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Abstract

This thesis reports on the magnetism of low coordinated Fe and Co atoms in different
chemical and electronic environments. The objective of this research was to contribute to
the fundamental understanding of the magnetic properties, such as magneto-crystalline
anisotropy energy (MAE), orbital and spin magnetic moment, of surface supported tran-
sition metal (TM) atoms and one atomic layer thick epitaxial TM films. A detailed knowl-
edge on the interplay of electronic hybridization and magnetic properties is mandatory
to elaborate new materials with high perpendicular magnetic anisotropy and acceptable
writing field for future use in magnetic recording devices. The magnetic properties of
the different experimental systems were investigated by x-ray absorption spectroscopy,
x-ray magnetic circular dichroism, and magneto-optical Kerr effect (MOKE) and they
were correlated to the morphology obtained by scanning tunneling microscopy (STM).

The first part focuses on the effect of electronic hybridization between isolated 3d TM
atoms and different kinds of substrates. First, we considered 4d and 5d TM substrates
known for their high magnetic polarizability due to the close onset of ferromagnetism.
Deposition of single Fe and Co atoms on Rh(111), Pd(111), and Pt(111) produces an
increasing MAE going from Rh to Pd and finally to Pt that we directly correlate to the
increasing spin-orbit constant of the substrate interlinking the induced magnetic moment
and the MAE. Further we investigated single Fe and Co atoms on two different insulating
layers, namely AlyO3/NizAl(111) and CusN/Cu(001), providing an efficient decoupling of
the TM 3d states from the conduction electrons of the substrates. In case of the alumina
film the absorption spectra of Fe and Co show a pronounced multiplet structure. On
CuyN the multiplet features of the adatoms are less defined due to the lower thickness
of the screening layer. On both insulating layers we find a common out-of-plane easy
axis, highly unquenched orbital moments, and giant MAE values of several meV/atom
which are due to the formation of strong anisotropic bonds with the O and N atoms,
respectively.

The second part is dedicated to single atom thick layers of Fe and Co deposited on
Pt(111) and Rh(111). We find the MAE to be strongly enhanced compared with bulk and
we establish a direct proportionality between the induced magnetic moment of the topmost
substrate layer and the MAE. The study of bimetallic Fe; ,Co, alloys on platinum reveal
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a material with high MAE (0.5 meV at the equiatomic composition), large saturation
magnetization (3 pp to 2up going from Fe to Co), and perpendicular magnetization easy
axis. These characteristics hint at new possibilities for the further miniaturization of the
grain size in recording devices.

In the last part the theoretical description of the MOKE for ultra-thin films is extended
to the transverse geometry and improved analytic formulae for the polar and longitudinal
geometry are presented. This finding was used to optimize the Kerr signal for a new
MOKE setup which is fully integrated in an ultrahigh vacuum chamber combining in situ
MOKE and STM. The setup performance was demonstrated for a continuous film of 0.9
monolayers (ML) Co/Rh(111) with in-plane easy axis and for a superlattice of nanometric
double layer Co islands on Au(11,12,12) with out-of-plane easy axis. The detection limit
is 0.5 ML for transverse and 0.1 ML for polar Kerr geometry corresponding for island
superlattices with the density of Co/Au(11,12,12) to islands composed of about 50 atoms.
Moreover, the setup holds two independent ways to measure the MAE which is either by
thermally induced magnetization reversal or by applying a torque onto the magnetization
by turning the magnetic field. Both ways yield similar results for 1.1 ML Co/Au(11,12,12).

Keywords : magnetic impurities, magnetic thin films, magnetic anisotropy, iron, cobalt,
gold, rhodium, palladium, platinum, x-ray magnetic circular dichroism (XMCD), magneto-
optical Kerr effect (MOKE), scanning tunneling microscopy (STM)



Version abrégée

Cette these porte sur le magnétisme des atomes de Fe et de Co de basse coordination
en différents environnements chimiques et électroniques. L’objectif de cette étude a été
la contribution aux connaissances fondamentales des propriétés magnétiques des métaux
de transition (MT) 3d sous forme d’atomes isolés et des couches minces en surface par
la mesure de Iénergie d’anisotropie magnétocristalline (MAE), le moment de spin et
le moment orbital. Une bonne connaissance de I'impact de 'hybridisation électronique
sur les propriétés magnétiques est necessaire pour créer des nouveaux matériaux avec
une anisotropie perpendiculaire élevée et une haute densité d’aimentation qui parais-
sent actuellement les meilleurs candidats pour les memoires magnétiques. Dans ce but,
nous avons réalisé des mesures de spectroscopie d’absorption de rayons X, de dichroisme
magnétique circulaire de rayons X (XMCD) et d’effet Kerr magnéto-optique (MOKE).
Celles-ci ont été corrélées a la morphologie obtenue par la microscopie a effet tunnel
(STM).

Dans une premicere partie, nous avons essayé relever U'effet de I’hybridisation électronique
entre des atomes isolés de Fe et de Co et différents types de substrats. Nous avons tout
d’abord considéré des MT 4d et 5d qui sont sous forme volumique proche de satisfaire le
critere d’ordre ferromagnétique. Nous trouvons que la MAE des atomes de Fe et de Co
change avec la nature du substrat sur lequel ils sont déposés: elle est d’autant plus im-
portante partant du Rh(111), puis Pd(111) jusqu’au Pt(111). Cette augmentation reflete
Iaugmentation du couplage spin-orbite, qui relie le moment magnétique induit et la MAE.
Nous avons ensuite étudié des atomes isolés de Fe et de Co sur des couches isolentes, dont
une est le Al,O3 sur le NigAl(111) et lautre le CupN sur le Cu(001), qui découplent ef-
fectivement les états 3d des MT des électrons de conduction du substrat. Dans le cas de
I’alumine les spectres d’absorption de Fe et de Co montrent une structure prononcée de
multiplet qui est moins marquée sur le nitrite de cuivre, en raison de I’épaisseur plus faible
de la couche Cu,N. Hormis cette différence, nous trouvons sur les deux isolants un axe
facile d’aimantation hors-plan, des moments orbitaux importants et des MAE atteignant
quelques meV/atome. Ces MAE géantes sont dues & la formation des liaisons fortes et
anisotropes avec 1'oxygene respectivement ’azote.

La deuxieme partie porte sur les propriétés magnétiques de monocouches de Fe et de
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Co déposées sur le Pt(111) et le Rh(111). Ces systeémes présentent une MAE beaucoup
plus importante que dans le matériau massif ainsi qu’une relation directe entre le moment
induit dans la couche supérieure du substrat et la MAE. L’étude des alliages bimétalliques
Fe;_,Co, sur le platine montre toutes les caractéristiques nécessaires pour I’enregistrement
magnétique. Nous mesurons en effet une forte MAE (0.5 meV pour Feg 5Cog 5), un moment
magnétique important (entre 3 up et 2up passant de Fe & Co) et un axe facile hors-plan.
Ces résultats suggerent de pousser les limites dans la miniaturisation, dans la méme
direction que les dispositifs de stockage magnétique.

Le point de départ de la derniere partie est la théorie du MOKE en général qui
est ensuite appliquée aux couches fines. Nous réexaminons qualitativement la rotation
et ellipticité Kerr et nous redérivons leurs expressions pour la configuration polaire,
longitudinale et transverse. Nous discutons ensuite cette dérivation pour optimiser le
signal Kerr pour une nouvelle expérience MOKE qui est placée dans une enceinte a ultra-
haut vide. Ce dispositif combine des mesures MOKE et STM in situ. La performance de
la nouvelle expérience est démonstrée a ’aide d’une couche continue de 0.9 monocouches
(MC) Co/Rh(111) ayant une axe facile dans le plan et un réseau d’ilots double couches
nanométriques de Co sur Au(11,12,12). La limite de détection établie est de 0.5 MC
en configuration transverse et de 0.1 MC en configuration polaire ce qui correspond a
une taille de 50 atomes/ilot pour un réseau de nano-ildts de méme densité que celle
pour Co/Au(11,12,12). Dans cette gamme de sensibilité la nouvelle expérience présente
Iavantage unique de disposer de deux fagons indépendantes pour mesurer la MAE. La
premiere se base sur le renversement d’aimentation activé thermiquement et la deuxieme
sur I'application d’un couple sur le moment magnétique en tournant le champ appliqué.
Les deux donnent des résultats comparables pour 1.1 MC Co/Au(11,12,12).

Mots clés :  impuretés magnétiques, couche mince magnétique, anisotropie magnétique,
fer, cobalt, or, rhodium, palladium, platine, dichroisme magnétique circulaire de rayons
X (XMCD), effet Kerr magnéto-optique (MOKE), microscopie & effet tunnel (STM)
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Chapter 1

Introduction

The phenomenon magnetism is known for hundreds of years (about 600 BC) by describing
the attractive force of lodestone on iron. The name lodestone (lode being old English for
to lead) used for a certain form of magnetite, comes up in connection with its use for
navigation leading mariners on the ocean. The property of a material to align in an
external magnetic field (for a compass needle it is the earth’s magnetic field) can be
traced down to the atomic scale. Whether a material is at the end magnetic depends
on i) if the composing atoms are magnetic and 4) how the atoms arrange within the
crystal. The arrangement of magnetic atoms with respect to each other is classified as
ferro-, ferri-, and antiferromagnetism. When regarding a free atom we realize that its
magnetic moment is determined by quantum-mechanical laws summarized in a set of
rules going under Hund’s name. For a filled or empty atomic shell the moment is zero,
but for partially filled electronic shell a non-zero moment results. According to Hund’s
rules almost all elements of the periodic table have a non-zero magnetic moment. This
concept of quantum behavior was demonstrated in the famous experiment by Stern and
Gerlach who directed a beam of silver atoms through an inhomogeneous magnetic field
and observed two separated Ag spots on the detection screen. Ag has 47 electrons and the
outer s electron is unpaired giving rise to a spin-only magnetic moment. In solid state,
however, ferromagnetism persists only for a few elements, namely iron, cobalt, nickel, and
gadolinium.

In between the atomic and bulk limit matter is known to behave in a non straight-
forward predictable way. A colorful example are Au nanoparticles having an intense red
color for diameters less than 100 nm. Already the Romans added gold salts to their sand
and soda ash mixtures and found that by careful annealing they could produce a red
transparent glass that was used to decorate church windows. There are numerous other
examples of modified material properties in reduced dimensions. Here, we concentrate
on the magnetic properties of low coordinated atoms either as a surface supported single
atom or in a one atom thick epitaxial film.
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Magnetic single atoms at surfaces can exhibit anisotropies that are large enough to
maintain a stable spin orientation at low temperatures. The large anisotropies are of
interest as a possible way to shrink magnetic bits below the size at which the domain
magnetization direction in current thin-film magnetic materials become unstable at room
temperature. Besides this technological relevance, magnetic single atoms are of great
scientific interest as simple model systems. Their well-known local environment makes
them better understandable and comparison with theory more direct [1,2,3,4,5,6]. Sur-
face supported single atoms may be described with either classical or quantum behav-
ior [1,7,8,9,10,11]. In a classical picture, the stability of the magnetization direction
is determined by the size of the magneto-crystalline anisotropy energy (MAE) limiting
the probability of thermally induced magnetization reversal. In quantum systems, tun-
neling can cause discrete changes of the magnetization, eventually leading to a finite,
temperature-independent probability for switching [10].

In the limit of single atoms, appropriate tools to study their magnetic properties
are needed. Owing to X-ray magnetic circular dichroism (XMCD) developed in the
1990s [12, 13, 14,15, 16] we are today able to probe the magnetic properties of concen-
trations as small as 0.002 monolayers (ML) [17], where we define 1 ML as the density of
atoms in the topmost layer of the substrate. XMCD allows to extract independently the
orbital and spin magnetic moment as well as to probe the MAE which is a major advan-
tage compared with other magnetometry tools, solely able to measure the total magnetic
moment [15,18,19,20, 21]. Still, the typical size of a x-beam is of the order of a few
hundred pm? which makes XMCD a spatially averaging technique. To get information
on single atoms or clusters a mandatory requirement is the fabrication of well defined en-
sembles, such as surfaces with only single atoms or monodisperse clusters each of them in
an identical environment with sufficient mutual distance to exclude interactions [1,22,11].
The realization of such samples is one of the challenges is surface science nowadays. Com-
paring results from XMCD with new local techniques helps gaining a clearer and deeper
understanding in the magnetic properties at the atomic scale [23,9,24,10,17,6].

Increasing the lateral coordination by considering two dimensional nanostructures or
single atom thick films, we have one more degree of freedom namely the lattice mismatch
between the nanostructure or film and the substrate. Lattice distorsions may decide
about the magnetic order as it is observed for 1 ML Fe on Rh where the (001) surface
produces antiferromagnetic order [25] while the (111) surface leads to ferromagnetic order
(this work). Co/Ru(0001) shows a spin-reorientation from in-plane for 1 ML to out-
of-plane for 2 ML which is associated with structural relaxation [26]. Similarly, CoO
films grown on different substrates reveal a change in magnitude and orientation of the
magnetic moments as a function of the strain in the films induced by the substrate [27].
Furthermore, the creation of disordered bimetallic alloys or carefully designed bimetallic
islands open up viable routes to design new materials with large MAE and saturation



magnetization [28,29, 30].

In chapter 2 we review the fundametals of x-ray absorption spectroscopy (XAS), x-ray
magnetic circular dichroism (XMCD) and x-ray magnetic linear dichroism (XMLD). The
experimental setup is described and by means of a pair of measured XAS the data analysis
process is exemplified and the sum rules presented.

In chapter 3 we present XMCD studies of single Fe and Co atoms on different metallic
and insulating substrates in order to investigate the influence of adatom-substrate elec-
tronic hybridization on the magnetic properties. On the 4d respectively 5d transition
metal surfaces Rh(111), Pd(111), and Pt(111) we are specially interested in the effect
of the induced magnetic moment contributing via spin-orbit coupling to the MAE. The
spin-orbit coupling constant increases from Rh over Pd to Pt which is expected to be
reflected in the strength of the MAE [1,31]. The insulating surface layers Al,O3 and
CugN strongly limit the hybridization of the adatom’s 3d electrons with the conduction
electrons of the substrate. For example, atomic spin values were found for Fe and Co on
CuyN using IETS [9,32]. Hence, we can consider Al,O3 and CuyN as prototypes for nano-
insulators due to their limited thickness of only 2 ML and 1 ML, respectively. Moreover,
a large MAE of 6.2 meV/Fe atom and 6.2 meV/Co atom was deduced from the excitation
spectra. We intend to compare the IETS results with XMCD which allows to obtain in
addition to the spin moment the orbital magnetic moment which is supposed to play a
major role in the anisotropic behavior [33].

Chapter 4 is mainly dedicated to single atom thick layers of Fe and Co deposited
on Pt(111) and Rh(111). Pt is a 5d transition metal whereas Rh is 4d one, both having
slightly different lattice parameters (3.92 A for Pt and 3.80 A for Rh) and electronic ground
states (both have 1s electron, Pt has 9 d electrons and Rh 8). We investigated the magnetic
properties with XMCD and MOKE that we correlate to the morphology using STM. We
compare the magnetic properties of the ML films with those of the single atoms discussed
in chapter 3. Further, we studied Fe,Co;_, monolayers on Pt(111) because for distorted
FeCo alloys an exceptional large MAE close to 1 meV /atom has been found [34,35]. The
maximum MAE is at about 60% Co content while the maximum magnetic moment is
found for 30% Co. Theoretic investigations were carried out in the group of P. Weinberger
for Fe,Co;_,/Pt(111) and in the one of J. Hafner for Fe and Co on Rh(111).

In chapter 5 the fundamentals of the magneto-optical kerr effect (MOKE) are given and
the theoretical description for ultra-thin films is extended to the transverse geometry and
improved formulae for the polar and longitudinal geometry are presented. This finding
was used to optimize the Kerr signal for a new MOKE setup which is fully integrated
in an ultrahigh vacuum chamber combining in situ MOKE and STM. We describe the
setup and demonstrate its coverage detection limit on the basis of a continuous film of
0.9 monolayers (ML) of Co/Rh(111) with in-plane easy axis and for a superlattice of
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nanometric double layer Co islands on Au(11,12,12) with out-of-plane easy axis. The
vector-field generated by a four pole electromagnet allows us to apply a torque on the
magnetization M by turning the magnetic field by an angle a. Measuring M vs. a allows
us to infer the MAE and to compare it with the one obtained form thermally induced
magnetization reversal.



Chapter 2

XAS, XMCD, and XMLD

In this chapter the theoretical background of x-ray absorption spectroscopy (XAS), x-ray
magnetic circular dichroism (XMCD), and x-ray magnetic linear dichroism (XMLD) is
given. The clear advantage of soft x-rays in probing magnetism is the element specificity
which is due to the strong localization of the core levels and allows to trace the origin of the
magnetic properties. The spectral line shape sheds light on the chemical environment and
electronic state of the probed atom. Furthermore, XAS is a quantitative tool allowing the
separate determination of the orbital magnetic moment L and the spin magnetic moment
S using sum rules.

2.1 X-ray absorption spectroscopy

The property of matter to absorb light or more general electromagnetic waves with any
wavelength is well known. Empirically, x-ray absorption obeys an exponential decay law
with distance. The intensity I diminishes with the penetration depth z according to

[ = Lye "> (2.1)

where I is the intensity at the surface (z = 0) and p the absorbtion coefficient. pu is a
function of the incident photon energy and this function is characteristic for each material
whereof XAS takes advantage.

X-ray absorption is a purely quantum mechanical process which involves the transition
of a core electron to an empty valence state. The transition probability w;_; per unit
time from an initial state ¢ to a final state f is known as Fermi’s Golden rule [36]:

27, . .
Wiy = ol i) PO(es — & — o). (2.2)

Hine describes the photon-electron interaction and the delta function d(sy — &; — hw)
guarantees that a transition takes only place if the photon energy hw matches the energy
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difference between the initial state €; and the final state ;. The interaction hamiltonian
is

Hor = —p-A (2.3)
me

where e is the electron’s charge, m,. its mass, p the electron momentum operator, and
A the vector potential of the photon field. In free space the relation between A and the
electric field E is E = —0A/0t. For an incident plane electromagnetic wave A writes

A = Ay £ (2.4)

where Aj is the vector potential amplitude and £ a unit vector giving the polarization.
In the electric dipole approximation only the first term of the Taylor expansion of e’¥*
is kept. Neglecting higher order terms is reasonable for a photon energy range up to

hw = 1000eV. We further use the commutation law p = m./ik[r, H] to obtain finally

2
wig = e Ao 2D e (e — - ). (2)
The absorption cross section is defined as the ratio w;_y - hw divided by 29| Ap|?w?.
Wiy - Iw is the energy removed from the incident beam by the photoelectric effect and
2e0c| Ap|?w? the energy of the photon beam crossing a unit area perpendicular to the
propagation direction [37]. The energy integral over the absorption cross section yields
the polarization dependent resonant X-ray absorption intensity

2
e

Loy = 4Am° Bw|(f|Ex|i)|? 2.6

e = A7 ) (26)

where ﬁzm = %}7 is the fine structure constant. The remaining task is to calculate the

transition matrix element (f|€r|i). Er is a tensor operator and writes

z =1/ %Y for linear polarization, (2.7)
1
%(x +iy) =7V for right circular polarization, and (2.8)
1
ﬁ(r —iy) =r/EY for left circular polarization. (2.9)

Yim, (9, ¢) are the well-known spherical harmonics [36]. The operator (z + iy) can be
expressed as Vi and the z operator as V. [38]. According to the Wigner-Eckart-Theorem
the matrix element (f|€r|i) is non-zero only if the orbital quantum number [ of the final
state differs by 1 from the initial state, and Am; = +1 for right circular polarization,
Amy = —1 for left circular polarization, and Am; = 0 for linear polarization. The spin
is unaffected; hence, As = 0. The dipole selection rules entail the following possible
transitions for the 3d and 4d transition metals:
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K s — Apiy

Ly 2p1jp — 4s,3ds)

Ls 2133/2 — s, 3d3/27 3d5/2
My 3pip —  5s,4ds)

Mz 3p3;s — 5s, 4d3/2~, 4d5/2

A simple picture of x-ray absorption gives the so-called one-electron model, which
neglects all "passive”, i.e. not directly involved, electrons in the absorption process.
Within the one-electron model Erskin and Stern predict a XMCD signal for Ni and suggest
a synchrotron radiation source to conduct the experiments [39]. Their model it is quite
intuitive and often used in x-ray absorption literature, as we will do in the following.

The initial state |7) and final state state | f) are treated as atomic wave functions and
only the initial state is treated relativistically, i.e. with spin-orbit coupling. For the final
state the complete basis functions are

‘f) = ‘Rn’,l’(r); l,7 777’27 8/7 Tn;) = Rn’,l’(r)}/l’,m; (797 QD)XS’,m; (210)

where R, ;(r) is the radial component, Y., (9, ¢) the angular part and x; ., the spin

part. n,l,my,s,mg are the eigenvalues of the complete set of commuting observables
{H,L* L,,S? 5.} specifying the quantum state of the system. For the initial state, the
spin-orbit coupling of the core levels makes m; and mg no longer good quantum numbers
and the angular momentum operators J = L + S and M with the eigenvalues j = [ + s
and m; are introduced [36]. The basis functions of the initial state are

|'L> = |R7z,l(r);j7 mj7lvs> = Z |R7L,l(7")§l7"ll:S7ms><lvmlv57ms|j7 mj> (211)

mp,ms
where Cj,, = (I,my, s, ms|j,m;) are the Clebsch-Gordan coefficients. Explicit forms of
the initial state wave functions and the spherical harmonics are given in the appendix A.
In order to calculate

ZC’, o (B g () Uy, 8 ml |Ex | Ry, g ()5 1,y 5, m) (2.12)

we can evaluate separately

d(mg,m})  the spin part, (2.13)
(R (r)|7|Ryy(r))  the radial part, and (2.14)
(', ml|z€'7\l7 my)  the angular part. (2.15)

r

The spin part is the usual delta function. The radial part is

R = (R y(r)lr|Bna(r)) = /OOO Ry (1) R (r)r*dr. (2.16)
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X-rays /\ {\ f —
VA
TR TR
TEY
#’ g

Figure 2.1: Sketch of the experimental setup. The incoming x-ray beam is parallel to
the applied field H. The angle included in between the surface normal and the applied
field vector is called 6.

R is strongly localized in the core region and gives x-ray absorption spectroscopy its ele-
mental specificity. The angular part will be evaluated for circularly and linearly polarized
light in the following two sections.

Experimentally, the most direct way to measure x-ray absorption is the transmission
method requiring for soft x-rays an extremely thin sample [15]. We use bulk samples
and measure x-ray absorption therefore indirectly in the total electron yield (TEY) mode
which benefits of one of the decay products of the core-hole which is created upon x-ray
absorption. In the TEY mode all electrons emerging from the sample are detected, simply
by measuring the current necessary to compensate for the lost charge. The probing depth
is ~ 10 nm in the soft x-ray regime which is due to the limited escape depth of the
electrons. Hence, the TEY gives information about the first few tens atomic layers near
the surface while most of the bulk information is suppressed and is hence very well suited
to study surface supported single atoms and epitaxial films of a few atomic layers.

The measurements presented in chapter 3 and 4 were carried out at the ID08 beamline
of the European Synchrotron Radiation Facility (ESRF) in Grenoble. The available energy
range of the synchrotron light is 400 - 1600 eV fitting the binding energy of the 2p
levels of the 3d transitions metals and of the 3p levels of the 4d transition metals. The
undulators provide almost 100% circularly or linearly polarized light. Our interest is
focused on the bulk ferromagnetic elements Fe, Co, and Ni as well as on the substrates
Rh, Pd, and Pt, having a non-magnetic ground state in bulk, but known to be highly
polarizable [40,41,42,1,31].

A sketch of the experimental setup is shown in Fig. 2.1. The variable magnetic field is
collinear with the x-ray beam and the sample has a rotational degree of freedom about the
y-axis. The magnetic field vector H and the x-ray beam form an angle 6 with the surface
normal. Typically, the sample is rotated from normal incidence (f = 0°) to grazing



2.2. XAS with circularly polarized light 9

a) M=0 Energy b) l M=0 Energy

Valence band Ep Valence band

Ps3p P3n
Core level

Piz Pin

Core level

Figure 2.2: Schematic representation of L edge X-ray absorption of a) a nonmagnetic
metal and b) a magnetic metal using left and right circularly polarized light. The asym-
metry in the spin up and spin down states gives rise to a XMCD signal.

incidence (@ = 70°) in order to investigate out-of-plane versus in-plane magnetization
and consequently to infer the magneto-crystalline anisotropy energy. The absorption
coefficients 4 and p_ for circularly polarized light are defined for parallel and antiparallel
alignment of the photon helicity with respect to the applied field H. Using linearly
polarized light, the absorption coefficients h and v are measured with the electric field
vector in the horizontal plane and in the vertical plane, respectively.

