111). Indeed, the high-spin (HS) Fe3* ion
in FeOH(dpm), can undergo reduction to HS Fe?" in Fe(dpm), via Fe(d®)-Au(s) in-
teraction and end up as low-spin (LS) Fe?' with concurrent release of the OH ™ group.
FeOH(dpm)» considers a penta coordinated complex of HS Fe?", with two dpm ligands
forming the basis of a square pyramid and the OH™ group acting as an apical ligand.
Fe(dpm)s corresponds to a LS Fe?* square planar complex. The optimized geometries
and computed STM images are reported in Figure 5.8. The computed STM image of
Fe(dpm)2@Au(111) matches very closely the observed tetra-lobed units, with no de-
tectable contribution from the iron d#° orbital. FeOH(dpm),@Au(111) also affords a
tetra-lobed pattern, but with an extra spot in the middle. This shows that FeOH(dpm)s
is unlikely to be the end product of Fe(dpm); decomposition. On the other hand, the
metal-less fragments are still tetra~lobed, but shifted one with respect to the other, which
is not in agreement with the observed STM images.

Another method to determine the composition of the fragments is to study their elec-
tronic structure. The TDOS and PDOS for the fragments have been also computed and
compared to the ones of pristine Fe(dpm); in Figure 5.9. The largest differences are
expected in the valence band region involving the coordination site (i.e. molecular Fermi
region). Unfortunately, these features are hidden by the gold contribution in the exper-
iment 8% and the inners level corresponding to the dpm ligands show minor differences.
Therefore, a definitive assessment of decomposition products in terms of redox and spin
state could only be achievable through a detailed synchrotron investigation on in-situ
prepared samples.

In conclusion, the proposed computational protocol is found to be reliable and to
give satisfactory results in agreement with the experimental ones. Therefore, it will be
applied also in the study of the two other surfaces.
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5.2 Fe (dpm)s@CulN

The second studied surface is the CulN. Recently, there have been several studies of
different metal atoms embedded in the structure of the surface, showing interesting
properties. 102186187 Tny this framework, the deposition of a SMM as Fey(dpm)g on this
surface is worth being investigated.

Figure 5.10: The optimized geometry of Fes(dpm)g on CuN.

The established general computational protocol from the previous section has been
followed with some changes. As a result of the better reproduction of the surface geomet-
rical experimental findings, the PBEsol functional has been used throughout the study
of the Feys(dpm)g on CuN. In addition, the artificial mixing of states of the molecule and
the surface at the Fermi level has led to convergence problems. Therefore, the DF T+ U
approach has been used to better reproduce the gap between the mixed states at Eg.
As a result, the geometry optimization has been carried out at PBEsol+ U level, unlike
the previous case, where the approach is used on completely optimized structure. The
same values of the U parameters, U(Fe)=4.1eV and U(O)=3.0€V, have been used as in
Chapter 3. Such a choice has been done considering the robustness of the Fey(dpm)g
upon adsorption and the transferable properties of the approach (see Fey(dpm)g and
Fey(pta)g).

The cluster has been positioned on the CulN surface by taking into consideration the
relaxed geometry obtained for the Au(111) surface, i.e. leaning against the surface on
two tBu groups and the phenyl ring. It has been separated from its periodic images
along x and y by 13 and 14 A, respectively, while the vacuum region along z is 38 A.

5.2.1 Geometry

Similarly to the Au(111) surface, the geometry optimization of the CuN with an adsorbed
cluster has not led to significant changes in the inter-layer distances (Table 5.5). However,
even though the average values remain almost constant, the deviation in the average shift
along z (Table 5.6) has doubled for the N atomic layer and the topmost Cu one. Indeed,
while the average distance between the hydrogen atoms and the surface is about 1.89 A,
the nitrogen atoms in close proximity to the ligand hydrogen atoms have moved inward
with respect to the surface, thus increasing the distance to about 2.2 A. Since the other
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Table 5.5: Comparison between the geometry of the CulN surface with and without the
Fey(dpm)g.