2.2 XAS with circularly polarized light

An example for x-ray absorption using circularly polarized light is shown in Fig. 2.2. Con-
servation of angular momentum requires the transfer of the photon angular momentum
of the incident photon to the excited electron. If the photoelectron is excited from a spin-
orbit split core level, the angular momentum of the photon can be transferred in part to
the spin through the spin-orbit coupling. In ferromagnetic materials the valence shell is
split due to the exchange interaction and the unequal spin-up and spin-down populations
act as a filter for the excited photoelectrons. In the specific case of a strong ferromagnet
shown in Fig. 2.2 b) only spin-down electrons can be excited, since the majority states
are fully occupied.

In an x-ray absorption experiment the energy of the incident beam is scanned over
the core levels and each of them gives rise to one peak. The L3 peak corresponds to
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‘2*2> |271> |27 0> |2a_1> ‘2_2>
»+3) | 5 (35)
373 i (35)
53
543 | 5 (1)
5.3 I (%)
) i (3)

Table 2.1: Transition probabilities from the spin-orbit split p states to the final d states
having | spin for right (left) circular polarized light.

transitions from the ps/; states to the valence band and the L, peak to the p;/; to valence
band transitions. The ps/, state has a lower binding energy and contains 4 of 6 p electrons,
hence the L3 edge occurs at lower photon energy and has a larger peak area compared to
the Ly edge (see Fig. 2.3). Theoretically, the ratio of the Lz:Ly peak area is 2 : 1 if all
(minority) final states were empty.

This can be verified by explicitly calculating the transition probabilities. As an ex-
ample, the angular part given in equation (2.15) is evaluated for the transition from the
il = %YM\ 1) - %Yuﬂ 1) initial state to the Ys,| |) final state for right circular
polarized light. Since (| | T) = 0, we need to calculate only

2
‘ [ [smoavaovzy [T, v -

All transition probabilities to final states with | spin are summarized in Table 2.1. The

4

= (2.17)

total x-ray absorption (pq + p_) is g and g at the L3 and Ly edge, respectively. The
Ly : L, ratio is as expected 2 : 1. The magnetic dichroism (g4 — p_) is —% at the L3 edge
and é at the L, edge, i.e., the ratio is —1: 1. Note that >3, | (u4 —p-) = 0 implying
that the expectation value of the orbital moment vanishes in agreement with Hund’s rules
and the orbital momentum sum rule given in equation (2.18). Note that our elements of
interest Fe, Co, Ni, Rh, Pd, and Pt have more than 5 d electrons.

In order to better predict the shape of a x-ray absorption spectrum more realistic
final state wave functions need to be considered. For atomic systems, the dipole allowed
transition probabilities in the fully relativistic model including valence-band spin-orbit
coupling are given in Refs. 43 and 44. In solids the hybridization of atomic orbitals can
be described using a tight-binding band structure approach, i.e., the valence band wave
functions are linear combinations of the atomic orbitals [45,46]. Fully relativistic tight-
binding calculations of x-ray absorption and magnetic circular dichroism are presented
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by Smith et al. in Ref. 44. Today, numerous codes exist to calculate XAS and XMCD
line shapes in the relativistic local spin density approximation (LSDA) [47,48,49]. LSDA
gives good results for the K edge of transition metals and L 5 edges of rare earth, but
these calculations are not appropriate for the L, 3 edges of 3d transition metals, because
core-hole valence-electron interactions in the excited atom are neglected. These are quite
large for the valence electron and the 2p, 3s, or 3p core-hole and give rise to multiplet
effects [50,51].

Thole et al. show in a localized ion model that the integral of the XMCD signal over
both absorption edges is directly related to the local orbital moment L by [18]

L=— ;l W—l)dE éhdg. (2.18)
Loty (Bt +p)dE 3t

On an equal footing a relation of XAS and XMCD signal to the effective spin Seyy = S+7D
moment was derived [19]

fL; -)dE — 4fL3.+Lz pig — p)dE o 6p — 4q

S+7D = —1
1 fL3+L2 My +lu’*)dE

(2.19)

Both equations are given in units of jp/atom, hy is the number of holes in the 3d states and
D is the magnetic spin dipole moment. The dipolar term arises from a non-spherical intra-
atomic spin distribution, making the expectation value of D orientation dependent. When
averaging XMCD intensities of samples magnetically saturated along all Cartesian axes,
S and D can be determined separately [52]. In samples exhibiting magneto-crystalline
anisotropy, L is orientation dependent and the anisotropy of L can be linked to the
magneto-crystalline anisotropy energy [21,20]. The measured expectation values L, S,
and D are the projection of L, S, and D momentum operators onto the quantization
axis defined by the incident light direction. The notation Ly and Dy clarifies the crystal
orientation during the measurement. Note that S is isotropic to second order and no
index is needed.

The integrals p, q, and t of the x-ray absorption and magnetic circular dichroism
spectra are labeled in Fig. 2.3 showing XAS and XMCD recorded at the Co L3 edges
for a 1.25 ML thick Co film on Rh(111). Figure 2.3 a) represents the raw absorption
spectra of the clean Rh(111) substrate and the Co thin film normalized to the incident
photon flux Iy. The background signal of the clean substrate is recorded prior to Co
deposition in order to isolate the absorption signal exclusively originating from the Co
film. Figure 2.3 b) shows the XAS after background subtraction and a two-step function,
taking into account non-resonant absorption of 2p — 4s transitions. In Fig. 2.3 ¢) the
non-resonant absorption has been subtracted in order to isolate the contribution of the
2p — 3d transitions. The sum of both helicities and the corresponding integral are shown.
In Fig. 2.3 d) the XMCD spectrum is displayed together with the corresponding integral.
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Figure 2.3: XAS and XMCD spectra recorded at the Co Lo 3 edges for a 1.2540.15 ML
Co film on Rh(111) deposited at 7' = 10 K. The external field is poH = +5 T and 6 = 70°.
a) Absorption spectra normalized to the incident photon flux (1) for parallel (puy = I /Io)
and antiparallel (u_ = I_/Ij) alignment of photon helicity with respect to the magnetic
field. The black line is the background signal acquired on the clean Rh(111) surface. b)
Resulting XAS after the subtraction of the background signal. The two-step function
accounts for non-resonant absorbtion. c¢) Total resonant absorption signal, i.e., the sum
of py and p— without the 2p — 4s transitions as well as the corresponding integral. d)
XMCD spectrum with the corresponding integral calculated from spectra shown in b).
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The sum rules (equations (2.18) and (2.19)) allow to compute the magnetic moments with
the input of hg, e.g. from theoretical investigations. A value independent of iy can be

obtained by taking the ratio
L L

"TS¥TD T Sy

Further, it is a good number even away from saturation and r can be used as an esti-

(2.20)

mate of L. Provided 7D is small compared with S and that S.¢; varies slowly with the
coordination number of the atom a numerical value of L may be obtained by identifying
Segy for clusters, larger islands, or monolayer films, which are easier to saturate.

2.3 XAS with linearly polarized light

Linear dichroism describes the angle dependent effects when either the direction of the
electric field vector E relative to the sample is changed and the applied field vector H
is unchanged (first kind), or the direction of H is rotated while the x-ray polarization
is fixed (second kind). For linear x-rays the electric field vector acts like a search light
for the direction of the maximum and minimum number of empty valence states. Hence,
the transition intensity is directly proportional to the number of empty states in the
direction of E. The transition probabilities of the matrix element (f|Er|i) are given
in Table 2.2. In nonmagnetic samples the anisotropy arises only from the anisotropic
charge and - complementary to this - empty state distribution caused by bonding, i.e.,
linear dichroism of first kind is observed. For magnetic samples an additional anisotropy
may exist relative to the magnetization direction. If the origin of dichroism is due to
nonuniform spatial bonding we speak of x-ray natural linear dichroism (XNLD) and if of
magnetic origin we speak of x-ray magnetic linear dichroism (XMLD). The XMLD signal
is proportional to M?, which means that linear dichroism measurements are suited to
detect the magnetic moment per atom in antiferromagnetic samples [53,46].

XNLD and XMLD can be separated in temperature dependent studies or by compar-
ing linear magnetic dichroism measurements of first and second kind. In ferromagnetic
samples the atomic spins are aligned by the exchange interaction and a nonspherical dis-
tortion of the atomic charge develops via the spin-orbit interaction. The effect of the
spin-orbit coupling on the charge density can be visualized by plotting the charge densi-
ties of the spin-orbit split p and d manifolds (see Table A.3). The exchange interaction
lifts the degeneracy of the |7, m;) substates which leads to an unequal spectral contribu-
tion. This can be directly observed in the measured XMLD line shape [54]. The XMLD
intensity is significantly smaller than the corresponding XMCD intensity [54,15,13]. De-
spite the small XMLD signal and the demanding experimental implementation, the linear
dichroism of second kind - i.e., fixing the x-ray polarization vector along the easy axis and
than rotating the magnetization from the easy to the hard axis with a sufficiently strong
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22 21 20 2.-1) [2,-2)
L+ @ %
LD (%) 2
39 3
53 (35) S
-1 O
53 (3)

Table 2.2: Transition probabilities from the spin-orbit split p states to the final d states
with spin 1 () for linearly polarized light.

magnetic field - allows to infer directly the magneto-crystalline anisotropy [55,56].



Chapter 3

Magnetism of Single Atoms

The electronic ground state of a free atom is given by Hund’s rules which summarize as
follows:

1. The ground state corresponds to a minimum of the Coulomb energy which is
achieved by keeping electrons spatially as far apart as possible. If the number
of electrons is smaller than 2] 4+ 1, where [ is the orbital angular momentum, all
electrons can have parallel spins without multiple occupation of any one-electron
level in the shell, corresponding to a maximum S value. We assign each electron to
levels with different values of m.

2. Electrons that orbit in the same direction minimize their Coulomb repulsion and
have parallel angular momenta, corresponding to maximum total orbital moment
L.

3. The lowest spin-orbit energy corresponds to collinear S and L. When the shell is
more than half full S and L point in the same direction; the highest value of J is
lowest in energy. For atoms with less than half-filled shells, S and L are antiparallel;
now the lowest value of J has the lowest energy.

For a more than half full d shell we have':

my =—2, —1, 0, 1, 2 S L 7D % Sfm
d° A 42 -2 12 1
a oLl 33 a1 3
& N N 2 3 32 1
& A 12 2 2 283
'Note that we include for the total orbital (L = | gz, my|) and spin moment (S = | gsms|) the
g-factor which is g, = 1 for the orbital moment and gg = 2 for the spin moment. m; = —1/2 for | and

mg =1/2 for 1.

15
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The ground state of a free Fe atom is d® and the one of a free Co atom d”. By forming
dimers, trimers or clusters of a few equal atoms the atomic orbitals hybridize and form
narrow energy bands. This leads to a different electron occupation of each shell and
a reduced spin moment of the 3d shell. The magnetic moments of the ferromagnetic
elements Fe, Co, and Ni were determined as a function of cluster size with a Stern-Gerlach
apparatus [57,58,59]. The clusters, having a size ranging from 20 up to 700 atoms, show
atomlike magnetic moments for clusters with fewer than 30 atoms and approach the bulk
limit for clusters of a few hundred atoms. Finite magnetic moments were also expected
in clusters of elements which are not ferromagnetic in the bulk because of the reduced
dimensionality and the consequently very narrow d-band width [60]. Indeed, a magnetic
moment was observed in rhodium clusters composed of 12-32 atoms, whereas ruthenium
and palladium clusters are nonmagnetic [61,62].

Studying free atoms and clusters in the gas phase is interesting from a fundamental
point of view, but for technological applications these must be deposited on surfaces or in
matrices. The extent to which the d orbitals of a transition metal mix with the valence
electrons of a nonmagnetic supporting surface determines the electronic and magnetic
properties of the adatom. On metallic surfaces the adatoms strongly interact with the
valence electrons of the substrate. For example Fe, Co, and Ni on K have a predominant
d”, d®, and d° character, respectively, evidencing a charge transfer of +1 electron to the d
states [63]. The alkali metal substrate has a simple sp electronic structure which leaves
the d states of the magnetic adatom almost unperturbed and reveals atomic like ground
states and vanishing magnetic anisotropy. This is completely different on transition metal
substrates, whose d electrons strongly hybridize with the ones of the adatom. As a
consequence a sizable magnetic moment is induced in the neighboring substrate atoms
which in turn contributes to the magnetic anisotropy via the large spin-orbit constant [1,
5,31]. Motivated by the experimental finding of a large MAE for single Co atoms on
Pt(111) [1] and on Pd(111) [64] and by the theoretical prediction of similarly large MAE for
Fe atoms on Pt(111) [5,3], we prepared samples with single Fe atoms on Rh(111), Pd(111),
and Pt(111) and single Co atoms on Rh(111) in order to investigate the influence of the
supporting transition metal. XAS and XMCD measurements are presented in section 3.1.

Hybridization of the d orbitals of Fe and Co when deposited on a 4d or 5d metal
substrate reduces the orbital and spin moment of the adatom compared with the values
of the free atom. To avoid this and restore atomic L and S values, we also deposited Fe
and Co atoms on two insulating substrates, namely Al,O3/NizAl(111) and CupN/Cu(001).
The band gap is 7-8 eV for the alumina film [65] and 4 eV for the CuyN layer [66] which
should allow to decouple the magnetic atoms effectively from the conduction electrons
of the underlying metal. In addition, symmetry breaking at the surface and directional
bonding in the surface lead to a large magnetic anisotropy on CusN of K = 6.2 meV/Fe
atom and K = 6.2 meV/Co atom which was obtained by inelastic electron tunneling
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spectroscopy (IETS) measurements [9,32,17]. The found MAE values are comparable
to molecular magnetic clusters [67]. IETS yields atomic spin moments for Fe and Co,
but is not able to infer the orbital magnetic moment which is supposed to play a major
role in the anisotropic behavior [33]. We report on XMCD measurements of isolated Fe
and Co atoms on Al,O3/NizAl(111) in section 3.2 and of isolated Fe and Co atoms on
CuyN/Cu(001) in section 3.3.

3.1 Fe and Co single atoms on Rh(111), Pd(111), and
Pt(111)

Single atoms on metal surfaces are experimentally obtained when depositing minute
amounts of matter by atomic beam epitaxy at low temperature where surface diffusion is
inhibited. The impinging atoms irreversibly stick to the surface and stay at their land-
ing site implying very efficient dissipation of their binding energy [68]. Such a statistic
growth leads for low coverage to fractions of monomers, dimers, trimers and eventually
larger clusters. The following table summarizes the expected abundances and the mean
size (s) for some low coverages encountered in this section 2:

coverage  monomers dimers trimers (s)

0.005 ML 97% 3% - 1.02
0.01 ML 93% % - 1.04
0.015 ML 90% 9% 1% 1.05
0.02 ML 87% 11% 2% 1.07
0.0125 ML 84% 14% 2% 1.09
0.03 ML 81% 15% 3% 1.11

The Rh(111), Pd(111), and Pt(111) substrates were prepared by Art-ion sputtering
(1.3 keV, at T'= 300 K to remove magnetic material and for 20 minutes at 7' = 800 K once
the substrate was clean), followed by annealing at 7' = 800 K at an oxygen partial pressure
of Pp, = 6 x 1078 mbar for 10 minutes to remove carbon impurities, and final annealing
to 1000 — 1100 K. Substrate cleanliness was checked by Auger electron spectroscopy and
XAS. Fe and Co were deposited from high-purity rods (99.995%) at T = 9 K using a
commercial electron beam evaporator. The flux was 5 x 107* ML/s and 1073 ML/s for
Fe and Co, respectively.

2We use the KMC simulation program developped by M. El Ouali and extended by P. Buluschek [69,
70]. The code treats a hexagonal close packed surface and allows only the occupation of fcc sites. We
assume that the dimer is stable (i = 1) and neglect reevaporation and edge- or corner-diffusion. We used
the adatom migration barrier F,, = 200 meV and the attempt frequency vy = 10'3s~! representative for
metal on metal systems [71]. The deposition rate was 1072 ML/s and T = 10 K.
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The magnetic properties were investigated in situ by XAS and XMCD for normal
incidence (# = 0°) and grazing incidence (6 = 70°) at yoH =5 T and T' = 8 K. In Fig. 3.1
XAS and resulting XMCD spectra for Fe on Rh(111), Pd(111), and Pt(111) taken at
the Fe L3 edges are shown. The adatom XAS are relative weak absorption features
compared with the Rh, Pd, or Pt background due to the extremely low coverage. The
small hump of the Ly edge is hardly visible. The resulting dichroic signal is shown next to
the XAS. For all studied systems the Lz XMCD peak is larger for 0° suggesting an out-
of-plane easy axis. The inset in Fig. 3.1 f) shows an example of a magnetization curve for
Fe/Pt(111). Those for Fe on Rh(111) and Pd(111) are similar. At both angles we observe
an almost straight line with nearly identical slope suggesting a very small anisotropy
energy. Obviously, saturation is not reached and we cannot apply the sum rules to infer
the orbital and spin magnetic moment independently. However, we calculated L/S,y; and
report the obtained values along the easy axis in table 3.1.

To complete the series of individual Fe and Co atoms on Rh(111), Pd(111), and Pt(111)
we measured 0.02 ML Co/Rh(111). XAS, XMCD and magnetization curves are shown
in Fig. 3.2. The larger Ly XMCD peak for 70° suggests an in-plane easy axis. This is
confirmed by the steeper slope of the magnetization curve at # = 70° compared to 0°.
Note that the in-plane easy axis for Co/Rh(111) is characteristic for the first monolayer
as we will discuss later (see for example Fig. 5.9 in chapter 5 and Figs. 4.12 and 4.10 in
4). Again, saturation cannot be reached and we calculated only L/S,;; which is reported
in table 3.1.

We estimate the MAE from the magnetization loops shown in Fig. 3.2 ¢). In the
anisotropic paramagnetic case, the energy of a particle of size s in an external magnetic
field is given by the classical Boltzmann statistics. The energy function E(dg, 9, ) is
composed of the Zeeman term —smypuoH cos? and, assuming uniaxial anisotropy, the
MAE term —sK (sin ¥y sin 9 cos ¢ + cos g cos ). H is taken as the z axis, ¥, ¢ are the
polar and azimuthal coordinates of the magnetic moment m, and vy defines the easy
magnetization direction. The magnetization then reads [72]

127 dp [ dsind cos e RBT
© sinv cos pe s
M = Mgar=2 . B(00.0.9) 31

fo%r de fow ddsinge  FBT

From experiment we know the temperature 7' = 8 + 1 K and the external field H at
each measuring point. Assuming an average cluster size of s = 1.07 for statistical growth
of 0.02 ML, the magnetic moment m and anisotropy energy K per Fe atom remain as
parameters to fit both branches. The best fit is obtained for KX = 0.6 = 0.1 meV and
m =5+ 1 pg. The error is mainly due to the uncertainty of the sample temperature.
The total magnetic moment m = L + S + mpgy, includes the magnetic moment induced
on the Rh sites per Co atom. To disentangle the contributions from the adatom and the
substrate we take S and S.s obtained for the Co monolayer film and make use of the
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Figure 3.1: XAS and XMCD spectra of Fe on Rh(111), Pd(111), and Pt(111) measured
at the Fe Ly 3 edges at T'= 8 K and poH = 5 T. The spectra at 70° have been normalized
to the ILS(“"F + p—) intensity at 0° to eliminate the dependence of the electron yield on
the sample orientation. a) and b) 0.01 ML Fe/Rh(111), ¢) and d) 0.02 ML Fe/Pd(111),
e) and f) 0.01 ML Fe/Pt(111), inset: magnetization curves at § = 0° (black line) and 70°
(red line) measured by taking the peak of the Lz XMCD intensity at 707.7 eV divided by
the pre-edge intensity at 705.0 eV as a function of the applied magnetic field.

fact that S is largely independent of coordination (see section 4.2.1 and table 3.1). We
obtain an orbital moment of L = 1.2 pp for the Co atom and an induced moment of
MRhr = 1.8+1 UB-
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Figure 3.2: 0.02 ML Co/Rh(111) measured at 7' = 8 K. a) XAS taken at the Co L3
edges at popH = 5 T. The spectra at 70° have been normalized to the ]L3 (g + p)
intensity at 0° to eliminate the dependence of the electron yield on the sample orientation.
b) resulting XMCD spectra ¢) Magnetization curves at @ = 0° (black open circles) and
70° (red open circles) measured by taking the peak of the Lz XMCD intensity at 777.0 eV
divided by the pre-edge intensity at 773.5 ¢V as a function of the applied magnetic field.
The solid lines are the best fit assuming anisotropic paramagnetic impurities of mean size
s = 1.07 atoms with K = 0.6 meV and m =5 pup.

When comparing Fe on the three different substrates we find a common out-of-plane
easy axis and a similar L/S.ys ratio. Further, we find that the Fe MAE is significantly
smaller than the 0.6 meV inferred for Co/Rh(111). Also for Co on the three substrates
we find a similar L/Sess ratio. It is remarkable that L/S.ss is more than a factor of
three larger for Co compared with Fe. For a free Co atom L/S = 1 and a free Fe
atom L/S = 1/2. Similarly, for bulk hep Co L/Ses; = 0.09 is found and for bulk bcc
Fe L/Sess = 0.04 [15]. Fe and Co overlayers on Rh(111) and Pt(111) are discussed in
chapter 4.
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O©(ML) L Seff L/Sess Mub MAE  easy axis
Fe/Rh(111) 0.01 0.15 £ 0.05 1
Fe/Pd(111) 0.02 0.12 £ 0.05 1
Fe/Pt(111)  0.01 0.18 + 0.05 1
Co/Rh(111) 0.02 (1.2+0.1) (2.1+£0.1) 0.57+0.04 1.8+1 0.6+0.1 —
Co/Pd(111) 0.02 1.34+0.1 1.94+0.1 0.70+0.06 ~3 )
Co/Pt(111) 0.01 1.1+0.1 1.8+0.1 0.61+0.05 1.8+1 9.3+1.6 1

Table 3.1: Orbital and spin moments (in units of pp/atom) estimated from XAS data
acquired along the easy axis (T stands for out-of-plane and — for in-plane) with yoH =5 T.
Mgy (In units of pp/atom) is the induced magnetic moment per adatom. The MAE is
given in meV /atom. For Co/Rh(111) the Sy is taken from table 4.3 and L calculated
with this effective spin value. The reported values for Co/Pd(111) are taken from Ref. 64
and those for Co/Pt(111) from Ref. 1.

According to P. Gambardella et al. the strength of the MAE in case of Co/Pt(111)
can be explained by the strong spin-orbit coupling of the Pt 5d electrons resulting in
an additional MAE of the induced magnetization [1]. Theoretical investigations on the
contrary attribute only a minor role to the MAE contribution of the induced moment and
in general underestimate the experimentally found MAE of 9.3 meV. S. Bornemann et al.
found 4.8 meV for the Co single atom and a few neV for the anisotropy coming from the
Pt substrate [3]. C. Etz et al. assign 4.4 meV to the Co atom and 0.6 meV to the induced
Pt moments [5]. In a recent joint experimental and theoretical study of Co/Pt(111) a
MAE of 10.3 meV is inferred from inelastic tunneling spectroscopy performed with a low-
temperature STM whereas theory predicts a magnetic anisotropy of only 3.1 meV and
3.8 meV for Co atoms in fce and hep positions, respectively [6]. The importance of the
substrate with respect to the magnetic anisotropy becomes evident when comparing the
MAE for Co on the three different substrates in table 3.1. We find an increasing MAE
from Rh over Pd to Pt which can be directly related to the increasing spin-orbit constants
for the 4d and 5d transition metal substrates [46].

For Fe the MAE is small on the three substrates and no trend could be established.
Surprisingly, theory predicts very large MAE values for Fe single atoms on Pt(111) of
8.8 meV [3] or 5.3 meV [5], which are in disagreement with our experimental results.
Recently, T. Balashov et al. showed for the first time that there is a significant difference
in the anisotropy for Fe atoms in fce (3.2 meV) and hep (0.4 meV) positions on the
Pt(111) substrate [6]. The authors suggest to probe with STM Fe atoms mainly in the fcc
positions due to the experimentally large anisotropy of 6.5 meV. Equally, we can argue
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to probe with XMCD predominantly Fe in hep positions.

3.2 Fe and Co single atoms on Al;O3/NizAl(111)

Oxidation of NizAl(111) may lead to different types of oxides: aluminum oxide or alumina
with the chemical formula Al,Oj, nickel oxide (NiO), and NiAl,O4. The formation of
aluminum oxide is thermodynamically favored, but due to the low aluminum content of
the sample the chemical composition of the surface oxide is determined by the rate of
segregation of aluminum to the surface compared with the reaction rate with the dosed
oxygen.

Aluminium oxide is an electrical insulator and it is used for its hardness and strength
in numerous fields of industry, e.g. cutting tools, polishing, ceramics, health and medical
applications. Metallic aluminium is very reactive with atmospheric oxygen, and a thin
passivation layer of amorphous alumina quickly forms on any exposed aluminium surface.
This layer protects the metal from further oxidation. The thickness and properties of
this oxide layer can be enhanced using a process called anodising which is an electrolytic
passivation process used to increase the thickness of the natural oxide layer on the surface.

Alumina is known to exist in several crystalline phases or forms, the only thermo-
dynamic stable is the corundum or a-phase which has the rhombohedral hep crystal
structure [73]. It is transparent and colorless and known in its single crystalline form
as sapphire. Among many other crystalline phases s-alumina (orthorhombic) just as a-
alumina are important for its hardness and thermal stability [74,75]. The metastable
phases v (cubic spinel) and € (monoclinic) are found in applications as catalyst supports
due to their low surface energy [76].

3.2.1 Oxygen adsorption and oxide formation on NizAl(111)

Oxidation of NizAl(111) in a controlled environment, i.e., low oxygen partial pressure
and precise temperature monitoring, leads to a well-ordered surface oxide of 5 A thick-
ness [77,78]. The NizAl(111) single crystal was prepared by Ar*-ion sputtering at room
temperature for 30 min (P = 5x 107 mbar, 1 keV) and annealing for 10 min at 960430 K,
reading the temperature with a pyrometer. The alumina thin film is then grown by expos-
ing the clean and ordered NizAl(111) surface one hour to oxygen gas (Po, = 1x 1077 mbar)
while keeping the sample at 960 + 30 K and keeping it for one more hour at this temper-
ature without further exposure to O,.

In Fig. 3.3 our LEED pattern and a comparative LEED pattern from Ref. 78 are
shown. We find the characteristic 2 x 2 spots of the chemically ordered alloy substrate
and satellites typical for the oxide structure. C. Becker et al. interpreted the LEED
pattern as two domains of 7'-Al,O3 which is supported by high-resolution electron-energy
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Figure 3.3: AlyOj surface oxide on NigAl(111) prepared at 960+ 30 K. a) LEED pattern
obtained at E = 62 eV, b) LEED pattern taken from Ref. 78, ¢) STM image (430Ax 430
A, Vi =3.0V, I, = 200 pA)

loss spectroscopy. The unit vectors of the two domains, rotated by 36.6° (a,b) and 23.4°
(c,d) with respect to the substrate, are shown in Fig. 3.3 b). The STM image of this
+'-Al O3-film reveals in addition to the often described network structure (see center of
the STM image), different rotational domains of a stripe phase [79]. The stipe domains
are rotated by ~ 120°.

In order to produce a closed, highly ordered, and grain boundary free alumina film
post-annealing at 1050 K seems essential [65,78,80]. Unfortunately, the resistive heater
of the preparation chamber at the ESRF did not allow heating to 7" = 1050 K. M.
Schmid et al. claim that, besides accurately following the sample preparation protocol,
the exact stoichiometry of the crystal may be the origin of different coexisting phases [79].
We exclude the crystal itself from being the reason, because we were able to produce a
highly ordered alumina film with the desired (v/67 x v/67) R47.8° in our own preparation
chamber with the very same NizAl(111) single crystal [81].

3.2.2 Magnetic properties of Al,O3; on NizAl(111)

Before depositing Fe or Co we investigated the magnetic properties of the Al,O3/NigAl(111)
sample. Earlier measurements report of weak itinerant ferromagnetism of NizAl with a
Curie temperature of T = 40 K and a very small magnetic moment of 0.23 up/cell,
where one cell equals one NigAl unit [82,83]. Assuming that only the Ni atoms in the cell
carry a magnetic moment, 0.076 ppz/Ni atom is obtained.

We measured XAS with circularly polarized light at normal incidence as a function
of temperature. In Fig. 3.4 a) the absorption spectra of the saturated sample below T¢
are shown. Using the sum rules given in equation (2.18) and (2.19) and the number of
d-holes of bulk Ni h; = 1.66 we obtain an orbital moment of 0.047 pup/Ni atom and a
spin moment of 0.357 up/Ni atom when neglecting the dipolar term 7D [84]. This is
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Figure 3.4: AlyO3 surface oxide on NigAl(111) prepared at 960 + 30 K. a) XAS with
circularly polarized light at the Ni Lo 3 edges at poH = 2 T and T = 8 K. b) XMCD
signal as a function of temperature at uoH =2 T.

smaller than 0.62p5/atom, the magnetic moment of bulk Ni [46], but substantially larger
than the magnetic moment of NizAl inferred by magnetometry and can be explained by
a compositional change in the substrate due to the formation of the Al,O3 layer. The
topmost layer of stoichiometric NizAl(111) contains only 25% Al which is not sufficient
to form a doublelayer of alumina. Part of the Al must therefore migrate to the surface
from deeper layers resulting in several Ni-rich layers. This model was confirmed by x-
ray photoelectron spectroscopy finding up to 100% Ni in the outermost layer at the
interface with the oxide [77]. We recall, that x-ray absorption spectra taken in the total
electron yield are sensitive to the near surface layers. An increasing magnetic moment
with increasing Ni content was found for bulk samples as well. For an alloy composition of
Nig76Alp24 a magnetic moment almost twice as large as for Nig 75Alg 25 was found [82,83].
Note that the Curie temperature increases at the same time. We did not investigate the
magnetic phase transition in more detail.

3.2.3 Isolated Fe and Co atoms

We deposited minute amounts of Fe or Co at the lowest available temperature, T' = 8 K,
with a commercial e-beam evaporator from high purity Fe and Co rods. The Al,O3 film
is terminated by oxygen atoms, consequently the Fe and Co atoms land on top of O
atoms [79]. XAS and XMCD measured at the Fe Ly 3 edges and Co Lg 3 edges are shown
in Fig. 3.5. For Fe and Co we find a pronounced multiplet structure, which is typical for
free atoms and single atoms in ionic and covalent compounds [85]. The XAS and XMCD
line shape depend on the sample orientation with respect to the beam which is mainly a
linear dichroism effect due to the anisotropic spatial distribution of the d-electrons as we
will outline in the following.
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Figure 3.5: a) and b) XAS taken at Fe L3 edges at 7' = 8 K and poH = 5 T with
right and left circularly polarized light at 6 = 0° and 6 = 70°, respectively. The spectra
at & = 70° have been normalized to the [(us + p—)Ls intensity at § = 0° to eliminate
the dependence of the electron yield on the sample orientation. The background was
subtracted. ¢) Resulting XMCD spectra. d) Sum of XAS with positive and negative
helicity. e) and f) XAS taken at Co Lyg edges at T = 8 K and poH = 5 T with right
and left circularly polarized light at § = 0° and 6 = 70°, respectively. The spectra at
6 = 70° have been normalized to the [(u4 4+ p—)Ls intensity at 0°. The background
was subtracted. g) Resulting XMCD spectra. h) Sum of XAS with positive and negative
helicity. i) XAS with linearly polarized light. v and h designate vertical and horizontal
alignment of the electric field vector according to Fig. 2.1.
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X-ray absorption spectra with linearly polarized light recorded for 0.02 ML Co on
Al,O3/NizAl(111) are shown in Fig. 3.5 i). The electric field vector E, is in the sample
plane independent of the angle 6. In case of isotropic in-plane chemical bonding or electric
charge distribution the vertical XAS is expected to have the same shape as the sum of the
two circular XAS acquired at # = 0° which is a simple consequence of free basis choice [80].
We find a very similar form for v and (4 + p—)oo (see Fig. 3.5 h) and 1)) suggesting the
absence of in-plane anisotropic chemical bonding or charge distribution. This is reasonable
when considering the finite size of the x-ray beam averaging over different domains and
rotations of the Al,O3 film. FEj, probes the out-of-plane d-orbitals and if in-plane and
out-of-plane chemical bonding are not equivalent a difference in h and v linear XAS must
be observed. In the h absorption spectrum shown in Fig. 3.5 h), we remark a peak at
777.0 eV which is absent in the v spectrum and a shift of the satellite peak’s maximum
found at 780.0 €V in the v spectrum to 780.5 eV. In the (p4 + pi—)7p spectrum in h),
these features appear as a shoulder at 777.0 eV and a change in relative intensity of the
peaks at 780.0 eV and 780.5 eV. Note that the linear dichroism is much weaker in case of
Fe than in the one of Co.

To discuss the magnetic properties, we evaluate the ratio r = L/(S + 7D) and the
branching ratio defined as

I(Ls)  Jp e+ p)dE
(L) + 1(Ls)  Jy oy (s + 5 )dE

BR = (3.2)

both being good numbers especially for not fully saturated samples. Unfortunately, we

could not establish if saturation is reached at 5 T or not, because the spectral shape
changes rapidly over time(see section 3.2.4 for more information) and therefore, we did
not acquire magnetization curves.

First, we focus on 0.03 ML Fe/Al,O3/NizAl(111) shown on the left hand side in
Fig. 3.5. The XAS and XMCD spectra are substantially different form the line shape
of bulk iron oxides [86,87,88,89]. In bulk oxides the environment of the Fe ions is of
octahedral (Oy) or tetrahedral (T;) symmetry, which is further reduced for the surface
supported single atom. The reduced symmetry of the Fe atom on the alumina film gives
rise to a large r, i.e., a large orbital moment. At # = 0° we obtain » = 0.53 £ 0.09, and
r =0.314+0.07 at @ = 70°. For comparison, bulk iron oxide has r = 0.05 [89] and Fe spins
in a supramolecular network (Os-Fe(TPA),/Cu(001) ), where the Fe has Cy, symmetry,
have r = 0.21 at 0° and = 0.28 at 70° [11].

From the integrated total XAS we obtain the branching ratio at 0° and 70°, which is
0.82 & 0.03 at both angles, suggesting a high-spin ground state for Fe [90]. Further, the
large values of BR and r, suggest that the crystal field splitting 10Dgq has to be comparable
or smaller with respect to the spin-orbit coupling constant &3, of the 3d-orbitals. &34 is
between 50 meV and 100 meV for Fe and Co [46]. The larger XMCD signal at the Lg
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Figure 3.6: 0.02 ML Co/Al;03/NizAl(111) a) XAS taken at Co La3 edges at T = 8 K
and poH =5 T with positive (red line) and negative (blue lines) x-ray helicity for 6 = 0°
as a function of time. b) Evolution of the pi— spectra’s principal peaks marked with arrows
in a). The line represents the time dependence of the integrated p— absorption spectrum
normalized to the ¢t = 0 s integral. The non-resonant transitions were subtracted.

edge for 6 = 0° indicates an easy magnetization axis out-of-plane, which will be confirmed
for 0.14 ML Fe coverage in section 3.2.5.

The Co absorption and dichroism spectra are shown on the right hand side in Fig. 3.5.
Again, the XAS and XMCD spectra of Co on alumina do not resemble very much the
line shape of CoO [27,91]. At 0° the Lz dichroism signal has the same sign as the Ly
dichroism signal which leads to a L/(S + 7D) ratio greater than r = 2/3 obtained for
absent Lo. We calculate r = 0.91+0.06 for 0° and r = 0.68 + 0.05 for 70°. The branching
ratio is 0.89 4 0.03 at 0° and 0.86 £ 0.03 at 70°. As already discussed in case of Fe, we
can assume a high spin ground state and a crystal field parameter similar to &34. Also for
Co, we infer an out-of-plane easy axis by comparing the XMCD signal at 0° and 70°.

3.2.4 Beam induced change of the XAS white line

As earlier mentioned, we observe a quickly changing spectral shape of XAS for single
Fe and Co atoms. As an example we show in Fig. 3.6 the XAS of 0.02 ML Co on
AlyO3/NizAl(111) as a function of exposure time. The absorption spectrum taken with
negative x-ray helicity changes significantly. The integrated L 3 intensity follows the solid
line in Fig. 3.6 b). On the contrary, the integrated p, absorption intensity decreases by
only 1% for two successive spectra. Since the spectra recorded with positive x-ray helicity
are much more stable over time we take one p, spectrum, acquired at ¢ = 900 s, as
reference for comparison with the p_ spectra. When moving the x-beam over the sample
to a new region, not exposed before, the integrated Lo 3 peak intensity recovers to 96%.
The remaining difference may be due to sample inhomogeneity or sample changes over
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L I(Ls)
S+7D I(L2)+1(Ls)

0s 0.92£0.06 0.90=£0.03
150 s 0.904+£0.06 0.8940.03
300s  0.91£0.06 0.90£0.03
450 s 0.954+0.06 0.89+0.03
600s  0.96£0.06 0.90 £ 0.03
750s  0.99£0.06 0.91=+0.03
1800 s 0.88+0.06 0.91+0.03

time

Table 3.2: Ratio L/(S + 7D) and branching ratio I(Ls)/(I(L2) + I(L3)) as a function
of recording time calculated for the spectra shown in Fig. 3.6.

time out of the focussed x-beam. Note that the change of the white line intensity is not
reversible, as has been verified by temporarily switching off the x-beam and recording
again a spectrum after 30 min. The dramatic changes in the absorption and dichroism
lineshape are mainly induced by the x-ray beam. To evaluate possible reasons for these
changes we discuss different atomistic processes.

Metal atoms on isolating surfaces are only weakly bound to the substrate which often
entails smaller migration barriers E,, than the one of metal on metal systems [71]. For
Co on h-BN we found E,, = 23 +3 meV [70]. With a typical attempt frequency of
1 = 105!, we obtain at 7" = 8 K a hopping rate of v = 1/067% = 0.03s57, ie., a
probability of 3% for hopping from one site to the next in one second. Increasing the
temperature by 1 K leads to one event per second, and at 7' = 10 K each atom makes
26 random walk steps per second. Au atoms on a thin alumina film on NiAl(110) are
still mobile at the deposition temperature of ~ 10 K but immobile at 7= 5 K [92]. If
we assume a migration barrier similar to the one on h-BN, we recognize that already
1 min after the ending of deposition no more monomers are present due to the high
adatom mobility. This is in contrast with the experimental observation of monomers on
the surface after cooling the system from 10 K to 5 K. Hence, F,, must be higher than
23 meV for Au/Al,O3/NiAl(110). For our system Co/Al,O3/NizAl(111) active surface
diffusion would lead to aggregation and therefore we would expect a constant decrease of
the ratio r = L/(S+7D) due to increasing coordination [63,1]. However, r values reported
in table 3.2 as a function of exposure time are found to be unchanged within the error bar.
Possibly, L and S change simultaneously which means that also S decreases, passing from
a high spin to a low spin state. However, the constant and particular high branching ratio
(see table 3.2) over time supports a maintained high spin state. This strongly supports
a time independent atom coordination and excludes coarsening. We performed KMC
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Figure 3.7: KMC simulation of deposition of 0.02 ML with a flux of 1072 ML/s on
a hexagonal lattice and subsequent coarsening caused by monomer diffusion with £, =
27 meV (solid line) and E,, = 25 meV (dotted line) at different temperatures. a) Fraction
of monomers as a function of time. b) Mean island size (s) as a function of time. t =0 s

corresponds to the moment when deposition is accomplished. Note that during deposition
diffusion is also active.

simulations at three different temperatures for F,, = 25 meV and FE,, = 27 meV in order
to highlight the effect of the momomer diffusion on the abundance of single atoms at the
surface and the mean island size on our experimental timescale of about two hours [93].
The outcome is represented in Fig. 3.7. To explain the observed stability at 7' =8 K a
minimum diffusion barrier of E,, = 27 meV is needed.

The fact that |, Lot LB(/A+ + p—), which is proportional to the d holes and therewith
the coverage, decreases with exposure time can be explained by atom desorption. The
desorption rate D is given by

D= Voe_% = 7&2“3 (/:+ i 'u_)7
Vo being the attempt frequency and Fj; the energy barrier for desorption. We find that the
total integrated absorption intensity [ Lot 13(t4 + 1) decreases under the x-ray beam by
28% in 1800s. This yields a desorption rate of D = (1.5640.16) x 10~*s~!. Remember that
the change of the spectral shape is strongly accelerated under the x-ray beam. Possible
explanations are i) the desorption barrier is lowered while T’ remains unchanged, ii) the
sample is locally heated during the absorption process, or iii) the absorption process is
not thermally activated but induced by the photons.

Considering assumption i), we calculate the desorption barrier at 7' = 8 K with a typ-
ical attempt frequency of vy = 10"s™! and we obtain E; = 27.0 meV. For comparison, we
evaluate equation (3.3) off the x-ray beam, attributing the variation A fL2+L3(u+ +po)=
—4% in one hour to thermal desorption. This yields F; = 28.5 meV and implies a reduc-
tion of the desorption barrier by 10% due to x-ray irradiation. After assumption i) the

(3.3)
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s=1 s=2 s=3 s=4 s=5 s=06 s=7 s=8 s=9 s=10 (s)

T=8K 364% 233% 14.9% 94% 59% 3.7% 24% 15% 09% 0.6% 1.73
T=10K 7.0% 134% 16.1% 153% 12.9% 10.0% 7.4% 52% 3.7% 2.6% 3.33

Table 3.3: KMC simulations for 0.14 ML Fe using E,, = 27 meV and vy = 101351
deposited with a flux of 1073 ML/s at 7 = 8 K and 10 K.

sample is locally heated during the absorption process. By increasing the sample tem-
perature, diffusion processes become more important (see Fig. 3.7) entailing aggregation.
The nucleation rate is [94]

Em

J = 0']@21/06_ ":BT7 (34)

where o7 is the monomer capture number, typically o; = 3 [95] and © the coverage. For
© = 0.02 ML and E,, = 27 meV we calculate J/D at T = 8.5 K and obtain J/D = 0.01,
favoring desorption. Further increases in temperature yield larger J/D meaning that
nucleation becomes more important at higher temperature compared with desorption.
For 4i), a photon induced desorption process, we can express the desorption rate as

D=0c®AF, (3.5)

where o the x-ray absorption probability, e (efficiency) the portion of x-ray absorptions
leading to desorption, © the coverage, A the area of one adsorption site, and Fj;, the
photon flux. For Co the x-ray absorption probability is about o = 10~?photons™! at the
Lz peak [46], the photon flux is typically 10! photons/(s-mm?) [96] and the area of one
absorption site is about A = 6 x 107*mm?. For © = 0.02 ML and D = 1.56 x 10~%s~!
this yields e ~ 1. Hence, each x-ray absorption leads to desorption.

3.2.5 Larger Fe clusters

For larger coverages where most of the atoms form small clusters of a few atoms the
strong multiplet features of XAS and XMCD spectra vanish and they look more like bulk
Fe due to hybridization among Fe atoms [15]. The investigated system does not change
over the investigation time of two hours, which allows us to take XAS at 0° and 70° as
well as magnetization curves at both angles for Fe and at § = 70° for Ni. The data are
summarized in Fig. 3.8. From the shape of the magnetization curve shown in Fig. 3.8 b)
we deduce an out-of-plane easy axis and note that the magnetization is close to saturation
at 0°. We can therefore calculate the orbital and spin magnetic moment by means of the
sum rules. With a typical value of hy = 3.4 [15] for the number of d-holes we obtain
L=0.30£0.04 pg and S+ 7D = 2.31+0.14 pp. We remark that iron oxides often order
ferrimagnetically or antiferromagnetically which is obviously not the case here [89,97].
The spin moment is large suggesting ferromagnetic alignment of the Fe moments. S+ 7D
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Figure 3.8: 0.14+0.03 ML Fe/Al;O3/NigAl(111) measured at 7' = 8 K. a) XAS, resulting
XMCD, and corresponding integral taken at Fe Ly 3 edges at poH = 5 T with right and left
circularly polarized light for = 0°. b) Fe magnetization curves (open circles) representing
the peak of the Lz XMCD intensity at 708.0 eV divided by the pre-edge intensity at
704.0 eV as a function of H. The solid line is the fit for s = 3.4 and K = 0.50 meV /atom.
¢) Ni magnetization curves measured representing the peak of the Ly XMCD intensity at
853.1 eV divided by the pre-edge intensity at 849.8 eV as a function of H.

agrees very well with the spin moment found for Oy-Fe(TPA), [11] and the Fe monolayer
on Rh(111) (see table 4.3).

Further, we determine the MAE from the magnetization loops using equation (3.1).
From experiment we know the temperature T, the external field H, and the magnetic
moment m = L+ .S per Fe atom when neglecting the spin dipole moment. The best fit of
the hysteresis curves is obtained for ' = 8 K and m = 2.6+0.2 up/atom with s = 3.4+0.4
and K = 0.50+0.05 meV/atom. To test if s = 3.4 is reasonable for a coverage of 0.14 ML
we used KMC simulations. At T" = 8 K, our measurement temperature, diffusion is almost
frozen and the cluster size distribution equals the statistic result as shown in the first line
in table 3.3. To take account for a slightly increased sample temperature in presence of
the hot evaporation source during deposition, we report in the second line in table 3.3 the
cluster size distribution at 7' = 10 K. At 10 K surface diffusion of isolated Fe adatoms is
active and leads to a mean cluster size (s) = 3.33 which agrees very well with s = 3.4+0.4

inferred from fitting the hysteresis.
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We remark that K = 0.5 meV/atom is a surprisingly large MAE. For comparison,
bulk v iron oxide has K = 1.5 ueV/FeyO3 [98] and Co clusters on Pt(111) of the same
size have K = 3.3+ 0.2 meV/Co atom [1]. The magnetization curve measured at the Ni
edge has a square shape and substantially differs from the one measured at the Fe edge
suggesting that the MAE is an intrinsic property of the Fe clusters ant not due ton an
exchange or dipolar interaction with the magnetic NizAl.

3.3 CUQN

The CuyN surface corresponds to the (001) face of a CugN bulk crystal. CuzN is produced
by depositing copper in a nitrogen atmosphere. It is an insulator and decomposes upon
heating into Ny and Cu at around 250°C [99]. In this peculiar structure the fcc sites are
vacant and we will refer to this specific site as hollow. Alternatively, a single CusN layer
can be stabilized on Cu(001) and has a band gap of 4 eV [66]. A model of the CusN
network is shown in the inset in Fig. 3.9 a). On the CusN surface Fe and Co atoms
can bind on top of either N atoms which have fourfold in-plane symmetry, or Cu atoms
having twofold in-plane symmetry. The stable adsorption site is on top of Cu. As soon as
a magnetic field with an in-plane component is applied we have to distinguish two Cu sites.
The atom on site A has two N atoms as its horizontal nearest neighbors (N-direction)
whereas the atom on site B has no horizontal nearest neighbors (hollow-direction). Using
IETS performed with a low-temperature STM it has been demonstrated that 3d atoms
at Cu binding sites behave as single atomic spins with large MAE [9,32]. The aim of our
study was to compare the spin moments and MAE values obtained by IETS which is a new
local probe technique with results from XMCD being a well established spatially averaging
technique. XMCD gives information about the orbital and spin magnetic moment, their
field dependence and consequently the easy axis and MAE of the system by acquiring
hysteresis loops at different angles 8. With the results obtained by IETS we are able to
predict the magnetization curves that we expect in our XMCD experiment. Therefore,
a short description of the theoretical model used to describe the IETS measurements is
given.

Spin excitations for an isolated atom in an anisotropic environment with axial sym-
metry are described by the spin Hamiltonian [9]

H=gupuoH-S+DS?+ E(S2-5)), (3.6)

where the first term is the Zeemann splitting of the states in the presence of a magnetic
field H with ¢ being the Landé g-factor and S = (.5, Sy, S-) the spin operator. The second
and third term are representations of the axial and transverse magnetic anisotropies,
characterized by strengths D and E, respectively. By convention, the axes are assigned
to maximize |D| and have E > 0. Negative D values translate into an easy axis along z
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Figure 3.9: Expected magnetization curves for Fe a) and Co b) at T' = 8 K. Inset: The
markers A and B highlight the adsorption sites of non-equivalent in-plane directions on
the CugN lattice with respect to the applied magnetic field H. Cu positions are yellow
and N positions green.

and positive D values into a hard axis along z, too. For Fe, D = —1.55 £ 0.01 meV and
E = 0.31 £0.01 meV was found with the assignment of the axes as follows: z is along
the N direction,  along the hollow direction, and y perpendicular to the surface [9]. The
quantum anisotropy energies D and E can be converted to the classical MAE by the
correspondence principle. The MAE of a system with the same symmetry as described
by equation (3.6) is given by K cos?d + K| sin 9 cos 2, where K represents the axial
anisotropy along z and K the transverse anisotropy. ¥ and ¢ are the polar and azimuthal
angles of the magnetic moment. Hence, K = D S* and K| = ES?. For Fe 5? = 4
which yields K = —6.20 £ 0.04 meV /atom and K| = 1.24 & 0.04 meV/atom. For Co
having S? = 9/4 A. F. Otte et al. reported a strong magnetic hard axis along the
hollow direction with D = 2.75 £ 0.05 meV and E = 0 meV corresponding to classically
K =6.19+0.11 meV/atom and K = 0 meV /atom [32].