Method dN1(A) A (%) A (%)

CuN 0.27 6.70 1.75
Feq(dpm)s@QCuN 0.28 6.73 1.75

Table 5.6: Average shift of the corresponding atoms along z (A) with the error for CuN surface
with and without the Fe,(dpm)g.

Atomic layer CuN Fe,(dpm)s@CulN
N 5.707 £+ 0.026 5.719 £ 0.058
Cutop 5.439 +£ 0.007 5.437 £ 0.014

Cutor1 3.558 £+ 0.025 3.555 £+ 0.023

N atoms have mainly remained in the same position, the observed fluctuation around
the average value along z is mainly due to the N-H interactions.

The geometry of the Fes(dpm)g upon optimization with the functional PBEsol gives
very good results with respect to the revPBE functional, which tends to lengthen the
bonds. The addition of the U parameter in the optimization slightly worsens the ge-
ometry by shrinking the bonds even more and decreasing the angle (Fe-O-Fe), which is
critical for the magnetic properties. However, the structural differences of the cluster
on CulN with respect to the optimized isolated one remain small (1.4%). Therefore, the
surface does not seem to significantly alter the core structure of the cluster. Similarly to
the results found for the Fes(dpm)s deposited on Au(111), the angle between the easy
axis of magnetization and the normal to the surface in the optimized structure is found
to be 33.3 °.

5.2.2 Magnetic properties

The calculation of the magnetic properties has been done only at + U level, since in the
previous section its reliability has been proved. Indeed, within such framework the com-
puted J values on the optimized structure are in good agreement with the experimental
values (see Table 5.8). Differently from what observed for Fes(dpm)s@Au(111) case, the
distortions occurred to the Fey core upon adsorption (see (Fe-O-Fe) in Table 5.7) induced
a sizeable decrease of about 2 and 5cm ™! in the J; and AE; 4 values, respectively.

Such trend has been also observed when the electronic effects of CulN are taken
into account (Fes(dpm)g@CuN). In such a case the effect is even stronger leading to a
change in the ground state from S=5 to S=1. However, in order to verify the effect of
the introduction of the U parameter also for Cu atoms, we perfomed two calculations
with two sets of U values. Since the interacting topmost layers can be approximated
essentially to CuzN, U(Cu)=5eV 188189 i5 applied to all Cu atoms in one case and in the
other only to the two top atomic layers, while on the bottom two layers a U(Cu)=1¢eV
has been used.

The application of a uniform U across the slab gives the right ground state, even
though the interaction with the surface remains strong. Indeed, the energy separation
from the first excited state (S=4) is reduced up to about 23 cm~!. The application of
different U values on copper atoms depending on the different layer depth gives similar
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Table 5.7: Bond lengths and angles of the isolated Fe,(dpm)s and the one deposited on Cul.

Fe,(dpm)s X-ray @ PBEsol PBEsol+U @CuN
Bonds (A)