By calculating the expectation value of the spin as a function of H at 7' = 8 K we can
plot the awaited magnetization curves. This was done for # = 0° and 70° and is shown in
Fig. 3.9 a) and b) for Fe and Co, respectively. Note that for Fe as well as for Co saturation
is reached at none of both angles in this bulk averaging technique. For Fe the saturated
magnetic moment is 4 ppg and for Co 3 pp. As previously discussed, when applying the
magnetic field at § = 70° (close to in-plane), we had to account for atoms sitting on
non-equivalent adsorption sites A and B which we assume to be equally populated in our
calculation. For Fe and Co, the difference of both branches of the hysteresis loop are large
enough to be experimentally distinguished.
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3.3.1 Sample Preparation

The Cu(001) single crystal was prepared by Ar*-ion sputtering at room temperature for
30 min (P =5x 107% mbar, 1 keV) and annealing for 10 min at 820 K. The CuyN surface
was produced by sputtering the clean Cu sample for 4 min at 1 keV backfilling the chamber
with 2 x 107 mbar Ny gas, followed by annealing at 600 K for 2 min. The high voltage
of the sputter gun dissociates the Ny molecules; so that N ions are deposited on the Cu
surface. The nitrogen atoms adsorb at the fourfold symmetric hollow sites on Cu(001)
forming a ¢(2x2) phase [100]. The growth of the CusN overlayer is self-limited to one
atomic layer, i.e., longer sputtering periods do not lead to thicker CusN films. However,
we observe an increased surface roughness with sputtering time (compare Fig 3.10 a) and
b)).

Lower CuyN coverage was obtained by reducing the sputtering time with nitrogen.
The STM image in figure 3.10 a) shows a coverage of 35% with CuyN islands. These are
of similar size and appear as depressions of 1.4 A compared with the surrounding Cu which
is a consequence of the decreased local density of states in the band gap [66]. The fact
that compact islands form indicates an attractive interaction between the chemisorbed
N atoms. As the islands grow the side length can reach up to 75 A before they split
up in two rectangles which can divide themselves again [101]. The lateral size of the
islands is limited because of the incommensurability of the ¢(2x2)-N structure and the
bare Cu(001) surface [100,102]. This results in an ideal island size which is a compromise
optimizing strain and edge energy [103]. The self-organized arrangement of the islands
is caused by their mutual repulsion mediated by the substrate [104]. A complete film of
CusN as shown in Fig. 3.10 b) and ¢) exhibits trenches running in the (110) directions
which can be explained by missing Cu atoms in the surface layer [100]. The trenches are
found at 45° with respect to the grid of missing N rows separating the CusN islands. A
special STM tip state allows the resolution of the trenches and the grid simultaneously.
The LEED pattern of such a complete film (see Fig. 3.10 d)) shows sharp spots of the
¢(2x2) arrangement of the N atoms.

3.3.2 Single Fe and Co atoms on Cuy;N/Cu(001)

The sample was oriented such that the external field was along the N, respectively, hollow
direction. We deposited minute amounts of Fe or Co at the lowest available temperature,
T = 8 K, with a commercial e-beam evaporator from high purity Fe and Co rods. On the
nitride surface, Fe and Co atoms can bind either on top of the Cu atoms or the N atoms.
Assuming statistic growth, the adatoms are twice as frequent on Cu in agreement with
STM observations. Adatom diffusion or desorption is of no concern for our experiment on
the CuyN surface, which is strongly corrugated [105]. The adatoms form covalent bonds
with the N atoms making them stable up to at least 15 K [32]. Defects within the CupN
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Figure 3.10: CupN/Cu(001) a) STM image of Cu(001) partially covered with dark im-
aged ¢(2x2) nitrogen islands (500 Ax500A, Vp = 2.3 V, Ir = 2.7 nA). b) STM image
of the entirely covered surface evidencing trenches running along the (110) directions
(500 Ax500A, Vp = —1.0 V, Iy = 7.4 nA). ¢) A changed tip contrast reveals the bound-
aries of the CusN islands (500 Ax500 A, Vp = —0.5 V, Ir = 2.7 nA) d) LEED pattern
evidencing the ¢(2x2) structure of a fully covered surface (E= 58 eV).

islands are seldom [102]. However, adsorption sites at the island’s edge amount to 15% of
the total adsorption sites for a 50 Ax50 A area. In addition to these, atoms can adsorb
next to or on trenches. In an STM study 25% of the deposited atoms are found off the
nitride areas.

XAS of 0.02 ML of Fe and Co, respectively, are shown in Fig. 3.11. We remark that
the absorption spectra of isolated Fe and Co atoms on CusN have only a faint multiplet
structure compared with Fe and Co on Al,O3 presented in section 3.2. A closer look
nevertheless demonstrates small features which are absent in fully hybridized samples.
Taking Fe as an example the p_ spectrum on CupN shown in Fig. 3.11 a) exhibits two
small peaks at 706.6 ¢V and 710.0 eV which can be distinguished from the main peak
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Figure 3.11: a) and b) XAS taken at Fe Log edges at T'= 8 K and poH = 5 T with
right and left circularly polarized light at §# = 0° and 6 = 70°, respectively. The spectra
at § = 70° have been normalized to the [(u4 + p—)L3 intensity at § = 0° to eliminate
the dependence of the electron yield on the sample orientation. The background was
subtracted. c¢) Resulting XMCD spectra. Inset: XAS with linearly polarized light. v
and h designate vertical and horizontal alignment of the electric field vector as defined in
Fig. 2.1. v compares with the sum of circular spectra at 0°. d) and e) XAS taken at Co
Ly 3 edges at T'= 8 K and pugH = 5 T with right and left circularly polarized light at
0 = 0° and 6 = 70°, respectively. Normalization and background subtraction as in a) and
b). f) Resulting XMCD spectra. Inset: Co magnetization curves (open circles) at 6 = 0°
and expected magnetization curve as in Fig. 3.9 b).
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L S+17D 55 easy axis
0° 0.72+£0.10 2.044+0.20 0.36 £0.04
Fe/Cu 1
70° 0.40£0.05 1.39£0.15 0.29£0.03
0° 0.50£0.10 2.06£0.10 0.24£0.02
FG/CLIZN T

70° 0.06 £0.02 1.75£0.20 0.04 £0.02

0° 1.20£0.15 1.954+0.20 0.62+£0.02
Co/CuzN 1
70° 0.424+0.10 1.02+£0.10 0.4140.02

Table 3.4: Sum rule analysis. L and S + 7D are given in pup/atom and calculated using
hg = 4 for Fe and hy = 3 for Co. Note that L and S + 7D are not saturated. | stands for
an out-of-plane easy axis. Compare also with the values given in Ref. 11 for Fe/Cu(001).

at 707.6 eV. The two extra peaks are absent in the spectrum measured for Fe on bare
Cu(001) and shown in Fig. 3.12. Comparing the XMCD spectra for Fe/Cu,N at 0°
and 70° shown in Fig. 3.11 ¢) we find that the L3 peak shifts from 707.6 eV at normal
incidence by 0.4 eV to higher energy at grazing incidence, and similarly the Ly peak shifts
by approximately 0.6 eV. The peak positions of the XAS shift by the very same amount
even though being less evident. Again, this is a linear dichroism effect becoming obvious
when looking at the linear XAS displayed in the inset in Fig. 3.11 ¢). From sum rule
analysis, summarized in table 3.4, we obtain a large r = 0.24 £ 0.02 at 0°, nevertheless
slightly reduced compared with Fe on bare Cu(001) (r = 0.36 & 0.04). This is surprising
because we would expect that the Fe d orbitals are screened by the CusN layer and that
the highly localized d states lead to atomic-like orbital moments. From the magnetic field
dependence of the IETS spectra a spin of 2 was deduced equal to the free Fe atom in d°
configuration [9]. This yields L/S = 1/2 neglecting the dipolar term and L/(S+7D) =1
including the dipolar term. Hybridization with the conduction electrons of the substrate,
other than quenching L, tends to transfer charge to the d states of the adatom. The
enhanced r for Fe/Cu(001) may reflect a prevalent d” configuration having L/S = 2 and
L/(S +7D) = 3/2, respectively. Note that the number of d holes is 3.5 for Fe impurities
in bulk Cu [106]. Further, we observe for Fe/CuyN that L is almost quenched at 70°.
According to Bruno’s formula [21] a large anisotropy of the orbital moment is directly
linked to the MAE, suggesting a giant MAE with out-of-plane easy axis, contrary to what
is expected from the IETS data.

For Fe/Cu(001) r is larger for 0° than for 70° highlighting an out-of-plane easy axis
in agreement with the larger XMCD intensity at # = 0°, the magnetization curves in the
inset in Fig. 3.12 ¢), and Ref. 11. Our L/(S + 7D) ratio is 0.36 at 0° and 0.29 at 70° in
good agreement with r = 0.25 & 0.05 obtained for 0.016 ML Fe/Cu(001) [64].
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Figure 3.12: 0.015 ML Fe/Cu(001) a) and b) XAS taken at Fe Ly 3 edges at T'= 8 K
and poH = 5 T with right and left circularly polarized light at # = 0° and 0 = 70°,
respectively. The spectra at § = 70° have been normalized to the [(u + p—)Ls intensity
at 6 = 0° to eliminate the dependence of the electron yield on the sample orientation. The
background was subtracted. ¢) Resulting XMCD spectra. Inset: Fe magnetization curves
representing the peak of the L3 XMCD intensity at 707.0 eV divided by the pre-edge

intensity at 705.0 eV as a function of H.

For Co/CuyN we observe a satellite peak at 780.0 eV in the XAS and XMCD spectra.
Moreover, the XMCD signal evidences a double peak structure of the Lo edge. These
features are common with the Co/AlyO3 spectra (see Fig. 3.5). However, the sign of the Lo
XMCD signal is positive which is typical for an increased crystal field [85]. Consequently,
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the branching ratio is smaller, 0.84 for Co/CusN whereas it was 0.92 for Co/Al, O3 [90,107].
At 0° the small, even though positive, Ly XMCD area yields a L/(S + 7D) ratio of
0.62, which is close to but smaller than the statistic » = 2/3. Also for Co we find a
perpendicular easy axis, this time in agreement with our expectation. At 70° L, (S+7D),
and L/(S + 7D) are smaller because of the large MAE impeding the alignment of the
magnetic moment along the applied field direction. To investigate the field dependence,
we recorded a magnetization curve along the easy axis and scaled it to the spin moment
S+7D =1.95+0.20 pp/atom at 5 T (see Fig. 3.11 ¢) ). We obtain very good agreement
of the expected and measured curves. Along the hard axis we have not acquired M (H),
but we remark that S+ 7D = 1.02 £0.10 pp/atom as reported in table 3.4, in very good
agreement with the expected spin value of 1.0 up as we can read from Fig 3.9 b) for
0 ="70°at5T.

3.3.3 XMCD versus IETS results

XMCD and IETS results compare very well for Co, while it is not the case for Fe suggesting
that a more careful analysis is needed. XMCD is an averaging technique, and the total
XAS respective XMCD signal is a combination of all adatomic species. Remember that
half of them sit on top of Cu within the nitride area, 25% on top of N in the nitride area,
and 25% elsewhere. Thus, 50% of the adatoms should produce a magnetization curve
as shown in Fig. 3.9, whereas the remaining 50% eventually exhibit different magnetic
behavior. The 25% sitting on top of N are in-plane symmetrically bound and out-of-plane
axial behavior is expected, i.e., £ = 0 or K| = 0. Preliminary IETS measurements of Fe
on N binding sites reveal that part of them are isotropic (D = 0 meV) [105], while others
exhibit a giant MAE of D ~ —6 meV with out-of-plane easy axis [108]. Assuming the
remaining 25% to behave like on the bare Cu(001) surface, we have to account for the
observed out-of-plane easy axis in the total XMCD signal (see Fig. 3.12 and Ref. 11). For
Co on top of N to date only isotropic behavior is known [105,108]. Co/Cu(001) is a Kondo
system with a Kondo temperature of T = 88 K [109]. Below T the conduction electrons
align their spins to screen the spin of the local moment. A many-body singlet state is
thus formed, consisting of the local magnetic impurity surrounded by a spin compensation
cloud of conduction electrons, such that no net moment remains at the Kondo site. The
absence of magnetic signature of Co impurities on Cu(111) or Ag(001), which are both
Kondo systems, was demonstrated in a scanning tunneling spectroscopy experiment with
a superconducting tip [110,111,17]. No states were observed in the superconducting gap
while magnetic Gd trimers on Cu(001) induce gap states in spectra acquired with a Nb
tip [112].

In conclusion, STM based measurements distinguish for Fe on top of Cu an easy axis
in-plane along the N direction from an intermediate axis out-of-plane and a hard axis
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along the hollow direction. Fe/Cu(001) is out-of-plane and Fe on N is either isotropic
or strongly out-of-plane. With XMCD an out-of-plane easy-axis is observed which is
finally not a contradiction to IETS. For Co a hard axis along the hollow direction is found
which translates into an effective out-of-plane easy axis. The good agreement of IETS
and XMCD is due to the isotropic contribution of Co on top of N and the absence of
magnetism of Co on Cu(001).



Chapter 4

Co and Fe ultra-thin films on highly
polarizable substrates

Exploring the ultimate density limits of magnetic information storage requires elaborate
tuning of several magnetic properties, such as the easy magnetization axis, the mag-
netic anisotropy energy K, and the saturation magnetization Mgar of the recording
medium [113]. In order to inhibit thermally activated magnetization reversal the MAE
has to be 1.2 eV per bit. Reducing the bit size therefore requires a higher MAE per atom.
At the same time, the magnetization density of the recording medium must increase in
order to stay within technologically available writing fields. Further, the easy axis has to
be perpendicular to the plane to reduce dipolar magnetic interactions between adjacent
bits, and finally narrow switching and stray field distributions are required.

As the typical size of nanoparticles and the thickness of thin films approach a few
atomic lattice distances, electronic interactions between the magnetic medium and the
supporting substrate play an increasingly important role and lead to new properties open-
ing up a new degree of freedom. The effect of electronic hybridization with the substrate
is well exemplified by the magnetic behavior observed for surface-adsorbed individual
atoms as discussed in chapter 3. For example, a giant magnetic anisotropy has been
found for single Co atoms on Pt(111) [1], a 5d transition metal, while vanishing MAE
values have been observed for single Co atoms when deposited on alkali metals, where
only 3d — sp hybridization is possible [72]. In addition to electronic change via adatom-
substrate hybridization, in thin films the lattice mismatch between film and substrate can
induce modifications of the crystallographic translational symmetry, which may result in
additional modifications of the magnetic properties [114].

In this chapter we focus on Fe and Co ultra-thin films on highly polarizable substrates,
namely Pt(111) and Rh(111). Pt and Rh have a very similar lattice constant (3.92 A for
Pt and 3.80 A for Rh), one s electron in the valence shell, and an almost full 3d shell (9
electrons for Pt and 8 electrons for Rh). However, Pt is a 5d transition metal whereas Rh

41
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is a 4d suggesting from our results obtained for the single atoms (see section 3.1) that the
contribution to the MAE is more important in case of Pt than for Rh due to the larger
spin-orbit coupling constant of the polarized substrate [46].

Furthermore, regarding the development of new materials having high MAE and Mgar
bimetallic alloys represent a viable route to tune the MAE and Mg4r, as these quantities
are strongly influenced by compositional effects and lattice distortions. While the MAE
of ferromagnetic transition metals in their cubic structures is of the order of a few tens
of peV/atom, structurally distorted alloys, such as FePt in the L1, phase [115,116,117]
or bet-FeCo [34, 118, 35] may have MAE values close to 1 meV/atom. Moreover, the
total magnetic moment can be tuned by choosing the two elements of the alloy. FePt
and FeCo are good examples of alloys with comparable MAE but with respectively lower
and higher magnetic moment than the Fe and Co bulk value. In order to maximize the
magnetic moment and to shed some light on the mechanism of MAE enhancement, we
have investigated the effect of alloying Fe and Co in one atom thick films on Pt(111) and
the effect of the substrate by comparing pure Fe and Co films on Pt(111) with such on
Rh(111).

The investigation is a combined experimental and theoretical work giving insight to
magnetic and electronic properties. Experimentally, we used scanning tunneling mi-
croscopy, x-ray absorption spectroscopy, x-ray magnetic circular dichroism, and magneto-
optical Kerr effect measurements to characterize the morphology and magnetic properties.
Theoretic investigations were carried out in the group of P. Weinberger for Fe,Co;_, on
Pt(111) and in the one of J. Hafner for Fe and Co on Rh(111).

In section 4.1 we present the results of 1 ML thick Fe,Co;_, alloy films on Pt(111)
with 0 < 2 < 1. Theoretical calculations were performed using first principle electronic
structure calculations (for details see Ref. 28). The calculated Fe and Co spin moments are
only weakly composition dependent and close to 3 ppg/atom and 2 pp/atom, respectively.
This trend is in agreement with the experimental data, except for pure Fe where an
effective spin moment of only Sc;p = 1.2 4+ 0.2 pp/atom was measured. The strictly
decreasing Mgar from Fe to Co of the alloy film is in contrast to the well-known Slater-
Pauling behavior finding a maximum of Mgar at intermediate composition for bulk iron
cobalt alloys [119]. However, the orbital moment and the MAE of Fe,Co_,/Pt(111) show
a strong composition dependence with maxima close to the Fey5Coq s stoichiometry. A
MAE of K = 0.5 meV/atom was found experimentally and theoretically, which is more
than two orders of magnitude larger than the value observed in bulk bee FeCo [120].

In section 4.2 we focus on Fe and Co films with varying thickness between 1 ML and
6 ML, deposited on Rh(111). Density functional theory (DFT) calculations were carried
out using the Vienna ab initio simulation package [121]. The predicted spin moment is
for the monolayer 3 pp/Fe atom and 2 pup/Co atom, in excellent agreement with the
experimental results. From the experiment we obtain an enhanced orbital moment and
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MAE compared with bulk. We found that the easy magnetization axis is out-of-plane
for 1 ML Fe/Rh(111) and in-plane for 1 ML Co/Rh(111). For Co/Rh(111) we observe
a twofold spin reorientation transition as a function of film thickness. The easy axis is
in-plane for 1 ML, out-of-plane for 2 ML and again in-plane for > 3 ML Co/Rh(111).
Fe/Rh(111) turns from out-of-plane to in-plane at 4 ML coverage. X-ray absorption
spectra measured at the Rh M 3 edges evidence the magnetic polarization of the substrate
by the adsorbed Fe and Co layer.

4.1 Fe,Co; , monolayers on Pt(111)

Fe,Co;_, films were grown by atomic beam epitaxy from thoroughly outgassed high-purity
rods (99.995%) using a commercial electron beam evaporator. The Pt(111) substrate was
prepared by repeated cycles of Arf-ion sputtering (1.3 keV, 1 gA/ecm?, at T = 300 K to
remove magnetic layers and at 7' = 800 K once the substrate was clean for 20 minutes),
followed by annealing at 7' = 800 K at an oxygen partial pressure of Po, = 6 x 1078 mbar
for 10 minutes to remove carbon impurities, and final annealing to 1100 — 1300 K. This
preparation procedure gives chemical defect densities below 2 x 107® ML and typical
terrace sizes of about 1000 A. Fe and Co atoms were co-deposited on the surface. The
film coverage and chemical composition were adjusted by varying the Fe and Co fluxes,
which were previously calibrated by STM and XAS within +0.05 ML for a full ML. The
evaporation rate for Fe and Co was in the range 0.1 — 0.6 ML/min. During deposition the
pressure inside the UHV chamber was below 1 x 1071 mbar. To investigate the effect of
the film morphology on the magnetic properties, two types of monolayer thick films were
grown with either a granular or continuous structure.

Granular films for MOKE experiments have been deposited at 7' < 50 K, where
surface diffusion of both species is frozen. Their morphology has been investigated in
detail by variable temperature scanning tunnelling microscopy (VT-STM). Analog growth
conditions were used to deposit and investigate in situ the granular films by XAS using
synchrotron radiation. All XAS measurements presented here have been performed at
T =10 K and in less than 2 hours after deposition. The coverage calibration at the ESRF
has been carried out in situ by STM after warming up the samples and transferring them
from the cryostat to the STM of the ID0O8 beamline.

Continuous films were investigated by VIT-STM and MOKE measurements with an
experimental setup described elsewhere [122]. The films were grown at 7' = 35 K and then
annealed at 7" = 300 K for 5 min. MOKE measurements were performed in polar and
transverse configuration as a function of the stoichiometry in the temperature range from
T =35K toT =400 K. An electromagnet with magnetic poles, respectively, a coil inside
the vacuum system were used to produce in-plane and out-of-plane magnetic fields of up
to 50 mT at the sample position. The light source was a p-polarized and temperature
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stabilized 780 nm laser diode. The angle between the incident beam and the surface
normal was 35°. Magnetization curves were acquired by MOKE in temperature intervals
of 10 K. A complete characterization of the magnetic properties was always performed
in less than 2 hours after growth and at a pressure of 4 x 107'! mbar. A maximum
variation of the coercive field of £1.5 mT was measured when the MOKE experiments
were repeated after 2 hours. We have taken this value as error bar for the measurements
of the coercive field.

4.1.1 Structural results from STM

Figure 4.1 a) shows an STM image of the granular film structure obtained after deposition
of 0.6 ML of Co on Pt(111) at 35 K. The observed morphology was independent of the
film stoichiometry and of the deposition temperature up to 50 K. Up to this temperature
the surface diffusion of Co and Fe is frozen giving rise to statistical growth of islands
with density, size, and morphology being independent of composition [123]. From the
STM images, we estimated a mean grain diameter of about 20 A which corresponds to
an average grain size of about 50 atoms. The grain thickness is one atomic layer; only
0.02 ML are in the second layer. This value implies a low activation energy for interlayer
diffusion which is reasonable for the small island sizes of only 8 atoms in diameter. The
lattice misfit between Fe and Pt is -10.3%! and the one between Co and Pt is -9.4%.
Despite these large values STM measurements do not reveal surface partial dislocations
in the islands for all stoichiometries, suggesting pseudomorphic growth of the Fe,Co;_,
alloy islands. This can be rationalized by stress relief at the steps [124], which leads for
Co/Pt(111) to an island diameter of 30-40 A up to which the islands are pseudomorphic
and beyond which they have partial dislocations, where the stacking changes from fcc to
hep or vice versa [125]. For Fe on Pt(111) pseudomorphic growth has been observed up
to completion of the first monolayer [126], which is surprising when considering the large
lattice misfit and implies large tensile stress.

Continuous films were grown by depositing 1 ML of Fe,Co;_, at temperatures lower
than 7" = 50 K and subsequent annealing at 7" = 300 K. This procedure presents two
advantages in comparison with deposition directly at room temperature. First, the film
morphology is composition independent as diffusion is entirely frozen for both elements
during deposition, and second the morphology is coming closest to an ideal flat and defect-
free single layer. Examples are shown in Fig. 4.1 for monolayers formed of pure Co and
of Feg.40Cog0. Second layer coverage represents less than 4% of the total coverage. For
comparison, second layer coverage amounts to about 30% for 1 ML of Co [127] and 1 ML
of Fe [126] deposited at room temperature. This is due to the large island sizes created
at 300 K making it more difficult for second layer atoms to descend before nucleation of a

!The lattice mismatch is defined as (drp. —dp;)/dps, where d, is the in-plane nearest neighbor distance.
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Figure 4.1: a) STM image of 0.60 + 0.05 ML Co/Pt(111) deposited and imaged at
T = 35 K. The surface exhibits monolayer-thick grains containing 50 atoms on average.
b) STM image of 1.0040.05 ML Co/Pt(111) grown at 7' = 35 K and annealed at 7' = 300 K
for 5 min. ¢) STM image of 1.00+0.05 ML Feg 49Cog.60/Pt(111) again grown at 7' = 35 K
and annealed at 7' = 300 K for 5 min.

second layer island. For low temperature growth, the density of second layer islands and
first layer vacancies was only 8 x 10~® ML and this independent of stoichiometry allowing
to minimize the effect of film roughness on the magnetic properties [33,128]. Randomly
distributed partial dislocations are observed for all compositions, except for pure Fe. The
partial surface dislocations are the domain walls separating fcc from hep stacking areas.
Depending on the tip conditions, they appear as bright lines as for example in Fig. 4.12, or
the two stacking sequences appear with different heights, as in Fig. 4.1. In both cases the
apparent height differences amount to 0.25+0.05 A. Although surface partial dislocations
have been observed for pure Co [127], but not for pure Fe [126], a clear correlation between
dislocation density and film chemical composition could not be detected. These findings
are in agreement with the random chemical order due to the growth by co-deposition at
temperatures low enough to suppress surface diffusion.

Experiments carried out above room temperature revealed structural evolutions such
as segregation of adatoms on top of the first layer. Previous experimental and theoretical
studies were focused on the structural evolutions occurring above room temperature, e.g.
insertion of atoms in the substrate [127], intermixing [129,130,131] or adatom segregation
at the film surface [132]. In order to have monolayers of well-defined composition and
structure we restrict ourselves to the temperature range where structural evolution is
absent.
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) L y L - = My
O(ML) Lpe (Sefp)re (W)Fe Leo (Serflco <Tff)ca L Seff  Frsar

Co Ref. 1 - - - 0.31£0.06 1.8+£0.1 0.17£0.02 0.31 £0.06 1.8 +0.1 1
Fep.35Co0.65 0.83 £ 0.05 0.30 £ 0.03 3.0 4 0.3 0.10 £ 0.02 0.50 £ 0.05 2.240.2 0.23 £0.04 0.43 £0.08 2.5+ 0.5 1
Feg.52Co00.48 0.73+0.05 0.24 £0.02 2.1 +£0.2 0.11+£0.02 0.33+0.04 1.74+0.2 0.19+0.03 0.28 £ 0.06 1.9 0.4 0.85
Feq.55Co0.45 1.17+0.05 0.29 £0.03 2.9+ 0.3 0.10£0.02 0.38 =0.04 2.24+0.2 0.17+0.03 0.33 £0.07 2.6 £0.5 1

Fe 0.79 £0.05 0.16 = 0.02 1.24+0.2 0.134+0.04 - - - 0.16 £0.02 1.2+0.2 0.85

Table 4.1: Element resolved orbital and spin moments (in units of pp/atom) estimated
from XAS data acquired along the easy axis (6 = 0°) with ygH = 5 T at 10 K. L and Eeff
are the average orbital and effective spin moments per atom in the alloy (see text). The
saturation magnetization Mgap and the total magnetization at 5 T Msp are estimated
from the magnetization curves in Fig. 4.2. The values for pure Co correspond to one
monolayer high Co islands with an average size of 40 atoms and are taken from Ref. 1.

4.1.2 XAS on granular Fe,Co;_, films

We investigated four different compositions, all of them showing intense dichroic signals
and a common out-of-plane easy axis. XAS spectra were acquired at the L, 3 edges of Fe
and Co. The out-of-plane magnetic moments obtained from sum rule analysis for Fe and
Co are summarized in Table 4.1 for the different stoichiometries. For the evaluation of
L and Sess, we assumed hq = 2.4 for Co [1] and hy = 3.4 for Fe [15]. This assumption
simplifies the comparison of the magnetic moments with previous literature values. The
uncertainty on the number of unoccupied 3d states can generally be quite large. Variations
of the order of 10% can arise from the h, dependence on the alloy stoichiometry [133] and
from the reduced dimensionality [84]. However, first principles electronic structure calcu-
lations using the Screened Korringa-Kohn-Rostoker (SKKR) Green’s function method for
this system give hy = 2.3 for Co and hy = 3.4 for Fe in excellent agreement with the two
previous values from the literature [28]. In addition, these values vary by less than 2%
with the alloy composition. Therefore we estimate in the present case the uncertainty on
hg to be small, and the error bars for L and S.s; have been derived taking into account
only the experimental errors.

The orbital moments of Co and Fe show a strong dependence on the alloy stoichiome-
try. This dependence is even larger when considering the mean orbital moment per alloy
atom, defined as

Z:I'LFC+(17$)-LCO. (41)

L has a minimum of 0.16-0.02 x5 /atom for pure Fe and a maximum of 0.434-0.08 113 /atom
for 2 = 0.35. For pure Co L = 0.3140.06 ;3/atom (see Table 4.1). In contrast, the mean
effective spin moment S,;;, which is defined analog to L tends to increase moving from
Co to Fe. The only exception is the pure Fe film for which we measure a strongly reduced
effective spin moment of Serp = 1.2+ 0.2 15 /atom.
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Figure 4.2: Magnetization curves My(H) of granular films measured at the Fe edge at
T =10K, 6 = 0° (solid circles), and § = 70° (open circles), normalized to Mgar (see text).
a) © = 0.79 +0.05 ML pure Fe; b) © = 0.73 £ 0.05 ML Fe( 52Cop 48, crosses represent the
Co edge data; ¢) © = 1.17 £ 0.05 ML Feg 55Coq.45. Dashed lines are linear extrapolations
of the experimental data when saturation is not reached.

The magnetization curves in Fig. 4.2 represent the peak of the Fe (Co) Ly XMCD
intensity at 707.2 (777.3) eV divided by the pre-edge XAS intensity at 704.0 (773.0) eV
as a function of the external magnetic field for # = 0° and # = 70°. Normalization to the
pre-edge intensity compensates for the angular and field dependence of the total electron
yield of the sample, which strongly affect the absolute photocurrent.

The shape of the M(H) curves measured with § = 0° and 6 = 70° shows that all
the samples exhibit an out-of-plane easy axis. Fig. 4.2 a) and b) show non saturated
magnetization curves of pure Fe and Fep5,Cop4s at the maximum available magnetic
field of 5 T. In order to estimate the saturated magnetic moment per atom, we linearly
extrapolated M (H) above 4 T and defined the intersection point of the magnetization
curves measured along the two directions as Mgup. For the non saturated samples we
found that the magnetization at pugH = 5 T is about 85% of Mgar. Note that the
effective spin and orbital moments reported in Table 4.1 are the ones measured at pgH =
5 T. In alloy samples we find that the Fe and Co magnetization curves coincide, as
expected because of the strong ferromagnetic exchange coupling between the two species
(see Fig. 4.2 b)).

It is interesting to compare Fig. 4.2 b) and ¢), which refer to samples with very similar
chemical composition but different coverage. The film with © = 0.73 £+ 0.05 ML shows
reversible magnetization curves, while the one with © = 1.17 4+ 0.05 ML shows hysteresis
with a coercive field H, of about pgH. =1 T. The origin of this difference resides in the
film morphology. As pointed out above, the growth conditions of the granular films are to
a good approximation ideal statistical growth with frozen surface diffusion. In this case,
island percolation occurs at a coverage of © & 0.9 ML [134]. In other words, for coverages
below this value the film can be considered as an ensemble of monolayer-high magnetically
independent particles, while above the film becomes a continuously connected structure.
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Figure 4.3: MAE vs. stoichiometry calculated from Egs. (4.2) and (4.3). The value for

pure Co is taken from Ref. 1 and corresponds to one monolayer thick Co islands with an
average size of 40 atoms. The dotted line is a guide to the eye.

Because in ultrathin films with out-of-plane easy axis the critical single-domain diameter
is of the order of 1 pm [135, 136], one expects that the morphological percolation is
accompanied by the onset of irreversible mechanisms of magnetization switching, such as
nucleation of reversed domains and domain wall propagation making the interpretation
of magnetization curves in terms of anisotropy energies difficult.

The films with coverage below the coalescence threshold have the advantage that
the mechanism of magnetization reversal is the rotation of the magnetization vector of
each island and therefore one can straightforwardly derive the MAE from the angular
dependence of the magnetization curves My(H) using the following equation:

[MSAT o Hd Mg, — [ g Hd M,

Si112(91 — 192) ’
where 0; = 0° and 67 = 70°. Mgar is shown in Table 4.1 as a multiple of Msp, the total
magnetic moment estimated at 5 T is

K—:

(4.2)

Msp =2+ (Lpe + (Segs)re) + (1 — ) - (Lo + (Seff)co) + mpy (4.3)

Equation (4.3) takes into account the orbital and spin moments of Fe and Co, weighted
by the film stoichiometry, and the magnetic moment induced in the substrate Pt atoms.
Calculations give for the induced moment mp; = 0.25+0.03 pg/atom, slightly decreasing
when moving from pure Co to pure Fe [28]. These values are consistent with previous
studies which found mp; ~ 0.2 pug/atom [129] and mp; ~ 0.27 up/atom [137] for the
induced Pt moment in Co/Pt(111) and Fe/Pt(111), respectively.

A strong dependence of the MAE on the alloy composition is observed in Fig. 4.3. We
find a maximum of K = 0.50+0.05 meV /atom close to the equiatomic stoichiometry. This
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value is three to five times the values measured for pure Fe (K = 0.1 £ 0.05 meV /atom)
and Co (K = 0.15 £ 0.02 meV /atom) monolayers on Pt(111).

4.1.3 MOKE of continuous Fe,Co;_, films

The magnetization of continuous films deposited at 35 K and annealed at room-temperature
was studied by means of in situ MOKE. In large islands or continuous films, magneti-
zation reversal does not take place by coherent rotation but by the energetically favored
nucleation and growth of reversed domains. Consequently, the measured coercive fields
H.(T) may be orders of magnitude smaller than the values estimated from the MAE as-
suming coherent magnetization rotation. However, the continuous films investigated here
have all similar morphology (see Fig. 4.1). Thus, H. may be used to monitor relative
changes of the MAE as a function of film stoichiometry.

All the measured samples showed square-shaped hysteresis loops for the out-of-plane
magnetization measured by polar MOKE (Fig. 4.4 a)). Using transverse MOKE, no
in-plane signal was observed within the detection limit. From these observations we
deduce an out-of-plane easy axis of magnetization and a single domain remanent state,
independent of the film stoichiometry.

The coercive field, measured at 7' = 240 K is shown in Fig. 4.4 b) as a function of
stoichiometry of the monolayers. For pure Co (x = 0), the coercive field amounts to
poH. =24.5+ 1.5 mT and for pure Fe (z = 1) to 4.5+ 1.5 mT. Mixing the two elements
produces an increase of the switching field up to a maximum of pgH. = 43.5 + 1.5 mT.
H.(x) reaches its the maximum at z = 0.40 and its shape as well as the position of
maximum H, are very similar to the one observed for the MAE for granular films.

Magnetization curves at different temperatures for a pure Fe film are shown in Fig. 4.4 ¢).
The coercive field vanishes at 260 K and the loops become s-shaped at 270 K, suggesting
the incidence of a magnetic phase transition associated with the Curie temperature, T¢.
At Te the susceptibility x = M/H diverges. Therefore T can be determined by linearly
extrapolating the magnetization curve data represented in an Arrot plot M2(H/M) to
zero [138,139]. From Fig. 4.4 d) we deduce T = 270 + 5 K for the pure Fe film. For
all the other stoichiometries, T¢ is above 300 K, but below 400 K which we infer from
an extrapolation of the temperature dependence of H.(T). We already discussed the im-
possibility to experimentally verify these results because the samples undergo structural
changes when annealed to temperatures higher than 320 — 340 K. As expected due to the
low dimensionality of the studied films, the measured values of T are strongly reduced
with respect to the bulk values of 1043 K for Fe and 1388 K for Co [140]. Alloying Fe
and Co has been shown to increase T [141,142].
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Figure 4.4: a) Polar MOKE magnetization curve recorded at 7' = 240 K for Fey 49Coy_ g0~
alloy (blue), 1.00 + 0.05 ML Co (red), and Fe (black). b) Coercive field vs. stoichiometry
for 1 ML of Fe,Coj_, measured along the easy axis at T" = 240 K. The line is a guide to
the eye. ¢) Polar MOKE magnetization curves recorded at 7'= 260 K and 7' = 270 K for
1.00 £0.05 ML Fe deposited at 35 K and annealed at 7' = 300 K. d) Arrot-Kouvel plot for
the same sample at T = 260 K and 7" = 270 K. The Curie temperature is reached when
the linearly extrapolated high-field data intercept the origin (solid line).

4.1.4 Experiment versus theory

In the group of P. Weinberger first principles electronic structure calculations using the
Screened Korringa-Kohn-Rostoker (SKKR) Green’s function method were performed [143],
in order to gain further insight into the magnetic and electronic properties of this sys-
tem [28]. In this approach a surface is described as a system with two-dimensional trans-
lational symmetry which consists in the third direction on one side of a semi-infinite bulk,
and of a semi-infinite vacuum region on the other (see Fig. 4.5). The Fe,Co,;_, monolayer
has been placed onto positions following the stacking sequence of the Pt(111) surface
while using the experimental value of the Pt lattice constant (ay = 3.92 A) Due to the
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Figure 4.5: Geometry of the system studied by means of SKKR calculations. One
monolayer of FeCo with varying composition has been placed on top of an ideal Pt(111)
surface. dy is the interlayer distance of bulk Pt.

large negative lattice mismatch between the film and the substrate an inward relaxation
of the film is expected. For a pseudomorphic Co film on Pt(111) this amounts to -6%
assuming that perpendicular stress is absent [144]. For the alloy and Fe films similar or
somewhat larger inward relaxation is likely due to the slightly enhanced lattice mismatch.
Therefore, the influence of the interlayer spacing between overlayer and substrate on the
magnetocrystalline anisotropy energy has been investigated.

Rather good agreement is found for all compositions, apart from clean Fe, between
experimental data and theoretical calculations for the magnetic moments. This is sur-
prising when considering that theory treats a perfect monolayer whereas experiment has
been performed on granular films. The spin moment (per alloy atom) is predicted by
theory to linearly increase from 2.0 ug to 3.0 up while moving from pure Co to pure Fe
(see Fig. 7 in Ref. 28). XMCD data give an effective spin moment of Se;p = 1.8 £0.1 up
for pure Co which increases with increasing Fe content. For Fegs5Cog45 we measure
Sepr = 2.6 £ 0.5 pp, in coincidence with theory. For comparison we remind the bcc
bulk value (2.3 pp) [119], the value recently reported for Fegs5Cog45/Pt superlattices
(2.5 pp) [145], and the value for 3D crystalline Feg 56Cog.44 nanoparticles (2.3 pup) [146]
which are all very similar but a significantly smaller one was found for 6 ML thick FeCo
films on Rh(100) close to the equiatomic composition (1.8 pug) [35]. An evident discrep-
ancy between theory and XMCD data exists in the case of pure Fe for which we measured
a strongly reduced effective spin moment of Sesr = 1.2 £ 0.2 up compared to S = 3.0 up
found by theory. The experimental value is also substantially lower than S = 2.5 jup/Fe
atom reported in FePt nanoparticles [147,148] and multilayers [149]. Low spin values have
been reported for 1 ML of Fe on Cu(111) [150,151] and on Au(111) [152]. This is probably
the consequence of complex magnetic structures, with prevalent antiferromagnetic (AFM)
order, characteristic of a thin Fe film with strained fcc structures, as recently observed
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for the Fe ML on Ir(111) [153]. Since the lattice constant of Ir and Pt differs by only
2%, and since they are both highly polarizable, it is possible that similar AFM structures
also form on the Pt(111) surface. In the calculations ideal flat films pseudomorphic with
the Pt(111) surface were assumed and cannot account for such low moment structures.
When adding Co atoms, the strong ferromagnetic behavior of Co on Pt(111) and the
strong hybridization between Fe and Co restore the ferromagnetic order at the Fe sites.

The orbital moment has in experiment and theory a maximum close to x = 0.5. The
exact composition where we find this maximum varies slightly between x = 0.6 for theory
and z = 0.4 for experiment. Moreover, theory substantially underestimates L with respect
to experiment. This is not surprising because the local density approximation used for
the present calculations typically underestimates the orbital magnetic moments of 3d
metals by about a factor of 2. Arguably, correlation effects may play a prominent role in
correctly predicting the magnitude of the orbital polarization [154]. However, the general
trend observed as a function of the film stoichiometry should not be affected. Comparing
again with the 6 ML thick FeCo films on Rh(100) we note that also in that case a similar
behavior for L was observed with a maximum at = 0.4 [35].

The MAE as a function of Fe content has a profile similar to the orbital moment. It
shows minima for pure Fe and Co with a maximum value of about & = 0.5 meV /atom for
a film stoichiometry close to the equiatomic composition. It is worth noting that this value
is orders of magnitude enhanced compared with the bee Fe and hep Co bulk values of
5 peV/atom and 45 peV/atom, respectively [155,156]. The observed bell-shaped behavior
as a function of x is very similar to what has recently been predicted and measured in
films of a few nanometer thickness [34,118,35]. The experimental and theoretical results
demonstrate an out-of-plane MAE for the FeCo films. However, a clear discrepancy exists
for the pure Fe film MAE which is found positive (out-of-plane) in the experiments and
predicted negative (in-plane) by the calculations. This is predominantly due to the strong
in-plane contribution of the Pt substrate found in the calculations and it can be shown
that the interlayer relaxation of the Fe film with respect to the Pt(111) substrate is not
responsible for the predicted in-plane easy axis [28].

4.1.5 Electronic structure analysis

The bee FeCo alloy is one of the most studied B2 alloys. Its magnetization as a func-
tion of the Co concentration is well described by the Slater-Pauling curve which shows
a maximum at about 30% of Co, and then a decrease with further increasing the Co
content [119]. This can be understood taking into account that Fe is a weak ferromagnet
with the Fermi level intersecting the 3dT and 3d| spin bands, while Co is a strong fer-
romagnet having holes only in the 3d| band. The strong hybridization of Fe and Co in
the alloy produces two concomitant effects. The first is an increase of the Fe exchange
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Figure 4.6: a) Calculated Fe DOS for the Fej50Cog50 and for the pure Fe monolayer
films. The inset shows the corresponding integrated DOS (1 Ryd = 13.6 V). b) DOS for
bulk Fe taken from Ref. 159.

splitting relative to pure Fe. The second is that the large Co electron-electron interaction
to bandwidth ratio assists and strengthens the weaker Fe electron-electron interaction by
saturating the Fe moment. The net result is a redistribution of 3d] electrons to the 3d7
states at the Fe sites while adding Co up to a concentration of about 30%. After reaching
the maximum magnetization value, the total number of 3d] electrons remains constant,
whereas the number of 3d| electrons increases in order to accommodate the additional
electrons coming from Co [15,157,158,159].

Our experimental and theoretical data support a different behavior for the Fe,Co;_,
monolayer film on Pt(111). Calculations predict a linear decrease of the average spin mo-
ment moving from pure Fe to pure Co, as illustrated in Fig. 7 in Ref. 28. The spin-resolved
DOS of Fe (Co) demonstrates that the spin-up band is almost completely filled, with 4.8
electrons, while 1.8 (2.9) electrons are localized in the spin-down band, independent of
the Co concentration (see inset in Fig. 4.6 a)). Consequently, the spin moment at the Co
and Fe sites is composition independent and the alloy magnetization is simply given by
the weighted mean of Fe and Co spin moments. This is consistent with the experimental
data yielding Seyy = 2.9 £ 0.3 up for Fe and Sepp = 2.0 £0.2 up for Co with only a slight
dependence on the film stoichiometry. The reason of this different behavior with respect
to bulk can be easily understood when comparing the d-band of the Fe monolayer with
that of bulk Fe shown in Fig. 4.6 b). Two features in the bulk DOS are evident: a small
peak at the Fermi energy Er in the majority states (absent in the film) and a clear peak
below the Er in the minority states (crossing Er in the film). This strong superposi-
tion of minority and majority states is responsible for the reduced spin moment observed
in bulk Fe. In the monolayer film, the d-band narrowing due to the reduced symmetry
produces a clear splitting of majority and minority states, forcing the Fe to behave as
a strong ferromagnet. Adding Co atoms strengthens the d-band narrowing, as shown in
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Figure 4.7: Left: Orbital resolved Co DOS calculated for an Feyg5Cog 5 and for a pure
Co monolayer film. Right: Orbital resolved DOS for the free standing Co monolayer taken
from Ref. 162.

Fig. 4.6 a) by comparing the DOS of pure Fe and Feq 5Cog 5 films. However, since the Fe
spin moment is already close to the maximum value due to a completely filled 3dT shell,
adding Co atoms plays only a minor role.

Let us now consider what happens for the orbital moment L and the MAE, related to
L via the spin-orbit interaction. In bulk, the high symmetry of the bce structure strongly
quenches L with the consequence that also the MAE is close to zero. Large MAE values
can only be observed in highly strained bct structures which destroy the translational
symmetry of the bee structure. The unquenched orbital moment, due to the reduced
symmetry, is accompanied by an anisotropy of the orbital moment itself which in turn
generates a large value of the MAE via the spin-orbit coupling. In particular for bulk
FeCo alloys it has been shown that a tetragonal distortion of the bee structure produces a
reduction of the energy difference between occupied and unoccupied states [34]. Because
in second order perturbation theory the MAE is inversely proportional to the energy sep-
aration between occupied and unoccupied states [160,20,161], a strong MAE is predicted
and experimentally observed for the ¢/a ratio minimizing this energy separation [34,35].

This picture changes completely when considering a single Fe,Co;_, layer on the
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Pt(111) surface. In this case, the ¢/a ratio is not even defined. The symmetry breaking
arises from coordination reduction, strain due to lattice mismatch between monolayer and
substrate, and electronic hybridization with the substrate. The effect of the electronic
hybridization with the substrate can be qualitatively understood by comparing each of
the five orbital resolved DOS calculated for the Co/Pt(111) monolayer film (Fig. 4.7 and
Fig. 12 in Ref.28) with the equivalent calculated for the free-standing Co monolayer.
The most visible difference concerns the DOS widths of the two systems. For m; = £2
the DOS widths are very similar, while for m; = +1 and m; = 0 the DOS widths are
about 0.2 Ryd and 0.3 Ryd, respectively, larger in the Pt(111) supported Co monolayer.
In the independent electron ligand field picture a larger DOS width implies stronger
electronic hybridization or bonding with the neighboring atoms [161]. Because orbitals
with m; = 0 (dss2_,2) and my = £1 (d,., dy.) describe out-of-plane bonding, while orbitals
with m; = £2 (d,2_,2, d,y) describe in-plane bonding, the previous observation on the
DOS widths immediately highlights the formation of a vertical Co-Pt bonding and a
substantially unmodified in-plane Co-Co bonding. In the same ligand field picture, the
formation of a strong directional bonding generates a reduction of the component of the
orbital moment perpendicular to the bonding direction. In our case, this implies a strong
reduction of the in-plane component of the orbital moment in the Co/Pt(111) monolayer
in comparison with the free-standing monolayer. Coherently, our experimental data show
highly unquenched orbital atomic moments of L = 0.31 +£0.06 up and L = 0.16 £0.02 up
for pure Co and Fe, respectively, with larger values for the out-of-plane direction.

A second strong hybridization is found between Fe and Co atoms when they are
mixed in the alloy. Because the Co DOS is narrower than the Fe DOS, increasing the
Fe percentage in the alloy leads to the spreading of Co and Fe DOS (Fig. 13 in Ref. 28).
However, the orbital resolved DOS for Co are always narrower than the corresponding
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one for Fe. In the ligand field picture this implies larger L values for Co than for Fe, in
agreement with the experiment.

The Fe-Co hybridization is also responsible for the observed composition dependence
of the MAE. To highlight this point, the anisotropy of the orbital moment (AL = Ly, —
LMH) is computed and presented in Fig. 4.8. Ly, is the orbital moment calculated
for the magnetization oriented out-of-plane and Ly the one for in-plane magnetization.
The resulting curves clearly suggest that the maximum of the orbital moment anisotropy
occurs at equiatomic composition. According to the Bruno and van der Laan model the
MAE is directly linked to AL and we can argue that also the maximum MAE has to
be observed for the same composition [21,20]. Orbital resolved DOS show that the AL
(MAE) behavior is a strict consequence of a fine tuning in the occupation of the minority
3d| orbitals (see Fig. 14 in Ref. 28).

4.2 Fe and Co on Rh(111)

For synchrotron experiments the Rh(111) substrate was prepared by repeated cycles of
Ar-ion sputtering (1.3 keV at 300 K), followed by annealing at 800 K in an oxygen
atmosphere of Pp, = 5 x 107® mbar and final annealing at 1000 K. Surface cleanliness
was confirmed by Auger electron spectroscopy and XAS. Co and Fe were deposited by
molecular beam epitaxy from high purity rods (99.995%) at a sample temperature of
10 K. Low temperature deposition, where diffusion is inhibited, leads to granular films as
discussed in section 4.1.1. During deposition the pressure inside the UHV chamber was
below 1 x 1071 mbar. The deposition rate determined by STM and XAS was 0.10 4+
0.01 ML/min for Co and Fe.