Fel-Fe2 3.0780(8) 3.078 3.029 3.000
Fel-Fe3 3.0726(6) 3.076 3.052 3.041
Fel-Fed 3.0726(6) 3.096 3.006 3.004
Fe2-Fe3 5.2925(7) 5.316 5.297 5.063
Fe3-Fed 5.3880(1) 5.367 5.262 5.529
Fe2-Fed 5.2925(7) 5.337 5.177 5.028
Fel-O1’ 1.9801(19)  1.989 1.959 1.966
Fel-O02’ 1.9650(18)  1.963 1.951 1.969
Fel-O3’ 1.9813(19)  1.974 1.950 1.942
Fel-O1 1.9801(19) 2.001 1.949 1.946
Fel-O3 1.9650(18)  1.965 1.946 1.958
Fel-O2 1.9813(19)  1.981 1.975 1.956
Fe2-O1’ 1.9718(9) 1.976 1.962 1.934
Fe2-0O4 1.995(2) 2.013 1.981 1.957
Fe2-04’ 2.0321(19)  2.036 1.988 1.982
Fe2-O1 1.9718(9) 1.974 1.946 1.952
Fe2-05’ 1.995(2) 2.012 1.956 1.957
Fe2-05 2.0321(19)  2.035 1.985 1.993
Fe3-02’ 1.9784(19)  2.005 1.947 1.958
Fe3-06 1.9853(19)  1.995 1.972 1.989
Fe3-06’ 2.004(2) 2.006 1.979 1.972
Fe3-O7 1.993(2) 1.992 1.976 1.978
Fe3-O7 1.9909(19)  2.007 1.977 1.972
Fe3-02 1.9718(18)  1.988 1.943 1.971
Fe4-03’ 1.9718(18)  1.996 1.970 1.985
Fed-O3 1.9784(19)  1.993 1.974 1.933
Fe4-09’ 1.9853(19)  1.990 1.974 1.966
Fed-09 2.004(2) 2.010 1.975 1.968
Fe4-0O8’ 1.993(2) 1.996 1.955 1.956
Fed-O8 1.9909(19)  2.004 1.973 1.976

Angles, °

Fe2-Fel-Fe3 118.74(1)  119.53 121.18 113.88
Fe2-Fel-Fe4 118.74(1) 119.63 118.18 113.72
Fe3-Fel-Fe4 122.51(2) 120.83 120.59 132.32
(Fe-O-Fe) 102.23(17)  101.99 101.48 100.85
Fe3-Fel-Fe2-Fe4 180.00 178.85 177.85 177.13
v 68.80 68.0 67.9 67.0
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Table 5.8: Exchange coupling constants (reported in cm™!) for the Fes(dpm)g on the CulN
surface. The U parameters are in eV.

U(Fe) U(O) U(Cu) g Ja ALs 4
X-ray 4.1 3.0 - 16.8 0.5 38
Optimized 4.1 3.0 - 154 0.5 35
Extrapolated 4.1 3.0 - 13.6 0.5 30
Experiment 16.37(12)  0.29(11) 42
4.1 3.0 - 5.5 3.3 1*
@CuN 4.1 3.0 5 8.8 -0.2 23
4.1 3.0 5y 1** 8.5 5.2 2%

* The ground state is no more S=5, but S—1.
** Tt has been chosen to use a U value of 1€V for the bottom two atomic layers, and 5€V for
the top two ones.

Table 5.9: The spin densities on the four Fe ions in the isolated and adsorbed on CuN Fe,(dpm)s
calculated with PBEsol+ U method. The U parameters are in eV. Small differences are noticeable
in the isolated clusters, unlike the adsorbed ones, where the values generally remain almost
unchanged.

Fes(dpm)s U(Fe) U(O) U(Cu) Fel Fe2 Fe3 Fed

X-ray 4.1 3.0 - -4.33 435 435 4.35
Optimized 4.1 3.0 - -4.39 4.37 4.38 4.37
Extrapolated 4.1 3.0 - -4.32 434 434 434
4.1 3.0 - -4.31 434 433 434

QCuN 4.1 3.0 5 -4.32 434 433 4.3

4.1 3.0 by 1¥ 432 434 433 4.34

* Tt has been chosen to use a U value of 1€V for the bottom two atomic layers, and 5¢€V for
the top two ones.

results to the case for U = 0, with a S =1 as a ground state. Possible explanation to the
reason why the behaviour of the Fey(dpm)g@CulN is so much different, is to be searched
in the electronic structure of the hybrid system.

5.2.3 Electronic properties

The electronic structure of the isolated and extrapolated clusters is almost indistinguish-
able from one another, which confirms the small geometry changes, even if significant
from the magnetic point of view, upon optimization on the CulN surface (see Figure
5.11). The PDOS shape is maintained also when the surface is considered. Similarly to
the case of Au(111) the lack of significant shift towards low energies is an indication of
weak physisorption process.