MOKE and STM measurements were carried out, using the experimental setup de-
scribed in chapter 5. The Rh(111) crystal was prepared for the MOKE and STM exper-
iments in a similar way as for the synchrotron experiments with the only difference of a
final annealing up to 7" = 1400 K. Two different types of films were grown for MOKE
experiments: granular and continuous films. The deposition rate was the same as in the
synchrotron experiments and the pressure during deposition was P < 2 x 107! mbar.
Granular films were deposited at 7" = 60 K and continuous films were grown in a temper-
ature range between 50 K and 95 K followed by annealing at 7' = 300 K for 5 min. Polar
and transverse MOKE were measured at different temperatures and the morphology of
the film was determined using STM. Note that in the given deposition temperature range
from 50 K to 95 K no difference in final film morphology and magnetic properties was
found.
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4.2.1 XAS and XMCD study of 1 ML thick granular films

We investigated the magnetic and electronic properties of granular films and the substrate
by taking XAS at the L, 3 edges of Fe and Co and the My 5 edges of the Rh(111) substrate.
The orbital moment L and effective spin magnetic moment S.;y = S + 7D of Fe and Co,
respectively, were determined along the easy magnetization axis of the saturated sample
using the sum rules given in equations (2.18) and (2.19). Out-of-plane vs. in-plane
magnetic behavior was investigated by recording hysteresis curves at # = 0° and 70°.

Magnetic Moments of Fe and Co

The results obtained on the system 0.80 &= 0.08 ML Fe/Rh(111) are reported in Fig. 4.9.
From the hysteresis curves shown in b) we infer the easy axis of magnetization along the
surface normal and note that saturation is reached at both angles. By applying the sum
rules to the XAS and XMCD spectra measured at the Fe L, 3 edges along the easy axis we
obtain with hq = 3.9, the number of d-holes from our calculation [121], L = 0.214+0.04 pp
and S + 7TDge = 2.89 £ 0.12 pup. In case of uniaxial anisotropy, angle-dependent XMCD
measurements allow the separation of the magnetic spin dipole moment Dy and S for
fully magnetized samples [16]. S is angle independent while Dy varies as

1
Dy = Dy (cos® 0 — 3 sin? 9). (4.4)

The measurement at 6 = 70° yields S+7D7pe = 2.71£0.12 pup resulting in a spin magnetic
moment of S = 2.76 + 0.16p5 and 7Dg /S = 0.05, in very good agreement with Ref. 84.

1.25+0.13 ML Co/Rh(111) has its easy axis in-plane according to the magnetization
loop shown in Fig. 4.10 b). XAS taken at the Co Loy edges at § = 70°, the resulting
XMCD spectrum, and the corresponding integral are shown in a). From the sum rules we
obtain with h; = 2.8 from our calculation L = 0.3440.06 up and S+7D = 2.07£0.08 pp.
Unfortunately, the spin magnetic moment cannot be separated from the dipole moment
in this case because the hard axis magnetization curve is far from saturation. Assuming
7D/S = 0.05 as in the case of Fe, we obtain with this correction S = 1.99 £+ 0.08 pp.
Earlier DFT calculations yield a magnetic moment in the Co adlayer of 1.95u5 which is
in very good agreement with our experimental results [163].

Induced polarization

The Rh surface is known to be very close to the onset of ferromagnetism and hence
large induced magnetic Rh moments can be observed by the presence of a magnetic
atom [40,41,42,164]. In order to investigate possible substrate magnetization and its
effect on the magnetism of the deposited thin film, we compared XAS acquired on the
clean and on the covered surface. We measured the My 3 absorption edges at 7' = 10 K
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Figure 4.9: 0.80 £ 0.08 ML Fe/Rh(111) measured at T = 10 K. a) XAS, resulting
XMCD (py — p—) spectrum, and integrated XMCD spectrum taken at the Fe Lo 3 edges
at poH = 5 T. b) Magnetization curves at 0° and 70° measured by taking the peak of
the Lz XMCD intensity at 777.1 eV divided by the pre-edge intensity at 704.0 ¢V as a
function of the applied magnetic field. ¢) XAS and resulting XMCD spectra with a x25
magnification measured at the Rh My 3 edges for 0.56 ML Fe coverage at pgH =5 T. The
spectra at 70° have been normalized to the pre-edge M intensity and offset for clarity. d)
Magnetization curves measured at the Rh edge for 0° and 70° by taking the peak of the My
XMCD intensity at 496,2 eV divided by the pre-edge intensity at 491.0 eV as a function
of H. The dotted line represents the scaled magnetization curve for the Fe adlayer taken
at 0 =0°.

with poH = £5 T of the clean Rh(111) substrate and observe no magnetic polarization.
We took special care to average over a large number of absorption spectra (minimum 10)
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Figure 4.10: 1.25 + 0.13 ML Co/Rh(111) measured at T = 10 K. a) XAS, result-
ing XMCD spectrum, and the integrated XMCD spectrum taken at Co Loz edges at
uoH =5 T. b) Magnetization curves for § = 0° and 70° measured by taking the peak
of the Ly XMCD intensity at 777,0 eV divided by the pre-edge intensity at 774.5 eV as
a function of the external field. ¢) XAS and resulting XMCD spectra shown with a x25
magnification measured at the Rh Ms 3 edges across 1.25 ML Co. The spectra at 70° have
been normalized to the pre-edge Mjs intensity and offset for clarity.

to improve the signal to noise ratio. XAS recorded after Fe deposition are displayed in
Fig. 4.9 ¢). A zoom in the absorption intensities (see insets) evidences a small difference
for XAS acquired with positive and negative x-ray helicity. The corresponding XMCD
signal is shown with a x25 magnification. By comparing the sign of the L3 dichroism of
Rh and Fe we conclude that the Rh moments are ferromagnetically aligned with the Fe
moments. Unfortunately, we cannot apply the sum rules to calculate the Rh moments for
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two main reasons: i) we have to deal with the difficulty that the x-ray absorption intensity
integrates over several Rh layers of which only a part carries a magnetic moment and i)
saturation effects which are important for bulk samples [165]. Saturation effects arise
when the x-ray penetration depth A, becomes comparable to the electron escape depth
which is about 20 A. At the Ly 3 absorption edges of 3d metals ), is only 200 A which
efficiently reduces the incident x-ray intensity at sampling depth contributing to the total
electron yield (TEY). Consequently, the TEY does not reflect the true x-ray absorption
coefficient. Moreover, the x-ray penetration depth depends on the incidence angle making
the XAS taken at grazing incidence (6 = 70°) more sensitive to the surface layers than
XAS taken at normal incidence (§ = 0°). Thus, the larger XMCD signal obtained for
grazing incidence is due to an increased sensitivity to the induced Rh magnetization
being limited to a few Rh layers close to the interface. Despite the small XMCD signal we
managed taking magnetization curves of the Rh substrate as shown in Fig. 4.9 d). The
dotted line represents the scaled magnetization curve for the Fe adlayer taken at § = 0°
indicating a coherent switching behavior for film and substrate.

Equally, we measured XAS of the Rh My 3 edges buried under a Co monolayer as
shown in Fig. 4.10 ¢). The small difference of the XAS acquired with gy and p_ is
pointed out in the insets. Consequently, the resulting XMCD spectrum is shown with
a x25 magnification. Again Co and Rh moments are ferromagnetically aligned as we
conclude from the sign of the XMCD spectra of Co and Rh. Saturation effects impede an
estimation of the Rh magnetic moment as discussed above.

When comparing the magnitude of the M; XMCD signal for Rh covered with Fe
respectively Co, we remark a larger amplitude for Co. At normal (grazing) incidence the
XMCD signal is about 0.4% (0.7%) with respect to the XAS intensity for Fe coverage and
0.8% (1.1%) for Co coverage. This may be due to a difference in coverage (0.56 ML for Fe
and 1.25 ML for Co) or a truly larger induced moment in case of the Co adlayer. Assuming
that only Rh atoms in direct contact with the Fe respectively Co atoms get polarized and
that the induced moment is the same for Fe and Co, we expect a polarization ratio of
0.56 between Fe and Co. This is in good agreement with a polarization ratio of 0.50 at
0° and 0.64 at 70°. However, we did not take magnetization curves at the Rh edge of
the Co covered sample and therefore miss the information if we reach saturation or not
and if the switching behavior of the magnetic film and substrate are the same. Hence,
the induced magnetization may be underestimated. This is supported by the calculations
predicting an induced magnetic moment in the topmost Rh layer of 0.17 5 /Fe atom and
0.53 p1p/Co atom (see table 4.2).

Magnetic anisotropy

The MAE can be calculated from the saturated magnetization curves using equation (4.2).
The total magnetic moment to be reversed is S + L + mpy,, where mpg, represents the
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magnetic moment induced on Rh sites per Fe or Co atom. Since mpgp, is not known
experimentally, we will calculate the lower bound of the MAE using mg, = 0.

For Fe we reach saturation for both angles (see Fig. 4.9 b)) we can readily calculate
the MAE and we obtain K > 0.08 + 0.01 meV/Fe atom. Using second order pertur-
bation theory Bruno proposed an equation linking the anisotropy energy directly to the
anisotropy of the orbital moment AL = (Lge — Lgge) [21]

G ¢

K= —EM—BAL. (4.5)
The factor G/H depends on the band structure and a rough estimate for transition metals
is 0.2, due to the usually smaller d bandwidth compared with the exchange splitting [16].
This is in good agreement with G/H = 0.2340.02 deduced from comparison of the MAE
obtained with MOKE and the anisotropy of the orbital moment obtained with XMCD for
a superlattice of Co islands on Au(788) [22]. ¢ is the spin orbit coupling constant, being
about 50 meV [46,21]. Lgpe can be calculated using Ly = Lge cos? 0 + Lgge sin? . Hence,
we deduce K = 0.15 + 0.03 meV/Fe atom. Note that the Bruno model was derived for
fully occupied majority states. However, Fe has some majority d-holes which cause to
overestimate the MAE using Bruno’s formula [56, 20, 55].

The magnetization curves used to calculate the MAE for Co are shown in Fig. 4.10 b).
For 8 = 70° the shape is nearly square suggesting the easy magnetization axis is in-
plane. Equation (4.2) yields K > 0.31 meV/Co atom after extrapolation of the hard axis
magnetization curve to saturation. S. Dennler et al. [163] calculate an induced moment
of 0.4 pup in the topmost Rh layer adding 0.06 meV/Co atom to the MAE which finally
results to K = 0.37 £ 0.05 meV/Co atom.

4.2.2 MOKE of granular and continuous films

We investigated granular and continuous films of one atomic layer Fe or Co with MOKE in
polar and transverse geometry to probe out-of-plane vs. in-plane magnetic behavior as a
function of the morphology. The granular films consist of clusters of mostly single atomic
height with a large size distribution [28]. For a coverage of 0.90 & 0.05 ML deposited at
T = 60 K we infer from STM images for Fe and Co a mean island size of 70 atoms; less
than 0.03 ML are found in the second layer (see for example Fig. 4.12). For granular
Fe films measured at 7" = 45 K we observe a straight line for polar Kerr and no signal
for transverse Kerr (not shown) typical for super-paramagnetic Fe clusters above the
blocking temperature. Annealing at 7" = 300 K for 5 min leads to a continuous film
with large ferromagnetic domains. We observe an s-shaped hysteresis loop for polar Kerr
shown in Fig. 4.11 a) with a coercive field of pgH. = 20 = 2 mT and no transverse Kerr
signal as shown in Fig. 4.11 b). Note that the maximum field amplitude of 312 mT
is not sufficient to fully saturate the sample in the easy direction. The STM image of
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Figure 4.11: 1.00 & 0.05 ML Fe/Rh(111) deposited at 7' = 53 K and annealed at 300 K
for 5 min. a) Polar and b) transverse MOKE measured at T = 65 K. ¢) STM image
measured at T'= 65 K; V; = —0.1 V, I; = 5 nA.

1.00+0.05 ML Fe/Rh(111) is shown in Fig. 4.11 ¢). For Fe/Rh(111) the lattice mismatch
is —7.5%. However, we did not find partial dislocation lines characteristic for surface
stress relaxation and thus assume pseudomorphic growth for the Fe monolayer as already
observed for Fe/Pt(111).

Granular Co films have a polar and transverse signal similar to the continuous film as
shown in Fig. 4.12 a) and b). The square hysteresis loop of 1.00 & 0.05 ML Co/Rh(111)
taken in transverse geometry evidences an in-plane easy magnetization axis. The coercive
field is poH, = 7+ 1 mT. An STM image of the continuous film is shown in Fig. 4.12 b).
Differently form Fe, the Co film (lattice mismatch -6.6%) relaxes and the typical partial
dislocation lines or domain walls separating hep and fee stacking regions can be observed
in the topograph. The structural properties of the Fe and Co films on Rh(111) are similar
to those of Fe and Co on Pt(111) as discussed earlier. However, the magnetic properties
are different. Co/Rh(111) has an in-plane easy axis whereas Co/Pt(111) has an out-of-
plane easy axis.

4.2.3 Experimental results of Co and Fe multi-layers

We investigated the evolution of the magnetic properties as a function of the film thickness.
Fe films have an out-of-plane easy axis up to 4 ML which turns completely in-plane for
6 ML due to the dipolar term dominating the perpendicular MAE (see Fig. 4.13).
Continuous Co films of 1.8 + 0.1 ML and 2.7 + 0.15 ML thickness are presented in
Fig. 4.12 ¢) and d). In the second layer the surface relaxation appears as surface partial
dislocation similar to the observation in the first layer. In the third layer a trigonal
dislocation network can be observed which remembers 2 ML Cu/Pt(111) [166, 167, 122]
or 4 ML Cu/Ru(0001) [168]. Polar and transverse Kerr results evidence a double spin
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Figure 4.12: Polar Kerr, transverse Kerr, and STM measurements of ultra-thin Co films
on Rh(111) of varying thickness. a) 0.90 £+ 0.05 ML Co/Rh(111) deposited and measured
at T'= 60 K. STM image: V; = —0.05 V, I; = 0.3 nA. b)- d) successive Co deposition at
T = 60 K followed by annealing at 7" = 300 K for 5 min in steps of 1 ML. All measurements
are performed at 7= 60 K. b) 1.00 + 0.05 ML; V; = —0.8 V, I, = 5 nA ¢) 1.8 + 0.1 ML;
Vp=-0.01V,I; =2nAd)27+0.15 ML; V; = —0.01 V, I; = 1 nA.
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reorientation transition as a function of film thickness. The easy axis turns from in-
plane for 1 ML to out-of-plane for 2 ML and back to in-plane for > 3 ML. The same
behavior was reported for Co/Ru(0001) [26,169]. The authors explain the magnetization
reversal from in-plane for 1 ML to out-of-plane for 2 ML by a structural transition from
laterally strained, pseudomorphic 1 ML thick films to relaxed 2 ML thick films and a
consequent increase in band energy outbalancing the dipolar term. The in-plane lattice
constant of the topmost layer is for 1 ML Co/Ru(0001) 2.70 A and for 2 ML Co/Ru(0001)
2.560.08 A. However, a full monolayer of Co on Rh(111) relaxes as evidenced by surface
partial dislocations visible in the STM topograph, invalidating the argument presented
in Ref. 26 for our case. For 3 ML El Gabaly et al. find that the dipolar term dominates
favoring the in-plane orientation of the magnetization. Note that Rh(111) and Ru(0001)
have almost the same in-plane lattice constant (2.69 A for Rh and 2.70 A for Ru).

4.2.4 MOKE of continuous Fe,Co;_, monolayer films on Rh(111)

Preliminary MOKE measurements of Fe,Co;_, monolayer films on Rh(111) evidence a
strong increase in 7o and H. measured at 7' = 65 K for x = 0.5 with respect to pure
Fe where T = 90 + 10 K and H. = 20 + 2 mT were obtained. For the equiatomic
composition we found T = 225+ 5 K and H. = 190 + 2 mT. As we already argued in
the case of Fe,Coy_, ML films on Pt(111), H, may be used to monitor relative changes
of the MAE at equal film morphology. Consequently, we expect an increased MAE for
Feo5Cop5/Rh(111) compared with pure iron. Further, we note a perpendicular easy axis
for an Fe content as small as © = 0.13 which is astonishing considering that pure Co
(z = 0) has an in-plane easy axis.

4.2.5 Experiment versus theory

Inspired by our measurements S. Dennler and J. Hafner investigated the magnetic prop-
erties of Fe and Co monolayers on Rh(111) using density-functional theory implementing
the exchange correlation functional in form of the generalized gradient approximation
(GGA). The GGA method yields the lattice constants of Fe, Co, and Rh in very good
agreement with experiment [163,170]. The system is modelled by a (1 x 1) in-plane pe-
riodic slab with a thickness of 11 Rh layers. The 7 bottom layers are fixed in bulklike
positions whereas the upper 4 layers are allowed to relax. This relaxation process reduces
the interlayer distance of the magnetic adlayer and the topmost Rh layer. Preliminary
results for fully relaxed hep Fe and Co films are summarized in table 4.2. We find the
calculated spin magnetic moment of 2.8 pp/Fe atom and 2.0 pg/Co atom identical to
the experimental ones. Also the tendency of a larger L respectively L/S for Co is well
reproduced. However, the absolute size of L is underestimated by about a factor of 2.5.
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Figure 4.13: Polar Kerr and transverse Kerr measurements of ultra-thin Fe films on
Rh(111) of varying thickness at 7" = 80 K. The films were produced by depositing suc-
cessively 1.00 = 0.10 ML at 7" = 95 K followed by annealing at 7' = 300 K for 5 min. a)
2.00 £ 0.20 M, b) 4.00 + 0.40 ML, ¢) 6.00 & 0.60 ML.

A clear discrepancy is found for the easy axis in case of Co, which is found in-plane ex-
perimentally and predicted out-of-plane theoretically. Note that the dipolar contribution
which favors an in-plane orientation was not included.
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L S L/S Leap Ssww mswy K easy axis
hep Fe/Rh(111)  0.09 2.83 0.03 0.004 0.17 0.17 0.07
hep Co/Rh(111) 012 1.96 0.06 0.021 051 053 0.22
hep Fe/Pt(111) 010 3.00 0.03 0.066 0.30 037 4.32
hep Co/Pt(111)  0.12 2.02 0.06 0.084 0.36 0.44 0.90

— = — —

Table 4.2: Calculated magnetic properties. Orbital and spin moments are given in units
of pup/atom. Lgyp, Ssub, and myy, are the orbital moment, spin moment, and total moment
of the topmost substrate layer. The magnetic anisotropy energy is the difference in total
energy for out-of-plane and in-plane orientation and given in meV/adatom. T stands for
out-of-plane easy axis. The hcp structure was found to be slightly more stable than the
fee structure for Co/Rh(111) [163].

4.3 Conclusions

We characterized the magnetic properties of pure Fe and Co as well as Fe,Co;_, mono-
layer films on Pt(111) and Rh(111). The orbital and spin magnetic moments as well as the
anisotropy energies per magnetic adatom are summarized in table 4.3. For Fe/Pt(111) we
found a reduced spin moment of 1.24+0.2u 5 /atom which was explained by a probably com-
plex magnetic structure with prevalent antiferromagnetic order as recently observed for
one monolayer Fe/Ir(111) [153]. On the contrary, the spin moment for 1 ML Fe/Rh(111)
is S = 2.8 £ 0.2up/atom suggesting that the Fe film orders ferromagnetically. Note
that in a very recent publication a ferromagnetic ground state was predicted for 1 ML
Fe/Pt(111) and a double-row AFM structure for 1 ML Fe/Rh(111) [171]. The orbital
and spin moments in the Co adlayer are the same within the error bar for both sub-
strates (see table 4.3). Remember that we used two different values of hy for Co/Rh(111)
(ha = 2.3) and Co/Pt(111) (hgy = 2.8) as suggested by the calculations. Further, we
observe that L/S.yy is smaller for Fe than for Co as predicted by calculations in table 4.2
and previously found for single Fe and Co atoms on Rh(111), Pd(111), and Pt(111) (see
section 3.1). However, in case of Fe the L/S, s ratio of single atoms and monolayer films
is comparable, while for Co the L/S, s ratio is reduced by a factor of 4 when comparing
single atoms and monolayer films. The decrease of L/S.ss; with an increasing coordina-
tion number is a consequence of the quenching of the orbital moment while S,y is almost
unaffected [1]. The different behavior of L/Sess as a function of © for Fe and Co may
be explained by combining structural and electronic information. The calculations find
a stronger hybridization of Fe with the underlying Pt than for Co with Pt which comes
along with a larger DOS and a smaller orbital moment for Fe. Further we found that Fe
tends to grow pseudomorphic while the Co film relaxes. The pseudomorphic growth of
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L Sess L/Sery Mesub K easy axis
Fe/Rh(111) 0.214+0.04 2.8+0.2 0.07+0.03 0.17* 0.10 + 0.05 T
Fe/Pt(111) 0.14+0.02 1.2+0.2 0.13+0.04 ().2217/0.37‘1 0.12+£0.03 T
Fe bce 0.09+0.01 2.0£0.1 0.0440.01 - 0.005 [100]

Co/Rh(111) 0.344+0.06 2.1+0.1 0.16+0.02 0.53¢ 0.31 £0.03 —
Co/Pt(111) 0.31£0.06 1.840.1 0.1740.02 0.28°/0.44% 0.15 + 0.02 T
Co hep 0.15£0.01 1.6£0.1 0.09+0.01 - 0.045 c-axis

Table 4.3: Orbital and spin moments (in units of 15/atom) of monolayer films estimated
from XAS data acquired along the easy axis (1 stands for out-of-plane and — for in-plane)
with poH =5 T. mgy, (in units of pp/atom) is the total magnetic moment of the topmost
substrate layer from the calculations. a is taken for table 4.2 and b from Ref. [28]. The
magnetic anisotropy energy is given in meV/adatom. For Fe and Co bulk L, Scss, and
L/Seyy are taken from Ref. 15 and the MAE from the Refs. 155,156.

Fe implies that the distance between Fe atoms is stretched by 11.5% on top of Pt and
by 8.1% on Rh resulting in a reduced overlapping of the atomic wave functions compared
with bulk Fe. Further, lateral tensile strain usually goes with an inward relaxation of the
adlayer leading to a strong hybridization of the Fe 3d orbitals with the d orbitals of the
substrate which quenches the orbital moments almost as efficient as in bulk Fe [144, 31].
For Co the lattice mismatch is naturally smaller compared with Fe (9.4% for Co/Pt(111)
and 6.6% for Co/Rh(111)), hence the distance between Co atoms is stretched by 10.4% on
top of Pt and by 7.1% on Rh. In addition, part of the lateral stress is released, meaning
that the Co-Co interaction is strengthened. These findings suggest that the magnetic
properties of Fe are mainly governed by the Fe-substrate interactions while those of Co
depend on a fine interplay between Co-substrate and Co-Co interactions.

Concerning the MAE we observe that Fe is less anisotropic compared to Co. This
is coherent with Fe and Co bulk in their stable crystallographic phases (5 p eV for bee
Fe respectively 45 peV for hep Co) and surface supported single Fe and Co atoms (see
section 3.1). Tt is interesting to note that the MAE of Fe on Rh(111) and Pt(111) is compa-
rable in value and sign, while Co/Rh(111) has a large in-plane anisotropy and Co/Pt(111)
has half as large out-of-plane MAE. The magnitude of the MAE may be correlated with
the induced magnetic moment of the topmost Rh(111) respective Pt(111) surface layer.
From table 4.3 we clearly see that the MAE is proportional to mg,, suggesting that the
induced magnetic moment substantially contributes to the MAE. In a recent theoretical
investigation of Fe impurities on Pd(001), J. Hafner et al. conclude that the large MAE
is mainly caused by the anisotropy of the induced spin and orbital Pd moments [31]. We
note that the finding of a large anisotropy of the induced moment requires an initially
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large induced moment.

For bimetallic Fe,Co;_, alloys on Pt(111) a bell-shaped curve with a maximum MAE
of K = 0.5 meV/atom was found for the equiatomic composition while the saturation
magnetization increases monotonically from 2 pup to 3 pp going from Co to Fe. We
conclude that these systems are good candidates to design new materials with large Mgar
and K. For example, regarding applications we find that a single island of only 2400 atoms
FeCo/Pt(111) meets the stability criterion of 1.2 eV /bit while the writing field K/Mgar
remains in the technological limit [172]. This results in a storage density of about 2.5
Thits/inch? assuming that half of the surface is occupied with magnetic islands. Further,
it has been shown that covering Co islands on Pt(111) with Pd increases the blocking
temperature which is linked to the MAE and in turn allows a further size reduction of
the islands [30].