More interesting are the PDOS of the CuN surface within the hybrid system (see
Figure 5.12). The application of the on-site correction is crucial to the position of
the copper states. In that case, the peak at about -2eV given by 3d Cu and 2p N
states becomes visible and no more hidden as previously. In presence of Fey states, such
a peak mixes with characteristic O states of the cluster. Therefore, with Ug,—0¢€V,
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Figure 5.11: Comparison between the TDOS of Feys(dpm)s (left) and between the extrapolated
structure and the one on CuN (right), all calculated at DFT+U level of theory. The o is 0.35€V.

these states can interact with the more bulk Cu ones inducing a strong Fe, core-surface
interaction leading to a more antiferromagnetic behavior. In the case of Ucy,=5¢€V, the
mixing between cluster and CuN happens only for the topmost layers and therefore
the interactions that occur, while still present, are smaller (see Figures 5.12 and 5.13).
The DOS coming out from the case where two U values are used suggest that this is
not a proper representation for the CulN surface since the bottom layers contribute to
the strong band observed at -1eV and not at -2€V as observed in the experiment (see
Figure 5.13). Such results confirm the soundness of the magnetic results obtained for
U(Cu)=5¢V for all the layers.

In addition, an STM image has been simulated -2 eV (occupied states) in agreement
with the bias used for the cluster on Au(111). The general shape and height are main-
tained similar to the one on gold, since the electronic density included in this energy
window is similar in both hybrid systems due to the small rigid shifts to lower energies

that take place.
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Figure 5.12: PDOS of the different atomic layers of the surface in the Fey(dpm)g@CulN, where
the Cu-bottom accounts for the two fixed atomic layers. The ¢ is 0.35€V.
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Figure 5.13: PDOS of the Fes(dpm)g@CuN for Ug, equal to 0eV (top,left), 5eV (top,right),
and where the two top layers have U, —5€V and the bottom two have 1€V (bottom, left), the
o is 0.35eV. On the right bottom is presented the experimental UPS (He(I)) spectra of CuN.
Some contributions have been enhanced in order to render them more easily visible.

Figure 5.14: STM image simulated at 2€eV (occupied states) Fey(dpm)s@CuN.
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5.3 Fe,(dpm)s;@LSMO

Figure 5.15: The optimized geometry of Fe,(dpm)s on [MnOs] (left) and [LaSrO-grad] (right).

In the previous sections, the properties and behaviour of Fes(dpm)s on non-magnetic
surfaces has been described. It has been found that the type of substrate can strongly
influence the magnetic properties of the cluster or leave them unaltered. In this section,
special attention is given to the study of the Fey(dpm)e on the magnetic LSMO surface.
Such hybrid system is a real challenge from computational point of view, since the mag-
netic properties of both the cluster and the substrate are to be considered. In addition, as
already evidenced in Chapter 4 the termination layer is not univocally determined. The
most energetically stable surface is the [LaSrO] one, where segregation of the Sr atoms
to the surface is observed. For this reason, the 7x7x3 [LaSrO-grad| model is used, from
now on called for simplicity [LaSrO]. In addition, the [MnOs]| termination layer is also
considered, since it can be obtained when LSMO is grown on some substrates. 49

The work on this hybrid system is in progress, therefore preliminary results only at
hybrid functional level will be described below. They are expected to give an idea of the
geometry changes that occur upon optimization and some indication of the interaction
with the surfaces. The adsorbed cluster is a conformer of the Fes(dpm)g used in the
previous studies. The small discrepancies in geometry and the practically identical DOS
between the two structures imply similar results (see Figure 5.16), therefore it can still
be considered a reliable approximation.

The computational protocol is the one used for both the isolated and the surface
systems, already described in Chapters 3 and 4. The cluster leans on three tBu-groups
in both termination layers. The benzene rings points to the surface, however, unlike on
Au(111) and CuN, it is slightly tilted to one side (see Figure 5.17). For both surfaces, a
space of 12 A both along x and y between the cluster and its periodic image is introduced.

5.3.1 Geometry

The surfaces barely change upon the deposition and optimization of Fes(dpm)g, similarly
to Au(111) and CuN. Indeed, the disposition of the oxygen atoms along z with respect
to the Mn ones is maintained (see Table 5.11), differently from what observed with the N
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Figure 5.16: Comparison between the two Fes(dpm)g clusters used on Au,CuN and on LSMO
(left); PDOS of the isolated and extrapolated clusters on [MnQOs] and [LaSrO] (right). The o is
0.35¢€V.

for CuN. On the other hand, the interlayer separation between the planes of the oxygen
atoms in (LaSrO) layers and the Mn ones slightly increases in the case of [MnO;] slab,
while for [LaSrO] they remain unchanged. This implied that the interlayer magnetic
interaction in the former case is changed to small extent.

As far as the cluster is concerned, the geometry of the magnetic core in the extrapo-
lated structures remains similar to the bulk phase with average differences estimated to
be 0.7 and 1.1% for [MnOs| and [LaSrO|, respectively. Indeed, the shape and main char-
acteristics of the DOS are maintained in both cases (see Figure 5.16). The Fe-Fe bonds
tend to be longer upon adsorption in agreement with the other two hybrid systems. In
addition, the (Fe-O-Fe) has higher values, therefore stronger magnetic interactions are
expected for the adsorbed clusters. %

The Fes(dpm)g is positioned closer (=1.74A) to the [MnO,] surface, compared to
~2.05A for [LaSrO|. The approximate adsorption energy in the former case is higher,
Eqas=-52kcal /mol and E,4,=-61 kcal /mol in the latter. Such behaviour can be explained
considering that the negatively charged (MnOy) is expected to be more chemically active
due to the unsaturated coordination sphere of the Mn ions and the presence of a larger
number of oxygen atoms ready to interact with the cluster protons.

One of the main differences between this hybrid system and the previously studies is
the way the cluster is adsorbed on the surface. On Au(111) and CuN, the Fey(dpm)g
uses two dpm ligands to lean on the surfaces and on the LSMO, they are three. In this
way, the closer to the substrate is not only one, but two Fe ions (See Figure 5.17). Such
a different adsorption structure results in the easy axis of magnetization angles with
respect to the normal vector of the surface of about 45 °, approximately 10 ° higher than
the other two hybrid systems.

5.3.2 Magnetic properties

Working with magnetic cluster on magnetic surface requires the study of three different
magnetic properties. The first two consider the changes in the cluster and in the surface
that occur upon adsorption. The third one estimates the magnetic interaction between
the two systems.

The magnetic exchange coupling constants of the isolated Fes(dpm)g are in good
agreement with the X-ray results, which confirms the reliability of the structure of the
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Table 5.10: Bond lengths and angles of the isolated Fes(dpm)g and the one deposited on [LaSrO]
and [MnO.] surfaces.