Chapter 5

Magneto - Optical Kerr Effect

In this chapter a historical outline of the Faraday and Kerr effect will be given (see sec-
tion 5.1), followed by a detailed theoretical description of the magneto-optical Kerr effect
(MOKE) of magnetic multilayers in section 5.2. In the thin film limit (see section 5.2.1)
we give an improved linear approximation of the Fresnel coefficients being in very good
agreement with the numerical solution. Section 5.3 is dedicated to our home-built MOKE
setup having the optics inside the UHV chamber, and section 5.4 presents the first mea-
surements with this new setup on Co/Rh(111) and Co/Au(11,12,12) demonstrating the
versatility and high sensitivity of the UHV-MOKE.

5.1 Historical Introduction

The magneto-optical Kerr effect (MOKE) has been discovered by the Scottish physicist
John Kerr in 1876 observing that the state of polarization of linearly polarized light
changes upon reflection at a polished pole of an electromagnet [173,174]. Today, MOKE or
also called SMOKE (surface magneto-optical Kerr effect) is a common tool to investigate
magnetic multilayers, thin films, and nanostructures at surfaces triggered by advances in
thin film growth and nanopatterning. A large driving force of this research field is the
request of ever-increasing bit density on magnetic hard disks which requires at the same
time an increasing sensitivity of experimental techniques giving access to the properties of
ultra thin films (sub-monolayer regime) and truly nanometric clusters (a thousand atoms
or less). Despite the large use of MOKE, its ability to measure magnetic islands of several
hundreds of atoms of a single atomic layer has been proven to be challenging [175, 22].
For our setup a coverage detection limit of 0.5 ML in transverse geometry and better than
0.1 ML in polar geometry is established. These values present a significant step forward.

Before pushing forward a complete description of the Kerr effect by solving the Maxwell
equations, a paragraph is dedicated to the Faraday effect. In this context considerable
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pioneering work was done. Results and conclusions can be readily applied to the Kerr
geometry.

5.1.1 Faraday effect

The Faraday effect was discovered in 1845 by Michael Faraday [176]. He observed a
rotation by an angle © ¢ of linearly polarized light passing through a variety of heavy glass,
called silicated borate of lead, placed in between two electromagnetic poles. In his setup
the propagation direction of the probing light and the magnetic field were collinear. When
the light ray is tilted with respect to the magnetic field lines, only the component of the
magnetic field parallel to the propagation direction is active. Obviously, a configuration
where the magnetic field is perpendicular to the propagation direction does not show
Faraday rotation.

Faraday realizes that upon reversing the poles by simply changing the direction of
the electric current, the sign of rotation of polarization is reversed while the amplitude
of rotation is the same as before. Further, he states that the amount of rotation is
proportional to the distance [ of the light travelled through the body and to the applied
magnetic field H. Hence,

Op=plH (5.1)
p is called Verdet’s constant after M. Verdet who has studied the Faraday rotation of
different materials in a systematic way [177]. The proportionality stated in equation (5.1)
has been verified for many diamagnetic and paramagnetic materials by other researchers.
For example, in quartz ©p = 2°/cm when placed in a field of 1 mT [178]. However,
Kundt and Du Bois found a dramatic deviation for magnetic thin films of iron, cobalt, and
nickel [179,180,181]. They report that the rotation slowly increases in high magnetic fields
reaching asymptotically a limiting value. Already Du Bois guessed that the magnetization
M is responsible for the rotation due to the similar behavior of the magnetization and
the rotation in an external field. In addition, Kundt and Du Bois found at saturation
magnetization exceptionally large Faraday rotations which amount to 210000°/cm for
iron, 190 000°/cm for cobalt, and 90 000°/cm for nickel [182]. The strong Faraday effect
was later explained with the Weiss field of about 1000 T, which couples via spin-orbit
interaction to the electron motion [183,184].

Fresnel analyzed the Faraday effect by means of two circularly polarized electromag-
netic waves with opposite sense of rotation. The Faraday rotation is,

Or = 2 (n, (H) ~n_(H)) (5.2)

where ¢ is the speed of light in vacuum, w the wave’s frequency, and n, (H),n_(H) the
refractive indices of the positive and negative circularly polarized waves. The derivation
of (5.2) is given in the appendix B.
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5.1.2 Kerr effect

Experimentally, the Kerr effect manifests itself in the change of polarization (polar and
longitudinal Kerr effect) or intensity (transverse Kerr effect) of polarized light when re-
flected from the surface of a magnetized sample. The change of polarization results gen-
erally in an elliptically polarized wave whose principal axis is rotated. Microscopically,
the task is to calculate the two refractive indices by taking account for the spin-orbit
interaction on the energy levels and wave functions. Argyres gave the first order effects
of the spin-orbit interaction on the optical properties of a ferromagnet on the basis of
the band theory of metals [178]. Macroscopically, the magneto-optic effects are described
by a refractive tensor which replaces the ordinary index of refraction. It is obtained
by calculating classically the interaction between the incident electromagnetic wave and
the conduction electrons using the equation of motion of an electron in a time varying
electro-magnetic field [185]. The reflection of a electromagnetic wave at the surface is
summarized by the Fresnel coefficients [186]

ET EX] S EZ
y R (5.3)
E; Tps Tpp) \E,

where B, E; refer to s and p polarized components of the incident wave and Ef, £} to the

ones of the reflected wave. E, (p stands for the German word parallel) is in the plane of
incidence and F (s stands for the German word senkrecht) is perpendicular to the plane
of incidence.

For Kerr measurements three different geometries are distinguished according to the
magnetization direction with respect to the plane of incidence and sample plane. In the
polar configuration the magnetization is normal to the sample surface, in the longitudinal
configuration M is in the surface plane parallel to the plane of incidence, and in the
transversal configuration M is in the surface plane perpendicular to the plane of incidence.
Figure 5.1 represents the polar, longitudinal, and transverse configuration.

In the following, the Fresnel coefficients will be derived for a thick magnetic film and
an ultra thin magnetic film by solving the Maxwell equations (5.4a - 5.4d) while taking
into account all the boundaries. Certainly, the validity of the macroscopic description
of the magneto-optical effects may be questioned in the mono- or sub-monolayer regime.
However, the magnetic properties for only a few atomic layers rapidly converge to the
bulk limit and we expect the global trend to be reproduced correctly [1,63].
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“% “ X
polar longitudinal transversal

Figure 5.1: Schematic representation of the different Kerr geometries. In our setup the
magnetic field can by applied at any angle in the x — 2z plane with B0, = 312 mT. The
angle 6 is 62°.
5.2 Analytical and Numerical Solution of the Maxwell
Equations

The Maxwell equations can be found in any general electrodynamics textbook [187]. In
ST units they write

VB =0 (5.4a)
IB
V><E+(d—t =0 (5.4b)
V-D = p (5.4¢)
D
VxH-— o = 5.4d)

Remember that at the interface, the tangential components of the electric field E and the
magnetic field H are continuous.

Considering magneto-optical effects, there is neither a current j = 0 nor a space charge
p = 0. Further we suppose D = ¢E and B = ¢ H in all media, each being characterized
by its own dielectric and magnetic permeability, ¢ and pu, respectively. The dielectric
and magnetic permeability are frequency dependent and in general complex tensors of
rank two. For optical frequencies p = pg, where pg is the magnetic permeability of
vacuum [188]. The dielectric permeability is in case of
vacuum:

the physical constant €.

a nonmagnetic crystal:
a symmetric tensor which represents the crystal symmetry [188]. It can be diago-
nalized and all principal values €, €5, and €3 are greater than unity. For a cubic
crystal €, = €5 = €3 meaning that it behaves like an isotropic body. In a wniazial
crystal (tetragonal, hexagonal, or rhombohedral) ¢; = €; # €3 and in a biazial crystal
(triclinic, monoclinic, or orthorhombic) all principal values are different.
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vacuum

Figure 5.2: a) Sketch of the system under investigation showing the different incoming
and reflected electromagnetic waves. The plane of incidence is y — z. b) The light polar-
ization in a Kerr measurement is defined with respect to the plane of incidence. p is in
the plane of incidence and s is perpendicular to it.

a magnetic crystal:
no longer symmetric, but satisfies the Onsager relation ¢;;(—M) = ¢;;(M) [189]. The
relation in between D and E is

D =¢E = ¢, E +iege, E X g (5.5)

where €, is the nonmagnetic part of the dielectric tensor and g is the gyration vector
taking account for the sample magnetization.

Note that the optical properties of an isotropic body placed in an external magnetic field
and a magnetic crystal of cubic symmetry are both described by equation (5.5). In the
former case g = p H and in the latter case g = () m where @) is the Voigt constant and
m the direction cosine of the magnetization [182]. For a ferromagnetic sample the direct
influence of an external magnetic field is neglected and only its role of magnetizing the
sample in a certain direction is considered.

The system under investigation consists of three media and two boundaries as shown
in Fig. 5.2 a). Usually we have first vacuum, second a magnetic thin film, and third a
nonmagnetic substrate. The plane of incidence is in the y — z plane, the angle 6, is 62°
in our experimental setup. It is useful to introduce a new coordinate system (E,,E; k) as
shown in Fig.5.2 b).

From the Maxwell equations (5.4a - 5.4d) the wave equation is obtained

d°E

AE — —_— =
Mo € 2

0. (5.6)
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A solution is a plane wave E(r,t) = Ege ") where k is the wave vector. For a wave
propagating in the direction of the wave vector we have E(r,t) = Ege!® ") which leads
to the set of equations

(k* — g e w®)E = 0. (5.7)

The route will be in a first time to find for a given dielectric tensor the eigenvalues (the
indices of refraction n) and eigenvectors (electromagnetic wave) of the set of equations
given above in order to describe the wave propagation in a given medium.

In vacuum:
€ = ¢g. We obtain k? = yp eow? = w?/c?, when using ¢ = 1/\/ho € for the speed of
light in vacuum. The refractive index n is introduced obeying the relation k = “n.
In vacuum ng = 1. The eigenvector is

E(r, t) = Egelc®@r=c), (5.8)

The electromagnetic wave can have any polarization in vacuum. For MOKE mea-
surements we use linearly polarized light. Hence, Eq = E, or E; = E, as well as
linear combinations of E, and E;.

In a nonmagnetic crystal:
The nonmagnetic substrates (Rh, Au, Pd,...) we used are of cubic symmetry reducing
the tensor € to the scalar eye,. We obtain k* = ew?/c?, thus n = V& The
electromagnetic wave is the same as in vacuum.

In a magnetic crystal:
The magnetic thin film is modelled by an isotropic nonmagnetic part €, and the
gyration vector which is proportional to the magnetization. From equation (5.5) we
can deduce
1 iQm. —iQmy,
€oer | —1Qm, 1 iQm, (5.9)
iQm, —iQm, 1

The eigenvalues are ny = /(1 + %me{) and the eigenvectors are right and left

™
Il

circularly polarized waves.

The wave propagation can be expressed in form of a general 4 x 4 propagation matrix D
which is defined in the (E,,E,.k) coordinate system [190]. For a film of thickness d we

have
Ucosd; Usind; 0 0
—U sin ; 0; 0
D_ U sin U cos 1 0 ! (5.10)
0 0 7 Cosd, —y5sind,

0 0 Fsind, £ cosd,
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where
2mind cos
U= o (-2 (5.11)
2mind
0 = W;\n (myQtan6 +m.) (5.12)
2mind
oy = Wj\n (my,Qtand —m.,) (5.13)

where the index 7 denotes the incident wave and r the reflected wave. The parameters
n,d,Q, 0, m have to be given for each material j. However, the index 7 has been omitted
in equations (5.10 - 5.13).

At the interface, the tangential components of the electric field E and the magnetic
field H are continuous. The tangential components may be summarized in a column

vector F'
E,
E
F=]" (5.14)
H,
H,
linked to £, and Ej by the relation
E, L
E E!
F=|Y]=A|" (5.15)
H, B!
T
H, E;
A being the 4 x 4 medium boundary matrix [190]. It is given by
1 0 1 0
A= _ M (rny rl:s‘:ngg - mz) cos 0 — iQmy sin 6 M (my :::%0:‘2“% + mz) —cos0 — iQmy sin O
- %(my sin @ 4+ m cos 0) —n %(my sin@ — m cos ) —n
ncos 6 “;Q (my tan6 +m:) —ncos 6 - % (my tan6 —m.)
(5.16)

Here also the index j for the parameters n,d, @, 6, m has been omitted. Solving the
reflection/tranmission problem is now a simple matrix multiplication. We compute for
any multilayer system

S =AY ][ ADA A, (5.17)
J

which can be expressed by blocks of 2 x 2 submatrices

G H
() .

being related to the Fresnel coefficients by taking 1G~!.
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5.2.1 The thin film limit

For a single thin magnetic film of thickness d on any substrate S = Aj'A;D; AT As.
The indices 0,1,2 correspond to vacuum, the magnetic thin film, and the substrate,
respectively, as defined in Fig. 5.2 a). The Fresnel coefficients obtained from S describe
the reflection of a beam running along the path indicated by the red arrows in the same
figure. They are calculated in the thin film limit 27|n;|d/A < 1 and in first order of @

ng cos By — na cos Oy N 4mingd cos 0p(n? cos? 01 — n3 cos? 0a) (5.198)
Tes = 19a
s ng cos Oy + na cos Oy A(ng cos Oy + 1o cos 62)?

m. cos 01 (—nyng cos? 01 + n? cos 0 cos Oy + n3 cos 0 cos Oy + nins cos? f)
A cos? 01 (ng cos Oy + ng cos 62) (ng cos By + ng cos )

rps = —2mngdQ cos by

_mysin 61 (ning cos? 01 — n? cos 0 cos Oy + n3 cos 01 cos O + nyng cos? Oa)

A cos? 01 (na cos Oy + ng cos B2) (ng cos Oy + ng cos Oz) (5.19b)
_ mgcosfy —ngcosty  Amingd cos Oy(nf cos® O3 — nj cos? 0y)
T = n2cos by + no cosfy A(ng cos Oz + na cos fp)?
8mm,ngninedQ cos Oy sin 01 cos 05 (5.19)
A(ng cos Oy + ng cos 02)?
re = —27nodQcosby m cos 0 (nyny cos? ) + n? cos 0 cos Oy + n3 cos 0y cos O3 — nyny cos? 0y)

A cos? 61 (ny cos 0y + ng cos ) (ng cos Oy + na cos 02)

my sin 61 (n1ns cos? 0y + n? cos 0 cos By — n3 cos Oy cos O + nyng cos? 0a)

5.19d
A cos? 01 (ny cos Oy + ng cos Bs) (ng cos Oy + na cos b2) ( d)

In Fig. 5.3 we plot for polar and longitudinal geometry the absolute value of ® = &' +i®”,

the Kerr rotation @, and ellipticity ®”; for p-polarized @, ;Z and s-polarized ®, T—’
light. For transverse geometry the Kerr asymmetry A is plotted which is defined as [191]

Ag = |rpp(+m)‘2 - ‘Tpp(_m)‘?
[7pp ()2 + [rpp(—m) 2

for p-polarized light. Note that s-polarized light does not give rise to a transverse magneto-

(5.20)

optic effect, i.e. the asymmetry is zero. |®|, ', ", and Aj are represented as a function
of Oy for a 0.2 nm thick Co film on Au. We used the refractive index ng = 1 for vacuum
and the bulk refractive index for Co and Au found in literature at the laser wave length
A = 782 nm: ng, = 2.45 4+ 4.7447 [192] and na, = 0.16 + 4.69¢ [193,194]. The Voigt
constant for Co bulk at the given wave length is @ = 0.04 — 0.02¢ [185]. The solid line is
the numerical solution of S, the dashed line is the thin film approximation to the first order
of @ given in equations (5.19a - 5.19d), and the dotted line is the thin film approximation
to the first order of () given in Ref. 195. It is obvious that the dashed line follows much
better the numerical solution than the dotted line. In two cases (longitudinal ® and ®”)
the sign is even inverted. Further, the Kerr asymmetry is zero, because the equations
lack of the transverse term m,. The transverse term is already missing in the medium
boundary matrix A; in Ref. 195. Is not clear if this is a transcription error or if it has
been changed in the view to treat only polar and longitudinal Kerr geometry.
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Figure 5.3: 0.2 nm thick Co film on Au. In polar and longitudinal geometry the absolute
value of ® = & + i®”, the Kerr rotation @', and Kerr ellipticity ®” are presented as a
function of fp; in transverse geometry Ag () is represented. For p-polarized light we
plot ®, = :;Z (black line) and for s-polarized light &5 = :’:: (red line). The solid line
is the numeric solution for ®, and @, the dashed line is the thin film approximation in
the first order of @ given in equation (5.19a - 5.19d), and the dotted line is the thin film

approximation in the first order of ) given in Ref. 195.

In order to question the validity of the thin film approximation 27 |n;|d/\ < 1 we can
replace the parameters by the numerical values given above. The condition d < 23 nm is
obtained. To visualize the different thin film approximations compared to the numerical
solution, we show in Fig. 5.4 |®|,®’, and ®” as a function of Co film thickness in polar and
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Figure 5.4: Co on Au at = 62°. In polar and longitudinal geometry |®|,®’, and
@ are presented as a function of the film thickness d; in transverse geometry Ag(d) is
represented. For p-polarized light we plot ®, = :;2 (black line) and for s-polarized light
P, = % (red line). The solid line is the numeric solution for ®, and ®, the dashed line is
the thin film approximation in the first order of @ given in equation (5.19a - 5.19d), and

the dotted line is the thin film approximation in the first order of @ given in Ref. 195.

longitudinal geometry for a fixed angle of incidence of 62°. For transverse geometry Ay is
represented as a function of d at §y = 62°. It can be seen that the thin film approximation
holds only up to a few nm. For transverse geometry the validity is even restricted to the
sub-nm regime. Following the exact solution to higher coverages we stress that the sign
changes for some configurations.
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The new findings have to be taken into account when optimizing an experimental Kerr
setup to study ultra thin films. The Kerr signal of all geometries depends critically on
the angle of incidence 6y, as presented in Fig. 5.3, suggesting that the choice of 6y has to
be well considered.

5.2.2 The thick film limit

For d > 100 nm the film is thick enough to be well described by the Fresnel coefficients
derived in Ref. 186 for bulk. This is due to the limited penetration depth of visible light
in metals. For Co at A = 782 nm we obtain with equation (B.9) 26 nm. The Fresnel
coefficients for a thick magnetic layer or bulk can equally be obtained from equation (5.17).
We just need to compute S = Ay'A; in the first order of Q

= ng cos By — ny cos by (5.21)
ng cos By + ny cos by
0 0, — in¢
e = i non1Q cos Oy(m. cos 0y — m,, sin 0;) (5.21D)
cos 01(nq cos by + ng cos 61) (ng cos 6y + ny cos by)
Oy — 0 2 O sin 6
= ny CO? 0 N COS U1 +i NN COS Up SIn 17LmQ (521C)
ny cos By + ng cos 0y ny cos By + ng cos 0,
. Oo(m. cos By + inf
vy — i noniQ cos Oy(m. cos 0y + my, sin 0) (5.21d)
cos 61 (nq cos by + ng cos 1) (ng cos by + ny cosby)

In Fig. 5.5 we plot ®, ', and ®” as a function of f for polar and longitudinal geometry
as well as the Kerr asymmetry Ag as a function of 6, for transverse geometry.

5.3 UHYV compatible MOKE setup

A photograph of the sample stage with the MOKE optics is shown in Fig. 5.6 a). It is
integrated into a UHV chamber which has been designed to prepare and characterize the
sample in the very same position. In addition, samples can be transferred to a manipulator
for Auger electron spectroscopy, to a sample storage, and in and out via a fast entry-lock.
The sample is mounted as a sandwich in between sapphire rings on a molybdenum sample
holder which is inserted in the sample stage. One wire for the sample potential and a
W5%Rh-W26%Rh (C-type) thermocouple are directly attached to the sample. Spring
loaded contacts are mounted for these three wires onto the sample stage. The sample
stage is connected with a silver plated copper braid to a liquid helium flux cryostat.
A minimum sample temperature of 7' = 60 K can be reached during normal operation
allowing sample exchange. This value may be lowered to 7" ~ 40 K when screwing the
sample holder tightly to the sample stage, thus improving the thermal contact. The sample
can be heated up to 7' = 2000 K via radiation and electron bombardment using a filament
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from a 50 W halogen light bulb placed close to the sample backside. The UHV chamber is
further equipped with standard tools for surface preparation and characterization, such as
an ion gun and molecular beam evaporators pointing to the sample stage. A home-built
beetle type STM allows the characterization of the sample morphology [196].

The technical drawing shown in Fig. 5.6 b) displays the components of the MOKE.
We opted for the plane of incidence perpendicular to the magnetic field leaving the largest
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room to fit the optical setup and to adjust 6. The light source is a laser diode (Axcel
Photonics, CL-785-0050-S90) emitting at 782 nm. It is operated with a constant forward
current, of Ijuser = 50 mA corresponding to an output power of 11 mW in air. The emitted
beam is collimated by a plano-convex sapphire lens (Oriel, 74303) and passes an aperture
creating a parallel beam with a diameter of about 1 mm along the entire optical path.
The light is linearly polarized by two stacked dichroic sheets (codixx, VIS 700 BC4),
each of them having an extinction ratio of 1:80000. They will be called polarizer in
the following. Ideally, prism polarizers should be used having an extinction ratio better
than 1:100000. However, these prisms are held together by a refractive index matching
glue which is neither UHV compatible nor bakeable. Laser diode, lens, aperture, and
polarizer are rigidly mounted on a piezo driven rotary positioner with 360° travel and
a minimum step size of 0.001° (attocube, ANR100). This allows continuous adjustment
of the polarization direction from s to p, as well as opening/closing a front-end shutter.
The shutter protects the sheet polarizers against Ar™ ion bombardment and metallization
when the sample is sputtered or metallic films are deposited, respectively, both having
the long term drawback of deteriorating the performance of the polarizer.

The laser beam is reflected by the sample and hits another pair of dichroic sheets which
we call analyzer. The analyzer is mounted on an identical rotary positioner as the polarizer
allowing to freely adjust the relative angle and to open/close a protective shutter during
sample preparation, as well. Two high quality mirrors (WZWOPTICAG, S18x12x2.5-
MO1 and SD10x2-M01) deflect the beam onto a photodiode (Hamamatsu, S1337-1010BQ)
measuring the intensity. To retain parasitic light the photodiode is screened by a filter
(Oriel,780FS10-25) with its maximum transmission centered around 783 + 5 nm. With
this setup we obtain extinction ratios better than 1:40 000 on metal samples, depending
on the quality of the polishing of the single crystal surface. The extinction ratio is defined
as the ratio between the minimum light intensity [,,;, measured by the photo detector
when polarizer and analyzer are oriented perpendicular, and the maximum light intensity
Imax When polarizer and analyzer are oriented parallel to each other. The definitions of
Lnin and I, will be used further below.

The mechanical supports of both rotary positioners and the sample stage are fixed on
top of the uppermost plate of a passive damping stack reducing mechanical vibrations for
Kerr and STM measurements. The incident angle 6, with respect to the surface normal
can be adjusted to 60°+10° by ex situ positioning of the laser with respect to the sample.
The laser beam is in the y — z plane.

Special care was taken to use only nonmagnetic materials for all parts seen in Fig. 5.6 a).
Mechanical parts were made in aluminium and copper while titanium was used for screws
and bolts. This is of prime importance in order to avoid artifacts in the measured intensity
when single parts move with respect to each other driven by the applied magnetic field.
Equally, a good thermal anchoring of all components is necessary in order to reach a good
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Laser axcel photonics | CL-785-0050-S90 6 | www.axcelphotonics.com
current source ILX Lightwave LDX-3412 www.ilxlightwave.com
sheet polarizer codixx VIS 700 BC4 www.codixx.de

mirror 1 WZWOPTICAG | S18x12x2.5-M01 www.wxw.ch
mirror 2 WZWOPTICAG SD10x2-M01 www. wxw.ch
lens Oriel 74303 www.newport.com
filter Oriel 780FS10-25 www.lot-oriel.com
photodiode hamamatsu S1337-1010BQ www.hamamatsu.com
rotational stage attocube ANR100 www.attocube.com
electronics attocube ANC150 www.attocube.com

Table 5.1: Summary of all commercially available parts used to built the UHV compatible
MOKE setup.

detection limit which depends on the laser beam stability, the extinction ratio and the
performance of the photodiode. In UHV the exchange gas is missing , thus thermalization
by convection is not anymore possible and consequently the laser and all objects inter-
acting with the laser beam heat up compared to ambient conditions. Therefore, the laser
chip is mounted on a Au plated Cu submount guaranteeing a good heat conduction. We
note that standard laser diodes are usually mounted onto a base plate containing mag-
netic elements which is not acceptable for the present setup. With this solution we obtain
a stable light source operating under UHV conditions. In UHV the threshold current is
increased by 5% and the output power is decreased by 30% at [ljaser = 50 mA.