Fe,(dpm)g X-ray  Fey(dpm)s @[MnO:] @[LaSrO]
Bonds (A)
Fel-Fe2 3.0780(8) 3.129 3.177 3.182
Fel-Fe3 3.0726(6) 3.162 3.199 3.183
Fel-Fed 3.0726(6) 3.110 3.140 3.159
Fe2-Fe3 5.2925(7) 5.466 5.482 5.530
Fe3-Fed 5.3880(1) 5.430 5.492 5.480
Fe2-Fed 5.2925(7) 5.385 5.437 5.483
Fel-O1’ 1.9801(19) 2.023 2.013 2.016
Fel-02’ 1.9650(18) 2.001 2.015 2.024
Fel-O3’ 1.9813(19) 2.015 2.034 2.027
Fel-O1 1.9801(19) 2.010 2.008 2.004
Fel-03 1.9650(18)  2.003 2.002 2.027
Fel-02 1.9813(19) 2.007 2.020 2.023
Fe2-O1’ 1.9718(9) 2.001 2.002 2.009
Fe2-04 1.995(2) 2.017 2.046 2.059
Fe2-O4 2.0321(19) 2.085 2.098 2.098
Fe2-01 1.9718(9) 2.043 2.032 2.034
Fe2-05’ 1.995(2) 2.062 2.089 2.087
Fe2-0O5 2.0321(19) 2.059 2.041 2.065
Fe3-02’ 1.9784(19) 2.024 2.022 2.022
Fe3-06 1.9853(19) 2.036 2.021 2.063
Fe3-06’ 2.004(2) 2.052 2.061 2.055
Fe3-07 1.993(2) 2.067 2.069 2.050
Fe3-O7 1.9909(19) 2.073 2.060 2.078
Fe3-02 1.9718(18) 2.048 2.054 2.146
Fed-03’ 1.9718(18)  2.005 2.012 1.997
Fe4-03 1.9784(19) 2.021 2.028 2.053
Fe4-0O9’ 1.9853(19) 2.064 2.060 2.048
Fe4-09 2.004(2) 2.035 2.020 2.095
Fe4-0O8’ 1.993(2) 2.100 2.041 2.073
Fed-08 1.9909(19) 2.048 2.066 2.110
Angles (°)

Fe2-Fel-Fe3 118.74(1) 120.66 119.83 120.63
Fe2-Fel-Fe4 118.74(1) 119.32 118.79 119.69
Fe3-Fel-Fe4 122.51(2) 119.94 121.33 119.55
(Fe-O-Fe)  102.23(17)  102.18 102.97 103.10
Fe3-Fel-Fe2-Fed 180.00 176.7 177.6 175.9
vy 68.80 69.9 71.6 71.2

conformer. The extrapolated structures exhibit stronger antiferromagnetic behaviour,
in line with the geometry results discussed above. It is interesting to notice that the
resultant clusters after the optimization on both termination layers are identical from
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Table 5.11: Rumpling parameters r for both surfaces before and after the adsorption of
Fey(dpm)g, calculated as r = z(0) — z(Mn).

[MnO:] Fe,@Q[MnOs] [LaSrO-grad] Fe,@[LaSrO-grad]

riop (A) =017 —0.18 —0.05 —0.05
I'middie (A)  —0.14 —0.14 0.06 0.06
Toottom (A)  —0.08 —0.08 0.00 0.00

Table 5.12: Average interlayer separation in A, calculated as the average between the planes of
the Mn atoms and that of the axial oxygen atoms in the successive [LaSrO]-planes.

[MnO;] Fe,Q[MnO;]| [LaSrO-grad] Fe,@[LaSrO-grad]
Apn3—03 2.174 2.186 Ao3—Mn3 1.974 1.967
Aos ams  1.838 1.841 Arinz 02 1.998 1.995
Anrna—02 2.064 2.090 Ao2—Mn2 2.028 2.029
Aoa—Mn1 1.908 1.911 Apna—01 1.915 1.915
Aprrni—o01 1.907 1.923 Ao1—Mn1 2.029 2.030

Figure 5.17: A side view of the Fe,(dpm)s deposited on [MnO,]. Similar is the disposition on
[LaSrO] surface.

magnetic point of view (see Table 5.13).

Since the evaluation of the magnetic properties has been done only at hybrid (PBEO)
level, it has not been possible to establish the electronic effects the surfaces have on the
magnetic state of the cluster. However, a simple comparison between the values obtained
at revPBE level show that much stronger interactions are expected on LSMO than on
Au(111). In addition, the strength of interaction between the two termination layers
varies - on |LaSrO] the J values evidence for less antiferromagnetic coupling.

As far as the magnetic properties of the LSMO surfaces are concerned, the geometry
changes and the spin densities on the Mn ions with respect to the layer (see Table 5.14)
remain similar to the bare surfaces. Therefore, no significant variations in the interlayer
interactions is expected.
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Table 5.13: Exchange coupling constants (reported in cm;) for the Fes(dpm)e on the LSMO
surfaces, calculated with PBEOQ for the cluster structures and revPBE when the surface is in-
cluded.

Ji Js AFE;5 4
X-ray 144 0.3 34
Optimized 11.8 0.1 29
Extrapolated [MnO,] 13.8 0.2 33
Extrapolated [LaSrO] 13.9 0.2 33
Experiment 16.37(12) 0.29(11) 42
Q[MnOq] 56.3 3.3 116
@[LaSrO| 43.9 1.2 96
@Au(111) 15.7 2.1 24

Table 5.14:  Distribution of the Mn spin densities in the two surfaces with and without
Fe,(dpm)g.

[MnO3] Fe,@Q[MnO;] Layer [LaSrO-grad] Fes@[LaSrO-grad]

3.88 3.89 Top 3.48 3.47
3.32 3.32 Middle 3.49 3.48
3.44 3.45 Bottom 3.77 3.77
3.54 3.56 Average 3.58 3.57

The magnetic interaction between the cluster and the surface has been evaluated as
the difference between two states - ferromagnetic one (FM) and antiferromagnetic one
(AFM). In the first case, the spins on the Fe are parallel to those on the Mn ions, while
in the second case, they have opposite signs. Both termination layers prefer the AFM
alignment, even though the interaction is stronger in the case of [MnO3]| (see Table 5.15).
Such results can be crucial for the future use of Fes(dpm)s as spin filter on the LSMO
surface.

5.3.3 Electronic properties

Unlike in the case of the hybrid Au(111) and CuN systems, the cluster experiences strong
physisoprtion on the LSMO surfaces. In Figure 5.18 it can be seen that in the case of
[MnO,| termination layer, there is a rigid shift of 0.5V towards lower energies of the
DOS. The interaction between the cluster and [LaSrO| appears to be even stronger,
since the shift in this case is of 1.3eV towards lower energies. Moreover, the shape of the
central broad region changes and this is not due to any significant geometry distortions
as it can be seen in Figure 5.16, but mainly to the enhanced electronic contributions of

Table 5.15: The preference of spin orientation in the cluster with respect to the surface is
estimated via the energy difference AE(FM-AFM).

Fe,(dpm)s AE(FM-AFM) (cm™!)

Q[MnO3] 6.60
@|LaSrO| 1.25
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the segregated [LaSrO].

Fe,dpm); | ' I Fe,dpm), |
= @[MnO,] = @[LaSr0]
— —— @[MnO,]-extr —_ —— @[LaSrO]-extr
= c
3 3
£ £
S, S,
(/2] (2]
o o
[a] [a]
o o
-15 -10 -5 0 -15 -10 -5 0
E-E, [eV] E-E, [eV]

Figure 5.18: Comparison at revPBE level of theory between the DOS of the extrapolated
Fes(dpm)s and on [MnOs] (left) and [LaSrO-grad] (right). The o is 0.35€eV.

It appears that no such changes take place on the surfaces, since their DOS remain
unchanged with respect to their correspondent bare ones. Even so, the presence of the
Fes(dpm)g induces a reduction of the minority spin gap from 1.20 to 0.80¢€V for [LaSrO]
and from 0.82 to 0.58 eV. In line with this, the spin polarization at Fermi level is strongly
reduced in the latter case, since it decreases from 99 to 73%. Such a decrease is to be
mainly attributed to the shift of cluster bands near the Fermi region. However, before
drawing any conclusions, it is important to check whether this is due to the theoretical
setbacks of using pure functional which tend to underestimate the gap or this has a
physical meaning.

As far as the STM images are regarded, the whole image shape of the cluster is
maintained, even though it is slightly different from the ones observed for Au(111) and
CuN due to the different way it is positioned on the surface. The change in termination
layer does not imply severe discrepancies.