All components along the optical path absorb some of the intensity of the laser beam
which is transformed in heat and partially re-emitted about the same wavelength. The re-
emitted light joins guilt in the deterioration of the extinction ratio since it is unpolarized.
Considering the sheet polarizer as a point source suggests to place the photo detector as
far as possible from the analyzer. Measuring the extinction ration as a function of distance
between the photo detector and analyzer results in a 1/distance? law strengthening the

Figure 5.6: a) Photograph of the MOKE setup with all optical components in UHV.
The red line indicates the laser beam. All parts are mounted on a stack of copper plates
separated by viton spacers for vibrational damping. (b) Technical drawing. Only three
of the four poles (yellow cones) generating the magnetic field are shown. The STM is
indicated in its rest position. It is lowered onto the sample for STM imaging. a) rotational
stage, b) laser diode, ¢) lens, d) aperture, e) polarizer, f) shutter, g) STM, h) shutter, i)
analyzer, k) mirror, m) rotary positioner, n) mirror, o) filter, and p) photodiode.
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hypothesis. For this reason two mirrors extending the optical path are installed.

The photodiode heats up upon light absorption. This change in temperature of the
photodiode affects the population of the atomic levels given by the partition function.
Generally, this gives rise to an additional linear slope of positive or negative sign cor-
responding to heating and cooling, respectively. Assuming that the change in intensity
is proportional to the total intensity, the best measuring configuration would be at I,
which has been confirmed in tests.

Based on our experience, all components are UHV compatible and bakeable at 120°C
even though for some optical parts only storage temperatures up to 80°C are guaranteed
by the manufacturer. We routinely achieve a base pressure < 1 x 107!° mbar. All com-
mercially available parts used to built the UHV compatible MOKE setup are summarized
in table 5.1.

Figure 5.7 a) shows the four pole electromagnet with the sample being located in the
center (see Fig. 5.6). It creates a magnetic field at any angle « in the x — z plane, « being
the angle included in between the applied field vector H and the surface normal z. We
used four water cooled coils (GMW Inc.) situated outside the UHV chamber as shown in
Fig. 5.7. Each of them produces a field of 120 mT at a maximum applied current of 40 A.
Tapered soft iron cores (yellow cones in Figs. 5.6 and 5.7) are welded into bored CF 100
flanges which bring the magnetic field to the sample. The cores are continued outside the
vacuum chamber by cylinders (blue in Fig. 5.7) which can by removed for disassembly.
The soft iron yoke (red parts in Fig. 5.7) closes the magnetic field lines, thus reducing
stray fields. Poles, cylinders, and yoke are made of ARMCO iron. In order to prevent
oxidation, the parts exposed to air are painted while the vacuum side poles were coated
with a 12 pm thick nickel-phosphor layer.

The shape, dimensions, and arrangement of the poles were optimized by finite element
calculations to obtain maximum field homogeneity and amplitude at the sample location
while leaving enough room for the STM. The horizontal distance between the poles is
30 mm allowing to pass with the STM, having a diameter of 21 mm. The maximum
magnetic field in the sample region measured with a Hall sensor amounts to Bpa.x =

Figure 5.7: a) Drawing of the four pole electromagnet. The poles (yellow) are welded
into CF100 flanges and screwed on the UHV chamber. The poles having a diameter of
96 mm are continued by a cylinder (light blue) entering a square shaped yoke (red colored)
surrounding the UHV chamber. Yoke, cylinders, and coils can easily be unmounted during
chamber bakeout. The sample sits in the center of the four poles (see Fig. 5.6 for details).
« is the angle between the applied field vector H and the surface normal z. (b) Drawing
of the UHV chamber showing how the poles, coils, and yoke are mounted on the chamber.
The positions of STM, Auger, Ar" ion gun, and fast entry lock are indicated.
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312 mT along z or x directions. The measured value is 10% larger than the one predicted
from finite element calculations. For av = 45° the maximum field amounts to 222 mT. By
changes by 2% when moving from the sample center (z = 0 mm) to its edge (z = 4 mm).
In the region probed with the laser beam, having a spot diameter of 1 mm, the field
variation is less than 0.5%. Thus, the magnetic field can be considered homogeneous,
within the area of the laser spot.

The soft iron poles have the intrinsic property of a remanent magnetization which
depends on the amplitude and sweep rate of the magnetic field. This remanence creates
a residual field varying from 2 mT to 7 mT for typical sweep rates field ranging from
0.2 T/min to 1 T/min and going up to the maximum field, which has to be corrected for
in the M(H) curves.

5.4 First Measurements

The sensitivity of the MOKE setup was tested on two different systems: i) a continuous
Co film on Rh(111) having an in-plane easy axis and #) an array of bilayer Co islands on
Au(11,12,12) having an out-of-plane easy axis. Numerical calculations of the Kerr signal
of the measured systems were used to optimize the incident angle 6, in such a way that
polar and transverse measurements are feasible at the same time. Hence, we calculate the
Kerr rotation for polar geometry and the Kerr asymmetry for transverse geometry of a
thin Co film on Au or Rh, respectively. In fig. 5.8 the angular and thickness dependence of
®" and Ay are displayed. @ has a large and almost constant signal up to about 6, = 60°
diminishing rapidly for larger angles whereas the transverse Kerr asymmetry has a clear
maximum around fy = 80°. Choosing an angle of incidence of ~ 60° results in a still very
good polar Kerr signal, while being able to detect a reasonable transverse Kerr signal.
The measurements presented below are carried out with 6y = 62°. However, the MOKE
setup can be optimized for polar or transverse Kerr configuration by changing 6y in order
to improve the Kerr signal and therewith the detection limit for a given system.

5.4.1 Co/Rh(111)

To determine the detection limit for transverse MOKE we deposited 0.9 ML Co from
a high purity rod (99.995%) on Rh(111) at room temperature after having prepared
the Rh(111) single crystal surface by repeated cycles of Art ion sputtering (1.3 keV,
300 K, 3 pA/cm?), oxygen dosing (3 - 108 mbar, 800 K) and flash annealing at 1500 K.
Magnetization loops were taken of the as deposited film in the transverse and polar Kerr
geometry. For the transverse configuration 10 loops were recorded in order to obtain a
better signal-to-noise ratio. The average and the standard error are displayed at each
field in Fig. 5.9 a) evidencing a square loop with a sharp jump of the magnetization at the
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Figure 5.8: Calculated Kerr rotation (a),b)) and asymmetry (c),d)) as a function of the
angle of incidence 6 for a film thickness of d = 0.2 nm (a),c)) and as a function of film
thickness at fixed angle of incidence p = 62° (b),d)) for a Co film on Au (black lines)
and Rh (red lines) at A = 782 nm laser wave length. a) and b) polar Kerr: Re(rg,/rpp,)
is shown for p-polarized light (full line) and Re(ry/7ss) for s-polarized light (dashed line)
¢) and d) transverse Kerr: Kerr asymmetry for p-polarized light.

switching field. This shape is indicative of an in-plane easy magnetization axis. Assuming
as a sensitivity criterium that the Kerr signal has to be at least as large as the noise level,
we derive 0.5 ML as the detection limit for the transverse geometry.

In polar geometry, the curve is more s-shaped and the magnetization does not reach
saturation at the maximum available field (see Fig. 5.9 b)). Here, we took 3 hystere-
sis loops for averaging. For comparison with the calculations in the former section we
represented the Kerr rotation @ for polar geometry. @' is obtained from

_ALS
T Ih(6)2

!

(5.22)

where AT is the measured intensity variation as a function of the applied field, Iy(d)
is the intensity in absence of an applied field, and § is a small angle of the analyzer
off total extinction [190]. § = 0.5° was estimated assuming Iy(6) = luin + Imax Sin? &
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Figure 5.9: 0.9 ML Co/Rh(111) deposited and measured at T = 300 K. a) transverse
Kerr asymmetry using p-polarized light (average of 10 hysteresis loops; forward sweep
blue, backward sweep red). The error bar is the standard error (standard deviation/v/N,
where N is the number of hysteresis loops) b) polar Kerr using p-polarized light (average
of 3 hysteresis loops; forward sweep blue, backward sweep red) ¢) STM image of the
deposited film (Up = —1.5 V, Ip = 2.7 nA, T = 300 K). In order to increase the contrast
the image is represented as if the surface was illuminated from the left. The Rh(111)
surface remains partially uncovered, most is covered by one atomic layer of Co (label 1)
and a few islands grow in the second layer (label 2). Two steps running through the image
are indicated by the arrows. d) Representation of the linecut indicated in ¢) evidencing
the surface reconstruction of the first and second layer which is seen with an apparent
height of 0.4 A and the peak to peak STM noise which is about 0.05 A.

(For this sample we measured an extinction ratio of Iyin/Imax = 1:47000). The polar
Kerr has a larger signal (& = 0.001° corresponds to AI/Iy(6)=0.4%) and consequently
a much better signal-to-noise ratio compared to the transverse one as we expect from
the calculated curves. For an angle of incidence of 62° and a 0.2 nm thick saturated Co
film the calculated polar Kerr signal is almost 10 times the transverse signal. From the
signal-to-noise ratio in Fig. 5.9 b) we derive a detection limit of 0.05 ML for out-of-plane
magnetized films.
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An STM image of the Co film is shown in Fig. 5.9 ¢). Room temperature growth
results in interconnected large Co patches, one atomic layer high, leaving about 15%
of the substrate uncovered. 0.05 ML of Co grows in the second layer in form of small
compact islands. Both Co layers show partial surface dislocations imaged as protrusions,
separating fcc from hep stacking areas. This way part of the stress resulting from the
lattice mismatch between Co and Rh of (dgo, — drp)/drn = —6.6%, where d is the in plane
nearest neighbor distance, is released.

5.4.2 Co/Au(11 12 12)

Co/Au(11,12,12) forms an array of nanometric islands and therefore is an ideal model
system for testing the performance of the UHV MOKE [22,197,198]. The islands are
monodomain magnets since for an island diameter of about 30 A a domain wall is ener-
getically unfavorable [135,136]. Further, they have a very narrow size distribution and
their easy axis is out-of-plane.

Au(11,12,12) is a stable Au(111) vicinal surface with a terrace width of 58 A [197]. The
(111) oriented terraces exhibit a reconstruction relieving part of the tensile surface stress
by the insertion of additional Au atoms into the topmost layer. On Au(111), 23 Au surface
atoms per unit cell sit on 22 bulk lattice sites leading to fcc and hep stacked areas [199]. On
the vicinal surface partial surface dislocations between these areas run perpendicular to
the steps. Upon Co deposition, two atomic layer high Co islands nucleate at the crossing
of a surface dislocation and the step edge, thus leading in an array of Co islands with
a 58 Ax72 A periodicity with good long range order as shown in Fig. 5.10 d) [197, 198].
To avoid coalescence, the sample was prepared by successively depositing 0.28 ML Co at
T = 130 K followed by annealing at 7' = 300 K until a total coverage of 1.1 ML was
reached [22]. The island size distribution obtained from STM images has a Gaussian
shape with a mean size of (s) = 600 atoms and a half width at half maximum of 27% of
the mean size.

Our experimental setup allows to determine the island magnetic anisotropy energy
(MAE) by two independent methods, namely by evaluating hysteresis loops acquired at
different field angles o below the blocking temperature, and by measuring the temperature
dependence of the zero-field susceptibility x(7') = dM(T)/dH|y—o. We first focus on the
first method. Fig. 5.10 a) shows a hysteresis loop for a = 0° measured at T = 75 K
with a sweep rate of 1.0 T/min. Fig. 5.10 b) represents the angular dependence of the
magnetization at B = 222 mT (M) and of the remanent magnetization My taken
from hysteresis loops recorded with a sweep rate of 1.0 T/min and a maximum field of
B = 222 mT at 75 K. The Mr/Mg, versus « data clearly show that the easy axis is
out-of-plane in agreement with earlier publications [200, 198, 22].

The magnetization can be modelled by taking into account non-equilibrium effects of a
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Figure 5.10: 1.1 ML Co/Au(11,12,12). a) Hysteresis loop measured at 7' = 75 K in
polar geometry (average of 2 hysteresis loops). The error bar is smaller than the symbol
size and therefore not shown. Hysteresis loops were simulated assuming the island MAE
proportional to the island perimeter length (solid line). b) Magnetization at B = 222 mT
(full circles) and remnant magnetization (empty circles) measured at 7' = 75 K. The solid
curve represents Mooy and Mp from simulated hysteresis curves assuming the island MAE
proportional to the island perimeter length. ¢) x(T) was measured applying a triangular
field sweep with a sweep rate of 2 T/min and +5 mT amplitude (empty circles). The
solid line represents the fit calculated assuming the island MAE proportional to the island
perimeter length as in Ref. 22. d) STM image of the nano-island array (V; = —1.8 V,
I; = 0.2 nA, T =200 K).

thermally excited bi-stable system subjected to a time varying magnetic field [201]. Any
hysteresis loop for an ensemble of non-interacting monodomain particles with uniaxial
anisotropy represents mainly the asymmetry in the number of particles pointing up n;
and down n| changing over time with the applied field. The time evolution of n; can be
expressed by the following master equation

dnT
o =t spn, (5.23)
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were fq is the transition rate from n; to n| given by

_ B
K1 = vpe FBT. (5.24)

vy is the attempt frequency, Fy| the barrier height, and kp the Boltzman constant. The
energy landscape of a single Co island of size s, magnetic moment per atom m, and
anisotropy energy K is given by

E = Ksin® ag — sm g H cos(ag — ) (5.25)

where ag denotes the angle between m and the easy axis, and « the angle of the magnetic
field with respect to the easy axis which is in this case the surface normal. The master
equation (5.23) has been integrated numerically using vy = 10'° Hz and m = 2.0 up/Co
atom [29,22], while taking into account the island size and perimeter length distribution
experimentally determined from STM images. Assuming the magnetic anisotropy to be
energy proportional to the perimeter length K = p-K,, where p is the number of perimeter
atoms in the first and second layer [29,22], produces the best fit of the experimental curves
shown in Figs. 5.10 a) and b) with K, = 0.87 £ 0.01 meV /perimeter atom. This MAE
value is compared with the one deduced from the second method using the temperature
dependent susceptibility. y(T), displayed in Fig. 5.10 ¢), was measured while cooling
by applying a triangular field sweep with a sweep rate of 13 Hz and +5 mT amplitude.
The solid line is calculated using equations (1) and (2) of Ref. 29 with vy = 10'° Hz,
m = 2.0 pup/Co atom, K, = 0.95 = 0.01 meV /perimeter atom, and the experimental
island size and perimeter length distributions.

The fact that both methods give very similar anisotropy energies is showing that the
barrier for thermal magnetization reversal is identical to the one obtained by tilting the
magnetization vector away from the easy axis by a torque. Therefore the transition state
in thermal magnetization reversal is monodomain for the presented system. The K values
compare very well to each other and with the ones found in earlier publications [22, 202,
198]. We also note that the curve in Fig. 5.10 ¢) is entirely reversible; the same curve
is obtained when heating. In addition, the perfect agreement between fit and data for
T > T, shows that the islands are non-interacting since the fit is based on the superposition
principle, and interactions would give rise to a more shallow decay of x [203]. As a final
comment we note that we are far above the detection limit for 1.1 ML Co on Au. Taking
into account that for small coverages the Kerr signal is proportional to the thickness (see
Fig. 5.8 b) we estimate a detection limit for polar Kerr of about 0.1 ML. This corresponds
to a mean island size of 50 atoms for the same island density as in the present experiment,
provided that saturation magnetization is reached.
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Chapter 6

Conclusions and Perspectives

The aim of this thesis was to contribute to the fundamental understanding of the magnetic
properties of surface supported 3d transition metal atoms and one atomic layer thick epi-
taxial 3d transition metal films by quantifying the magneto-crystalline anisotropy energy,
orbital and spin magnetic moments. For single Fe and Co atoms on 4d and 5d transition
metal substrates we could establish a correlation between the spin-orbit coupling constant
of the substrate and the strength of the MAE. For the monolayer films, a slightly different
picture arises where the MAE is directly proportional to the size of the induced magnetic
moment in the topmost substrate layer. These two facts raise the question whether it
is the anisotropy of the orbital magnetic moment or rather the magnetic moment itself

deciding about the strength of the MAE. This is reflected by the equation [160]
K= 1§S AL+7£2SD (6.1)
2 4F ’

ex

where S = S /|S] is the spin quantization axis, AL the anisotropy of the orbital moment
(see equation (4.2.1)), D the magnetic spin dipole moment which is linked to S, and E,,
the effective exchange splitting between the majority and minority bands. For isolated
adatoms an extended magnetization cloud in the substrate around the impurity is ob-
served. As an example, for Fe/Pd(001) the cumulated induced spin moment is 4.5 pp
and the total induced orbital moment is as large as 0.57 pup [31]. The orbital anisotropy
of the induced moment is AL = 0.42 which in turn yields an important contribution to
the MAE/adatom via the spin-orbit coupling constant. For one atomic layer thick films
the induced spin and orbital moment per adatom are smaller and consequently the con-
tribution to the MAE is reduced. Moreover, the induced orbital moment is only ~ 3% of
the induced spin moment in case of the adlayer (see table 4.2 and Ref. [28]) whereas it
was 13% for the Fe single atom on Pd(001) meaning that the second term becomes more
important. Due to the ¢ dependence of equation (6.1), the use of a substrate with a high
spin-orbit coupling, such as the 5d transition metals, is suitable in order to maximize the

MAE.
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Therefore, we investigated Fe and Co monolayers on Pt(111) as well as one atom
thick bimetallic alloys of the two 3d transition metal elements on Pt(111). We found that
all compositions have an easy axis out-of-plane, high Mgar, and a large MAE with a
maximum of 0.5 meV/atom at the equiatomic stoichiometry. This makes FeCo/Pt(111)
a good candidates for magnetic storage. A single island of only 2400 atoms meets the
stability criterion of 1.2 eV /bit while the writing field K /Mg remains in the technolog-
ical limit [172]. The next step consists in implementing this knowledge in the fabrication
of regular arrays of equally sized islands (monodisperse) with large MAE. A challenge
for nanotechnology is the fabrication of such arrays providing islands with an identical
environment (e.g. distances from their neighbors) and well-defined location. A promising
way is self-assembly on template substrates. Examples are Co on vicinal Au(111), whose
surface orientation allows to tune the cluster density (see Ref. [22] and chapter 5), Fe is-
lands grown on a dislocation network of 2 ML Cu/Pt(111) [204], Ir islands on a graphene
Moiré on Ir(111) [205], or FePd islands on Al,O3/NizAl(111) [79,206].

Fe and Co single atoms on Al,Os and CuyN reveal high magnetic anisotropy and
atomic spin values making both systems playgrounds to study adatom-adatom interac-
tions in homogeneous or heterogeneous structures of several atoms. It has been shown
that Mn, Fe, and Co atoms can be arranged on the CusN surface in dimers or longer
chains leading to antiferromagnetic coupling of different strength for separations smaller
that 10 A between the adatoms [8, 105]. The square lattice of CuyN was found to be
ideal for magnetic anisotropy measurements and to study coupling along easy and hard
direction, but prevents building circular spin chains. On the Al,O3 surface, however,
one could achieve to build rings with antiferromagnetic coupling which are prototypes
for quantum computation [207]. In this sense structures of a few magnetic atoms on
CugN and Al,O3 can be compared with molecular magnets, early proposed for quantum
computing [208,209,210]. Yet, the advantage is the way of arranging them in an atom
by atom fashion and the possibility to address all atoms independently with an STM
tip. Another interesting substrate may be the boron nitride (h-BN) nanomesh which
has threefold symmetry. Grown on Rh(111) by chemical vapor deposition of borazine
(B3N3Hg) at high temperature, a single atomic thick layer of h-BN is obtained which is
isostructural to graphene [211,212]. However, boron nitride is an insulator with a band
gap of ~ 5 eV [213,214] whereas graphene is metallic [215]. In addition, h-BN/Rh(111)
forms a Moiré pattern with a lattice constant of 32.2 A. The corrugation may allow to grow
a regular array of clusters of a few atoms or larger islands as previously observed for Ir on
graphene/Ir(111) [205]. First attempts with Co and Au failed on h-BH [70,216], but other
elements or deposition conditions may be successful. A regular array of monodisperse is-
lands on insulating ultra-thin films may be also useful, when thinking of a prototype for
magnetic random access memories where every spin valve has a size of only a few tens of

A2 [217].



Appendix A

Spherical harmonics for s, p, and d
orbitals

Spherical harmonics Y] ,,,, (0, p) = |I, my) are eigenfunctions of the non-relativistic hamilto-
nian describing an electron in a scalar potential, i.e. the hydrogen atom. In table A.1 the
explicit representation of the spherical harmonics is given. They are a basis set to repre-
sent the atomic orbitals (see table A.2). Including spin-orbit coupling in the hamiltonian
leads to new relativistic basis states as shown in table A.3.

Yim, =0 =1 [=2

my =2 312—07( sin? 9e?¥

my =1 — \/g sin Ye'? — % sin 1 cos Ve’
my =0 = \/gcosﬂ 1= (cos? 9 — 1)
my = —1 % sin ve ;—fr sin v cos ve~ "¢
my = —2 \/;gsin2 Ve 2

Table A.1: Spherical harmonics.
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Table A.2: s,p, and d orbitals in terms of linear combinations of the spherical harmonics.
In the last column the charge density, given by the angular wave functions, is plotted. The
positive (negative) sign of the wavefunction is represented by the red (green) color.
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j,m; bases my, ms bases
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Table A.3: Relativistic basis states |j,m;) expressed in terms of spherical harmonics for
[ =1 and [ = 2. The spin direction is indicated by T (ms =1/2) and | (ms =
the last column the charge density, given by the angular wave functions, is plotted. The

sign of the complex wavefunction is not represented.
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Appendix B

Faraday Rotation

The Faraday effect of an isotropic transparent nonmagnetic body placed in an external
magnetic field will be considered with the aim to derive (5.2). The propagation direction
k and the magnetic field H are chosen along z. The electromagnetic wave is given by
E(r, 1) = Ege'™ Y the electric field vector Eq being along z. The dielectric permeability

is

1 ipH 0
e=¢ce | —ipH 1 0]. (B.1)
0 0 1

Introducing E(r,t) and ¢ in (5.6), while making use of k = “n we obtain

) 1 ipH 0
%an(n t) — oo | —ipH 1 0| BE(r,t) =0 (B.2)
0 0 1

We can rewrite the equation to find the eigenvalues and corresponding eigenvectors.

n? —¢, —ipHe, 0
ipHe, n?®—¢, 0 Ey=0 (B.3)

2
0 0 n- — €,
The eigenvalues are

L ny(H) = Y (1 + pH)

2

2. n_(H) = ¥ (1 — pH)

2
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and the corresponding eigenvectors

L By = 5(1,4,0)
2. E_ = 5(1,-,0)

showing that the propagation can be understood as a right circularly polarized wave
E. and left circularly polarized wave E_ with different refractive indices. To derive the
Faraday rotation the phase shift in between the right and left circularly polarized wave
has to be calculated. The calculation can be accomplished at any z,y, ¢, for convenience
r=y=1t=0. At 2 = 0 where the light ray enters the body we have

E.(0,0,0,0) = %(1,1,0) (B.A)
E_(0,0,0,0) = %(17 —i,0) (B.5)

such that Ey + E_ is along x. At z = [ where the light ray leaves the body we have

E v
E.(0,0,1,0) = Z>(1,,0)¢ =+ (B.6)
E o
E_(0,0,1,0) = 7‘)(1, —i,0)eten- (L (B.7)
Taking the sum of both
5 (ei%n+(H)l +ei%n,(H)l) cos Op
E(0,0,1,0) = 70 ittt _ gign-(inity | = Fpeitvel [ gin o (B8)
0 0
where O = £ (ny(H) — n_(H)). The proportionality constant e'cvVe' describes the

extinction of the amplitude via the imaginary part of the complex index of refraction n.
The penetration depth Al is defined as the depth at which the intensity of the radiation
inside the material falls to 1/e of the original value at the surface. We obtain

A

Al= 27 Im(n)’

(B.9)
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