In conclusion, it has been proven that even though no significant geometry changes
are induced on both cluster and surface upon adsorption, strong magnetic interaction
takes place between them, which depends on the termination layer. Further studies
would be mandatory to elucidate the behaviour of the cluster and the LSMO.
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Figure 5.19: Comparison between the DOS of the surfaces with respect to their bare correspon-
dents and the TDOS of the hybrid systems, [MnQO,] (top, left) and [LaSrO-grad] (top, right);
comparison between the 3d states of the Mn top ions fore bare and adsorbed surface. The o is

0.3¢eV.

Figure 5.20: Simulated STM images of the Fes(dpm)s on a) [MnO;] and b) [LaSrO-grad].
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CHAPTER
SIX

CONCLUSIONS

The present thesis studies single-molecule magnets, surfaces and their properties be-
fore and after adsorption at DFT level. The main goals focus on the elucidation and
evaluation of the interactions in such hybrid systems and the set-up of a reliable and flex-
ible computational protocol, in the framework of the Gaussian and plane wave (GPW)
method, able to reproduce the structural, magnetic and electronic properties of the
SMMs and surfaces as isolated and hybrid systems.

The constituting parts of the hybrid systems have been studied separately, and only
then together in order to evaluate any possible changes that occur upon adsorption.

First, the study has been concentrated on two SMMs of the family Fey, investigated
in their bulk phase. The computed results of their magnetic and electronic properties
with hybrid functional are in good agreement with the experimental ones. However,
one of the main setbacks of such approach, despite the good results for isolated and
small systems, is the fact that it is computationally too expensive for adsorbed systems.
Therefore, the parametrized DF'T4-U approach has been exploited for its cheapness and
transferability. A couple of parameters, U(Fe)=4.1€eV and U(O)=3.0¢€V, have been fitted
on the experimental UPS spectra and magnetic exchange coupling constants. Due to the
same magnetic core within the Fey family, these U value are expected to give reliable
results also for the properties of the other members. The set up of such an approach has
paved the possibility to study the electronic effects that the substrate has on the SMM
upon deposition and vice versa.

Before doing it, the next step has been to model and reproduce the main characteristic
properties of the bare surfaces. Three different substrates have been chosen, based on
their use in spintronic devices, namely Au(111), CulN, LSMO. The structural properties
of all surfaces have been reproduced as well as the characteristic half-metallicity of the
LSMO. Two termination layers have been considered in the case of LSMO. In addition,
the experimentally observed Sr segregation towards the surface is confirmed by testing
various models. Such results prove the reliability of the computational protocol to study
surface systems.

The last step consists of deposition of the Fey cluster on the three surfaces and
study the changes that occur upon adsorption. The Fes@Au(111) weakly interacts with
the surface, which results in small alternations in the geometry of both cluster and
surface. The cluster maintains its ground spin state (S=5) within the hybrid system,
which is supported by experimental XMCD studies. In addition, good agreement is
observed between the experimental and simulated STM images. Such results prove
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suitability of the computational protocol and give the confidence to try it on the other
substrates. The behaviour of the cluster on the CulN is found to be different. The
SMM interacts in a stronger way the surface, which has consequences on its magnetic
properties. The most challenging case is the LSMO one, where the magnetic properties
of both cluster and surface are to be accounted for. The Fes has been deposited on
the two possible termination layers of the LSMO surface. The preliminary results show
that stronger physisorption takes place for both termination layers, where more stable
is the antiferromagnetic alignment of the spins of the surface and cluster. Such results
are promising for eventual use of such hybrid systems in spintronic devices. However,
further studies would be necessary to completely describe the system.

In conclusion the computational protocol developed in this thesis has shown to be a
reliable tool for the study of complex systems as SMMs on surfaces. For such a reason
it can be considered as a useful hint for future experiments and calculations to better
understand the interactions between surfaces and magnetic molecules.
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